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Abstract
The cellular prion protein (PrPC), in its native conformation, performs numerous cellular and cognitive
functions in brain tissue. However, despite the cellular prion research in recent years, there are still doubts
about its activities and how its molecular interface occurs in oxidative and neurodegenerative processes.
Also, its metal-protein interaction is not apparent. This study aims to elucidate the participation of PrPC in
the neuroprotection cascade in the presence of oxidative stressors. For that, astrocytes from wild-type
mice and knockout to PrPC were subjected to the induction of oxidative stress with hydrogen peroxide
(H2O2) and with the toxic oligomer of the beta-amyloid protein (Aβo). We observed that the presence of

PrPC showed resistance in the cell viability of astrocytes. It was also possible to monitor changes in basic
levels of metals and associate them with an induced damage condition, indicating the precise role of
PrPC in metal homeostasis, where the absence of PrPC leads to metallic unbalance culminating in cellular
vulnerability to oxidative stress. Activation of speci�c proteins at different levels was also observed, such
as caspase 3, Tau, p-Tau, p53, and Bcl2, which may establish a relationship between a PrPC and an
induced damage condition. Complementarily, it has been shown that PrPC prevents the internalization of
AβO and/or promotes its degradation under oxidative stress induction and thus prevents protein
aggregation in astrocytes. It was also observed that the PrPC is responsible for translocating SOD1 to cell
nuclei under conditions of oxidative stress, probably controlling DNA damage. The results obtained in this
study proved that PrPC acts against oxidative stress, activating the cellular response and defense by
displaying neuroprotection to neurons and ensuring the functionality of astrocytes.

1. Introduction
The Cellular Prion Protein (PrPC) is a 30–35 kDa cell surface glycoprotein (1, 2), with 208 amino acid
residues and a GPI (glycophosphatidylinositol) anchor (3, 4). It is mainly expressed in the Central Nervous
System (CNS) through the transcription of the PRNP gene, but it can also be found in other cells and
tissues at lower levels (1). PrPC is expressed in neurons and astrocytes, glial and microglial cells (5, 6).
Astrocytes are the primary neural cell responsible for maintaining cerebral homeostasis. Astrocytes
dynamically modulate neuronal activity by expressing a wide variety of receptors, transporters, and ion
channels (7). Astrocytes act with neurons in the tra�cking and recycling neurotransmitters, ion
homeostasis, viability, and defense against oxidative stress (8, 9). However, pathogenic stimuli can
disturb astrocytic function, compromising neuronal functionality and viability (6, 7). Its distribution in
brain tissue suggests that PrPC can play a regulatory role in forming and maintaining synapses (10, 11).
PrPC participates in transmembrane signaling processes in different phenomena, including neuronal
survival, neurite proliferation, and response to neurotoxicity (2, 6, 12), also the protection against
oxidative stress-induced by Reactive Oxygen Species (ROS), DNA damage, neuroprotective activity, and
anti-apoptotic activity (13–18).

It is also known that PrPC has an a�nity for divalent metals through its octapeptide domain, such as
copper, zinc, iron, and stands out as a possible candidate for metal homeostasis (19–23). Still, copper
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interacts with the prion protein binding domains and has great importance for its structure and function.
Some studies indicated that PrPC modulates antioxidant enzymes that convert ROS into less toxic
products (4, 24–26). Brown et al. reported the ability of PrPC to act as an antioxidant in an activity similar
to Cu,Zn-superoxide dismutase, the SOD1 (27, 28). However, these studies showing PrPC as a SOD1
activity have been barely reproducible and later abandoned.

Conversely, the expression of PrPC has been related to the exhibition of neurotoxicity by the a�nity of
interaction with β-amyloid oligomers (Aβo). Aβo is considered in the literature to be the primary toxic
species associated with the development of Alzheimer's Disease (A.D.), and they accumulate as a
consequence of the unregulated proteolytic cleavage of Amyloid Precursor Protein (APP)(29). The cellular
prion protein is located on β-amyloid plaques and acts as a receptor for oligomers, enhancing the
aggregation process (30–36). PrPC was identi�ed as an Aβo ligand, but not to monomers or �brils (31),
with high a�nity with its structural interaction at the N-terminal (37). These �ndings attracted signi�cant
attention because they represent a potential link of PrPC to A.D. However, although independent groups
have con�rmed the interaction between the Aβo and PrPC, the role of PrPC in the pathophysiology of A.D.
remains controversial. The same polybasic region in the N-terminal of the PrPC identi�ed itself as a
crucial region of Aβo binding. It was previously considered critical for the interaction of the PrPC with β-
secretase. This interaction resulted in β-secretase activity inhibition and cleavage of APP, giving rise to
toxic or non-amyloid peptides (38, 39). The observation that the same PrPC region mediates the potential
protective effect of the protein on A.D. (by inhibiting β-secretase cleavage) and its toxic role (blocking the
potentiation of oligomer production) is highly intriguing, suggesting that can exist a delicate balance
between these effects, controlled by additional cellular cofactors (37). A group of potential cofactors is
glycosaminoglycans, which compete for the same local polybasic bond at the N-terminal of PrPC (40)
and appear to be necessary for the inhibitory action exerted by PrPC on the cleavage of APP by β-
secretase (38). The interaction between PrPC and Aβo is shown to be independent of the toxic
consequences exhibited by protein aggregation (41–43). Evidence suggested that PrPC can recognize
and bind to Aβo, preventing �brillation (44). Also, pointing to the participation of PrPC in
neurodegenerative processes by protein aggregation, it is still not possible to conclude its role due to the
con�icting nature of the evidence obtained so far (45–48). However, the facts observed over the decades
attribute the PrPC to primordial functions such as recruiting binding molecules involved in speci�c cell
signaling and mediating signaling pathways (47).

This study aimed to put light on the role of PrPC during cellular oxidative stress process and submitted to
two different stressors, hydrogen peroxide (H2O2) and α,β-amyloid oligomer (αβo), including the
investigation of cell signaling of proteins, cell cycle, metal internalization, and protein aggregation, using
an in vitro cell model from immortalized astrocytes of mice of the native Wild Type (W.T.) and Knockout
mice, PrPC-null (K.O.) for the expression of PrPC.

2. Results
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2.1 PrPC in the control of cellular maintenance
Astrocytes are essential to the CNS. The main objective of this study was to assess the participation of
the PrPC in cell signaling processes in astrocytes and its adjacent mechanisms under conditions of
oxidative stress. The in vitro models chosen for such evaluation were cultured wild-type and PrPC-null
mice astrocytes, previously described in other studies (13, 18, 49–52). These cells are con�dent in terms
of stability, characterization, and morphology, differing exclusively in the presence of PrPC, thus making it
a reliable study in vitro model. Cell viability was carried out in different concentrations and times of
exposure to H2O2. According to Fig. 1-A, higher cell viability was noted after 48 hours of incubation with
H2O2, indicating possible recovery of cell viability. Thus, the 24 hours H2O2 incubation time was chosen
best to represent the effect of oxidative stress in astrocytes. The result obtained was 800 µM of H2O2 for

the wild-type astrocytes and 640 µM of H2O2 for PrPC-null astrocytes. In Fig. 1-B, the oxidative stress
brought with α,β-amyloid oligomer (αβo) demonstrated that it was impossible to reach a 50% reduction in
cell viability. So we used the microscopic visual analysis of the cells with αβo incubation. The
concentration of 0.5 µM αβo had a damaging effect on the morphology of the cells, making it possible to
identify swelling and loss of its characteristic morphology compared to the control, a fact previously
observed in the literature (53).

To evaluate the cell cycle, samples of astrocytes from both cell lines were analyzed, and results were
reported in Fig. 1C-K. Data showed the characteristic cell cycle pro�le, with a cell population distributed
between the cycle phases without signi�cant differences between cell lines (Fig. 1C-D) after 24 hours. As
expected, the cells incubated with H2O2 presented a high population in Sub-G1, indicating cell death (Fig.
1E-F). Cells incubated only with αβo (Fig. 1G-H) did not show signi�cant changes in their cell cycle
compared to their respective negative controls. A different result was observed for cells incubated
concomitantly with αβo and H2O2 (Fig. 1 – I-J). The literature reported that β-amyloid toxicity could be
mediated by oxidative stress conditions (54). The population was totaled in the SubG1 phase for the wild-
type cells, indicating DNA fragmentation. The presence of PrPC can act to control the damage leading to
programmed cell death.

In contrast, for PrPC-null cells it was observed a different pro�le including the decrease in the G1 phase, a
slight reduction in the S phase, and an increase in the G2/M phase, indicating many cells in the �nal
stage of cell division when compared to the values presented on Fig. 1-K. Such data showed that the
response to the damage induced by αβo + H2O2 followed by cell death was not effective for the PrPC-null
cell line. When cells receive some harmful stimulus, it can lead to death, entering the �rst phase of
apoptosis, the genetic control point of cell death. Therefore, in this case, the absence of PrPC evidences
its participation in response processes to cell damage, highlighting its neuroprotective function in
astrocyte cells (55, 56).

2.2 The control in metal regulation exhibited by the PrPC
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PrPC has an a�nity for divalent metals in its octapeptide region (20). Based on this interaction, Cu, Fe, Zn,
and Ca were analyzed in the wild type and PrPC-null astrocytes cells under different stress conditions
(H2O2 and αβo) using the ICP-MS (inductive coupled plasma – mass spectrometry) technique. Graphs
demonstrated the metal ng/mg of protein results in Fig. 2A-D. It was possible to observe in Fig. 2A
signi�cant changes in Cu levels only in PrPC-null cells compared to the wild-type cells, indicating that the
intracellular copper e�ux was compromised under αβo incubation. It is known that astrocytes regulate
Cu levels in the brain due to the copper-binding a�nity with the repeating units of the octapeptide present
in the structure of the PrPC (57). Our results can be related to the change in intracellular copper
homeostasis caused by αβo. In the PrPC-null cells, Cu levels were similar to control (without oxidative
conditions).

Still complementing the results obtained for Cu, Fig. 2-E exposes the results obtained for the copper-
transporter ATPase ATP7B, an essential protein for copper homeostasis regulation in mammals and thus
monitored to assess copper e�ux in cells. In the cell incubation with αβo, the activation of ATP7B
occurred only in the wild-type cells (arrow: a), indicating the probable participation of PrPC to balance the
intracellular copper e�ux. For the incubation with H2O2, activation of ATP7B was noted in both cell lines,

but to a lesser extent in the PrPC-null cells. In this case, it was not possible to show that PrPC worked on
the activation of ATP7B. PrPC is supposed to assist the input and output copper control in cells (58) due
to its copper-binding a�nity. However, as seen in the image results mainly under αβo incubation, the wild-
type astrocyte showed greater activation of ATP7B. This fact was possibly related to some signaling
displayed by PrPC requesting the release of intracellular copper excess, preventing the neurodegenerative
process.

The accumulation of intracellular copper is a crucial factor in the progression of neurodegenerative
diseases (59). Astrocytes also participate in cerebral iron homeostasis, an essential metal in numerous
physiological functions, inducing oxidative damage in unstable conditions. Astrocytes control iron
absorption in the brain through the Blood-Brain Barrier (BBB) and distribute iron to neuronal cells (60).
However, as schematically illustrated in Fig. 2F, excess Fe2+ may participate in the Fenton reaction (Fe2+ +
H2O2 → Fe3+ + • O.H. + O.H.−), generating highly reactive hydroxyl radicals. The hydroxyl radical is highly
reactive, and when produced in vivo, it reacts close to its formation site (61). Figure 2B showed few
variations in iron levels between induced oxidative conditions in the wild-type astrocytes.

In contrast, in the PrPC-null astrocytes, iron increased under incubation with H2O2. These results

corroborated with what is reported in the literature regarding the participation of PrPC in the process of
regulation of iron levels, the metallic imbalance, and the generation of ROS (62–64). Zinc levels with
signi�cant changes were observed in Fig. 2-C, for both cell lines, mainly in PrPC-null astrocytes. The Zn
decrease occurred with the incubation of H2O2 in the wild-type astrocytes. In the PrPC-null cells, the

reduction in the Zn levels was observed in both oxidative conditions. It was also noted that the PrPC-null
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cells have higher Zn baseline levels than the negative control of wild-type. Astrocytes can also quickly
accumulate zinc (which is closely involved in cognition) (65).

However, excess Zn can in�uence the accumulation of Zn2+ ions within amyloid plaques. These
processes lead to cellular damage by excitotoxicity or oxidative stress, directly affecting the synapse,
where the presence or absence of Zn can be crucial (63, 64). Because the PrPC-null cells presented high
baseline levels of Zn, they may be more vulnerable to such a condition. It possibly indicates that
astrocytes regulate Zn homeostasis. PrPC may be acting in these cases since the decrease in Zn levels
was signi�cant in the wild-type cells, mainly under oxidative stress. In Fig. 2 – D, there was a substantial
decrease in calcium levels under oxidative stress in wild-type cells. Calcium levels observed in the PrPC-
null cells had lower basal levels regarding wild-type cells. The implication of this data can impact many
cellular processes delimited by calcium signaling, which is a vital mediator of physiological events, such
as synaptic transmission and plasticity, pathological events, such as excitotoxicity (66, 67). It was
reported that PrPC acts directly on calcium levels in the endoplasmic reticulum. The release of
intracellular reserves can lead to transmitters such as glutamate to the extracellular medium and work on
cell death signaling (56, 68).

2.3 PrPC prevents protein aggregation in astrocytes
To better understand the effects caused in astrocytes exposed to oxidative conditions regarding
mechanisms and cellular signaling, Fig. 3A - E illustrates relevant data obtained. Tau protein is commonly
reported in the literature due to its phosphorylated form (p-Tau), which becomes prone to the process of
protein aggregation in neurodegenerative diseases. This evaluation becomes relevant because of the
interaction between PrPC and Tau (46, 69). We observed the expression levels of the Tau protein for wild-
type cells by Western Blotting (Fig. 3 - A). Tau levels were higher when compared to the PrPC-null cells and
upon exposure to oxidative agents. A comparative condition for the induction of cell death was generated
by incubation with Staurosporine (STS), a pro-apoptotic agent, widely used for this purpose (70–73). This
control experiment allowed us to evaluate known mechanistic responses concerning cell death by
caspases activation. Also, it was possible to verify the effectiveness of each method used and thus
compare them with other conditions induced by other agents in this work to obtain answers about the
participation of PrPC in these conditions. The concentration and exposure time for the cells used in this
study were previously tested and set at 4 µM for 3 hours incubation.

In comparison, for PrPC-null cells, the Tau levels are lower. The phosphorylated Tau (p-Tau) protein levels
(Fig. 3 - B) also differ between the wild-type and PrPC-null. Higher p-Tau levels were observed in the PrPC-
null than the wild-type cells in oxidative conditions, mainly indicating that the cells incubated with αβo
and STS showed even greater expression. For the wild-type cells, much lower p-Tau levels were observed
in all conditions. Interestingly, the p-Tau/Tau ratio differs between the cells at baseline levels. The results
presented for the p-Tau and Tau proteins and their relationship (Fig. 3 - E) showed that the PrPC-null cells
were more susceptible to oxidative processes by stimulated aggregation, corroborating with data reported
in the literature (46, 70, 71). Speci�cally, the protein aggregation caused by the induction of oxidative
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stress with αβo is demonstrated through immunocytochemistry illustrated in Fig. 3 – D. The results re�ect
a more acute internalization of β-amyloid protein αβo in the PrPC-null cells (arrow: b, showing that the
peptides had been internalized not degraded).

So, it was observed that the presence of PrPC in astrocytes was essential in the degradation of β-amyloid
oligomers 1–42. Consequently, possible inhibition of protein aggregation that leads to the progression of
AD Foley and collaborators observed that the internalization of β-amyloid oligomers mediated by the
prion protein did not generate protein aggregation-dependent (72). In addition, protein aggregation was
evaluated using a commercial gel STAIN-FREE BioRad Mini-PROTEAN TGX Stain-free. The results
obtained (Fig. 3 - E) allowed us to observe, through the presence and absence of the reducing agent β-
mercaptoethanol, the formation of protein aggregates in both cell lines under the induction of oxidative
stress conditions. It was noted that the protein aggregates in the PrPC-null cells occurred after inducing
stress with αβo, observed by the formation of a large band of high molecular weight, as indicated in Fig.
3-E. Such observation con�rmed the hypothesis that the absence of PrPC causes the accumulation of β-
amyloid oligomers and the formation of toxic aggregates in astrocytes.

2.4 PrPC has a neuroprotective function against oxidative
stress
It is well established in the literature that caspase proteins are involved in cell death by apoptosis (73).
However, the relationship between the expression of these proteins and the correlation with PrPC is still
not entirely clear. Caspase 9 and Caspase 3 (Fig. 4 - A and B), the apoptosis initiator and effector proteins,
were more expressed in wild-type cells. At the same time, for the PrPC-null cells, no signi�cant changes
were observed in caspases expression levels, demonstrating that the PrPC absence resulted in the lack of
response by activating the apoptosis cascade during oxidative stress damage stimuli. This fact agreed
with reported in the literature regarding the participation of PrPC in apoptosis mechanisms (56). The
increase in Bcl2 protein expression was higher under a typical condition in the induction of cell death
(STS incubation) and oxidative stress in the wild-type cells (Fig. 4 - C). However, in the PrPC-null cells, the
Bcl2 expression levels remained constant. No changes of Bak protein expression were observed through
the conditions induction in wild-type cells (Fig. 4 - D). However, the Bak expression levels rose in the PrPC-
null cell with αβo incubation. These results indicate the activation of Bak in response to oxidative stress
caused by αβo. The answer obtained emphasizes that there is probably a regulation mechanism in the
proportion of Bak and Bcl2 mediated by PrPC, as previously reported in the literature (74). This involves a
link mechanism between PrPC-Bcl2 that mediates the cascade of apoptotic activation in situations of
damage and injury. In the results obtained of SOD1 expression (Fig. 4 - E), it was observed that SOD1
basal levels were similar for the wild-type and PrPC-null cell.

An increase in SOD1 expression upon exposure to oxidative conditions was observed in PrPC-null cells,
caused mainly for STS and H2O2. The literature reported that PrPC exhibits antioxidant activity similar to

SOD1 (13, 26, 28, 75). Thus, the activation of SOD1 may be linked to the role of PrPC in response to
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oxidative damage. Here it was shown that the absence of PrPC in astrocytes leads to higher levels of
SOD1 expression in response cell survival by an antioxidant compensation mechanism, independent of
PrPC. Relevant results of SOD1 were observed in immunocytochemistry for both cell lines (Fig. 4 - F).
Negative controls showed similar baseline levels between cell lines, exhibiting marked �uorescence. For
the induction of oxidative stress in the wild-type cells, a similar response was noted compared to its
respective negative control, without SOD1 activation. For the PrPC-null cells in the same oxidative stress
condition, a slight increase in �uorescence was observed, indicating the activation of SOD1. Under
oxidative stress induction, the wild-type astrocyte showed not only the SOD1 activation but its focus in
the nuclear region (arrow: c).

2.5 The involvement of PrPC in signaling mechanisms
during stress in astrocytes
Cell signaling mechanisms were reported on Fig. 5A-C. Figure 5 - A showed the results obtained for the
expression of Nuclear Factor-kappa B (NFĸB). Both cell lines showed similar NFĸB levels in the negative
control, highlighting a little more for PrPC-null cells. With Aβo incubation, there was also intense
�uorescence for the PrPC-null cells, indicating greater activation of NFĸB (arrow: c). NFĸB levels of
�uorescence were also observed for the wild-type cells but slightly higher concerning its negative control.
The wild-type cells also showed activation of NFĸB, however to a lesser extent. This fact can be explained
because the presence of PrPC controls the αβo intracellularly, preventing its toxic effects, demonstrating
neuroprotective function. Once the αβo were internalized in the PrPC-null cells, the generation of ROS
occurs as a neurotoxicity agent.

Consequently, the NFĸB cell signaling pathway could be activated in response to the in�ammation
generated by ROS. This result agrees with the hypothesis that the cellular prion protein exhibits
neuroprotective function against αβo in astrocytes through inhibiting its intracellular accumulation,
generation of ROS, neurotoxicity, and consequently protein aggregation initially caused by this agent. For
oxidative conditions induced by H2O2, NFĸB activation occurred proportionally for both cell lines,
indicating that the H2O2 could cause oxidative stress and activate pro-in�ammatory signaling via the

NFĸB pathway. In this case, the presence of PrPC did not in�uence the activation mechanism of this cell
signaling pathway.

Figure 5-B shows the results obtained to RAGEs (�nal receptors for advanced glycation products). They
can interact with αβo and increase neurotoxicity, acting as AGEs (advanced glycation end-products).
AGEs can exert cellular effects simply by targeting RAGEs in a probable repetitive cycle on the cell
surface. The binding of αβo-RAGE induces oxidative stress that positively regulates RAGE, further
increasing the αβo-RAGE interaction (76). The evaluation of the expression and location of RAGEs was
performed to infer the interaction of PrPC-RAGE under stress caused by αβo and H2O2. The results
showed that under αβo incubation, in the wild-type cell, the activation and localization of RAGEs occurred
in the nuclear region of astrocytes (arrow: d). This result indicated a probable interaction between PrPC
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and RAGE, mediated by the presence of αβo. As for the oxidative condition caused by H2O2, with RAGE

located in the nucleus for both wild-type and PrPC-null cells.

The p53 protein is a central regulator of cellular stress responses and senescence (77). The p53 isoforms
can regulate neuroprotective and neurotoxic functions of human astrocytes. The p53 also regulates the
progression of the cell cycle, the action of DNA repair mechanisms, and the removal of damaged cells
through apoptosis. When DNA damage occurs, there is an increase in the expression of this protein (78).
In Fig. 5 - C, it can be observed that the PrPC-null astrocytes presented higher baseline levels of p53
expression than wild-type cells. The baseline expression levels of p53 were lower for the wild-type cells,
and under the induction of neurodegenerative or oxidative stress, their levels decrease or remain
equivalent, respectively. This behavior showed the hypothesis of the neuroprotective function of PrPC,
through excitotoxicity, in a mechanism independent of p53 expression, leading to the induction of
apoptosis in the wild-type cells. In contrast, in the PrPC-null astrocytes, the absence of PrPC under stress
conditions and neurodegeneration induction implied an increase in p53 expression levels. Due to some
failure in cell signaling, it allows the cell to enter a neurodegenerative process instead of cell death as a
defense mechanism, a fact con�rmed by the values obtained from the relationship between p-Tau/total
Tau in the PrPC-null astrocytes.

3. Discussion
The results observed in this work demonstrated the fundamental role of PrPC under different conditions
of oxidative stress in astrocyte cells. Astrocytes provide essential metabolic and functional support for
neurons (55, 102, 103). However, after CNS injury or illness, overproduction of ROS or defects in
detoxi�cation may activate a coordinated astrocytic response: a series of biochemical and morphological
changes collectively referred to as reactive astrogliosis. (104, 105). It was found here that the astrocyte
cell line with PrPC (wild-type) is more resistant to oxidative stress. This fact showed that PrPC is essential
for activating the cell death mechanism via apoptosis, and consequently, neuroprotection. The results
obtained for cell viability demonstrated a slight cell vulnerability regarding the cell viability of PrPC-null
compared to wild-type astrocytes under oxidative stress conditions. The results indicated cumulative
dysregulation in proliferation and probably self-regeneration caused by the absence of PrPC, affecting the
cell signaling cascade to maintain survival and cell homeostasis. Evidence in the literature showed the
antioxidant capacity of the cellular prion protein, and in knockout cells for PrPC, their sensitivity to
oxidative stress becomes greater (79, 80). PrPC is believed to mediate signaling for the expression of
antioxidant enzymes such as SOD1 and thus plays a protective role against oxidative stress generated by
ROS (13, 81, 82). In addition, astrocytes are described as copper accumulators, as they have a high
a�nity with the metal carriers in question, making them highly resistant to toxicity caused by excess
copper (57). The prion protein is also cited as a contributor to regulating the entry and distribution of
copper in astrocytes (57, 83, 84). Here, we can observe in the copper measurements that the PrPC-null
astrocytes had less intracellular copper than the wild-type cell, corroborating this copper-transport role of
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PrPC. The iron imbalance exhibited by the PrPC-null cells under oxidative conditions indicated that the
absence of the PrPC caused the spread of damage to astrocyte cells can also be due to iron
misregulation.

Studies showed that PrPC is one of the proteins involved in the regulation of iron by astrocytes involved in
the redox process of Fe3+ to Fe2+ (89). PrPC-null cells had fewer calcium levels than wild-type cells,
compromising the signaling for cellular defense mechanisms to induce apoptosis, thus showing
neuroprotective and antioxidant action of PrPC. The dysregulation in calcium homeostasis is also directly
linked to A.D. The calcium dysfunction can in�uence the accumulation of Aβ and hyperphosphorylation
of the tau protein (66). Fragments containing toxic Aβ peptides increase intracellular calcium. Disruption
of calcium homeostasis may be one of the main mechanisms by which Aβ manifests its neurotoxicity
(92–94). We showed that in the presence of PrPC under oxidative stress, the calcium levels were
decreased, indicating the possible paralysis of cellular replication processes, leading to the programmed
cell death process (apoptosis)(95).

The observation of higher p-Tau levels compared to wild-type astrocytes con�rmed the hypothesis of the
neuroprotective function of PrPC. It is known that an increase in iron levels due to oxidative stress is a
factor that can trigger neurodegeneration. Astrocytes could internalize and degrade toxic β-amyloid
peptides, as a crucial defense role in developing and advancing A.D. (41, 96, 97). However, it is not known
how this degradation happens. Apolipoprotein E (APOE) is involved in the process (97–99). Almost
nothing is known if the PrPC participates in the degradation of Aβo in astrocytes (72, 100).

The results obtained in this work showed that the absence of cellular prion protein in astrocytes leads to
large amounts of protein aggregates. This fact was observed by the large band of aggregates formed in
the PrPC-null cells under the induction of neurodegeneration in the absence of the reducing agent β-
mercaptoethanol when compared to the wild-type cell. These results agree with those observed by
Nieznanski et al., indicating that the PrPC and its N-terminal fragment inhibits Aβo 1–42 amyloidogenesis
and cytotoxicity (101).

In cell viability results, cell death was observed only with STS condition (used as a control experiment for
damage and cell death) and H2O2 for both cell lines. However, the results obtained for the expression of
Caspase 9 protein (Fig. 4 - A), showed increased expression for wild-type cells in the incubation with STS
and H2O2 compared to its negative control. This result agrees with the results obtained for signi�cant
changes in calcium levels in the wild-type, correlating them as a response caused by the induction of cell
death via apoptosis, where through the calcium channels (cell signaling through intracellular release) the
cascade that leads to the activation of caspases can be initiated (56). In this work, the cascade of
caspases was activated in the wild-type cells, in contrast to the PrPC-null cells. This fact can be due to the
balanced signaling between Bcl2-Bak mediated by the participation of PrPC, allowing the mitochondrial
release of cytochrome c and the release of intracellular calcium to the extracellular medium (in agreement
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with results obtained in the determination of metals). All these events recruited the activation of
procaspase and led to apoptosis.

It was observed that the SOD1 expression was not affected by the absence of PrPC. Thus, the Cu
reduction in CCS may contribute to the decrease in SOD1 activity already observed in null mice for PrPC

(75, 107). The link between PrPC expression and SOD1 points to common pathways in regulating its
expression and indicates the role between PrPC and cell protection from oxidative stress (27, 28, 108).
The cellular prion protein has been shown to have similar activity to SOD1 and has been demonstrated by
unequivocal evidence that PrPC can regulate the copper redox cycle. Thus, changes in PrPC expression
result in unbalanced proteins associated with copper metabolism to compensate for the loss in PrPC

expression and consequently changes in intracellular copper levels (107, 108).

A recent discovery indicates a new role for SOD1 as a nuclear transcription factor to control the overall
response to oxidative stress (109). Under oxidative stress induction with H2O2, it was found that SOD1
expression was not altered. Still, SOD1 translocation to the cell nucleus occurred, regulating the
expression of a large set of oxidative response genes known to provide resistance to oxidative stress and
repair DNA damage. The results obtained in this work showed that the cellular prion protein is responsible
for bringing SOD1 to the cell nucleus under the induction of oxidative stress in astrocyte cells. Both wild-
type and PrPC-null cells exhibit similar baseline levels of SOD1 expression. The presence of PrPC

promoted antioxidant activity in the wild-type cell. In the PrPC-null cells, we observed lower Aβo
internalization. The prion protein led to less intracellular ROS generation and less required antioxidant
activity, contrary to the PrPC-null cells, which required the antioxidant defense performed by SODs. The
translocation of SOD1 to the nucleus occurred only in the presence of PrPC in the wild-type cell, indicating
the crucial link to explain the SOD1 translocation to the nucleus in oxidative stress (109).

Like PrPC, RAGEs bind to β-amyloid peptides and transport them by BBB. More evidence suggested that
they can act on their accumulation in brain tissue (113), stimulating the activation of pro-in�ammatory
cytokines (such as NFĸB) and ROS release, which leads to damage to neurons and causes dysfunction in
the BBB. RAGE is then described as a central mediator of Aβ cytotoxicity (114–116). From the results
obtained here, RAGEs activation was observed in the presence of the PrPC in the nuclear region of the
astrocyte. However, such an isolated result does not infer what culminates such interaction. The p53
activation leads to modi�cations such as phosphorylation and acetylation, resulting in isoforms that
initiate cell signaling for cell senescence and apoptosis cascade by the positive regulation of genes from
pro-apoptotic proteins like Bax and Bak and inhibits the gene for Bcl2 (anti-apoptotic protein)(117, 118).
However, it was reported that a different cellular response to oxidative stress was observed independent
of p53 through the overexpression of SODs, precisely by inducing oxidative stress and consequent DNA
damage. Another apoptosis signaling pathway was observed in which the dependence drastically
decreases by activating the caspases displayed by p53 (119). The NFĸB protein has been reported to
modulate p53 activity. However, NFĸB expression can be downregulated by overexpression of SOD1
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(120). As PrPC exhibits antioxidant activity similar to SOD1, the response observed here for p53 and NFĸB
in the wild-type cells indicated that the apoptosis activation mechanism is not dependent on p53.

Consequently, the apoptotic mechanism is followed by the cascade of anti/pro-apoptotic proteins
released by cytochrome c. Still, another mechanism that possibly the PrPC acts as the protagonist is not
yet unraveled. The levels of p53 observed in the absence of PrPC in the null cells can be justi�ed as an
alternative protective mechanism for the cell to defend itself against DNA damage. But it fails because it
cannot eliminate the damage by apoptosis.

CONCLUSION

Through the expression and localization of the analyzed proteins, it was possible to notice that the
internalization of Aβo occurs mainly in the PrPC-null cells, consequently leading to a higher probability of
protein aggregation. The internalization of the oligomers may also have appeared for the native cells.
However, if such an event had occurred, the PrPC would have been responsible for their degradation.
Furthermore, it was found that under Aβo incubation, the ATP7B activation occurred in the presence of
PrPC. This result possibly relates to signaling displayed by PrPC to control and balance intracellular
copper, preventing the neurodegenerative process, which the accumulation of copper may accentuate.
The activation of RAGEs (described as the main mediating factor for Aβ cytotoxicity) has been observed
in the wild-type cells in Aβo incubation and colocalization in the nuclear region. Still, it is not yet clear
what effect of such an interaction is kept. The results obtained for NFĸB protein expression suggested
the hypothesis that the presence of PrPC during Aβo incubation controls its entry intracellularly. In the
PrPC-null cells, the internalization and non-degradation of Aβo promote the generation of ROS as a
neurotoxicity performer. The NFĸB cell signaling pathway is then activated in response to the
in�ammation generated by ROS. The analysis performed for the SOD1 protein connected with several
results obtained led us to elucidate part of the neuroprotection mechanism exhibited by PrPC. It has been
shown that the cellular prion protein is responsible for bringing SOD1 to the cell nucleus under the
induction of oxidative stress in astrocyte cells. The translocation of SOD1 to the nucleus occurred only in
the presence of PrPC, indicating the crucial link, since resistance to oxidative stress and DNA damage
repair, in this case, seems to be mediated by the SOD1-PrPC interaction in the astrocyte cells, and together
with the other results of this work, proved that cellular prion protein is fundamental in the neuroprotective
mechanism in oxidative conditions. Regarding the participation of PrPC against neurodegenerative
processes caused by stimulated protein aggregation, the protein aggregation assay detected broad bands
of protein aggregation in the absence of PrPC under Aβo incubation, proving that the interaction of PrPC

with Aβo contributes as a neuroprotective event in astrocyte cells, and consequently protecting neurons in
the progression of neurodegenerative diseases. Finally, the results clari�ed that the cellular prion protein
is a fundamental agent for neural protection from oxidative damage that can lead to neurodegeneration.

As a result, using several variables, this work provides solid con�rmatory support for PrPc being
protective to astrocytes. Various interesting �ndings include PrPC-null cells, despite being more vulnerable
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to some doses or timepoints after H202, respond robustly to stressors in protective pathways e.g. to SOD,
and less to apoptotic pathways. Interesting effects of α,β-amyloid oligomer (αβo) are seen as well without
a paradigm demonstrating the clear-cut vulnerability of PrPC-null cells.

4. Experimental Procedures

4.1 Chemicals
Chemicals used were of analytical grade, obtained from standard commercial suppliers. Ultrapure water
(18.2 MΩ resistivity) obtained by a Milli-Q puri�cation system (Millipore, Bedford, MA, USA), hydrogen
peroxide (H2O2 – Merck – 1.07210.1000); beta-amyloid protein oligomeric fragment 1–42 (Sigma
Aldrich - A9810); Hexa�uoroisopropanol (HFIP - Sigma Aldrich − 105228); Dimethylsulfoxide (DMSO -
Merck − 6768-5); Staurosporine (Sigma Aldrich – S4400); Dulbecco's Modi�ed Eagle's Medium High
Glucose Culture Medium (DMEM - Sigma Aldrich − 5648); Fetal Bovine Serum (SFB -Gibco − 12657029),
trypsin-EDTA (Sigma Aldrich - T4049); penicillin (Gibco − 15140); Sodium Phosphate Monobasic (Usb − 
20229); Dibasic sodium phosphate (Sigma Aldrich – S5136); 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazol) bromide (MTT – Sigma Aldrich – M2128); Trypan Blue (Sigma Aldrich – M2128);
Dithiothreitol (DTT – Fisher – BP1725); Sodium orthovanadate (Sigma Aldrich – 56508);
Phenylmethanesulfonyl �uoride (PMSF – Sigma Aldrich – 56508); Hydroxymethyl aminomethane (TRIS -
Sigma Aldrich – 252859); Formaldehyde (Sigma Aldrich – S220702); Sodium dodecyl sulfate (SDS –
Fisher – BP166-500); Protease inhibitor (Sigma Aldrich – P8340); Folin&Ciocalteu's Phenol (Sigma
Aldrich – F9252); Bis-acrylamide (Acros − 164855000); Albumin Serum Bovine (BSA – Fluka − 05480); β-
mercaptoethanol (β-ME - Sigma Aldrich – M3148); Propidium iodide (Sigma Aldrich – P4864); RNAse
(Calbiochem − 55674). The other reagents were used with a purity standard of ≥ 98% from Sigma-Aldrich,
Vetec, Thermo Fisher, or similar. We used antibodies for western blot assay, α-tubulin (Sigma-Aldrich
T6074—1:1000), β-actin (Sigma-Aldrich A2228—1:1000), p53 (Abcam Ab90363—1:500), SOD1 (Ab13498
—1:500), Caspase 9 (Sigma-Aldrich C4356— 1:1000), Caspase 3 (Sigma-Aldrich C84871:500), Bcl2
(Millipore-UPSTATE 05729-MN—1:500), Tau (Sigma-Aldrich T9450—1:1000), phosphorylated Tau (p-Tau)
(Sigma-Aldrich T6819—1:1000), anti-PrPC (antibody produced directly from the wild type animal, which
provided the cell line in this study—1:5000), anti-mouse IgG Peroxidase (Sigma-Aldrich A9044—1:10,000)
or Anti-rabbit IgG Peroxidase (Sigma-Aldrich A0545—1:10,000). For immunocytochemistry, primary
polyclonal antibody ATP7B produced in rabbit (Sigma-Aldrich HPA013187–1:50); or primary polyclonal
SOD1 antibody produced in goat (Sigma-Aldrich SAB2500976–1:50); or primary polyclonal RAGE
antibody produced in rabbit (Abcam Ab3611–1: 200); or primary polyclonal beta-amyloid 1–42 antibody
produced in rabbit (Abcam Ab10148–1: 100), Alexa Fluor 488 Donkey anti-Rabbit IgG or Alexa Fluor 546
Donkey anti-Mouse IgG (Invitrogen, 1: 500).

4.2 Cell culture and conditions
The immortalized astrocyte cell lines from mice used in this work were PrPC-null (Prnp0/0; ZrchI) and wild-
type control (Prnp+/+; ZrchI). It was obtained from primary astrocyte cultures from the cerebral
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hemispheres of embryonic day 17 (E17) wild type, and PrPC-null (knockout) mice were prepared as
previously described (13, 50). The veri�cation of the expression/absence of the prion protein in the
astrocyte cells was carried out by the Western Blotting assay, data shown in the Supporting information.
Both cell lines (wild type for PrPC: wild-type, and knockout for PrPC: PrPC-null cells) were cultured in high
glucose Dulbecco's Modi�ed Eagle's Medium (DMEM; Gibco/Life Technologies, Grand Island, NY, USA)
and supplemented with 10% fetal bovine serum (FBS; Gibco/Life Technologies), 100 U/mL penicillin and
10.0 mg/mL streptomycin (Sigma-Aldrich, St. Louis, MO, USA). Cell cultures were maintained at 37°C in a
controlled atmosphere of 5% CO2 (cell culture greenhouse-Forma Series II, Hepa Class 200, Thermo
Scienti�c). Culture �asks with a con�uence of 80% cell growth were plated according to the density
required for each assay.

The oxidative stress condition was induced by incubation with an aqueous hydrogen peroxide solution.
The exposure time established was 24h, at a concentration of 800 µM for wild-type cell line and at a
concentration of 640 µM for PrPC-null cells (concentrations obtained through the determination of IC50).
To perform the preparation of the aqueous solution, we proceeded with the molar quanti�cation of the
commercial solution by UV-Vis spectrophotometry at 240 nm, a method adapted from Wolff and Ou
(121). The neurodegenerative condition was induced with β-amyloid protein oligomers of the toxic
peptide segment 1–42 (Aβo) at a concentration of 0.5µM (in DMEM culture medium) for both cells lines,
with an exposure time of 24 hours. The preparation of the oligomers was carried out according to the
protocol described by Stine and collaborators (122). The method consists of the solubilization of the
commercial aliquot of oligomeric fragments 1–42 of the β-amyloid protein in Hexa�uoroisopropanol
(HFIP), in sequence, resting time of 30 minutes and after drying the aliquots in the desired concentration
with argon gas. After the procedure, the aliquots were stored at -80ºC and thawed just before the cell
incubation.

4.3 Cellular viability
For the cell viability tests, the MTT test was used and alternatively also the Trypan Blue test. Both tests
were performed according to the protocol described by Matias et al. (127) and Magrini et al. (128).

For the Trypan Blue assay, the cell lines were plated at a density of 2×104 cells/cm2 in 24-well plates and
exposed to the proposed incubation with Aβo. After 24 and 48 hours, the cells were stained with trypan
blue and counted under an optical microscope using a Neubauer chamber (129). The cell count data were
represented graphically as the total number of live cells.

For MTT assay, cells from wild type and PrPC-null were cultured and plated in 96-well plates at densities
of 2×104 cells/cm2 and exposed to the proposed incubations with H2O2 and Aβo for 24 hours. After the
induced conditions, the MTT salt (5 µg/mL) was added directly to the medium and incubated for 1 hour
and 30 minutes in the dark. After the time, the culture medium was removed entirely, and 150 µL of DMSO
was added for incubation with shaking and under the cover for 15 minutes. Then, the samples were read
in a microplate reader (CELER Polaris) at a wavelength of 570 nm (130). In addition to assessing cell
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viability from this assay, IC50 values   for induced conditions were also determined when applicable. The
calculations were performed using the program A linear Interpolation method for sublethal toxicity: The
inhibition concentration (ICP) approach V.2.0 June 1993 (U.S. Environmental Protection Agency,
Environmental Research Laboratory, Duluth, MN 55804) (Linear interpolation).

4.4 Cell cycle assay
Flow cytometry (FACS) was used to analyze the cell cycle. For this, the cells of both lines were plated at a
density of 4×104 cells/cm2 in 6-well plates. The cells were incubated with H2O2 and Aβo, and after 24 h,
they were trypsinized and washed with PBS three times at 1300 rpm for 5 min. The cell pellets were
resuspended with propidium iodide (P.I., 5 µg/ml), Triton X-100 (0.1%) and RNAse (0.2 mg/ml) and
incubated for 1 hour, and then continued for analysis �ow cytometer (BD.FACS Canto II - B.D.
Biosciences), according to the protocol described by Bertuchi and collaborators (13). The data were
analyzed using FlowJo software v.X.0.7.

4.5 Determination of metal levels
To determine intracellular metal levels, the inductively coupled plasma mass spectrometry (ICP-MS) was
used, according to the protocol described by Lago et al. (131). The cell lines were plated at a density of
2×104 cells/cm2 in 75 cm2 �asks, and after 24 h the cells were trypsinized, washed with PBS (an aliquot
was separated for protein quanti�cation) and freeze-dried (Liobras L101, Brazil). Then, the samples (in
triplicate per cell line) were pre-digested with 50 µL double-distilled concentrated (65% w/v) HNO3 for 24
h. After that, the samples were heated in a water bath at 90°C for 2 h. After, 950 µL of ultrapure water
(Milli-q, Millipore) was added, homogenized, and heated in a water-bath at 90°C for 2 h. All analytical
standard calibration curves and blanks were made by serial dilution of standard stock solutions in 5% v/v
HNO3. Finally, the samples were analyzed by an inductively coupled plasma mass spectrometer (DRC-
ICP-MS Elan DRCII; Perkin-Elmer, Boston, MA, USA). The results were converted using the protein
concentration of each sample and the dilution factor, yielding the result in ng/metal per mg of sample
protein. Samples were analyzed by ICP-MS (Agilent 7900, Hachioji, Japan). The results were converted
using the protein concentration of each sample and the dilution factor, yielding the result in ng/metal per
mg of sample protein.

4.6 Western blot analysis
To evaluate the levels of expression of proteins of interest, the western blotting technique was used,
according to the protocol described in the previous work (132). Cellular proteins (50ug) were subjected to
SDS–PAGE and blotted onto nitrocellulose (G.E. Healthcare Life Sciences), with α-tubulin or β-actin
loading control. The primary and secondary antibodies were employed, and the complexes formed after
incubation with the secondary antibodies were detected using SuperSignal West Pico (Thermo Fisher
Scienti�c) or SuperSignal Femto substrate (Thermo Fisher Scienti�c) in a Biorad photographer BioRad
ChemiDoc XR + and quanti�ed by Software ImageLabTM 6.0.1.

4.7 Immunocytochemistry
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Cell lines were grown on chamber slides at a density of 0.5×104 cells/cm2 and then induced conditions
described above. After 24 h incubation with inductor agents, the cells were pre-�xed with 2%
paraformaldehyde diluted in DMEM (v/v) followed by a 1% paraformaldehyde post-�xation. Brie�y, the
slides were washed twice with ice-cold PBS for 3 minutes and then permeabilized with PBS containing
0.2% Triton X-100 for 30 minutes. The permeabilized cells were incubated with a blocking solution (4%
bovine serum albumin (BSA), in PBS and 0.2% Triton X-100) and then incubated with PBS containing 1%
BSA and the speci�c primary antibody at 4°C overnight. After washing with PBS, the cells were incubated
in PBS containing Alexa Fluor 488 Donkey anti-Rabbit IgG ou Alexa Fluor 546 Donkey anti-Mouse IgG
(Invitrogen, 1:500), and 600nM DAPI solution (Life Technologies) at 37°C for 3 hours. Then, the cells were
washed with PBS. The coverslips were mounted in a glycerol/ PBS solution (1:1 v/v), and the cells were
examined using a �uorescence microscope (Leica AF6000). All images were analyzed by Leica
Application Suite – Advanced Fluorescence Lite 2.6.3). Immunocytochemical images were done at least
in triplicate independent experiments.

4.8 Protein aggregation
To detect protein aggregates and relate them to neurodegenerative processes, the protocol described by
Dantas and collaborators was followed (133). A commercial STAIN-FREE BioRad Mini-PROTEAN TGX
Stain-free, 12% gel, was used. Similar to the procedure performed in the Western blotting assay, cells were
plated at a density of 2×104 cells/cm2 in 25 cm2 bottles. They were incubated with Aβo only for 24 hours.
Cell aliquots of samples containing 50 µg were incubated with sample buffer (62 mM Tris-HCl, pH 6.8
containing 10% glycerol, 2% SDS, 0.01% bromophenol blue) in the absence and presence of the agent β-
mercaptoethanol reducer (200 mM) for 5 minutes at 95°C. The samples were standing and then applied
to the gel. The run was carried out for about 1 h (�xed voltage of 150V), in running buffer (25mM TRIS
base, 250mM glycine, 0.1% SDS, pH 8.3). The development of the gel was obtained through the photo-
documenter BioRad ChemiDoc XR + through the incidence of U.V. The images were incubated by the
ImageLabTM 6.0.1 Software.

4.9 Statistical analyses
All experiments were repeated at least three times in independent replicates, and the results are expressed
as the mean values ± standard deviations. Westerns Blottings are done each one with its respective mass
control anti-α-tubulin or anti-β-actin for quanti�cation purposes, always in the same gel and blotting for
comparison. The analysis of variance (ANOVA) with Bonferroni's test was used to evaluate the
differences between the cell lines groups for all experiments with the level of signi�cance set at P ≤ 0.05.
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Figure 1

(A) Cell viability by MTT assay in cells of the astrocyte lines wild-type and PrPC-null incubated with
hydrogen peroxide (H2O2) in different concentrations for 24 and 48 hours. Percentages of viable cells
concerning the negative control. (B) Determination of cell viability by Trypan Blue assay on cells in the
wild-type and PrPC-null astrocyte lines incubated with amyloid oligomer Aβ1-42 (Aβo) in different
concentrations for 24 and 48 hours. (C-K) Cell cycle assay, analyzed by �ow cytometry. The results are
presented as histograms of cell number (events) versus DNA content (Propidium Iodide) for the astrocyte
lines wild-type (C, E, G, I) and PrPC-null (D, F, H, J). Negative control (C, D), cells incubated with H2O2

800µM and 640 µM respectively for wild-type and PrPC-null (E, F), cells incubated with Aβo 0.5µM (G, H),
cells incubated with H2O2 800µM and 640 µM respectively for wild-type and PrPC-null and co-incubation
with Aβo 0.5µM (I, J), for 24 hours. Representation of quanti�cation by the percentage of the population



Page 28/33

in each phase of the cell cycle is available in a table (K). Representative data of means ± S.D. (n = 3, from
independent experiments).

Figure 2
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(A-D) Determination of the concentration of metals by ICP-MS in the astrocyte lines wild-type and PrPC-
null. Results in the negative control, cells incubated with hydrogen peroxide (H2O2) and amyloid oligomer

αβ1-42 (αβo). (A) Copper concentration observed in the astrocyte lines wild-type and PrPC-null for 24
hours. (B) Iron concentration was observed in the astrocytes lines wild-type and PrPC-null for 24 hours.
(C) Zinc concentration observed in the astrocytes lines wild-type and PrPC-null for 24 hours. (D) Calcium
concentration observed in the astrocytes lines wild-type and PrPC-null for 24 hours. (E)
Immunocytochemistry to evaluate ATP7B in the astrocyte lines wild-type and PrPC-null (Bright �eld /
Magni�cation 40x - Fluorescence Microscope Leica AF6000). 24h incubation with 0.5 μM αβo, 800μM
H2O2 (Wild type)/640 μM (PrPC-null) and negative control. Nucleus (Blue): Dapi 300nM and copper �ux
(Green): anti ATP7b primary monoclonal antibody (1: 200) and Alexa Fluor 488 IgG (H + L) secondary
antibody (1: 500). Arrow a: activation. Images of a representative node (n = 5). (F) Scheme representative
of the oxidative stress caused by iron. Representative data of means ± S.D. (n = 3); * P≤0.05 ** P≤0.01
*** P≤0.001 (ANOVA one way - Bonferroni's test) - a: compared to the negative control of the same cell
line.



Page 30/33

Figure 3

(A-C) Western Blotting assay for quanti�cation and evaluation of the expression of Tau and p-Tau
proteins in the astrocytes lines wild-type and PrPC-null. Negative control cells (baseline experiments), cells
incubated with staurosporine (STS, 4 µM), hydrogen peroxide (H2O2), and amyloid oligomer αβ1-42 (αβo)
for 24 hours. (A) Ratio of the quantity Tau/α-Tubulin (B) Ratio of the quantity p-Tau/β-Actin (C) Ratio of
the quantity p-Tau/total Tau. (D) Immunocytochemistry for the evaluation of β-amyloid in the astrocytes
lines wild-type and PrPC-null (Magni�cation 40x - Fluorescence Microscope Leica AF6000). 24h
incubation with 0.5 μM αβo and negative control. Nucleus (Blue): 300 nM DAPI and Internalization of β-
amyloid oligomer (Green): primary β-amyloid monoclonal antibody (1: 100) and Alexa Fluor 488 IgG (H +
L) secondary antibody (1: 500). Arrow b: internalization. Images of a representative experiment (n = 5).
(E) Protein aggregation assay. The results were presented as a representative n image. Samples of 50 µg
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of proteins were obtained from cells (negative control), cells incubated with amyloid oligomer αβ1-42
(αβo), for both wild-type and PrPC-null, for 24 hours. BioRad Stain-free commercial gel. Data from a
representative n ± S.D. (n = 3, independent experiments).* P≤0.05 ** P≤0.01 *** P≤0.001 (ANOVA one
way - Bonferroni's test) - a: compared to the negative control of the same cell line; b: compared to the
same condition between the cell lines.
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Figure 4

(A-E) Western Blotting assay for quanti�cation and evaluation of Caspase 9, Caspase 3, Bak, Bcl2, and
SOD1 proteins in the wild type and PrPC-null astrocyte lines. Negative control, cells incubated with
staurosporine (STS, 4 µM), hydrogen peroxide (H2O2) and amyloid oligomer αβ1-42 (αβo). (A) Ratio of
quantity Caspase 9/α-Tubulin (B) Ratio of quantity Caspase 3/α-Tubulin (C) Ratio of quantity Bak/β-Actin
(D) Ratio of quantity Bcl2/α-Tubulin (E) Ratio of the amount SOD1/α-Tubulin. Data from a representative
n ± S.D. (n = 3, independent experiments). (F) Immunocytochemistry to evaluate SOD1 in the astrocyte
lines wild-type and PrPC-null (Magni�cation 40x - Fluorescence Microscope Leica AF6000). 24h
incubation with 0.5 μM Aβo, 800μM H2O2 (Wild type)/640μM (PrPC-null) and negative control. Nucleus
(Blue): DAPI 300nM and activation / localization of SOD1 (Green): primary anti-SOD1 monoclonal
antibody (1:50) and Alexa Fluor 546 IgG (H + L) secondary antibody (1: 500). Arrow c: location in the
nuclear region. Images of a representative experiment (n = 5). * P≤0.05 ** P≤0.01 *** P≤0.001 (ANOVA
one way - Bonferroni's test) - a: compared to the negative control of the same cell line; b: compared to the
same condition as the opposite cell line.

Figure 5

(A) Immunocytochemistry for NFĸB evaluation of wild-type and PrPC-null astrocyte (Magni�cation 40x -
Fluorescence Microscope Leica AF6000). 24h incubation with αβ1-42 (αβo) 0.5 μM, hydrogen peroxide
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(H2O2) 800 μM (wild type)/64 0μM (PrPC-null) and negative control. Nucleus (Blue): DAPI 300nM and
activation of NFĸB (Green): anti-NFĸB primary monoclonal antibody (1: 100) and Alexa Fluor 488 IgG (H
+ L) secondary antibody (1: 500). Arrow C: activation. (B) Immunocytochemistry for the evaluation of
RAGE in the astrocyte lines wild type and PrPC-null cells (Magni�cation 40x - Fluorescence Microscope
Leica AF6000). 24h incubation with 0.5 μM αβo, 800μM H2O2 (wild type)/640μM (PrPC-null) and negative
control. Nucleus (Blue): DAPI 300nM and activation and localization of RAGE (Green): anti-RAGE primary
monoclonal antibody (1: 200) and Alexa Fluor 488 IgG (H + L) secondary antibody (1: 500). Arrow d:
location in the nuclear region. Images of a representative node (n = 5). (C) Western Blotting assay
quanti�es and evaluates p53 protein in the wild-type and PrPC-null astrocyte. Negative control, cells
incubated with staurosporine (STS, 4 µM), H2O2, and αβo. The ratio of quantity p53/α-Tubulin. Data from
representative n ± S.D. (n = 3, independent experiments).
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