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ABSTRACT OF THE THESIS

Prion-protein induced toxic signaling in the brain of a novel knock-in mouse model: A histopathological analysis
by
Joy Chen
Master of Science in Biology
University of California San Diego, 2021
Professor Christina Sigurdson, Chair
Professor Gulcin Pekkurnaz, Co-Chair
PrPC€ reportedly binds toxic oligomers and transduces toxic signals to advance neurodegeneration.
However, the neurotoxic mechanism of PrP¢ signaling remains poorly understood. A new Prnp knock-in mouse
model with a G93N substitution results in mice exhibiting severe kyphosis, ataxia, and seizures, with terminal
disease observed as soon as postnatal day 25 (p25). Histologically, terminal brains display neurodegeneration and
striking spongiform encephalopathy in the absence of aggregates. In this study, we assess how the addition of an N-
terminal glycan to PrP¢ causes pathology in Prnp®*N mice brains over time. Prnp®*N brains were studied using
immunohistochemistry (IHC) to label astrocytes, microglia, oligodendrocytes, oligodendrocyte precursors (OPCs),
and neurons. Hematoxylin and eosin (HE) stains were used for scoring brain lesions to determine whether the
Prnp®N mouse model develops spongiform encephalopathy (SE) consistent with bonefide prion disease. Starting at
p135, the Prup®*N hippocampus and thalamus had a greater SE score compared to WT, and the SE scores increased
gradually as the disease progressed. There were also prominent endothelial cells and neutrophils packed in the blood
vessels of the Prup?M hippocampi from p20-p25. IHC stains of Prnp®*N hippocampi revealed a striking loss of CA1

pyramidal neurons as early as p20, and progressively worsening microgliosis and astrogliosis starting at p10. This

vil



thesis provides an in depth characterization of histopathology of the novel Prnp®*N mouse model where G93N
substitution in PrPC results in N-terminal-mediated toxic signaling that gives rise to the rapid onset of a

developmental and spontaneous neurodegenerative disease in mice.
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INTRODUCTION

L Cellular Prion Protein
a. PrP€ Structure

The cellular prion protein (PrP®) consists of 253 amino acids and is encoded by 16 kb on chromosome 20 in
humans. The gene is referred to as PRNP (Imran et al., 2011). PrP® contains an unstructured N-terminal domain
consisting of residues 90-127 and a folded, globular C-terminal domain consisting of residues 128-228. The C-
terminal globular domain contains a hydrophobic core, three alpha helices, and one short beta sheet with two
antiparallel strands (Chen et al., 2014). Post-translational modification include the glycosylphosphatidylinositol
(GPI) anchor at serine 231 in the C-terminal domain, attaching PrPC to the outer surface of cell membranes (Stahl,
1993). The N-terminal domain contains the octapeptide repeats, a sequence of eight positively charged peptide
repeats, known to bind copper(Il) (Chen et al, 2014) (Lehmann et al., 2002) (Millhauser et al., 2007). A disulfide
bond connects the two cysteine residues at position 179 and 214 in the C-terminal domain. Furthermore, up to two
glycans can be added to asparagine at positions 181 and 197 in the N-terminus, with each glycan carrying up to five

molecules of sialic acid (Stahl et al., 1993)(Rudd et al., 1999) (Katorcha et al., 2015).

b.  PrP€ Function

PrP€ is expressed in neurons and glial cells in the CNS as well as in other cells in the peripheral organs
including lymph nodes, heart, liver, and lungs (Zhang et al., 2020) (Ning et al., 2005). Although the exact function
of PrP€ remains unclear, studies have reported that PrP€ is involved in important cellular developmental processes,
including myelination and neuronal differentiation (Steele et al., 2006) (Nishida et al., 1999). PrP€ has also been
shown to play neuroprotective roles as PrP® deletion in mice results in neuronal damage [see Baumann and Aguzzi]
(Onodera et al., 2014). PrP¢ has also been proposed to bind copper (II) to reduce its deleterious redox abilities and
decrease doppel-mediated apoptosis (Millhauser et al., 2007) (Walter et al., 2006) (Drisaldi et al., 2004).
Furthermore, PrP¢ is also thought to regulate intracellular calcium levels by interacting with ionotropic glutamate
receptors such as N-methyl-D-aspartate receptor (NMDAR). Mice with less PrP€ have an increased expression of a
NMDAR subunit associated with excitotoxicity (Pham et al., 2014).

Aside from developmental and neuroprotective properties, PrP€ is also thought to play a role in neurotoxic

processes by binding to extracellular ligands to transduce intracellular signaling. In prion disease, PrPC is necessary



for mediating toxic effects of prion aggregates (PrP5°) as transgenic PrP¢ knockout animals have an absence of PrPS°
neurotoxicity (Salvesen et al., 2020) (Weissmann et al., 1993) (Brandner et al., 1996) (Mallucci et al., 2003). Other
studies have also shown that PrP€ binds to other toxic aggregates such as alpha synuclein, amyloid beta (AB), and
tau oligomers (Watts et al., 2017). Interestingly, different intracellular cascades are triggered by different oligomers
(Le et al., 2019). Thus, PrP¢ may act as a common receptor for different oligomers, transducing different

intracellular signals in prion and other neurodegenerative diseases.

c.  N-Terminus Toxicity

Since PrPC is thought to be involved in toxic signaling, specific regions have been identified as necessary
for toxic signaling. One study showed that treatment with N-terminal-specific ligands, including antibodies, sulfated
glycosaminoglycans, and copper (II), resulted in inhibition of the spontaneous excitotoxic currents (Wu. Et al,
2017). Specifically, the octapeptide repeat domain was shown to be necessary for ion channel activity, as its deletion
abolished neurotoxicity (Solomon et al., 2011) (Wu et al., 2017). To determine N-terminal regulation, treatment with
C-terminal-specific antibodies were found to lead to excitotoxic current in cells with WT PrP¢ (Wu et al., 2017). It
was proposed that the N-terminal domain is regulated by C-terminal domain through usage of copper (II) which has
a high affinity to the octapeptide repeat domain in the N-terminus. A study has shown that the C-terminal domain
actually carries a pocket of negative charge that is thought to bind to copper(Il) on the N-terminal domain, inhibiting
the toxic effects (Evans et al., 2016). In summary, these studies have shown that the N-terminal domain is the
autonomous toxic effector responsible for the neurotoxicity, which may contribute to neuronal loss in prion and

other neurodegenerative diseases.

d.  Mechanism of Toxic Signal Transduction

After the binding of a toxic aggregate, there is activation of the N-terminal domain of PrP® and intracellular
toxic signaling is initiated (Le et al., 2019). Exactly how this toxic signaling occurs has yet to be resolved. One
hypothesis is that toxicity involves altering glutamate receptors, such as NMDA and AMPA, and the notion of
glutamate-mediated excitotoxicity has been supported by studies showing PrPS-mediated intracellular calcium
influx in neurons (REF). By treating the neurons with NMDA and AMPA receptor blockers, neurons are protected

from excitotoxic insult and excitotoxic phenotypes are reversed (Fang et al., 2018). Studies have also shown that



PrP*° interacts, modulates, and activates NMDA receptors and leads to significant calcium influx (Fang et al.,

2018)(Black et al., 2014)(Khosravani et al., 2008) (Fischer et al., 2000).

II. Astrocytes in Health & Disease

Astrocytes are the most abundant glial cell in the brain, comprising approximately 25% of brain volume
(Tower et al., 1973). Astrocytes are involved in regulating glutamate homeostasis, buffering ions, communicating
with other glial cells and neurons, and maintaining blood brain barrier (BBB) integrity (Yang et al., 2013).
Astrocytes are generated from neuronal stem cells and peak astrogenesis ranges from embryonic day 18 (E18) to P7
in rodents (Tien et al., 2012) (Sauvageot et al., 2002). Mature astrocytes develop abundant peripheral astrocyte
processes (PAPs) around P14-P26. PAPs function by increasing surface area for important membrane proteins
including ion channels, transporters, and receptors that allow for optimal astrocyte function (Yang et al., 2013). One
important membrane protein is the glutamate transporter (GLT1/GLAST) responsible for clearing extracellular
glutamate (Yang et al., 2013). Ultimately, the loss of PAPs containing essential membrane proteins may result in
astrocyte dysfunction and contribute to developmental and neurodegenerative diseases.

Astrocytes have been hypothesized to develop either neurotoxic or neuroprotective activation states depending
on environmental stimuli (Liddelow et al, 2017). Neuroprotective roles of activated astrocytes include recognizing
and phagocytosing aggregates, such as PrPS°, and increasing cytokine expression to attract microglia to an area of
insult (Marella et al., 2004). However, if astrocytes are activated by microglial inflammatory cytokines, they will
develop a neurotoxic phenotype, in which homeostatic functions are lost and death of oligodendrocytes and neurons
is induced (Liddelow et al., 2017).

Reactive astrocyte morphologies consist of a reactive phenotype and astrodegenerative phenotype (Verkhratsky
et al., 2020). The reactive astrocyte phenotype exhibits increased GFAP (glial fibrillary acidic protein) expression
and a hypertrophied cell body (Verkhratsky et al., 2020). The astrodegenerative phenotype is characterized by
decreased astrocyte density due to increased astrocyte death and extreme swelling of the cell body accompanied loss
of PAPs (Escartin et al., 2021) (Verkhratsky et al., 2020). Due to the loss of PAPs and decrease in astrocyte number,
astrodegenerative phenotypes are also accompanied by impaired astrocytic homeostatic functions. The
astrodegenerative phenotype has been observed in trauma-induced, ischemic, aged, and psychiatric diseased brains

(Tachibana et al., 2019).



I1I1. Microglia Biology in Health & Disease

Microglia are resident macrophages in the brain that make up from 5 to 15% of adult brain cells (Thion et
al., 2018). Microglia are important for normal brain development as they are responsible for phagocytosing
synapses, axons, and apoptotic cells. They are also involved in neurogenesis, axon targeting, synapse formation, and
other important cellular processes through secretion of diffusible factors (Thion et al., 2018). Microglia originate
from the yolk sac and colonize the brain from E9 to P7 in rodents (Li et al., 2019) (Salter et al., 2017). Microglia
numbers peak at P14 and then decrease as adult microglia numbers are set around P28 (Lenz et al., 2018) (Kim et
al., 2015) (Nikodemova et al., 2014). Mature microglia are long-lived and self-renew under normal homeostatic
conditions (Thion et al., 2018). However, microglial longevity increases vulnerability to early inflammation events
that can lead to long-term microglial dysfunction (Datta et al., 2018).

Activated microglia can be categorized into subtypes: M1 pro-inflammatory or M2 anti-inflammatory. They can
also adopt different morphologies depending on environmental stimuli. M2 anti-inflammatory microglia promote
tissue healing through secretion of molecules such as insulin-like growth factor 1 (IGF1), while M1 pro-
inflammatory subtype promote neuroinflammation through secretion of pro-inflammatory cytokines including tumor
necrosis factor-alpha (TNF-alpha) and interleukin 18 (IL-18) (Tang et al., 2016). The “resting” microglial
morphology is characterized by a small soma and long, thin processes (Colonna et al., 2017). The intermediate state
of activated microglia is characterized by slightly enlarged soma and short processes. The amoeboid microglia have
very short or nonexistent processes and is in an amoeboid shape to optimally mobilize to sight of infection and
phagocytose foreign pathogens (Schwarz et al., 2012). The round microglia are the most activated state of microglia

and exhibit a round morphology with no processes (Lehrmann et al., 1997).

IVv. Oligodendrocyte Biology in Health & Disease
Oligodendrocytes are the myelinating cells in the CNS that make up about 5-10% of the total glial
population (Barateiro et al., 2016). The main function of oligodendrocytes is to generate myelin, a lipid membrane
that wraps around axons for efficient conductance of action potentials. Myelin is necessary for neuronal health, as
mice deficient in mature myelin show spontaneous neurodegeneration (Uschkureit et al., 2000). Oligodendrocytes
have a high vulnerability to insults due to their expression of NMDA, AMPA (alpha-amino-3 hydroxy-5-methyl-4-

isoxazolepropionic acid), kainate, and ATP receptors (P2X purinoreceptor-7) (McTigue et al., 2008) (Patel et al.,



2012) (Nutma et al., 2020). As a result, neuroinflammation involving activated astrocytes and microglia can lead to
oligodendrocyte damage (Bezzi et al., 2001).

Though oligodendrocytes are extremely sensitive to insult, remyelination can occur to replace damaged
oligodendrocytes. Remyelination is characterized by proliferation, migration, and differentiation of OPCs (Kipp et
al., 2012). Though astrocytes can cause excitotoxic insult that damages oligodendrocytes, they can promote
remyelination by secretion of chemokines :IL-18 (interleukin 1 beta), CCL2 (C-C motif chemokine ligand 2), and

FGF-2 (fibroblast growth factor 2) (van der Knaap et al., 2017) (Van Strien et al., 2011) (Franklin et al., 2017).

Knock-in Mice Expressing Prnp”>N

In the Prnp®*N knock-in mouse model, the amino acid glycine (G) was substituted for asparagine (N) in the
93 position of PrPC, resulting in the addition of a third glycan in the disordered N-terminal domain close to the
octapeptide repeat domain known to bind copper (II). These mice exhibit clinical signs of ataxia, hind leg clasp,
kyphosis, tremors and histologically exhibit spongiform encephalopathy, gliosis, and spontaneous
neurodegeneration in the absence of protein aggregates. The absence of protein aggregates was determined by RT-
quick, histology, and biochemistry, by tracking PrPS¢. Prnp®N are also found to be non-infectious by inoculation
Prnp®N brain homogenates into mice.

Most studies suggest PrP¢ mediated PrP° toxicity is necessary for prion disease progression. However,
Prnp®*N mice experience prion-like symptoms in the absence of infectious protein aggregates. This model uncouples

spongiform encephalopathy from PrP5¢ and suggests a neurotoxic role of PrPC,

Specific Aims

The question I am trying to address in this study is whether PrPC toxic signaling can result in cellular
dysfunction and neuronal death. Therefore I have characterized the normal development of astrocytes and microglia
by studying WT (C57BL/6) mouse brains from p5 to p25. Next, [ have extensively characterized the development in
the Prnp®*N mouse brain by immunohistochemical labelling. To assess astrogliosis and microgliosis, I quantified
GFAP and SOX9 (SRY-Box Transcription Factor 9) and Ibal (ionized calcium binding adaptor molecule 1)
immunolabelling, respectively, in Prap®*N mice brains. To assess the pathology of oligodendrocytes and OPCs, 1

quantified Olig2 (Oligodendrocyte Transcription Factor 2) and NG2 (neural/glial antigen 2). To assess neuronal



loss, I quantified NeuN (neuronal nuclear protein) stains. To assess spongiform encephalopathy, HE (hematoxylin
and eosin) stains were scored for spongiform changes from 0 to 3.

My key findings were that the Prnp®N brain exhibits both a developmental and neurodegenerative disease
phenotypes characterized by varying activation states of astrocytes and microglia as early as p10, spongiform
changes as early as p15, increased oligodendrocyte and OPC numbers at p20, and massive neurodegeneration in the

CA1 region of the hippocampus as early as p20.

METHODS

Animals
Prnp®*N mice were generated in the Sigurdson Laboratory. These Prnp?*N mice were backcrossed onto the
C57/BL6 background. Mice were monitored daily to observe for clinical signs such as ataxia, hind leg clasp,

kyphosis, and seizures.

Brain Preparation & IHC Staining

Brains were extracted and fixed in neutral buffered formalin. Tissue was processed into paraffin. Tissue
sections were cut from blocks of formalin-fixed paraffin embedded brain tissue. Five-micron tissue sections were
placed onto positively charged sialinized glass slides and stained with HE and the following IHC stains: GFAP and
SOXO9 for astrocytes (1:6000; DAKO) (1:3000; Abcam), Ibal for microglia (1:3000; WAKO), Olig2 for
oligodendrocytes (1:750; Abcam), NG2 for oligodendrocyte precursor cells (1:75; Abcam), NeuN for neurons
(1:1500; Abcam), cleaved caspase-3 for apoptosis (1:900; Cell Signaling) Lamp1 for lysosomes (1:150;
Developmental Studies Hybridoma Bank). All stains were performed on an automated tissue immunostainer
(Ventana Discovery Ultra, Ventana Medical Systems, Inc). Most stains used heat-based antigen retrieval, performed
using CC1 (Tris-EDTA based; pH 8.6) for 24-40 minutes at 95 °C, except for GFAP, which used protease retrieval
for 16 minutes. The primary antibodies were incubated on the sections for 32 minutes at 37 °C. Primary antibodies
were detected using the UltraMap or OmniMap systems (Ventana Medical system) depending upon the sensitivity
needed, antibody was visualized using DAB as a chromagen followed by hematoxylin as a counterstain. Slides were

rinsed, dehydrated through alcohol and xylene and coverslipped.



Scans

HE and all IHC stains were scanned on Zeiss AxioScan.Z1 (Carl Zeiss Microscopy LLC, White Plains,
NY, USA) at 40x objective for maximal image resolution. AxioScan.Z1 uses the software Zen2 (Carl Zeiss
Microscopy LLC, White Plains, NY, USA) for automatic thresholding and tissue detection. All brain sections on the

slide were combined into a single image using the default stitching parameter.

Quantification of Stains

Scans containing ideal hippocampal cross-sections were hand selected and imported into Definiens Tissue
Studio Software for quantification of each IHC stain (Definiens; Munich, Germany). Regions of interest (ROI) were
manually drawn to analyze specific regions of the brain. ROIs studied in this project include hippocampus, cortex,
and thalamus. Training subsets from ROIs were manually selected to test threshold values for DAB (3,3°-
diaminobenzidine) and hematoxylin staining intensity. Once threshold values that optimally captured each IHC stain
were decided, the software was used to analyze the stain in all ROIs and give a percent area and intensity reading for
cytoplasmic stains or a positive nuclei count per area reading for nuclear stains. In addition to quantification
readouts, image layouts for positive stains are also generated. For all stains, test runs were conducted to validate
software quantification analysis. If the software did not accurately capture the stain, threshold values were changed

and samples were run until validated.

SE Scoring

Preliminary study looking at HE of Prnp®*N terminal brain sections revealed striking SE. To localize the
lesions and determine the timeline of lesion development, WT and Prnp®*N brains at timepoints p10 (WT n=3,
Prup®>N N=7), p15 (n=6, 4), p20 (n=3, 8), and p25 (n=3, 7) were collected, stained with HE, and scored for SE at
10x magnification. The following brain regions were analyzed in six regions including grey and white matter: the
(1) cortex, (2) corpus callosum, (3) hippocampus, (4) thalamus, (5) hypothalamus, and (6) cerebral peduncle (Fig.
1A). SE was scored at 10X magnification according to size, multiplicity, and shape from 0-3 (0= less than 2 small
vacuoles, 0.5=less than 10 scattered small vacuoles, 1=greater than 10 scattered small vacuoles, 1.5=greater than 10
small vacuoles and less than 5 scattered large vacuoles, 2=greater than 5 large vacuoles and 10 small vacuoles,

2.5=greater than 10 large vacuoles and 10 small vacuoles, 3=greater than 10 large vacuoles with some fusing



together and 10 small vacuoles). Examples of small, unfused vacuoles and large, fused vacuoles are given in Figure
1B. Brains were scored by Dr. Christina Sigurdson, DVM, PhD, of the Department of Pathology at UCSD School of
Medicine and I, independently. Scorers were blinded to the genotypes of the mice and scoring results were
consistent among evaluators. SE scores for each brain region of each individual animal were plotted on a scatter bar

graph.

Western Blot

P20 cortex from six WT and six Prnp®*N mice were collected and homogenized for western blot analysis
probing for GFAP. Homogenates were treated with complete lysis buffer containing 2% sarcosyl, phosphatase
inhibitor PhosSTOP™ and protease inhibitor, and nucleic acid inhibitor Benzonase™, lysed on ice for 30 minutes.
BCA was run to determine total protein in each sample. Samples were heat inactivated at 95C for 5 minutes.
Samples were run through a NuPage Bis-Tris gel (Thermo Fisher Scientific) at 100V for 10 minutes and then 160V
for 60-90 minutes. Samples were then transferred onto a nitrocellulose membrane by wet blotting for two hours and
blocked in casein. Membranes were incubated in monoclonal antibody 1:2000 GFAP (DAKO z0334), then
incubated in rabbit secondary antibody. 1:7000 GAPDH was used as a housekeeping gene (Novus Biologicals
NB300-221SS). Blots were developed with a chemiluminescent substrate (Supersignal West Dura ECL, Thermo
Fisher Scientific) and visualized on a Fuji LAS 400 imager. Multigauge V3 software (Fujifilm) was used to quantify

GFAP.

Statistical Analysis

All data was analyzed using one-way ANOVA or two-way ANOVA with post-hoc Tukey test using

GraphPad Prism v7 technology. Graphs were constructed with GraphPad Prism v7 technology.



RESULTS

Spongiform Encephalopathy (SE) in Prup®*N Brains

Initial assessment of terminal Prap®*Y brains by HE, revealed striking SE and neurodegeneration. SE is a
pathologic hallmark of prion disease, although it does not occur in all genetic forms of prion disease. To determine
the extent and severity of SE in Prnp?3" terminal mice, we first scored the vacuoles in six brain regions: (1) cortex,
(2) corpus callosum, (3) hippocampus, (4) thalamus, (5) hypothalamus, and (6) cerebral peduncle on a scale of 0-3

(3 being most severe). The highest scoring brain regions were the hippocampus and the thalamus.
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Figure 1. Spongiform encephalopathy in Prnp®N brains. (A) HE of coronal brain section with regions of interests
for lesion study mapped. (B) Examples of individual vacuoles on the left in 40x magnification with scale
bar=50.0um and fused vacuoles on the right in 60x magnification with scale bar=20.0pm. (C) Bar graph reveals WT
and Prnp®N hippocampal SE scores across timepoints p10 to p25. (D) Bar graph of WT and Prnp®*N thalamus SE
scores from p10 to p25. Statistical comparisons of WT and Prap®*N hippocampi and thalamus were performed by
ordinary two-way ANOVA with post-hoc Tukey test (***=p<0.001). (E) Bar graph comparing SE scores of 221
inoculated, mock inoculated, and p25 Prnp®*N hippocampi and thalamus. Statistical comparisons of 22L, mock, and
Prnp®*N hippocampi and thalamus were performed by ordinary one-way ANOVA with post-hoc Tukey test (**=
p<0.002; ***=p<0.001).

Next, to determine timeline of SE development, Prnp®™ and wild type (WT) brains were taken at p10, p13,

p20, and p25 and stained with HE. There was a significantly higher SE score in the Prnp®*N hippocampus and

10



thalamus compared to WT P25 (Fig. 1C, 1D). There is also a trend of increasing SE scores from p15 to p25 in
Prnp®*N hippocampus and thalamus. No significant differences in SE scores were found in WT and Prnp®*N basal
ganglia, cerebral cortex, hypothalamus, corpus callosum, brain stem, or cerebral peduncle. This data suggests that
SE in the Prnp®*N hippocampus and thalamus occur as early as p15 and increase progressively as disease progresses.
Furthermore, to compare the Prup®*N mouse model with a bonefide prion disease, we compared SE scores from p25
Prnp®*N hippocampi to mock- and prion (22L)-inoculated. In the thalamus, Prnp®3N thalamus had an SE score
significantly greater than that of mock, yet less than that of prion-inoculated brain. There was a higher SE score in
prion (22L)-inoculated hippocampi when compared to mock (Fig. 1E). This data indicates that the Prnp®>N mice

develops SE, although somewhat less than in a typical prion disease.
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Neutrophils and Prominent Blood Vessels in Prup®*N Brains

Figure 2. HE of p25 WT and Prnp®*N hippocampi reveals neutrophils and prominent blood vessels in the stratum
radiatum, stratum laculosum moleculare, and molecular layer of dentate gyrus of the hippocampus. Scale bars = 500,
200, and 20.0pm from left to right.

HE stains of WT and Prnp®*N hippocampi reveal prominent endothelial cells in blood vessels in the stratum
radiatum, stratum laculosum-moleculare, and the molecular layer of dentate gyrus as early as p15. We also
observed the presence of neutrophils, which packed the blood vessel wall in the hippocampus and thalamus of
approximately half of the Prnp®*N mice from ages p20 to p25. In contrast, the WT hippocampus was

unremarkable with small blood vessels and an absence of neutrophils (Fig. 2).
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Prnp®>N CA1 Neuronal Loss Starting at P20
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Figure 3. NeuN stain of Prnp®N brains. (A) Hippocampal diagram of the exact region the following images were
taken. (B) NeuN stain of p25 WT and Prnp®3N hippocampi reveal striking loss of neurons in CA1 region in Prnp®N
mice with scale bar = 500pm, 50.0um from left to right. (C) Bar graph reveals Prnp®*N hippocampal NeuN data
standardized by the average of WT NeuN data. WT NeuN data across all timepoints were insignificant.
TissueStudio™ quantification of NeuN reveals significant decrease in NeuN area from p15 to p25. Statistical
comparisons of WT and Prap®*N hippocampi were performed by ordinary one-way ANOV A with post-hoc Tukey
test (¥*= p<0.002).

To assess neuronal loss in the brain, NeuN stain was performed and evaluated in the CA1 region of the
hippocampus, cerebral cortex, and thalamus. No significant differences in WT hippocampal NeuN were found
across timepoints. Prnp®*™ NeuN revealed no neuronal loss in CA1 region of Prnp®*N hippocampi at p10 and p15
(Fig. 3C). Starting at P20, there is a trend of decreasing NeuN area in CA1 soma of Prnp®*N hippocampi and a
significant decrease of NeuN area in CA1 soma at p25. No significant differences in NeuN were found in cerebral

cortex or thalamus comparing WT and Prnp?*N brains across all timepoints. Thus, Prnp®3N mice show around 25%

neuronal loss in the CA1 region of hippocampus starting at P20 and 50% neuronal loss by P25.
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Apoptosis, Not the Mechanism of Prup®>N Cell Death

Cleaved Caspase-3 Staining at p25

WT

Prnp®N

Figure 4. Cleaved caspase-3 stain of p25 Prup®N and WT hippocampi were stained with cleaved caspase-3. There
was minimal staining of both WT and Prnp®*N hippocampi. Arrow points to possible positive cleaved caspase-3-
stained cell. Scale bar=500, 200um from left to right.

To determine the mechanism of neuronal death, Prnp?>¥ and WT brains were immunolabeled for cleaved
caspase-3, an apoptotic cell marker (Fig. 4). Minimal positive stain for cleaved caspase-3 suggested apoptosis may

not be the main mechanism of neuronal death in Prap®*N hippocampi and further ultrastructural studies performed in

the laboratory revealed a necrosis phenotype (Unpublished data, 2021).
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Olig2 Timecourse: Oligodendrocytes in the Hippocampus
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Figure 5. Olig2 and NG2 stain of p25 Prnp®*N brains. (A) Hippocampal diagram of the exact region the following
images were taken. (B) Olig2 stain of p20 WT and Prap®*N hippocampi reveal striking increase of oligodendrocyte
numbers in Prnp®*N hippocampi. Scale bar=200um. (C) NG2 stain of p25 WT and Prnp®*N hippocampi reveal
increase in oligodendrocyte precursor cells in the SR and SML layer of the hippocampus. (D) TissueStudio™
quantification of Olig2 reveals significantly greater oligodendrocyte count in Prup®*N hippocampi compared to WT
at p20, consistent with histology. Statistical comparisons of WT and Prnp®*N hippocampi were performed by
ordinary two-way ANOVA with post-hoc Tukey test (**= p<0.002).

To next assess the oligodendrocytes and OPCs, Prnp®*N and WT brains were immunolabeled for Olig2 and
NG2. At p20, Olig2 revealed more oligodendrocytes in Prnp®*" hippocampus compared to WT hippocampus (Fig.
5D). p20 Olig2 quantification is consistent with histologic findings of greater number of oligodendrocytes in the SR,
SML, and ML of the hippocampus (Fig. 5B). There were no significant differences in Olig2 staining in cerebral cortex

or thalamus. NG2 staining of Prnp®>N hippocampi reveal a striking increase in OPCs in Prnp®*N hippocampi in the

stratum radiatum and stratum laculosum moleculare layers compared to WT (Fig. 5C). Together, this suggests that the
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increase in oligodendrocyte numbers in Prap?3N hippocampi starting at p20 may be due to the increased migration of

OPC:s after oligodendrocyte insult.

GFAP. A Marker for Astrocytes
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Figure 6. Developmental astrocytes. (A) WT mice hippocampi were quantified for GFAP area from p5 to p25.
Scale bar=500pm. (B) All data are mean + SEM. Statistical comparisons between WT hippocampus among different
time were performed by ordinary one-way ANOVA with post-hoc Tukey test (*= p<0.033; **= p<0.002).

To study the pathology of astrocytes, WT hippocampi were stained with GFAP to assess astrocyte

development from p5 to p25 (Fig. 6A). Significant increase in GFAP area was found from p5 to p15 (Fig. 6B),

suggesting astrocytes develop their peripheral processes from p5 to p10 and are fully mature starting at p15.
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Astrocyte Activation States
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Figure 7. Astrocyte activation states. Prnp®>N mice hippocampi were categorized by astrocyte morphologies:
unactivated, slightly activated, activated, and astrodegenerative. Astrocyte morphologies range from the lease severe
(unactivated) to most severe (astrodegenerative). (A) Images of different Prnp®*N hippocampal astrocyte
morphologies. Scale bar=20.0pm. (B) Hippocampal GFAP area and intensity were quantified by TissueStudio™.
All data are mean + SEM. Statistical comparisons among the different astrocyte morphologies were performed by
ordinary one-way ANOVA with post-hoc Tukey test (*= p<0.033; **= p<0.002; ***=p<0.001).

Initially, GFAP intensity and area were quantified for WT and Prnp®*N brain regions: hippocampus,
cerebral cortex, and thalamus at timepoints p10, p15, p20, and p25. No significant differences were found
comparing GFAP of WT and Prnp®N mice brains (Fig. 8C). We then categorized hippocampal astrocytes by the
following morphologies: unactivated, slightly activated, activated, and astrodegenerative (Fig. 7A). Unactivated
astrocytes have small cell bodies with highly branched, thin distal processes. Moderately activated astrocytes exhibit
slight cell body swelling with moderately thickened distal processes. Activated astrocytes have intense cell body
swelling and shortened, thickened processes. Degenerative astrocytes are characterized by loss of astrocyte numbers
and astrocytic distal processes. To test whether the TissueStudio™ software captures astrocyte morphological

differences, GFAP intensity and area were assessed for each morphologic subtype. There were significant
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differences in GFAP intensity and area among the four astrocyte morphologies. Activated astrocytes have
significantly greater GFAP area compared to unactivated and greater GFAP intensity compared to unactivated and
slightly activated. Astrodegenerative morphology has significantly less GFAP area compared to slightly activated
and activated, and significantly greater GFAP intensity compared to all the other astrocyte subtypes (Fig. 7B).
Astrocyte activation is characterized by increased GFAP expression and proliferation (Brahmachari et al,. 2006).
GFAP intensity data suggests astrocyte activation ranges from least severe (unactivated) to most severe

(astrodegenerative).
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GFAP Timecourse: Astrocytes in Prup®>N Hippocampus
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Figure 8. GFAP timecourse study: hippocampus. (A) GFAP immunolabeling of WT and Prnp®*N hippocampi across
timepoints p10 to p25. Scale bar=500um. (B) Prnp®*N CA1 hippocampal astrocytes were categorized by
morphologies: unactivated, slightly activated, activated, and astrodegenerative. Pie charts at each timepoint reveal
total number of Prnp®*N hippocampi with CA1 astrocytes exhibiting one type of morphology. (C) Hippocampal
GFAP area and intensity were quantified by TissueStudio™. Statistical comparisons of WT and Prnp®3N mice were
performed by ordinary two-way ANOVA with post-hoc Tukey test (p>0.05).

Along with SE and neurodegeneration observed in the terminal hippocampus, Prap®*N hippocampi also
exhibited extreme astrogliosis. To determine timeline of gliosis in Prap®*N hippocampi, GFAP was quantified at
pl0, p15, p20, and p25 timepoints. Though there is a trend of increased GFAP area and intensity in Prnp?*N
hippocampi at p20, no significant differences were found between WT and Prnp”*N(Fig. 8C). Insignificant data may
be due to varying activated astrocyte morphologies seen at each timepoint. At p10, two of six Prnp®>N mice
exhibited activated astrocytes in the CA1 region of the hippocampus and four of six mice exhibited unactivated
astrocytes (Fig. 8B). At p15, one of six mice exhibited unactivated, one exhibited slightly activated, three exhibited

activated, and one exhibited astrodegenerative phenotype. At p20, of five Prnp®*N mice, one exhibited activated
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phenotype and four exhibited astrodegenerative phenotype. At p25, of six Prnp®*N mice, one exhibited slightly
activated, two exhibited activated, and three exhibited astrodegenerative phenotype. This data suggests Prnp®*N
hippocampal astrocyte activation begins at p10 and astrocytes assume more severe activation states as disease course

progresses.

GFAP Timecourse: Astrocytes in_Prnp>N Cerebral Cortex
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Figure 9. GFAP timecourse study: cerebral cortex. GFAP in cerebral cortex of WT and Prnp®*N mice were
analyzed. (A) Western blot probing for GFAP was performed on p20 WT and Prnp®N cortices. Western blot
analysis reveals significantly greater GFAP expression in p20 Prnp®N cortex compared to that of WT. Unpaired
student t-test was performed (p<0.001). (B) GFAP area and intensity of WT and Prup®*N mice cortex were analyzed
by TissueStudio™. All data are mean + SEM. Statistical comparison of WT and Prnp®*N was performed by ordinary
two-way ANOVA test with post-hoc Tukey test (*= p<0.033; **= p<0.002).

The next brain region of interest is the cerebral cortex. GFAP staining of WT and Prnp®N cortex revealed a
significantly greater GFAP intensity in Prnp®*N cortex compared to WT at p20 and p25 (Fig. 9B). To confirm

accuracy of GFAP quantification, western blot probing for GFAP was performed on p20 WT and Prnp®N cortices
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(Fig. 9A). Western blot analysis revealed significantly higher GFAP expression in Prap®*N cortex compared to WT,
consistent with GFAP intensity quantification p20. This data suggests Prnp®>N cortical astrocytes are activated at

p20 and p25.

GFAP Timecourse: Astrocytes in Prup®*N Thalamus
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Figure 10. GFAP timecourse study: thalamus. GFAP area and intensity in thalamus of WT and Prnp®*N mice were
analyzed by TissueStudio™. All data are mean + SEM. Statistical comparison of WT and Prnp”*N cortices was
performed by ordinary two-way ANOVA test with post-hoc Tukey test (*= p<0.033; **= p<0.002; ***=p<0.001).
Astrogliosis was also measured in the thalamus. At p15, p20, and p25, Prap®*N thalamus have significantly
greater GFAP area compared to that of WT. At p20, there is also significantly greater GFAP intensity in Prnp”N

thalamus compared to that of WT (Fig. 10). This data suggests Prnp®*N thalamic astrocytes are activated starting at

pls.

21



Iba-1, A Marker for Microglia

Developmental Microglia
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Figure 11. Developmental microglia. (A) WT mice hippocampi were quantified for Ibal area from p5 to p25. Scale
bar=500um. (B) All data are mean + SEM. Statistical comparisons between WT hippocampus among different time
were performed by ordinary one-way ANOV A with post-hoc Tukey test (*= p<0.033; **= p<0.002; ***=p<0.001).

Another important glial cell studied is the microglia. To assess microglial pathology early in disease, WT
microglial development must be understood. WT hippocampi were stained with Ibal to assess normal microglial
development at timepoints p5, p10, p15, p20, and p25 (Fig. 11A). Significant increase in Ibal area was found from
pS to p15 (Fig. 11B). This suggests microglia begin developing peripheral processes from p5 to p10, and are fully

mature starting at p15.
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Microglia Activation States
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Figure 12. Activated microglial states. Prnp®*N hippocampal microglia were categorized by morphologies:
unactivated, activated, and severely activated. Microglial morphologies range from the lease severe (unactivated) to
most severe (severely activated). (A) Prnp®*N hippocampal microglia images of each morphology. Scale
bar=20.0pum. (B) Iba-1 area were quantified by TissueStudio™. All data are mean + SEM. Statistical comparisons
among the different microglial morphologies were performed by ordinary one-way ANOVA with post-hoc Tukey
test (*= p<0.033; ***=p<0.001).

Similar to astrocytes, microglia can also take on various activation states: unactivated, activated, and
severely activated. Unactivated microglia have small cell bodies with highly branched, thin processes. Activated
microglia exhibit swelling of cell body with moderately thickened distal processes. Severely activated microglia
morphology is characterized by severe cell body swelling and short, thickened processes (Fig. 12A). To next test
whether TissueStudio™ captures microglial morphological differences, Ibal area was assessed for each
morphologic subtype. There were significant differences in Ibal area among the three microglia morphologies.

Unactivated microglia have the lowest Ibal area, followed by the activated. Severely activated have the greatest

Ibal area (Fig. 12B).
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Ibal Timecourse: Microglia in Prap®*N Hippocampus
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Figure 13. Ibal timecourse: hippocampus. (A) Ibal immunolabeling of WT and Prnp®>N hippocampi across
timepoints p10 to p25. Scale bar=500um. (B) Prup®*N CA1l hippocampal microglia were categorized by
morphologies: unactivated, activated, and severely activated. Pie charts at each timepoint reveal total number of
Prnp®*N hippocampi containing CA1 microglia of one activated morphology. (C) Hippocampal Ibal area and
intensity were quantified by TissueStudio™. Statistical comparisons of WT and Prap®*N mice were performed by
ordinary two-way ANOVA with post-hoc Tukey test (p>0.05).

Initial assessment of terminal Prnp®>N hippocampus also revealed extreme microgliosis in the CA1 region
of the hippocampus. To determine timeline of microgliosis in Prnp®*N hippocampi, Ibal stains were performed and
Ibal area was quantified at p10, p15, p20, and p25 timepoints (Fig. 13A). Though not significant, Iba-1 area trends
higher in the p20 and p25 Prnp®*N hippocampus compared to WT (Fig. 13C). At each timepoint, a number of
Prnp®3N mice exhibited CA1 microglia of one specific morphology. At p10, of seven Prup®*N hippocampi, two
exhibited unactivated CA1 microglia and five exhibited activated microglia. At p15, of four Prnp®*N hippocampi,
one exhibited unactivated microglia and three exhibited activated microglia. At p20, of seven Prnp®*N hippocampi

seven exhibited activated microglia and two exhibited severely activated microglial. At p25, four of seven mice
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exhibited activated and three exhibited severely activated CA1 microglia (Fig. 13B). This data suggests
hippocampal microglia begin activation at p10 and assume more severe activation states as disease progresses. No

significant differences in Ibal area were found for cerebral cortex and thalamus between WT and Prnp?3N.

Lampl in Prup®*N Hippocampus

Figure 14. Lamp1 in Prnp®*N Hippocampus. p25 WT and Prnp®*N hippocampi stained with Lamp1 reveal striking
differences in lysosome distribution in cells. From left to right, scale bars= 500, 200, and 50.0pm.

Since severe microgliosis was noted in Prnp®*N hippocampi at p25. Lamp1, marker for degradative
autophagy-lysosomal organelles was assessed in p25 Prap®*N hippocampi. In the WT hippocampus, Lampl is
expressed ubiquitously with very light stain. In contrast, Lamp]1 in the p25 Prnp®*N hippocampus is highly expressed
in cell bodies with great intensity (Fig. 14). The Prup®N hippocampus may experience an upregulation of lysosomes

or an accumulation of lysosomes in cell bodies.
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Summary of Prap®*N Pathology: Gliosis

Iba1
LAl

Figure 15. Summary of Prap®*N pathology: Gliosis. p25 WT and Prap®*N hippocampi stained for microglia (Ibal)
and astrocytes (GFAP and SOX9). Scale bar= 500um. For Ibal and GFAP insets, scale bar=50.0pm. For SOX9
insets, scale bar=200pm. Arrows are pointing to neural progenitor cells in the dentate gyrus.

26



Summary of Prup®*N Pathology: Neuronal Loss and Oligodendrocyte Patholo
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Figure 16. Summary of Prnp®>N pathology: neuronal loss and oligodendrocyte pathology. p25 WT and Prup?3N
hippocampi stained for neurons (NeuN), oligodendrocytes (Olig2), and OPCs (NG2). Scale bar= 500um. Prap®*N
hippocampal layers: stratum radiatum, stratum laculosum moleculare and molecular layer of dentate gyrus exhibit
greater oligodendrocyte numbers compared to that of WT (asterisk).
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Prup®N Pathology Timeline
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Figure 17. Summary diagram of Prnp®>N hippocampus pathology. Dashed lines represent the start of hippocampal
pathology, with some mice hippocampi beginning to exhibit pathology. Solid lines represent when most hippocampi

exhibit pathology.
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DISCUSSION

In this study, we have characterized the neuropathology of the 93N knock-in model of neurodegeneration.
The hippocampus was the most severely affected brain region. By conducting a longitudinal study, we now
understand when cellular pathologies arise and can address the question of whether the 93N mice experience
neurodevelopmental or neurodegenerative disease as a result of this PrP¢ mutation.

The Prnp®N mice show a striking neuronal loss in the CA1 region of the hippocampus as early as p20
possibly because they express more NMDA NR2 subunits than other CA regions (Butler et al., 2010) (Anand and
Dhikav, 2012). Neuronal death and inflammation may be further exacerbated by neutrophils in the brain at p20. To
understand the mechanism of neuronal death, cleaved caspase-3 stain was performed to assess apoptosis. Minimal
cleaved caspase-3 staining of Prnp®*N hippocampi suggests the main mechanism of neuronal loss may be necrosis,
which is consistent with electron microscopy images of Prnp®*N CAl neurons (Unpublished data, 2021).

SE was seen in Prunp”*N hippocampus and thalamus as early as p15 when compared to WT. Interestingly,
this may be due to the additional N-terminal glycan in PrP¢ resulting in toxic signaling and causing SE in the
absence of aggregates. When comparing Prnp®*N SE to mock-inoculated and prion (22L)-inoculated, there were no
significant differences between hippocampus scores. This suggests that the Prnp®*N mice may be a good model for
prion disease as they exhibit SE as early as p15.

Astrocyte pathology arises at p10, when Prup?*N mice show the first signs of slightly activated astrocytes in
the CAL1 region of the hippocampus. By p20 and p25, Prnp®*N hippocampi exhibit activated and astrodegenerative
morphologies. Developing astrocytes may be affected by the pro-inflammatory cytokines secreted by activated
microglia. At pl5, astrocytes are fully developed with mature PAPs. Activated astrocytes have been noted in many
neurodegenerative diseases including prion disease and Alzheimer’s disease and can play neuroprotective roles
including secretion of neurotrophic factors. Another neuroprotective role includes promoting remyelination after
oligodendrocyte damage (McTigue et al., 2008) (Wang et al., 2017). The activated astrocytes may be increasing the
oligodendrocyte numbers and OPC migration into the hippocampus at p20 and p25. Neurotoxic roles including
secretion of inflammatory factors (Kajihara et al., 2001). Activated astrocytes may also be responsible for the
presence of neutrophils in the hippocampus and thalamus, as they can secrete chemokines such as CXCL1 to recruit
neutrophil infiltration into the brain (Michael et al., 2020). These recruited neutrophils can release inflammatory

factors that can induce further neuronal damage (Kanashiro et al., 2020).
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Astrodegenerative phenotypes have been observed in neuropsychiatric disorders including schizophrenia,
major depressive disorder, and Alzheimer’s disease. They have been associated with impairment of glutamate
homeostasis (Verkhratsky et al, 2019) (Frost et al., 2017). As astrocytic degeneration occurs, astrocytes lose their
PAPs, which contain essential membrane proteins including GLT1/GLAST, important for regulating glutamate
homeostasis. Thus, astrocytic degeneration may contribute to glutamate-mediated excitotoxicity responsible for the
CA1 neuronal death seen at p20. Another important function of astrocytes includes preservation of the BBB by
astrocytic perivascular endfeet. The loss of peripheral processes and perivascular endfeet in the degenerative
astrocytes may contribute to diminished BBB integrity and result in the presence of prominent endothelial cells in
the blood vessels at p15 and subsequent infiltration of neutrophils at p20.

We found that microglia increase in number and in peripheral processes from p5 and p10 up until p15 in
the WT mice, consistent with studies that show microglia reach peak numbers in the brain at around p14 (Lenz et al.,
2018) (Kim et al., 2015) (Nikodemova et al., 2014). Interestingly, p10 Prnp®*N hippocampi display activated
microglia in the CA1 region. By p20, Prap®*N brains begin displaying severely activated microglia in the CA1
hippocampal region. Activated microglia contribute to pathology in many neurodegenerative diseases by secreting
of pro-inflammatory cytokines including IL-1, IL-6, and TNF-alpha (Smith et al., 2012). These inflammatory
cytokines could be acting on astrocytes to trigger their activation starting at p10 and increasing severity of their
activation state at p15 and onward. Pro-inflammatory cytokines can also cause CA1 neuronal loss as they are known
to be toxic to neurons and other glial cells (Smith et al., 2012). Furthermore, neuronal death in the CA1 region may
activate microglia to phagocytose cellular debris. Interestingly, high intensity Lamp1 stain within cells in the
Prnp®*N hippocampi suggests impairment of endolysosomal trafficking or autophagy pathways.

We have developed a model explaining Prnp®*N mice pathology in the hippocampus. Starting at p10,
microglia experience early developmental changes due to its expression of mutated PrP€. These activated microglia
secrete pro-inflammatory cytokines including IL-1, IL-6, and TNF-alpha that begin to activate astrocytes at p10.
Slightly activated astrocytes at p10 can also be activated in response to their expression of mutated PrPC. Then, at
pl5, the first astrodegenerative morphology arises. Prominent blood vessels first appear at p15 due to
astrodegeneration and loss astrocytic endfeet. Astrodegeneration also contributes to an extracellular environment of
excessive glutamate at this point. Spongiform changes are also seen starting at p15 due to PrP® neurotoxic signaling.

Starting at p20, the Prnp®*N mice show the first clinical signs, including kyphosis, hindleg clasp, and gait
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abnormalities. Histologically, p20 is coincident with the first observations of CA1 neuronal loss, possibly due to loss
of glutamate regulation by astrocytes and continual secretion of pro-inflammatory cytokines by activated microglia.
At p20, neutrophil recruitment by CXCL1 from activated astrocyte also exacerbates neuronal damage. Severely
activated microglia are mobilize to CA1 region to phagocytose dying neurons at p20. At p20, oligodendrocyte also
experience insult from glutamate-mediated toxicity and numbers oligodendrocyte numbers increase from
remyelination and OPC migration aided by astrocytes.

Together these data suggest that the Prnp®*N mice have a developmental disease as well as a
neurodegenerative disease. Prnp”>N mice experience a developmental disease, as differences were observed in
microglial and astrocyte development as early as p10, while neurodegeneration does not occur until p20. This

93N

suggests there is a developmental pathology in Prap”" glial cells that contribute to early neurodegeneration and

rapid death at p25 and p30.

Glutamate-mediated toxicity, a possible mechanism

Toxic glutamate levels are hypothesized to arise from degenerative astrocytes as early as p15 as a result of
astrocytes’ loss of ability to regulate glutamate homeostasis. This excess in extracellular glutamate levels could
activate NMDA receptors to cause excessive calcium influx that may result in toxicity. Seizures in Prup®*N mice
also support the hypothesis of glutamate mediated toxicity in the mice.

Other studies in our lab have assessed glutamate response in cortical Prnp®>N neurons in vitro and have
found an increase in susceptibility of glutamate-mediated excitotoxicity. This suggests that Prnp®*N cells may
inherently be more susceptible to glutamate-mediated excitotoxicity. Furthermore, toxic amounts of glutamate in the
extracellular environment in addition to their high susceptibility to glutamate-mediated excitotoxicity may cause
rapid neurodegeneration in the Prnp®>N mice.

Another hypothesis directly involves activation of the NMDA receptors. Studies have shown that the
octapeptide repeat domain is necessary for ion conductance as its deletion abolishes neurotoxicity (Solomon et al.,
2011) (Wu et al., 2017). The Prnp®>N mouse model has a third glycan inserted in the N-terminal, in close proximity
to the octapeptide repeat domain. This large glycan can sterically inhibit the interaction between the C-terminal
regulator and the octapeptide domain. This inhibition of N-terminal regulation can result the chronic neurotoxic

signaling by continuous activation of NMDA glutamate receptors, resulting in significant increase in calcium ion
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influx in neurons, especially CA1 pyramidal neurons. This excessive calcium influx can activate intracellular
pathways such as the p38 MAPK pathway to cause dendritic spine and synapse damage, and other neuropathological
effects also see in prion disease (Le et al., 2019).

In support of the Prnp®N toxic signaling via chronic activation of NMDA receptors, other lab members
have found that the Prnp®*N cortical neurons in vitro exhibit dendritic beading, an excitotoxic phenotype that is

rescued by application of NMDA receptor antagonist, MK801.

Summary and Future Studies

This study provides the first histology descriptions of the novel Prnp®*N mouse model, in which one single
nucleotide mutation results in the addition of a third glycan in the N-terminal domain. Such disruption in the N-
terminal domain results in mice with extreme alterations in glial cells starting at p10, neurodegeneration at p20, and
mice terminal as early as p25. From this longitudinal study, we now know the sequence of histopathological events
in the Prnp®*N mice brains. From here, we can further elucidate how mutated PrP€ expression affects glial cells and
determine the mechanism of PrP¢ toxic signaling in neurodegeneration.

Prnp®3N mice experience neuronal loss specifically in the CA1 region of the hippocampus. Cleaved
caspase-3 does not support apoptosis as the main mechanism of cell death seen in Prap®*N mice. Furthermore, high
magnification of the Prnp®>N CA1 region reveals much smaller, condensed nuclei, consistent with necrosis. To
confirm cell death by necrosis, an IHC stain for necrotic cell markers including ALT, FK18, miR-122, and HMGBI1
(Yang et al., 2014) could be performed.

To determine whether Prnp®*N neurons are suffering from glutamate-induced neurotoxicity, extracellular
glutamate can be measured in p10 neurons, before we see astrodegenerative astrocytes, and after p20, when all
hippocampal astrocytes in CA1 region begin exhibiting activated and astrodegenerative phenotypes. EAAT2
receptor levels, excitatory amino acid transporter 2, to determine when glutamate homeostasis is disrupted and
assess whether excess glutamate is due to astrocytic loss of function could be performed. A KI-67 stain, which looks
at astrocyte proliferation to see if there is a possible repopulation of astrocytes after astrodegeneration, could be
performed.

Since we know now that microglia are activated as early as p10, a timecourse study of microglial inflammatory

markers could be performed. Microglial pro-inflammatory markers can include IL-1, IL-6, and TNF-alpha (Smith et
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al., 2012). Furthermore, since neutrophils are found in the Prnp®*N hippocampus and thalamus, it would be

interesting to assess possible BBB leakage in Prap®*N

p20 mice.

Ultimately, the novel Prup®>N mouse model could be used to study toxic PrP¢ signaling and spontaneous
neurodegeneration in prion disease, Alzheimer’s disease, and other neurodegenerative diseases involving aberrant
PrPC signaling. Furthermore, novel therapeutics targeting PrPC signaling could be tested for effectiveness on the

Prnp®*N model, as this model provides a rapid in vivo assessment of therapeutics, with obvious results as early as 25

days.
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