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ARTICLE INFO ABSTRACT

Keywords: Synapse dysfunction and loss are central features of neurodegenerative diseases, caused in part by the accu-
Prion cllisease mulation of protein oligomers. Amyloid-, tau, prion, and a-synuclein oligomers bind to the cellular prion protein
Amyloéd . Prp® resulting in the activation of macromolecular complexes and signaling at the post-synapse, yet the early
Egllgge"emtmn signaling events are unclear. Here we sought to determine the early transcript and protein alterations in the

hippocampus during the pre-clinical stages of prion disease. We used a transcriptomic approach focused on the
early-stage, prion-infected hippocampus of male wild-type mice, and identify immediate early genes, including
the synaptic activity response gene, Arc/Arg3.1, as significantly upregulated. In a longitudinal study of male,
prion-infected mice, Arc/Arg-3.1 protein was increased early (40% of the incubation period), and by mid-disease
(pre-clinical), phosphorylated AMPA receptors (pGluA1-S845) were increased and metabotropic glutamate re-
ceptors (mGluR5 dimers) were markedly reduced in the hippocampus. Notably, sporadic Creutzfeldt-Jakob
disease (sCJD) post-mortem cortical samples also showed low levels of mGluR5 dimers. Together, these find-
ings suggest that prions trigger an early Arc response, followed by an increase in phosphorylated GluAl and a
reduction in mGIuR5 receptors.

Immediate early genes

1. Introduction 1993; Prusiner, 1982; Prusiner, 1991). The initial clinical presentation
commonly includes behavioral changes, cognitive decline, visual dis-

Prion diseases are rapidly progressive neurodegenerative disorders turbances, ataxia, and / or motor symptoms, depending on the brain
caused by the accumulation of prion protein aggregates (PrP%%) in the region(s) affected (Tee et al., 2018). Synapse loss has been extensively
central nervous system (CNS) (Caughey and Raymond, 1991; Pan et al., reported as an early neuropathological finding in experimental prion
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genes; IEGs, immediate early genes; IPA, Ingenuity Pathway Analysis; LTD, long-term depression; LTP, long-term potentiation; LRP1, low-density lipoprotein
receptor-related protein-1; mGluR5, metabotropic glutamate receptor 5; MAP2, microtubule associated protein 2; MAPK, mitogen-activated protein kinase; NMDA,
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disease models (Belichenko et al., 2000; Brown et al., 2001; Cunning-
ham et al., 2003; Ferrer, 2002; Gray et al., 2009; Jeffrey et al., 2000),
and the onset of clinical signs correlates with a marked reduction in
synaptic proteins (Cunningham et al., 2003; Siskova et al., 2013). In
mouse models, this reduction in synaptic proteins is reportedly due to
activation of the unfolded protein response and sustained repression of
protein translation (Herrmann et al., 2015; Moreno et al., 2012), yet
how PrP%¢ triggers endoplasmic reticulum stress is unclear. Recent
studies indicate that the PrP€ is a key mediator of synaptic toxicity at the
cell surface, binding PrP%¢ as well as amyloid-p and tau oligomers,
altering macromolecular synaptic complexes, and triggering intracel-
lular kinases, including p38 MAP kinase and Fyn kinase in prion and
Alzheimer’s disease, respectively (Fang et al., 2018; Haas et al., 2016;
Um etal., 2013; Um et al., 2012). Nevertheless, our understanding of the
earliest protein expression changes and signaling cascades initiated by
PrP€ at the synapse is limited.

PrPC is highly expressed in neurons, in the soma, axons, and pre-
synaptic terminal and postsynaptic density (Herms et al., 1999; Moya
et al., 2000; Um et al.,, 2012) and reportedly functions to promote
neurite outgrowth (Santuccione et al., 2005), enhance neuroprotection
(Bounhar et al., 2001; Roucou et al., 2005), and maintain myelin
integrity in the peripheral nervous system (Bremer et al., 2010; Kuffer
et al., 2016). PrP® is GPI-anchored in lipid rafts, thus signaling requires
interaction with transmembrane protein partners, such as neural cell
adhesion molecule (NCAM) (Schmitt-Ulms et al., 2001), metabotropic
glutamate receptor 5 (mGIluR5) (Haas et al., 2016), or a signaling
complex that includes the NMDA receptor and low-density lipoprotein
receptor-related protein-1 (LRP1) (Khosravani et al., 2008; Mantuano
et al., 2020; You et al., 2012).

Dissecting the early events in prion disease has been challenging, due
in part to the variation in results reported from different models, brain
regions, prion strains, and timepoints. Temporal gene expression studies
of bulk whole brain or specific brain regions have shown pre-clinical
alterations in prion infection. However, while some reports indicate
that astroglial and microglial transcripts are elevated in early disease
and may be a driver of late-stage synaptic loss (Bourgognon et al., 2021;
Carroll et al., 2020; Hwang et al., 2009; Sorce et al., 2020), others show
neuronal transcript alterations consistent with heightened NMDA re-
ceptor activity (Majer et al., 2012). In agreement with the latter, prion
exposure of cultured neurons reportedly activates NMDA receptors and
causes spine collapse within 24 h (Fang et al., 2016). Collectively, these
studies indicate a marked glial response and synaptic loss, yet differ in
the sequence of events and in the earliest triggers of neuronal degen-
eration in the prion-affected brain.

Prion disease models are useful for determining the sequence of
events in neurodegeneration, as the disease is initiated by prion expo-
sure and the timing is predictable (Collinge, 2016). Given that synaptic
protein alterations and glial activation are implicated in the loss of
synapses, we performed an unbiased transcriptome-wide analysis of the
hippocampus from prion- or mock-inoculated mice to gain insight into
the early disease events, prior to synaptic degeneration. We then fol-
lowed with a more detailed analysis of protein levels and their post-
translational alterations in mice and sCJD patients. We found that im-
mediate early genes (IEGs) were among the most abundant upregulated
transcripts in the prion-infected hippocampus. We pursued a specific
analysis of Arc/Arg3.1 (activity regulated cytoskeleton-associated pro-
tein), one of the most strongly induced genes in response to neuronal
firing and a master regulator of long-term synaptic plasticity (Fu and
Zuo, 2011; Shepherd and Bear, 2011; Shepherd et al., 2006). By quan-
titatively measuring changes in Arc, post-synaptic receptors, and syn-
aptic signaling proteins, we begin to show how prions impact glutamate
receptor-linked signaling in early disease.
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2. Materials and methods
2.1. Prion inoculation of mice

C57BL/6J mice were maintained under specific pathogen-free con-
ditions on a 12:12 light/dark cycle. Mice had access to standard labo-
ratory chow and water ad libitum. Mice (6 — 8 weeks old) were
anesthetized with ketamine and xylazine and inoculated into the left
parietal cortex with 30 pl of 1% 22L prion-infected brain homogenate
prepared from terminally ill mice. Strain 22L is a mouse-adapted prion
originally derived from sheep scrapie and was a kind gift from Dr.
Michael Oldstone. The 22L prion strain is characterized by diffuse prion
aggregates, synaptic and neuronal loss, and microglial activation in the
brain (Cunningham et al., 2005).

Mice (n = 3 - 5) were euthanized approximately monthly post-
inoculation until clinical disease, and also two weeks after initial clin-
ical symptoms (timepoints: 20, 40, 60, 80, 90, and 100% of the disease
course). The timepoints were approximated based on previous studies
using the 22L strain, however, the actual time to terminal disease may
differ among cohorts. Mice were considered terminal according to
clinical criteria including ataxia, kyphosis, stiff tail, hind leg clasp, and
hind leg paresis. The brain was halved, and one hemibrain was imme-
diately frozen on dry ice. The other hemibrain was formalin-fixed for 2 —
3 days, then immersed in 96% formic acid for 1 h, washed in water, and
post-fixed in formalin for 2-4 days. Transverse brain sections (2 mm)
were paraffin-embedded for histological analysis. The remaining brain
sections were frozen for biochemical analyses. Three additional cohorts
of male mice were inoculated for RNAseq (n = 1) and immunoblotting
(n = 3) experiments. The hippocampus was collected and immediately
stored in RNAlater™-ICE or frozen on dry ice. No mice were excluded
from the analyses. Schematics of the experimental design are displayed
in Figs. 1, 2, and 4 (schematics created with Biorender.com).

2.2. Western blots

Hemi-brains were homogenized in PBS (10% w/v) using a Bead-
beater™ tissue homogenizer. Hippocampi were similarly homogenized
in PBS using either a Beadbeater™ or by vortexing in 200 pl of 2% N-
lauryl sarcosine in PBS with Phos-STOP™ (Pierce) and 1.0 mm zirconia-
silicate beads (BioSpecific Products). Nucleases [Benzonase™ (Sigma)]
and protease inhibitors (Complete TM) were added, and samples were
lysed on ice for 15 min, then centrifuged at 2000g at 4 °C for 5 min.
Proteins in the supernatant were quantified by bicinchoninic acid assay,
and equivalent amounts of protein were electrophoresed through a 10%
Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane by
wet blotting. Membranes were incubated with primary antibodies
overnight at 4 °C followed by incubation with an HRP-conjugated sec-
ondary antibody. The immunoblots were developed using a chemilu-
minescent substrate (ECL Supersignal West Dura or Femto,
ThermoFisher Scientific) and visualized on a Fuji LAS 4000 imager.
Densitometry analysis was performed using MultiGauge software
(Fujifilm).

2.3. PrP* concentration by sodium phosphotungstic acid (NaPTA)
precipitation

PrP%¢ was concentrated from mouse brains by sodium phospho-
tungstic acid (NaPTA) precipitation prior to western blotting (Wads-
worth et al., 2001). Briefly, 100 pl aliquots of 10% brain homogenate in
an equal volume of 4% N-lauryl sarcosine in PBS were incubated for 30
min, then digested with an endonuclease [Benzonase™ (Sigma)] fol-
lowed by treatment with 100 pg/ml proteinase K (PK) at 37 °C for 30
min. After the addition of NaPTA, MgCly, and protease inhibitors
(Complete TM, Roche), extracts were incubated at 37 °C for 30 min and
centrifuged at 18,000 g for 30 min at 37 °C. The pellets were resus-
pended in 0.1% N-lauryl sarcosine prior to electrophoresis and blotting
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Fig. 1. Prion-induced pathology and PrP* were detected by the 40% timepoint in prion-exposed WT mice. (A) Schematic shows the seven brain collection timepoints
inoculation. (B) Representative hippocampal sections from prion-inoculated mice immunolabeled for PrP, ubiquitin, microglia (Ibal), and astrocytes (GFAP), or
stained with hematoxylin and eosin (HE). PrP% and ubiquitin puncta are visible from the 40% timepoint (black arrowheads) and increase to terminal disease.
Spongiform degeneration (black arrows) appears in later disease stages. Scale bar, 50 pm. (C) Quantification of Ibal and GFAP stained area. (D) Inmunoblot shows
PK-resistant PrP5¢ (top) and total PrP (PrPC and PrP*¢) (bottom) in hemibrain. (E) Quantification of PK-resistant PrP%¢ normalized to the average terminal PrP%¢ level
(POM19 antibody). (F) Representative images of hippocampal CA1 from mock- or prion-inoculated mice immunolabeled for MAP2 and quantified for MAP2™"
neuropil area. Scale bar, 100 pm. For panels C and E, one-way ANOVA and Tukey HSD post-hoc test; *P < 0.05; **P < 0.01; *** P < 0.001, n = 3 — 4 mice per group.
For panel F, Welch’s t-test; n = 3 mice (mock) and 7 mice (prion), 3 — 4 images per tissue section.
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Fig. 2. Profiling hippocampal transcripts in mock- and prion-inoculated mice reveals an early increase in immediate early genes. (A) Schematic shows the 40% time
point when mock- or prion-inoculated hippocampi were isolated for RNA and protein analysis. (B) Volcano plot shows genes in prion-inoculated hippocampi that
significantly differ from mock-inoculated hippocampus. (C) Heat map of genes significantly altered in prion-infected animals. Genes were lane normalized to improve
visualization of changes. Within each lane, highest value = 100, lowest value = 0. (D, E) qRT-PCR for IEG genes (D), and inflammation-associated genes (E). n = 3

male mice per group. Welch’s t-test, *P < 0.05; **P < 0.01; ***P < 0.001.

as described above.

2.4. Histological analyses

Tissue sections were cut from blocks of formalin-fixed, paraffin
embedded mouse brains. Tissue sections (4 — 5 pm) were stained using
hematoxylin and eosin or immunolabeled using a Ventana Discovery
Ultra (Ventana Medical Systems, Tucson, AZ, USA) and antibodies tar-
geting glial fibrillary acidic protein (GFAP) (DAKO), ionized calcium

binding adaptor molecule 1 (Ibal) (Wako), PrP (SAF84; Cayman
Chemical), and ubiquitin (DAKO). Antigen retrieval was independently
optimized for each epitope to yield the maximal signal-to-noise ratio.
For PrP, slides were incubated in protease 2 (P2) for 20 min followed by
antigen retrieval in CC1 (Tris-based; pH 8.5; Ventana) for 64 min at
95 °C. For GFAP, P2 was used for 16 min. For Ibal and ubiquitin, CC1
was used for 40 min. Sections were incubated in primary antibody for
32 min at 37 °C, followed by secondary antibody (HRP-coupled goat
anti-rabbit; OmniMap system; Ventana) for 12 min at 37 °C, and then



D. Ojeda-Judrez et al.

3,3’-diaminobenzidine (DAB) substrate.

For MAP2 immunolabeling, sections were deparaffinized, heated in
citrate buffer (Sigma) with 0.05% Tween20 in a pressure cooker for 30
min, quenched in 3% H05 in methanol for 15 min, and blocked in TNB
buffer [0.5% TSA Blocking Reagent (PerkinElmer) in 100 mM Tris-HClL
buffer (pH 7.5) with 150 mM NacCl] containing 5% goat serum. All
primary and secondary antibodies were diluted in TNB buffer with 5%
goat serum. Slides were then incubated in the primary antibodies, MAP2
(mouse) (Cell Signaling Technologies, #4542; 1:100) overnight at 4 °C.
The MAP2 antibody was visualized using biotin-conjugated anti-mouse
IgG (Jackson ImmunoResearch) (30 min), then streptavidin-HRP
(Jackson ImmunoResearch) (30 min), followed by tyramide-Alexa488
(Invitrogen). All slides were incubated in DAPI and mounted using
ProLong Gold (ThermoFisher Scientific).

2.5. Confocal microscopy and microtubule associated protein 2 (MAP2)
analysis

Z-stack images (0.5 pm step size) of MAP2 immunolabeled hippo-
campus (CA1) were acquired using the Eclipse Ti2-E (Nikon) micro-
scope. Images were acquired using the laser scanning confocal mode
(A1R HD, Nikon) and an S Fluor 40x NA 1.30 oil objective. All imaging
functions were integrated into the NIS elements software (High Content
Analysis package).

To determine the MAP2 immunolabeled area, the images were
deconvolved, the best focal field selected, and the ImageJ software was
utilized to determine the percentage of the area of neuropil covered by
MAP2 (% MAP2" neuropil).

2.6. Transmission electron microscopy of mouse brain

Two mice (uninfected = 1 and terminal 221 = 1) were prepared by
immersion fixation of a 2 mm thick coronal section at the level of the
hippocampus in modified Karnovsky’s fixative for 2 days. Brain samples
were treated for 1 h in 96% formic acid, washed in 0.15 M sodium
cacodylate buffer 3 times, and post-fixed in modified Karnovsky’s fixa-
tive for 3 days. CAl hippocampal sections were then immersed in 1%
osmium tetroxide in 0.15 M cacodylate buffer for 1 h and stained in 2%
uranyl acetate for 1 h. Samples were dehydrated in ethanol, embedded
in Durcupan epoxy resin (Sigma-Aldrich), sectioned at 50 to 60 nm on a
Leica UCT ultramicrotome, and placed on Formvar and carbon-coated
copper grids. Sections were stained with 2% uranyl acetate for 5 min
and Sato’s lead stain for 1 min. Grids were viewed using a JEOL 1200EX
II (JEOL) transmission electron microscope and photographed using a
Gatan digital camera (Gatan).

2.7. qRT-PCR

Brain samples in RNAlater-ICE™ were thawed, lysed, and immersed
in 5.3 M guanidine isothiocyanate for 24 h, prior to RNA purification
using the PureLink RNA isolation kit (ThermoFisher Scientific). qRT-
PCR was performed as previously published with minor modifications
(Ojeda-Juarez et al., 2020). Briefly, 500 ng of bulk RNA was reverse
transcribed into cDNA using the iScript cDNA Synthesis kit (Bio-Rad).
Amplification reactions contained reverse transcriptase, Power PCR
SYBR Green Master Mix (Applied Biosystems), and specific primers
(designed using Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/
primer-blast/); Supplementary Table 1). PCR amplification was per-
formed on a CFX96 system (Bio-Rad) using the following conditions: 10
min at 95 °C and 40 cycles of 30 s at 95 °C, 1 min at 59 °C, and 1 min at
72 °C. A denaturation step was added at the end of the amplification
reaction for Tm analysis. The results obtained were analyzed using Bio-
Rad CFX Manager 3.1 (Bio-Rad). The relative amount of mRNA of every
gene versus the internal control (GAPDH) was calculated following the
27(8AC) method.
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2.8. RNAseq

For RNAseq, tissues were homogenized TRIzol (1 mL per 100 mg of
tissue) and incubated for 24 h. Samples were then incubated in chlo-
roform for 5 min and centrifuged at 12,000 g for 15 min at 4°C. The
aqueous upper phase containing RNA was transferred to a tube con-
taining an equal volume of 70% ethanol and vortexed. RNA was treated
with DNases and isolated using the PureLink RNA isolation kit (Ther-
moFisher Scientific). Total RNA was assessed for quality using an Agilent
Tapestation 4200, and 1 pg of RNA from samples with an RNA Integrity
Number (RIN) greater than 7.0 were used to generate RNA sequencing
libraries using the TruSeq Stranded mRNA Sample Prep Kit (Illumina,
San Diego, CA). Samples were processed following the manufacturer’s
instructions, modifying RNA shear time to five min. Resulting libraries
were multiplexed and sequenced with 75 basepair (bp) single reads
(SR75) to a depth of approximately 25 million reads per sample on an
[lumina HiSeq400. Samples were demultiplexed using bcl2fastq Con-
version Software (Illumina, San Diego, CA). QC and RNAseq were con-
ducted at the IGM Genomics Center, University of California, San Diego,
La Jolla, CA.

2.9. RNA-seq data processing

RNA-sequencing reads were trimmed of adaptor sequences using
cutadapt (v1.4.0) and mapped to repetitive elements (RepBase v18.04)
using the STAR (v2.4.0i). Reads that did not map to repetitive elements
were then mapped to the mouse genome (mm9). GENCODE (v19) gene
annotations and featureCounts (v.1.5.0) were used to create read count
matrices. Differential expression analysis was performed with DESeq2
v1.32.0 on the raw counts matrix.

2.10. Bioinformatics analysis

Ingenuity Pathway Analysis (IPA; version 70,750,971) was used to
analyze 197 hDEG to determine top diseases and disorders, as well as top
networks altered. Settings included direct and indirect relationships
with the following filters: (tissues = Astrocytes OR Hypothalamus OR
Olfactory Bulb OR Pyramidal neurons OR Granule cells OR Substantia
Nigra OR Microglia OR Ventricular Zone OR Nucleus Accumbens OR
Other Neurons OR Choroid Plexus OR Caudate Nucleus OR Spinal Cord
OR Amygdala OR Cerebellum OR Subventricular Zone OR Putamen OR
Medulla Oblongata OR Granule Cell Layer OR Dorsal Root Ganglion OR
Gray Matter OR White Matter OR Sciatic Nerve OR Cerebral Ventricles
OR Parietal Lobe OR Corpus Callosum OR Cerebral Cortex OR Cortical
neurons OR Thalamus OR Brain OR Hippocampus OR Purkinje cells OR
Striatum OR Trigeminal Ganglion OR Neurons not otherwise specified
OR Other Nervous System OR Pituitary Gland OR Nervous System not
otherwise specified OR Brainstem).

2.11. Primary antibodies for western blots
The following antibodies were used for western blotting: mouse anti-

PrP [1:10,000, POM19, amino acids 201-225; POM1 (Polymenidou
et al., 2008)]; anti-beta actin (1:5000, Genetex); anti-GAPDH (1:5000,

Novus Biologicals #NB300-221SS); anti-atubulin (1:1000, Cell
Signaling Technologies #3873); anti-synapsin I (1:10,000, Fisher Sci-
entific #AB1543MI); anti-synaptophysin (1:10,000, Invitrogen

#MA1213); anti-phosphorylated synapsin I (1:1000; Cell Signaling
Technology; #2311); anti-PSD-95 (1:5000, Cell Signaling Technology
#3450); anti-SNAP25 (1:10,000, Cell Signaling Technology #5308);
anti-mGIluR5 (1:5000, Cell Signaling Technology #55920); anti-
phosphorylated GluA1-S845 (1:1000, Cell Signaling Technology
#8084); anti-GluA1l (1:1000, Cell Signaling Technology #13185); anti-
Arc (1:2000, Proteintech #16290-1-AP); anti-EGR1 (1:1000, Cell
Signaling Technology #4154); anti-EGR2 (1:1000, Novus Biologicals
#NB110-59723SS); anti-Homerl (1:1000, Cell Signaling Technology
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#8231); anti-GluN1 (1:1000, Cell Signaling Technology #5704).
2.12. Statistical analysis

Analysis of histopathological data, qRT-PCR analysis for mRNA
expression, western blotting data, and Pearson correlation were per-
formed using Prism software (GraphPad Software, Inc.). Comparisons
between two groups were made by Welch’s t-test, whereas multiple
groups were compared by one-way analysis of variance (ANOVA) fol-
lowed by Tukey HSD post hoc test. P-values <0.05 were considered
statistically significant.

3. Results

3.1. Prion infection induces the upregulation of immediate early gene
transcripts

The hippocampus is commonly affected in prion disease (Cunning-
ham et al., 2003; Godsave et al., 2008; Hilton et al., 2013), yet the
signaling pathways that contribute to early synapse loss and eventual
neuronal death are unclear. To determine the early transcriptional
changes in the prion-infected hippocampus, we first defined an early
disease timepoint with evidence of dysregulated proteostasis. We per-
formed a longitudinal analysis of prion- (strain 22L) or mock-inoculated
wild type (WT) mice (C57BL/6), and assessed the hippocampus for PrPS
levels, spongiform degeneration, gliosis, and ubiquitinated inclusions at
seven different time points from 6 days post-inoculation (dpi) to ter-
minal disease (approximately 150 dpi; 100% timepoint) (Fig. 1A-D). In
the prion-infected hippocampus, PrP%® and ubiquitin inclusions
appeared early (63 dpi, 40% of the incubation period) (Fig. 1B). In
contrast, spongiform change, astrogliosis, and microgliosis (trending; P
= 0.07) were observed in later disease (90-119 dpi; 60-80%), coinci-
dent with the onset of clinical signs (Fig. 1B-C). Consistent with the
histology, immunoblotting revealed PK-resistant PrPS° at the 40% time
point (Fig. 1D-E). At this time, there was no detectable dendritic injury
as determined by MAP2 immunolabeling (Fig. 1F).

We therefore performed RNA-seq analysis from prion- and mock-
infected hippocampus from male mice at the 40% timepoint (Fig. 2A).
Comparison between the hippocampal transcripts of prion- and mock-
inoculated mice revealed 334 significantly altered genes (adjusted P
< 0.05; Supplementary Table 2). We further focused on 197 highly
differentially expressed genes (hDEGs; logz(FC) > 0.5 and < -0.5;
Supplementary Table 3), in which 142 genes showed a higher expression
and 55 genes showed a lower expression (Fig. 2B-C, Supplementary
Table 3). Interestingly, four of the top 10 upregulated genes were the
IEGs, Arc, Fos, Fosb, and Egr2. Further analysis revealed that several
other IEGs were significantly upregulated, namely Homerl, Duspl,
Nr4al, Fosl2, Egrl, Egr3, and Dusp6 (Fig. 2C), suggesting an early in-
crease in neuronal activity and synaptic plasticity (Korb and Finkbeiner,
2011; Peebles et al., 2010). Fewer genes were significantly decreased;
the top 10 downregulated genes included Ccl28, Calml4, Tmem267, Tnc,
Tbx3o0s1, Acr, and Krt2.

Endolysosomal and autophagy-related transcripts were also
increased, including Arl4d, Arl5b, Adam8, Adrbl, Osbpl3, and Lrrk2.
Notably, there were limited changes in activated microglia- or astrocyte-
associated transcripts, for example, there were no increases in Gfap,
Tgfbl, Ptges2, Cd14, Cd68, C1gb, consistent with our histologic findings
and reports indicating hippocampal gliosis occurs in mid to late disease
(Supplementary Table 2) (Hwang et al., 2009; Vincenti et al., 2015). Sorce
and colleagues recently reported gene expression changes in mouse
hippocampus at 8 weeks post prion-inoculation (RML strain) (Sorce
et al., 2020), finding Homer1 significantly upregulated, Egrl trending
higher, and microglia- or astrocyte- associated transcripts (i.e., Gfap,
Tgfbl, Ptges2, Cd14, Cd68, C1gb) unchanged or significantly decreased,
which was congruent with our results and suggests IEGs may be
increased in early prion disease induced by two distinct strains.

Neurobiology of Disease 172 (2022) 105834

To corroborate the elevated IEG transcripts, we conducted quanti-
tative real-time PCR (qRT-PCR) on hippocampal RNA from the same
mice. Congruent with the RNA-seq findings, Arc and Homer1 transcripts
were significantly increased and Egr2 was trending high (P = 0.09)
(Fig. 2D). Transcripts associated with activated microglia, Tnf, Cd68,
and Nos2, were unchanged when compared to mock-inoculated mice
(Fig. 2E). Thus, the increase in IEG transcripts suggests that alterations
in synaptic plasticity are among the earliest transcriptional responses to
prions.

To identify biological functions associated with the hDEG signature,
we utilized Ingenuity Pathway Analysis software (IPA). IPA revealed
that, of the significantly enriched pathways, ‘Neurological Disease’ had
the most DEGs, (111)(P-value: 4.95 x 1072-1.01 x 107°). Genes altered
in the module included Arc, Egrl, Fos, Dusp6, and other IEGs. Addi-
tionally, the top network algorithmically generated based on hDEG, was
significantly associated with ‘Neurological Disease’ and ‘Lipid Meta-
bolism’ corroborating the pathway analysis (Fig. S1).

3.2. Prions induce an early increase in Arc, yet a reduction of mGluR5

To determine whether the IEG proteins were also elevated, we
measured Arc/Arg-3.1 (referred to hereafter as Arc), EGR1, Homer-1,
and c-Fos in the contralateral hippocampus (same brains used for
RNA-seq). Consistent with the RNAseq data, soluble Arc and c-Fos were
increased by 1.9- and 1.7-fold, respectively, whereas EGR1 and Homer-1
levels were trending higher than in mock brain (2- and 1.4-fold,
respectively; P-values = 0.08, and 0.09) (Fig. 3A-B). To verify the in-
crease in Arc, we inoculated an additional cohort (male mice) and again
found Arc protein increased in the prion-infected hippocampus at the
40% timepoint (Fig. S2).

Prions reportedly initiate a signaling cascade that includes activation
of NMDA receptors (Fang et al., 2018), thus the early elevation in Arc
may indicate prion-linked synaptic activity. Arc is required in synaptic
plasticity and mediates the endocytosis of post-synaptic receptors,
including AMPA receptors, to facilitate long-term depression (LTD)
following synaptic stimulation (Waung et al., 2008; Wilkerson et al.,
2018). Signaling through mGluR5 and NMDA receptors results in Arc
transcription, and primes neurons for homeostatic downscaling. To
determine whether mGluR5, NMDA, or AMPA receptors may be altered
congruent with elevated Arc, we measured hippocampal levels of
mGluR5, GluN1, and GluAl at the 40% timepoint. While GluN1 and
GluAl levels were unchanged, strikingly, mGluR5 monomer and dimer
(membrane-bound) levels were reduced by more than 60% [monomers:
65 £ 4% reduction (trending low); dimers: 63 + 7% reduction (mean +
standard error (SE)] (Fig. 3C-D). There was no evidence for structural
loss to explain the reduced mGIuRS5, as there was no loss of dendrites at
the 40% timepoint (Fig. 1F), or loss in the pre-synaptic vesicle protein,
SNAP25, or post-synaptic density proteins; PSD-95 was modestly
increased (Fig. 3C-D). Additionally, hippocampal transcripts of Grmb5,
which codes for mGluR5, were unchanged, indicating that the reduction
in mGluRS5 protein was not due to changes in gene expression (Fig. 3E).

3.3. Longitudinal study: Increased phosphorylated GluA1 following prion
exposure

To define how Arc and synaptic proteins change from early to late
disease progression in the prion-infected hippocampus, we performed a
longitudinal study of prion and mock-inoculated mice and analyzed
hippocampal proteins at approximately 20%, 40%, 80% of the incuba-
tion period, and at terminal prion disease (Fig. 4A). There was no change
in any of the assessed proteins at the 20% timepoint, yet by the 40%
timepoint, Arc was increased as compared to mock controls
(Fig. S3A—B), consistent with our previous cohorts. Arc levels peaked at
terminal disease (Fig. 4B-C). We then evaluated changes in synaptic
proteins and receptors in the prion-inoculated mice. The pre-synaptic
proteins, synaptophysin and VAMP2, were reduced over time, whereas
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phosphorylated synapsin I (pSyn1-S9) was increased at terminal disease
(Fig. S4B—C). Notably, mGIluR5 monomers had decreased by almost
50% at the 40% timepoint and decreased by approximately 75% at
terminal disease (Fig. 4B-C). By comparison, GluN1 levels were also
reduced, but not until late disease (80%) (Fig. 4C). Changes in hippo-
campal levels of Arc, synaptophysin, VAMP2, pSyn1-S9, and mGIuR5
were likely due to prions, as protein levels were unaltered in mock-
inoculated control mice (Fig. S5).

To probe for synaptic proteins potentially altered by Arc, we next
assessed the phosphorylation status of GluA1 at S845, as Arc promotes
AMPA receptor internalization. pGluA1-S845 promotes the synaptic
retention of GluA1l and facilitates long term potentiation (LTP), and thus
can be used as a proxy for surface GluAl (Banke et al., 2000; Diering
et al., 2014; Ehlers, 2000; Esteban et al., 2003; Kim and Ziff, 2014; Lee
et al., 2000; Lee et al., 2003; Man et al., 2007; Oh et al., 2006). While
total GluAl levels were unchanged, pGluA1-S845 levels were increased
by the 80% time point [also observed when compared to mock
(Fig. S3A—B)] and remained elevated at terminal disease (Fig. 4B-C),
suggesting GluAl is at the cell surface. While mGluR5 or NMDA acti-
vation drive an increase in synaptic Arc to facilitate AMPA receptor

endocytosis (Chowdhury et al., 2006; Wilkerson et al., 2018; Wilkerson
et al., 2014), here the persistently high level of pGluA1-S845 suggests
that the Arc response was ineffective.

To determine whether there were alterations in synapse structure,
we performed transmission electron microscopy (TEM) on terminal
prion-inoculated (22 L) mouse brain and uninfected control brain. At
terminal disease, the hippocampus showed markedly curved PSDs not
observed in the uninfected control (Fig. 4D). Collectively, these data
show that prions induce elevated levels of pGluA1-S845 and markedly
alter PSD structure.

3.4. Sporadic CJD patients show a marked reduction in mGluR5

Finally, to determine whether IEG and synaptic receptor levels differ
in the brain of patients with sCJD, we performed immunoblotting on
occipital cortex from sCJD [n = 8, subtypes MM1 and MV1 (n = 2),
MM1-2 (n = 2) and MV1-2 (n = 2), MV2 (n = 2)] and control (n = 6)
post-mortem samples (Table 1 & Table 2). sCJD patient disease duration
ranged from 4 to 27 months and cortical PrPS levels negatively corre-
lated with disease duration (Pearson r = —0.79; P = 0.02) (Fig. 5A - B).
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Table 1
Patient demographic data and clinical features.

Patient Age of onset Disease duration PRNP genotype at sCJD Clinical signs at Western blot: relative MRI: occipital cortex
number (years) (months) codon 129 subtype onset occipital PrP5¢ levels* abnormalities
1 60 20 MV 1-2 Visuospatial 0.09 yes
2 55 24 MV 1-2 Behavior 0.6 no
Behavior/
3 69 6 MV 1 Memory 3.9 no
4 57 4 MM 1 Motor 3.2 no
Cognitive/
5 69 10 MM 1-2 Apraxia 2.3 yes
Behavior/
6 69 15 MV 2 Memory 0.9 no
7 56 10 MM 1-2 Language 1.2 no
8 79 27 MV 2 Cognitive 1.1 yes

* Levels relative to a control case (PrP codon 129 MM1).

Table 2
Demographic data for control cases.
Patient Age at death Gender  Mini Mental State BRAAK
number (years) Examination (MMSE) combo
1 80 F 29 1
2 93 F 30 1
3 87 M 29 1.1
4 102 F 27 1
5 71 M - 1
6 83 F 29 1.1

There were no significant alterations in Arc or Homer1 (Fig. 5C), how-
ever, most sCJD brains showed a massive reduction in mGluR5 dimers
[reduction of 76 + 8% of control values (mean + SE)], suggesting low
levels of membrane-bound mGluR5 receptors [samples 2 and 5 (MV1-2
and MM1-2) had a less pronounced decrease in dimers] (Fig. 5D-E). The
reduction in mGluR5 dimers was specific, as GluN1, GluA1, and mGIluR5
monomers were unaltered. Additionally, the levels of pre- and post-

synaptic proteins, synaptophysin, VAMP2, and PSD-95, were similar to
controls (Fig. 5D-E), despite the control patient population being
significantly older (Table 3).

Taken together, these results suggest that prions induce neuronal
synaptic activity in vivo, as Arc was upregulated and there was an in-
crease in phosphorylated AMPA receptors. Additionally, mGluR5 dimers
were markedly reduced, potentially as a compensatory mechanism for
high neuronal activity.

4. Discussion

Synapse loss is thought to be an early response to prion aggregates in
the brain, yet the initial molecular events triggered by prions in vivo are
unclear. Here we use an unbiased transcriptomic analysis to identify
immediate early genes (IEGs) as among the most significant, highly
upregulated genes in the hippocampus in early prion disease, preceding
the upregulation of inflammatory genes in male mice. Although Arc is
required for mGIluR5-LTD (Park et al., 2008; Waung et al., 2008), these
data suggest that elevated Arc in the prion-infected hippocampus was



D. Ojeda-Judrez et al.

A

o

Neurobiology of Disease 172 (2022) 105834

C

Control

Cont sCJD
(MM1) neg sCJD 1234561 23 456738
i 8 2 1 6 @5— 50-|‘---—---- ARG
+ - + o+ o+ o+ o+
- 8 5 37| e s e s e s s e w9 | GAPDH*
3 - =
o — B .
25| 2 37- HOMER1
‘ ‘ . PP ® 37 —
55 o —— — GAPDH
3 HOMER1
3 7 4 5 2
e
37- - - o T
25- . - z 3
2 1
o e % )
20- o S x
@ 0. £
< 5
I
Con sCJD
D Control sCJD E
123456123 456738 mGIuR5 monomer mGIuRS dimer GluN1
. . mGIuRS 3 20- = T 1.5+ — 1.5 e
250, B ..L.-— - ~dimer g g . : .
o o =gy o0 @ 0.5 . < :
150-."..=—==—'-'—' }monomer 515 ® %1.0- b 210— T - E
100 - e — - e~ - £ T Q o g - i
2 1.0 = £ e « 9 o Q
o T L] = p>
100 /M FT RIS GIuNY E © 051 Zos{ 3
9 057 B S [T o
37 . .- IGAPDH z 0
0 .- € g.0- 0.0
100" “ . M- [—py—— GluA1 = Con sCJD Con sCJD Con sCJD Con sCJD
KYS ™. - %
- — ———— - - CARDH Synaptophysin PSD95
ns ns
F7{ s e W W 8 e & | Synaptophysin < 307 2.5+
‘3 2.54 - i [ ]
100---—---— - - - PSD95 %20 .52'0 é
£ 20 - B
'd < <
7| - | Actin .§1.5— B %
2 1.0 ? s
Qo
15. M-...—d/ VAMP2 §°'5' & g
37 -{ o e e o e e e e 0 e @29 | GAPDH* ® 0.

Con sCJD Con sCJD Con sCJD

Fig. 5. Occipital cortices from sCJD patients show a marked decrease in mGluR5 dimers. (A, B) Western blot and quantification of PK-resistant PrP> in the occipital
cortex of sCJD patients”. (C-E) Western blots and quantification of IEGs and synaptic proteins from control and sCJD patient cortical samples. *indicates the same
GAPDH loading controls for proteins immunoblotted on the same membrane. n = 6 controls and n = 8 sCJD patients. Welch’s t-test. **P < 0.01; ***P < 0.001.

“Western blots previously published in (Orru et al., 2018).

Table 3

Number of subjects, sex, and age at the time of death for control and sCJD
subjects for samples used in Fig. 5. Age is shown as mean =+ standard deviation
(SD). Statistical analysis of age was performed using a Welch’s t-test.

Table 3 Occipital cortex

Characteristics Control sCJD P value*
Number of subjects 6 8 -
Age at death (years) 86 + 11 66 + 9 0.004
Sex [male (%)] 2 (33%) 3 (38%)

associated with chronic synaptic activity, with pGluAl (S845)
increasing to terminal disease. Given reports that Arc induction is su-
perseded by high NMDA receptor activity (Steward and Worley, 2001),
here we define Arc as an early indicator of a disruption in glutamatergic
synaptic homeostasis. A caveat is that the biochemical analysis per-
formed here provides an average of hippocampal synaptic proteins,
obscuring the heterogeneity of synaptic responses to prions. Neverthe-
less, this work reveals post-translational alterations and thereby opens

new avenues for selectively evaluating how prions chronically deregu-
late synaptic homeostasis.

Arc plays a key role in synaptic plasticity by modulating AMPA re-
ceptor internalization and promoting LTD (Chowdhury et al., 2006;
Zhang et al., 2019; Zhang et al., 2015). Following prion exposure, we
observed an increase in Arc, yet with a notable lack of subsequent
synaptic downscaling; GluAl was phosphorylated at S845, suggesting
membrane insertion at the post-synaptic density. Further investigation
to reveal the cause of the persistent increase in pGluA1-S845 is neces-
sary. Active CaMKII reportedly reduces Arc-driven internalization of
AMPA receptors (Okuno et al., 2018; Zhang et al., 2019), thus it is
possible that in prion disease, active CaMKII limits the access of Arc to
the post-synaptic density, which could explain the seemingly persistent
elevation in pGluA1-S845. Alternatively, downstream signaling events
required for AMPA receptor down-regulation may be impaired in prion
disease.

Previous in vitro work has demonstrated that PrP€ and PrP5¢ interact
with NMDA receptors, with one study reporting a direct interaction
between PrP¢ and NMDA receptor subunits (Khosravani et al., 2008).
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Soluble, full length PrP€ was shown to activate cell signaling events in an
NMDA receptor- and LRP1-dependent manner, including Src family ki-
nase transactivation of TrkA leading to downstream activation of ERK1/
2 (Mantuano et al., 2020). Consistent with PrP® functioning as a ligand,
PrPC was reported to reduce NMDA receptor activity by lowering the
magnitude of non-desensitizing currents (Huang et al., 2021). In
contrast to PrPC, Harris and colleagues showed that PrP5 rapidly acti-
vates NMDA receptors, stimulates p38 mitogen-activated protein kinase
(MAPK) and other kinases, and leads to spine collapse (Fang et al.,
2018). This spine retraction phenotype was prevented by the noncom-
petitive NMDA channel blocker, memantine, but not the mGIuR5 re-
ceptor antagonist, 2-methyl-6-(phenylethynyl)-pyridine hydrochloride
(MPEP). The current study reveals the early synaptic activity response to
prions in vivo, including the early Arc response followed by an increase
in pGluA1-S845, which has not been previously described. Collectively
these findings suggest chronic synaptic activity and a failure to restore
synaptic homeostasis, which could contribute to synapse loss. There was
some variability observed in the degree of protein alteration between
the cohorts, which may be caused by inter-cohort differences in the ki-
netics of disease progression. In future studies, it would be important to
identify the molecular mechanisms driving the prion-induced increase
in Arc as well as the apparent failure of Arc to regulate AMPA receptors.
It is worth noting that mGIuR5 dimer levels were reduced in early-to-
mid (pre-clinical) experimental prion disease and continued to pro-
gressively decrease. Moreover, mGluR5 dimer levels were markedly
reduced in the terminal sCJD patient brain as compared to aged control
brains. mGluR5 dimers are expressed on the cell surface of neurons and
glial cells, and are constitutively endocytosed, with most recycled
mGluR5 returning to the cell surface, and the remainder ubiquitinated
by the E3 ligase, Siah-1A (Moriyoshi et al., 2004), and degraded in the
lysosome (Ko et al., 2012). Reports indicate that PrPC interacts with
mGluRb5, triggering intracellular signaling (Haas et al., 2014; Um et al.,
2013). Interestingly, prion-infected mice treated with an mGIluR5
antagonist showed a modestly prolonged survival (Goniotaki et al.,
2017). Given that phosphorylated AMPA receptors may be indicators of
high synaptic activity, the reduced mGluR5 level is intriguing and raises
the question of a possible compensatory downregulation of mGluR5. It
remains unresolved whether the reduction in mGluRS5 is beneficial or
detrimental to synaptic homeostasis, and whether the reduction is strain
specific. Also, since astrocytes and microglia also express mGluRS5, it is
possible that glial mGIuR5 levels are altered in prion infection. Future
studies to define the mechanism underlying the reduction in mGIluR5
dimers, as well as the cell type(s) driving the reduction, would be
important to understanding whether the loss is due to degradation of
mGIluR5 at the synapse. Regardless of the mechanism of mGluRS5 loss,
PET-ligands that target mGluR5 receptors are currently available
(Mecca et al., 2021) and may be immediately useful to explore for
diagnosing prion disease and for tracking therapeutic efficacy.

5. Conclusion

We have shown evidence suggesting that prions induce synaptic
activity in the hippocampus, with important consequences including
AMPA receptor activation in the pre-clinical stage of disease. Future
studies to further investigate the cross-talk between glutamatergic re-
ceptors in the early response to prions as well as studies of how alter-
ations in synaptic activity cause synapse loss would be warranted.
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