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ABSTRACT OF THE THESIS 

 

Glutamatergic signaling pathway drives prion induced neurodegenerative phenotype in a knock-

in mouse model  

by 

Helen Khuu 

Master of Science in Biology 

University of California San Diego, 2022 

Professor Christina Sigurdson, Chair 
Professor Gentry Patrick, Co-Chair  

 

Prion diseases are rapidly progressive neurodegenerative diseases characterized by 

spongiform degeneration, gliosis, synaptic loss, and neuronal dystrophy. Prion disease is caused 

when the cellular glycosylphosphatidylinositol (GPI)-anchored prion protein, PrPC, misfolds into 

an aggregated conformer, known as PrPSc. PrPC has an unstructured flexible N-terminus and a 

structured C-terminus with two N-linked glycans. Several human prion diseases are caused by 

mutations in the N-terminus of PrPC. For example, some cases of Gerstmann-Straüssler- 

Scheinker disease or Creutzfeldt-Jakob disease are caused by insertions in the octapeptide repeat 

region of the N-terminus. Furthermore, the untethered N-terminus of PrPC can act as a neurotoxic 

effector domain. Mice expressing only the N-terminus of PrPC show altered interactions between 



 
 

x 

the truncated PrPC and endoplasmic reticulum proteins, which results in neurotoxicity. To 

understand how the N-terminus impacts PrPC function and neurodegenerative disease 

progression, we generated a knock-in mouse model that modifies the N-terminus of PrPC by 

substituting glycine 93 to asparagine, allowing the N-terminus to be glycosylated and potentially 

untethered. This mutation causes spontaneous neurodegeneration without the presence of PrPSc 

aggregates. In vitro experiments support a role for excitotoxicity in the neurodegenerative 

phenotype of the Prnp93N mice. Hippocampal and cortical primary neuron cultures from Prnp93N 

mice display dendritic beading, which is characteristic of excitotoxic stress. The excessive 

dendritic beading in the Prnp93N neurons was rescued using a glutamate receptor antagonist 

implicating signaling through glutamate receptors that are driving the excitotoxic insult. In vivo 

experiments also indicate a role for excitotoxicity in a brain specific region. Hippocampi of p26 

Prnp93N mice have higher phosphorylated Ca²⁺/calmodulin-dependent protein kinase II (CaMKII) 

at threonine 286 (Thr286). Calcium ion binding to CaMKII activates the kinase and promotes 

autophosphorylation at Thr286 to constitutively activate CaMKII. Hippocampi of p26 Prnp93N 

mice also show higher phosphorylated glutamate receptors, indicating increased channel 

conductance when compared to PrnpWT mice. Cortex samples do not show differences. Together, 

this data suggests neuronal activation differs between the cortex and the hippocampus in the 

Prnp93N mice. This study supports the hypothesis that enhanced excitotoxic signaling involving 

receptor contributes to this neurodegenerative phenotype.  
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Introduction 

Prion disease 

 Prion diseases, also known as transmissible spongiform encephalopathies, are a group of 

fatal neurodegenerative disorders that affect both humans and animals (Sigurdson, Bartz, and 

Glatzel 2019). The disease is caused by the misfolding of the cellular prion protein (PrPC) into 

the infectious form (PrPSc) (Westergard, Christensen, and Harris 2007). Human prion diseases 

are either familial (genetic mutation in the prion protein), sporadic (spontaneously occurring), or 

acquired (iatrogenic or transmissible) (Gaudino et al., 2017). Sporadic Creutzfeldt–Jakob disease 

(sCJD) is the most common human prion disease characterized by gliosis, neuronal vacuolation 

(spongiform change), neuronal loss, cognitive defects, motor deficits, and the accumulation of 

prion protein aggregates (Zerr and Parchi 2018). There are no therapies or treatments to cure 

prion disease; however, current studies focus on targeting PrPC, PrPSc, or preventing PrPC to 

PrPSc conversion (Chen and Dong 2021).  

Many neurodegenerative diseases, such as tauopathies, have been termed “prion-like” due to 

similar aggregate seeding-induced protein conversion and aggregation and spread (Costanzo & 

Zurzolo, 2013). Furthermore, the N-terminus of PrPC has been found to bind to amyloid beta 

(Aβ) oligomers, instigating a signaling cascade leading to neuronal toxicity (Zhang et al. 2019). 

Therefore, a better understanding of the role of PrPC in disease pathogenesis is needed to develop 

effective therapies and treatments for neurodegenerative disorders.  

Structure and Function of PrPC 

 PrPC is a cell surface protein with a glycosylphosphatidylinositol (GPI)-anchored tail 

(Stahl et al. 1992). The N-terminus (residue 23-125) is a flexible and unstructured domain, while 

the C-terminus (residue 126-230) is a structured domain made up of three ⍺-helices	and	two	
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antiparallel	β-strands	(Donne	et	al.	1997;	Zahn	et	al.	2000).	 The C-terminus can undergo 

post-translational modifications with two sites available for N-glycosylation and one for 

disulfide bridge formation. The N-terminus has two copper ion (Cu2+) binding sites and consists 

of a polybasic region, an octapeptide repeat region, and a hydrophobic region (Hara and 

Sakaguchi 2020).  

Knockout mice lacking PrPC are resistant to PrPSc formation. In addition, mice with only 

one copy of PrPC are less susceptible to PrPSc infection (Bueler et al. 1993). However, these 

knockout mice show abnormal circadian rhythms, impaired neuronal excitability, increased 

susceptibility to excitotoxic insult, and N-terminal PrPC-mediated toxicity (Steele, Lindquist, and 

Aguzzi 2007). PrPC functions are not entirely known, but one proposed function suggests 

regulating glutamate receptor activity to protect against excitotoxic insult (Wulf, Senatore, and 

Aguzzi 2017). It is of interest to understand how PrPC interacts with its cofactors to modulate 

function, and how these functions are deregulated during pathogenesis. 

The role of PrPC in mediating neurotoxicity 

PrPC has been linked to toxic signaling pathways implicated in neurodegenerative 

phenotypes. Previous studies have shown that genetically deleting PrPC in prion-infected mice 

will reverse brain pathology and disease progression in the mice, suggesting that PrPC is the 

culprit for prion disease pathology (Mallucci et al., 2003). Other studies support the hypothesis 

that PrPC, not PrPSc, mediates toxic signaling, causing neurodegeneration during prion infection. 

Brain grafts from mice expressing PrPC were transplanted into PrPC knockout mice. After prion 

infection, it was found that only the brain graft region showed pathology despite there being 

PrPSc present in PrPC knockout areas, suggesting endogenous expression of PrPC is needed for 

neuronal toxicity (Brandner et al. 1996).  



 
 

3 

Past research has provided evidence that the N-terminus of PrPC mediates toxic signaling 

(Wu et al., 2017). Studies in mice expressing only the N-terminal domain of PrPC reveal that this 

truncated PrPC has an altered interaction with endoplasmic reticulum proteins and causes a 

neurodegenerative phenotype (Dametto et al. 2015). Furthermore, mice lacking PrPC residues 

105-125 experience neurodegeneration without PrPSc aggregates. This phenotype is rescued in a 

dose-dependent manner by wild type (WT) PrPC expression, suggesting that WT PrPC and the 

shortened PrPC compete to bind a target that regulates neurodegenerative signaling (Li et al. 

2007). One PrPC ligand of interest is the N-methyl-D-aspartic acid receptor (NMDAR), which 

has been shown to play a central role in excitotoxic signaling in many neurodegenerative 

diseases. 

 PrPC moderating excitotoxicity in neurodegenerative disease 

 Excitotoxicity is cell death caused by prolonged activation of glutamate receptors such as 

NMDAR. Specifically, signaling through extrasynaptic NMDA receptors promotes cell death 

while synaptic NMDA receptor signaling promotes cell survival (Parsons and Raymond 2014). 

PrPC knock out mice are found to have more NMDAR activity than WT mice and are more 

sensitive to excitotoxic insult, suggesting that PrPC has a role in mediating NMDAR 

hyperactivity (Black et al. 2014). Neurons from mice with deletions in the N-terminus of PrPC 

show enhanced susceptibility to glutamate mediated excitotoxicity, and this effect is restored 

when the neurons are treated with an NMDAR antagonist (Biasini et al. 2013). These studies 

support a role for PrPC regulating NMDA receptor activity and contributing to excitotoxic cell 

death during neurodegeneration. PrPSc binds to PrPC and attenuates its usual interactions with 

NMDAR to induce toxic signaling leading to neuronal death. Amyloid-beta oligomers have also 

been shown to bind to the N-terminus of PrPC to initiate this same signaling pathway and leading 
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to neurotoxic death in Alzheimer’s disease (Biasini et al., 2012). Thus, a model is needed to 

understand the interaction between PrPC and NMDA receptors during disease progression. 

A knock in mouse model to study excitotoxic signaling  

Based on these results, more studies on blocking this toxic signaling from PrPC are 

needed to develop prion disease treatments. To understand how the N-terminus of PrPC impacts 

neurodegeneration, we used knockin mice that express an extra glycan. These mice have a 

glycine 93 to asparagine point mutation (human numbering) allowing the N-terminus to be 

glycosylated. These mice experience spontaneous neurodegeneration without the presence of 

PrPSc aggregates. Characterization of these mice has shown that the Prnp93N homozygous 

(PrnP93N/93N) die at around postnatal day 25-30 (p25-p30) and do not show any behavioral 

developmental defects. Primary neurons from Prnp93N/93N mice display excessive dendritic 

varicosity, a hallmark of excitotoxic stress, and this varicosity is rescued when treated with 

NMDA antagonist, MK801 (dizocilpine maleate, (+)-5-methyl-10,11-dihydro-5H-

dibenzo[a,d]cyclohepten-5,10-imine maleateor). Biochemical analysis of the Prnp93N/93N brains 

shows region-specific sensitivity to excitotoxicity. These results provide evidence that the altered 

PrPC enhances the excitotoxic signaling that contributes to the neurodegenerative phenotype.  

Methods 

Animals 

All mice are housed in a 12-hour light/ dark cycle and have access to food and water to their 

liking. All mice handling complies with the University of California, San Diego’s Institutional 

Animal Care and Use Committee standards. 

Behavioral Tests 
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All behavior assays performed tested sensorimotor and vestibular development at p7, p8, p9, 

p10. Experimenters were blinded to the genotype of the mice at the time of testing. The assays 

were performed on male and female mice across three litters with 6 Prnp93N/93N and 5 PrnpWT 

used for analysis. 

I. Sensorimotor and vestibular testing  

a. Negative Geotaxis 

Pups were placed on a 45-degree slope with their heads facing down the slope. The time it took 

for the mouse to turn 180- degrees with its head facing upward was recorded with a maximum 

latency of 3 minutes.    

b.  Cliff Aversion  

Pups forepaws were placed on the edge of a 5-inch-tall cardboard box. The time it took for the 

mice to retract and turn away from the edge was recorded with a maximum latency of 3 minutes.  

Body Weight 

Both males and females across three litters were weighed (grams) daily starting from p5 to p25. 

Experimenters were blinded to the genotype of the mice at the time of weighing. 

Brain Tissue Collection, Homogenization, and Lysis 

Cortex samples from p20 and p26 mice were collected and snap-frozen with liquid nitrogen. 

Cortex samples of p20 mice were homogenized in 4% sarkosyl in PBS with protease inhibitors 

and phospho-stop in a bead beater tissue homogenizer to create a 10% brain homogenate.  

Samples were then lysed with 4% sarkosyl and benzonase on ice for 30 minutes, vortexing every 

five minutes. Cortex samples of p26 mice were homogenized in RIPA buffer (50mM Tris-HCl 

pH 7.4, 150mM NaCl, 1mM EDTA, 1% NP40, 0.5% DOC, 0.1% SDS) with protease inhibitors 
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and phospho-stop in a bead beater tissue homogenizer to create a 10% brain homogenate. 

Samples were then lysed with RIPA buffer at 4-degrees with rotation for 30 minutes.   

Western Blot Analysis 

Equal protein levels were quantified using a BCA (bicinchoninic acid protein assay). Brain 

samples at p20 were loaded on a 4-12% Bis-Tris gel with MOPS running buffer and transferred 

to a nitrocellulose membrane by wet blotting. Brain samples at p26 were loaded on a 10% Bis-

Tris gel with MES running buffer and transferred to a nitrocellulose membrane by wet blotting. 

Membranes were blotted overnight at 4-degrees in primary antibodies, Rab5 (Cell Signaling 

Technology (CST), Cat #: 3547), Rab7 (CST, Cat #: 9367), Hrs (CST, Cat #: 15087), CaMKII 

(Ca²⁺/calmodulin-dependent protein kinase II) (CST Cat #: 4436), Phospho-CAMKII (Thr286) 

(CST, Cat #: 12716), Glun2B (NMDA receptor subtype 2B) (CST Cat #: 14544), Phospho-

Glun2B ( (Ser1303) (Millipore Sigma, Cat #: 07-398), and Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) (Novus Biologicals Cat #: NB300-324) in either 1X casein blocking 

buffer or 1% BSA (bovine serum albumin) followed by one hour incubation in HRP-conjugated 

IgG secondary antibody at room temperature. Membranes were then imaged using a 

chemiluminescent substrate and visualized on a Fuji LAS 4000 imager. Images were quantified 

using the software Multi Gauge version 3.0.  

Primary Neuron Cell Culture  

Primary cortical neurons were extracted from p0 Prnp93N mice and maintained in neuron culture 

media (Neurobasal plus, 1% glutamax, 2% B27 plus, and 5% Pen-Strep). Cortexes were 

dissected from mice in dissection media (EBSS, 6mM MgC2L, 0.25mM CaCL2, 0.9% glucose, 

and 10mM HEPES) then dissociated by trypsin for 15 minutes at 37-degrees. After 

trypsinization, DNAse was added, and cells were titrated and strained through a 100uM strainer. 



 
 

7 

Cells were spun down then resuspended in high glucose media (neuron culture media and 2.77M 

glucose) to remove additional debris. Cells were then spun down and then resuspended in culture 

media. Cells were then plated on PLL coated coverslips for imaging experiments.  

Drug treatment of the primary neurons 

Neurons were treated with MK801 or a water vehicle at (DIV) 21 for 72 hours. MK801 and 

water were delivered to the neurons in a half media change. The final concentration of MK801 

used was 10uM per coverslip, and the vehicle coverslips got the same final concentration of 

water as the drug treated wells.  

Immunofluorescent Staining of Primary Neuron Cultures 

When neurons were days in vitro (DIV) 21-28, neurons were washed in 1X PBS and fixed in 4% 

paraformaldehyde for 15 minutes at room temperature. Neurons were permeabilized with 

PHEM-T (60mM PIPES pH6.9, 25mM HEPES, 10mMEGTA, 2mM MgCL2X6H2O, 0.5% 

Triton X-100) for 5 minutes at room temperature. Neurons were then washed with PHEM-Wash 

(60mM PIPES pH6.9, 25mM HEPES, 10mMEGTA, 2mM MgCL2X6H2O, 0.1% Triton X-100) 

and incubated in primary antibody MAP2 (Microtubule-associated protein 2) (mouse) (Millipore, 

Cat# MAB378; 1:1000)  diluted in AbDil buffer (150mM NaCl, 20mM Tris-HCl pH 7.4, 0.1% 

Triton X-100, 2% BSA, 0.1% NaN3) at 4-degrees overnight followed by incubation with 

secondary antibody diluted in AbDil for 1 hour at room temperature. Neurons were then washed 

and incubated with DAPI to mark nuclei. Coverslips were then mounted onto slides using pro-

long gold mounting media. A 10X objective on the fluorescent Olympus IX81 was used to view 

hippocampal neurons, and images were taken with the Hamamatsu ORCA-ER camera by the 

SlideBook 5.5 software. Images for the primary cortical neurons were taken by the same camera, 
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software, and microscope with a 20X objective. ImageJ2 was used to analyze neurons for percent 

dendrite beading per neuron (Rueden et al. 2017).  

Immunofluorescent Staining of Brain tissue samples   

Paraffin embedded brain tissue from 5 p20-p22 Prnp93N/93N, 5 p20-p22 PrnpWT, 5 p25-p27 

Prnp93N/93N, and 4 p25-p27 PrnpWT were stained with dendritic and soma marker MAP2. For 

immunolabeling, sections were deparaffinized, heated in citrate buffer (Sigma, Cat# C9999-

1000) with 0.05% Tween20 in a pressure cooker for 30 minutes, quenched in 3% H2O2 in 

methanol for 15 minutes, and blocked in TNB buffer [0.5% TSA Blocking Reagent 

(PerkinElmer, Cat# FP1020) in 100 mM Tris-HCl buffer (pH 7.5) with 150 mM NaCl] 

containing 5% goat serum (Sigma, Cat# G9023). All primary and secondary antibodies were 

diluted in TNB buffer with 5% goat serum. Slides were then incubated in the primary antibodies, 

MAP2 (mouse) (Millipore, Cat# MAB378; 1:200) overnight at 4 degrees Celsius. Arc was 

visualized using the goat anti-rabbit IgG Cy3 secondary antibody (Jackson ImmunoResearch, 

Cat# 111-165-144) (1 hour). The MAP2 antibody was visualized using biotin goat-anti-mouse 

(Jackson ImmunoResearch, Cat# 115-066-072) (30 minutes), then streptavidin-HRP (Jackson 

ImmunoResearch, Cat# 016-030-084) (30 minutes), followed by tyramide Alexa 488 

(Invitrogen, B40953). All slides were incubated in DAPI and mounted using ProLong Gold 

(Thermo Fisher). Cells were visualized and taken with the 20X objective described in 

immunofluorescent staining of primary neuron cultures.  

Statistical analysis 

A Student’s t-test (two-tailed, unpaired) was used to analyze the Prnp93N/93N and PrnpWT mice for 

the protein levels of Hrs, Rab5, Rab7, LC3B-II/I, p62, pGluN2B, pCaMKII, Glun2B, and 

CaMKII. A one-way ANOVA with Tukey’s post-test was used to assess the percent beaded per 



 
 

9 

neuron in the Prnp93N/93N, Prnp93N/WT, and PrnpWT mice. A Two-way ANOVA with no post-test 

was used to analyze the weights of the mice. Behavioral assays were analyzed using a two-way 

ANOVA with genotype and age as the two factors. A Bonferroni post hoc test was used for 

multiple comparisons to analyze the Prnp93N/93N, Prnp93N/WT, and PrnpWT mice. Statistical 

analysis was done on GraphPad Prism 5 software for western blot and primary neuron 

quantification. GraphPad Prism 8 software was used to analyze mouse behavior study and 

weights. A p < 0.05 was considered statistical significance, and data represent mean + SEM. 

Results 

The Prnp93N/93N mice exhibit differences in weight gain by terminal disease 

The Prnp93N/93N mice develop terminal disease at p28-p34 and experience clinical signs such as 

kyphosis and “tiptoe walk” starting at p18-20. To better understand when phenotypic differences 

might appear, mice were weighed from p5 to p25. From p5 to p21, the Prnp93N/93N, Prnp93N/WT, 

and PrnpWT littermates show no differences in weight (Fig. 1). At p22, the Prnp93N/93N weigh 

significantly less than the Prnp93N/WT and PrnpWT littermates (Fig. 1). The differences in weight 

observed in the Prnp93N/93N mice coincides with the onset of clinical signs. 
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Figure 1. The Prnp93N/93N mice do not gain as much weight as PrnpWT and Prnp93N/WT littermates starting at 
p19. Daily weight measurements show that beginning at p19, the Prnp93N/93N mice gain less weight than their 
littermates and reach significant differences starting at p22. Across three litters, there are a total of n=6 Prnp93N/93N, 
n=16 Prnp93N/WTmice, and n=5 PrnpWT mice. Statistical analysis was calculated using Two-way ANOVA with a 
Bonferroni post hoc test. *p<0.05, **p<0.01. 
 

The Prnp93N/93N mice display no developmental deficits in their sensorimotor reflexes 

To assess for developmental differences between Prnp93N/93N mice and PrnpWT mice, pups were 

subjected to negative geotaxis and cliff aversion behavioral tests. The negative geotaxis assay 

assesses the proprioceptive sense and vestibular function, as mice use their sensory cues and 

motor coordination to move against gravity and position their heads up an inclined slope 

(Ruhela, 2019). Prnp93N/93N mice and PrnpWT mice at p7, p8, p9, p10, and p11 were tested. 

Prnp93N/93N mice show no deficits in negative geotaxis compared to WT littermates (Fig. 2A). 

The cliff aversion assay evaluates sensory development and the vestibular system as mice placed 

on a cliff retract from the edge (Feather-Schussler, 2016). The Prnp93N/93N mice show no 

differences in latency in the cliff aversion test compared to the PrnpWT mice (Fig. 2B). Both the 
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negative geotaxis and cliff aversion assays suggest that there are no differences in sensory and 

vestibular development in the mice.  

a)  

b)  

Figure 2. The Prnp93N/93N mice do not have phenotypic differences in sensorimotor and vestibular system 
development. Testing (a) the negative geotaxis assay and (b) the cliff aversion assay across three litters of mice at 
p7, p8, p9, and p10 with 6 Prnp93N/93N mice and a total of 5 PrnpWT mice. Statistical analysis was calculated using 
two-way ANOVA with a Bonferroni post hoc test.  
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The Prnp93N/93N mice exhibit dendritic damage in brain tissue sections 

To assess dendrites in the Prnp93N/93N mice, paraffin embedded brain tissues were stained for 

MAP2 at p20 and p26. Three of the five brain tissue samples from p20 Prnp93N/93N show 

dendritic and soma loss in the CA1 region of the hippocampus (Fig. 3A). This suggests that loss 

of the CA1 region of the hippocampus happens during or before the first onset of clinical signs. 

Three of the five brain tissue samples of p26 Prnp93N/93N mice show loss of dendrites and loss of 

somas in the CA1 region of the hippocampus (Fig. 3B). This suggests that dendritic and neuronal 

loss to the hippocampus continues during disease progression.  

 

Figure 3. The Prnp93N/93N mice show signs of dendritic and soma damage at p25. Prnp93N/93N show signs of soma 
and dendritic loss in the CA1 region of the hippocampus when compared to PrnpWT. This difference appears more 
pronounced at p25-p27. 
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Primary Prnp93N/93N neurons exhibit excessive dendritic beading due to excitotoxicity 

Hippocampal (Fig. 4a) and cortical (Fig. 5a) neuron cultures were stained with the dendrite and 

soma marker MAP2. Hippocampal and cortical neuron experiments reveal that the Prnp93N/93N 

mice show the most dendritic beading, and the PrnpWT mice show the least beaded morphology. 

The hippocampal Prnp93N/WT mice exhibit a significant increase in beading phenotype when 

compared to the PrnpWT mice and considerably less than the Prnp93N/93N mice, indicating that the 

presence of a WT allele is enough to partially rescue the phenotype. Dendritic beading has been 

associated with excitotoxicity in NMDA-treated hippocampal slices (Hoskison, 2007). Other 

studies have shown that applying exogenous glutamate to cultured neurons causes dendritic 

beading in vitro (Mizielinska et al., 2009). To determine if the beading phenotype observed in 

the Prnp93N/93N is associated with excitotoxic signaling through the NMDA receptor, cortical 

neurons were treated with the noncompetitive NMDA antagonist, MK801. The beading 

phenotype in the Prnp93N/93N mice and Prnp93N/WT mice is rescued when cortical cultures are 

treated with MK801 (Fig. 5b). This rescue suggests that stimulation of the NMDA receptor is a 

factor in causing excitotoxicity in the Prnp93N neurons. 
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a) 

b)  

 
Figure 4. Primary neurons from Prnp93N/93N show increased dendritic beading.  Across four neuronal culture, 3 
Prnp93N/93N, 4 PrnpWT, and 3 Prnp93N/WT neurons were stained with MAP2 (a). The neurons of the Prnp93N/93N show 
the most dendritic beading and the Prnp93N/WT show the least amount of beading (b). Statistical analysis was 
calculated using a one-way ANOVA with Tukey’s post hoc test. *p<0.05, **p<0.01, ***p<0.001. 
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a) 

b)  

Figure 5. The excessive beading from the primary neurons of Prnp93N/93N treated with MK801 is rescued.  In 
one neuronal culture, 1 Prnp93N/93N and 1 PrnpWT were treated with 10uM MK801 or vehicle and stained with MAP2 
(a). The significant difference in dendritic beading between the Prnp93N/93N neurons and the Prnp93N/WT is gone when 
neurons are treated with MK801 (b). Statistical analysis was calculated using a one-way ANOVA with Tukey’s post 
hoc test. *p<0.05, **p<0.01, ***p<0.001, n.s.= not significant. 
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The Prnp93N/93N cerebral cortex show no alterations in proteins involved in glutamate-mediated 

excitotoxicity 

Previous data in the laboratory has shown that hippocampal samples from Prnp93N/93N mice 

display higher levels of phosphorylated-CAMKII at Thr 286 and phosphorylated-Glun2B at 

Ser1303, suggesting higher calcium influx and higher NMDAR channel conductance, consistent 

with excitotoxicity as a mechanism for neuronal death. To investigate if these findings in the 

hippocampus also apply to the cortex, p26 cerebral cortex samples were immunoblotted for 

phosphorylated-CAMKII at Thr 286 and phosphorylated-Glun2B at Ser1303 (Fig. 6). The 

Prnp93N/93N cortices showed no differences in these protein levels compared to PrnpWT cortices. 

This suggests that the cerebral cortex is less sensitive to excitotoxic insult in this context. 

 
Figure 6. The Prnp93N/93N cortices show no differences in proteins associated with excitotoxic signaling. The 
cortices of 4 p26 Prnp93N/93N mice show similar protein levels of phosphorylated T286 CaMKII, phosphorylated 
S1303 GluN2B, CaMKII, and GluN2B when compared to the cortices of 5 p26 PrnpWT mice. Statistical analysis was 
calculated using a Student’s t-test with Tukeys post hoc test.  
 
The Prnp93N/93N mice show downregulation of endolysosomal proteins at a later stage of disease  

Proper receptor degradation or recycling depends on appropriate crosstalk between the endocytic 

pathway and the autophagosome pathway (Wang et al. 2018).  We reasoned that the 
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endolysosomal pathway would be affected in the Prnp93N/93N mice. Cortices of pups at p20 (at the 

start of the clinical phase) and p26 (when clinical signs are severe) were immunoblotted (Fig 7.). 

At p20, Hrs, Rab7, and Rab5 protein levels were not significantly different between the 

Prnp93N/93Nand PrnpWT mice. However, at p26, Hrs, Rab7, and Rab5 protein levels were lower in 

the Prnp93N/93N mice compared to the PrnpWT mice. These data suggest that downregulation of 

the endolysosomal pathway or cell loss between p20 and p26, after the first appearance of 

clinical signs.  

 
a)  
 
 

b) 
 
Figure 7. The Prnp93N/93N cortices show lower levels of endolysosomal proteins at late stage disease. At p20, the 
Prnp93N/93N corticies show no differences in protein levels of Hrs, Rab5, and Rab7. At p26 Prnp93N/93N cortices show 
lower protein levels of Hrs, Rab5, and Rab7. Statistical analysis was calculated using a Student’s t-test with Tukeys 
post hoc test. *p<0.05. 
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Discussion 

The function of PrPC is still unclear, yet recent evidence suggests that it is involved in 

glutamate receptor signaling and is linked to excitotoxicity (Wulf, Senatore, and Aguzzi 2017). 

In this study, a new knock-in mouse model that expresses tri-glycosylated PrPC was used to 

understand the role of PrPC in NMDAR-mediated excitotoxicity. The Prnp93N/93N mice develop 

severe neurodegenerative disease. They experience clinical signs at p18-20 and are terminal at 

p28-p34. Starting at p22, the Prnp93N/93N mice gain less weight than the WT mice. The mice also 

do not exhibit detectable differences in vestibular and sensory development.  

 In vivo experiments implicate NMDAR mediated excitotoxicity as a driver of the 

neurodegenerative phenotype of the Prnp93N/93N mice. Excitotoxicity is defined as cell death 

caused by toxic agents from the overactivation of excitatory receptors (Dong, Wang, and Qin 

2009). Historically, dendritic beading is a hallmark of neuronal toxicity in vitro (Greenwood and 

Connolly 2007). Hippocampal and cortical neurons from the Prnp93N/93N mice show more 

dendritic beading per neuron than the PrnpWT mice. This difference in the percentage of beading 

per neuron was ablated when the cultures were treated with the noncompetitive NMDAR 

antagonist, MK-801. MK-801 binds to the NMDA receptor at the transmembrane domain 

(TMD), decreasing Ca2+ influx and blocking the overactivation of the NMDA receptor that could 

lead to the release of toxins that causes apoptosis and necrosis (Lipton 2004; Song et al. 2018). 

This suggests that the beading seen in the Prnp93N mice is related to the overactivation of the 

NMDA receptor and suggests that excitotoxicity contributes to the spontaneous 

neurodegeneration the mice experience. 

 In vitro experiments show that hippocampal neurons are susceptible to excitotoxicity. 

The NMDA receptor is a heterotetrametric complex made up of GluN1, GluN2A-C, and 
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GluN3A-B subunits. Synaptic NMDA receptors containing Glun2A are considered 

neuroprotective, while extrasynaptic NMDA receptors containing Glun2B are considered 

neurotoxic (Armada-Moreira et al. 2020). The phosphorylation of Glun2B at serine 1303 

enhances ion flux, possibly leading to excess Ca2+ influx and excitotoxic insult. CaMKII, PKC, 

and DAPK1 are kinases implicated in phosphorylation of this site (Tavalin and Colbran 2017). 

Hippocampal samples of the Prnp93N/93N mice at p26 show an increase of phosphorylated 

CAMKII at Thr286 and phosphorylated GluN2B at ser1303 on western blots (data not shown). 

This suggests that the Prnp93N hippocampal neurons in vitro may experience higher calcium 

influx and higher ion conductance, leading to increased sensitivity to excitotoxicity and cell 

death.  

Here we found that cortical samples of the Prnp93N/93N mice at p26 show no changes in 

phosphorylated CAMKII at Thr286 or phosphorylated Glun2B at Ser1303 levels. We suspect 

that cortical neurons are also experiencing excitotoxicity because the excessive beading in the 

Prnp93N/93N mice is rescued with an NMDA receptor antagonist. There might not be differences 

in the cortex because western blot analysis is not sensitive enough to detect cell subtype 

differences as the hippocampus has a higher population of excitatory neurons than the cortex. 

Given the present findings, we speculate that the hippocampus is more sensitive to excitotoxic 

insult than the cortex.  

 In vivo data support that the neuronal beading seen in the Prnp93N/93N primary neurons is 

due to NMDA receptor activity. Past studies have shown that PrPC interacts with the NMDA 

receptor (Black et al. 2014).  Mice lacking PrPC are also more susceptible to excitotoxicity and 

have more NMDA excitability (Khosravani et al., 2008).  We speculate that the added glycan in 

the N-terminus of the Prnp93N mice alters the interaction between NMDA receptors and PrPC. 
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Further research is needed to understand the interaction between PrPC and NMDA receptors in 

the Prnp93N mice. However, this study supports the hypothesis that enhanced signaling through 

the NMDA receptor contributes to prion-mediated neurodegeneration.  
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