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Diminished Neuronal ESCRT-0 Function Exacerbates AMPA
Receptor Derangement and Accelerates Prion-Induced
Neurodegeneration

Jessica A. Lawrence,1 Patricia Aguilar-Calvo,1 Daniel Ojeda-Juárez,1 Helen Khuu,1 Katrin Soldau,1

Donald P. Pizzo,1 Jin Wang,1 Adela Malik,1 Timothy F. Shay,2 Erin E. Sullivan,2 Brent Aulston,3

Seung Min Song,1 Julia A. Callender,1 Henry Sanchez,4 Michael D. Geschwind,5 Subhojit Roy,1,3

Robert A. Rissman,3 JoAnn Trejo,6 Nobuyuki Tanaka,7,8 Chengbiao Wu,3 Xu Chen,3 Gentry N. Patrick,9 and
Christina J. Sigurdson1,10,11

1Department of Pathology, University of California, San Diego, La, Jolla, California, 92093, 2Division of Biology and Biological Engineering,
California Institute of Technology, Pasadena, California 91125, 3Department of Neurosciences, University of California, San Diego, La Jolla,
California 92093, 4Department of Pathology, University of California, San Francisco, San Francisco, California 94143, 5Department of Neurology,
Memory and Aging Center, University of California, San Francisco (UCSF), San Francisco, California 94143, 6Department of Pharmacology,
University of California, San Diego, La Jolla, California 92093, 7Division of Tumor Immunobiology, Miyagi Cancer Center Research Institute, Natori
981-1293, Japan, 8Division of Tumor Immunobiology, Tohoku University Graduate School of Medicine, Sendai 980-8575, Japan, 9Department of
Biology, University of California, San Diego, La Jolla, California 92093, 10Department of Pathology, Microbiology, and Immunology, University of
California, Davis, Davis, California 95616, and 11Department of Medicine, University of California, San Diego, La Jolla, California 92093

Endolysosomal defects in neurons are central to the pathogenesis of prion and other neurodegenerative disorders. In prion
disease, prion oligomers traffic through the multivesicular body (MVB) and are routed for degradation in lysosomes or for
release in exosomes, yet how prions impact proteostatic pathways is unclear. We found that prion-affected human and mouse
brain showed a marked reduction in Hrs and STAM1 (ESCRT-0), which route ubiquitinated membrane proteins from early
endosomes into MVBs. To determine how the reduction in ESCRT-0 impacts prion conversion and cellular toxicity in vivo,
we prion-challenged conditional knockout mice (male and female) having Hrs deleted from neurons, astrocytes, or microglia.
The neuronal, but not astrocytic or microglial, Hrs-depleted mice showed a shortened survival and an acceleration in synaptic
derangements, including an accumulation of ubiquitinated proteins, deregulation of phosphorylated AMPA and metabotropic
glutamate receptors, and profoundly altered synaptic structure, all of which occurred later in the prion-infected control mice.
Finally, we found that neuronal Hrs (nHrs) depletion increased surface levels of the cellular prion protein, PrPC, which may
contribute to the rapidly advancing disease through neurotoxic signaling. Taken together, the reduced Hrs in the prion-
affected brain hampers ubiquitinated protein clearance at the synapse, exacerbates postsynaptic glutamate receptor deregula-
tion, and accelerates neurodegeneration.
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Significance Statement

Prion diseases are rapidly progressive neurodegenerative disorders characterized by prion aggregate spread through the cen-
tral nervous system. Early disease features include ubiquitinated protein accumulation and synapse loss. Here, we investigate
how prion aggregates alter ubiquitinated protein clearance pathways (ESCRT) in mouse and human prion-infected brain, dis-
covering a marked reduction in Hrs. Using a prion-infection mouse model with neuronal Hrs (nHrs) depleted, we show that
low neuronal Hrs is detrimental and markedly shortens survival time while accelerating synaptic derangements, including
ubiquitinated protein accumulation, indicating that Hrs loss exacerbates prion disease progression. Additionally, Hrs deple-
tion increases the surface distribution of prion protein (PrPC), linked to aggregate-induced neurotoxic signaling, suggesting
that Hrs loss in prion disease accelerates disease through enhancing PrPC-mediated neurotoxic signaling.

Introduction
Prion diseases are rapidly progressive neurodegenerative disor-
ders, characterized pathologically by aggregated prion protein
(PrPSc), reactive astrocytic gliosis, neuronal spongiform degen-
eration, and synaptic loss in the CNS (Van Everbroeck et al.,
2000; Gambetti et al., 2003; Sikorska et al., 2004). PrPC is highly
expressed in neurons (Collinge et al., 1994; Fournier et al.,
1995; Herms et al., 1999) and binds PrPSc as well as amyloid-b
oligomers, triggering synaptic dysfunction (Laurén et al., 2009;
Fang et al., 2018). Clinical prion disease is coincident with syn-
apse loss and the formation of large intracellular vacuoles in the
soma and neuronal processes (Liberski et al., 1992; Belichenko
et al., 2000; Cunningham et al., 2003), yet the pathways trigger-
ing synaptic degeneration are unclear.

Pioneering efforts using in vitro models have identified prion
conversion sites at the plasma membrane (Veith et al., 2009;
Goold et al., 2013) and along the endocytic pathway (Borchelt et
al., 1992; Veith et al., 2009), namely, in early recycling endosomes
(Godsave et al., 2008; Marijanovic et al., 2009) and in multivesicu-
lar bodies (MVBs; Yim et al., 2015). Moreover, detection of PrPSc

in endosomes (Borchelt et al., 1992; Magalhães et al., 2005) and
exosomes (Fevrier et al., 2004; B.B. Guo et al., 2015) indicates that
prions transit through the ESCRT (endosomal sorting complexes
required for transport) pathway. Within the ESCRT pathway,
endosomal proteins are guided into MVBs for eventual fusion
with lysosomes or release in exosomes (Bilodeau et al., 2002;
Raiborg et al., 2002; Shih et al., 2002; Bache et al., 2003). The first
complex of the pathway, ESCRT-0, is a heterotetramer comprised
of two proteins, Hrs (hepatocyte growth factor-regulated tyrosine
kinase substrate) and STAM1 (signal transducing adaptor mol-
ecule 1) (Asao et al., 1997; Ren et al., 2009), which bind and
facilitate the trafficking of ubiquitin-tagged membrane proteins
into MVBs. In prion-infected neuroblastoma cells, depleting Hrs
disrupts the trafficking of the cellular prion protein, PrPC, into
MVBs and sharply reduces prion conversion (Vilette et al., 2015;
Yim et al., 2015), suggesting a key role for Hrs in PrPC trafficking
and prion propagation.

Multiple lines of evidence suggest that endolysosomal dysregu-
lation may be central to prion disease progression. For example,
SORCS1 (VPS10), an endosomal trafficking and sorting protein,
and syntaxin-6, a SNARE [soluble NSF (N-ethylmaleimide-sensi-
tive factor) attachment protein receptor] protein involved in retro-
grade transport, have been identified in genome-wide association
studies as risk factors for developing sporadic Creutzfeldt-Jakob
disease (sCJD) (C.A. Brown et al., 2014; Jones and Mead, 2020).
Additionally, PrPSc deposition sites in the brain correlate with visi-
ble endolysosomal defects in neurons, for example, spongiform
degeneration (Kovács et al., 2007; Liberski et al., 2010) linked to
PIKfyve loss (Lakkaraju et al., 2021). Yet how intraendosomal

prion conversion impacts endosomal maturation in neurons and
glial cells remains poorly understood, and the relationship
between prion replication, intraneuronal vacuolation, and
synaptic loss is unclear.

Despite compelling evidence for intracellular prion con-
version in vitro, the subcellular sites and functional impact of
intracellular prion conversion in vivo have been challenging
to investigate. We reasoned that a cell-targeted approach to
manipulate the ESCRT pathway provides an opportunity to
identify mechanistically how this pathway modulates prion
disease progression. We first discovered that prion-infected
mice and humans show a profound and specific reduction of
Hrs and STAM1, but not other ESCRT proteins. We then
used Hrs-depleted neurons and Hrsf/f mice (Tamai et al.,
2008) to investigate in a cell-specific manner how Hrs depletion
affects prion replication, endolysosomal trafficking, autophagy,
and synaptic degeneration. Intriguingly, only mice with neuron-
specific Hrs depletion showed a marked disease acceleration and
the early development of severe postsynaptic biochemical and
structural defects, including the accumulation of ubiquitinated
proteins at the synapse, an expanded postsynapse, and features
of deregulated glutamate homeostasis. Collectively, these find-
ings provide evidence that reduced neuronal Hrs (nHrs) exacer-
bates synaptic degeneration and may contribute to the rapid
clinical progression characteristic of prion disease. This study
also shows marked ESCRT-0 alterations at the synapse in a
human neurodegenerative disease, and offers an entry point into
understanding the disrupted clearance of ubiquitinated synaptic
proteins.

Materials and Methods
Mouse lines and animal care
Hrsf/f mice (C57BL/6J background; Tamai et al., 2008) were bred to
Syn1-Cre, GFAP-Cre, or LysM-Cre mice (The Jackson Laboratory). The
synapsin-1 promoter drives widespread neuron-specific Cre recombi-
nase expression from approximately E13, however with lower Cre
expression in the cerebellum (Zhu et al., 2001). Hrsf/f Cre1 and Cre�

littermates were maintained under specific pathogen-free conditions
on a 12/12 h light/dark cycle. Mice had access to standard laboratory
chow and water ad libitum.

All animal studies were performed following procedures to mini-
mize suffering and were approved by the Institutional Animal Care
and Use Committee at University of California, San Diego (UCSD).
Protocols were performed in strict accordance with good animal prac-
tices, as described in the Guide for the Use and Care of Laboratory
Animals published by the National Institutes of Health.

Patients with sporadic Creutzfeldt-Jakob disease and controls
The sCJD brain tissues used in this study were obtained from a pro-
spective study of sCJD patients evaluated between July 2015 and 2018
at University of California, San Francisco (UCSF) Memory and Aging
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Center clinical research program for rapidly progressive neurologic dis-
ease (Extended Data Table 1-1). All patients with sCJD had extensive
clinical testing, including brain MRI, CSF analysis for 14-3-3, neuron-
specific enolase (NSE), and total tau, and were classified premortem as
probable sCJD by UCSF clinical and radiologic diagnostic criteria
(Geschwind et al., 2007; Staffaroni et al., 2017). Cases were diagnosed
postmortem as sCJD byWestern blotting.

Autopsy verified, nonpathologic, aged (control) brain samples were
obtained from the Neuropathology Core and brain bank of the Shiley-
Marcos Alzheimer’s Disease Research Center at University of California,
San Diego (UCSD; Extended Data Table 1-2, Table 1-3). These control
brains were devoid of significant neurodegenerative disease pathology
(postmortem) and disease-related cognitive impairment at the antemor-
tem assessment proximate to death.

This study was approved by the ethics committee at University of
California, San Francisco. Informed consent was received by all patients
(IRB Study number 10-04905). All brain tissues used were de-identified
samples collected at autopsy (NIH Office of Human Subjects Research
Protections, exemption 4).

PRNP genotyping
The open reading frame of the PRNP gene was sequenced from all
patient samples to test for mutations in the PrPC sequence and to deter-
mine the genotype at polymorphic codon 129 (methionine or valine).
There were no mutations discovered in any of the patients with sCJD.
The sCJD prion subtype was determined by Western blot analysis at the
National Prion Disease Pathology Surveillance Center (NPDPSC) at
Case Western Reserve University (Extended Data Fig. 4-1).

Primary neuron culture
Primary cortical neurons from postnatal day (P)0 Hrsf/f mouse pups
were cultured in neurobasal media containing 2% B27-Plus supplement
and 1� GlutaMAX (all from Invitrogen). In brief, the cerebral cortices
were dissected in buffer (1 M MgCl2, 1 M CaCl2,1 M HEPES, and 2.77 M

glucose), dissociated with 0.25% trypsin at 37°C for 20min, treated with
DNase, and triturated. Debris was removed by passing the cells through
a 70-mm cell strainer. Cells were then centrifuged for 10min and resus-
pended in supplemented neurobasal media.

Prion inoculations
Groups of 10–15 male and female Hrsf/f Cre1 and Cre� littermates (6–
11weeks old) were anesthetized with ketamine and xylazine and inocu-
lated into the left parietal cortex with 30ml of 1% 22L prion-infected
brain homogenate from terminally-ill mice in sterile PBS. Strain 22L is a
mouse-adapted prion originally derived from sheep scrapie (Kim et al.,
1990; a kind gift from Michael Oldstone). Prion-inoculated mice were
monitored three times weekly for the development of terminal prion dis-
ease, including ataxia, kyphosis, stiff tail, hind leg clasp, and hind leg pa-
resis, and were euthanized at intermediate timepoints or at the onset of
terminal disease. The brain was halved, and one hemisphere was imme-
diately fixed in formalin. Specific brain regions were separately collected
for certain experiments. Fixed brains were treated for 1 h in 96% formic
acid, postfixed in formalin for 2–4 d, cut into 2-mm transverse sections,
and paraffin-embedded for histologic analysis. The remaining hemi-
brain was immediately frozen for biochemical studies. Survival time was
calculated from the day of inoculation to the day of terminal clinical dis-
ease. No mice were excluded from the analysis except where noted in the
figure legend.

Immunoblot analysis of mouse brains
Brain tissue was homogenized in PBS using a Beadbeater tissue homoge-
nizer. For PrPSc levels, protein levels were quantified using a BCA (bicin-
choninic acid) protein assay, and equal amounts of homogenates were
lysed in PBS containing 2% sarcosyl and endonuclease (benzonase), and
digested with 50mg/ml proteinase-K (PK) at 37°C for 30min, with the
reaction stopped by boiling samples for 5min in LDS loading buffer
(Invitrogen). Samples were electrophoresed in 10% or 4–12% Bis-Tris gels
(Invitrogen) and transferred to a nitrocellulose membrane by wet blotting.
Membranes were incubated overnight with monoclonal antibody POM1

(discontinuous epitope at C-terminal domain; Polymenidou et al., 2008) at
1:10,000 in blocking buffer followed by a 1-h incubation with an HRP-con-
jugated anti-mouse IgG secondary antibody (Jackson ImmunoResearch).

For the experimental measurement of Hrs, STAM1, Tsg101, and
CHMP2B levels in prion-infected brain, previously inoculated groups of
male and female C57BL/6, VMDK, tga20, or glycosylphosphatidylinosi-
tol (GPI)-anchorless PrPC expressing mice (also inoculated into the left
parietal cortex) (Aguilar-Calvo et al., 2017, 2018, 2020) were used for
Western blotting.

To analyze shed (ADAM10-cleaved) PrPSc levels, PrPSc was concen-
trated by performing sodium phosphotungstic acid precipitation before
Western blotting (Wadsworth et al., 2001). In brief, 10% brain homoge-
nate in an equal volume of 4% Sarkosyl in PBS was digested with benzo-
nase followed by treatment with 50mg/ml PK at 37°C for 30min. After
addition of 4% sodium phosphotungstic acid in 170 mM MgCl2 and pro-
tease inhibitors (Complete TM, Roche), extracts were incubated at 37°C
for 30min and centrifuged at 18,000 � g for 30min at 25°C. Pellets were
resuspended in 2% N-lauryl sarcosine before electrophoresis and immuno-
blotting. Membranes were incubated with sPrPG228 antibody (Linsenmeier
et al., 2018), and developed using a chemiluminescent substrate. After devel-
oping, the same membranes were then stripped with Restore Western blot
stripping buffer (Thermo Fisher Scientific), and then incubated with anti-
prion protein (PrP) POM1 antibody.

For synaptic and endolysosomal protein level analysis, brain homog-
enates were lysed in PBS containing 2% sarcosyl, benzonase, PhosStop,
and Complete Mini protease inhibitor for 30min on ice, and then cen-
trifuged for 5min at 2000 � g to remove debris. Equal amounts of
brain protein were loaded into gels for Western blot analysis. Actin or
GAPDH was used as a loading control. For probing phosphorylated
proteins, membranes were stripped twice for 15min each with Restore
Stripping Buffer (Thermo Fisher Scientific) and reprobed for total
protein.

Immunoblot analysis of sCJD brain samples
Frontal cortex was homogenized in PBS using a Beadbeater tissue ho-
mogenizer. Protein levels were quantified using a BCA protein assay,
and 30mg of protein per sample was lysed in PBS containing 2% sarcosyl,
endonuclease (benzonase), phosphatase inhibitors (PhosStop), and
protease inhibitors (Complete Mini) for 15min at 37°C, and then
centrifuged for 30 s at 18,000 � g to remove debris. Samples were
boiled for 5min in LDS loading buffer (Invitrogen) and electropho-
resed through a 10% Bis-Tris gel (Invitrogen) before transfer to a
nitrocellulose membrane.

Antibodies for Western blottings
The following antibodies were used for Western blotting: anti-PrP
(1:10,000, mouse anti-PrP POM1; Polymenidou et al., 2008), anti-Hrs
(1:5000, Cell Signaling Technology), anti-b actin (1:5000, Genetex), anti-
GAPDH (1:5000, Novus), anti-STAM1 (1:1000, Cell Signaling Technology),
anti-Tsg101 (1:500, Cell Signaling Technology), anti-CHMP2B (1:1000, Cell
Signaling Technology), anti-ubiquitin (1:7000, Dako), anti-Rab11a (1:1000,
Cell Signaling Technology), anti-Rab7 (1:1000, Cell Signaling Technology),
anti-Rab5 (1:1000, Cell Signaling Technology), anti-GluN1 (1:1000,
Cell Signaling Technology), anti-VPS35 (1:10,000, Genetex), anti-LC3-
I/II (1:1000, Cell Signaling Technology), anti-p62 (1:4000, Abnova),
anti-synapsin-1 (1:10,000, Thermo Fisher Scientific), anti-synaptophy-
sin (1:10,000, Invitrogen), anti-PSD95 (1:5000, Calbiochem), anti-K63
linked ubiquitin (1:1000, Cell Signaling Technology), anti-K48 linked
ubiquitin (1:1000, Cell Signaling Technology), anti-VAMP2 (1:10,000,
Cell Signaling Technology), anti-SNAP25 (1:10,000, Cell Signaling
Technology), anti-mGluR5 (1:2000, Cell Signaling Technology), anti-
GluA1 (1:1000, Cell Signaling Technology), anti-phosphorylated
GluA1 S831 (1:1000, Cell Signaling Technology), and anti-phos-
phorylated GluA1 S845 (1:1000, Cell Signaling Technology).

Immunohistochemical labeling and histologic analysis of mouse brains
Tissue sections were cut from blocks of formalin-fixed paraffin embedded
mouse brain. Four-micron tissue sections were stained on a Ventana
Discovery Ultra (Ventana Medical Systems) with antibodies to glial
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fibrillary acidic protein (GFAP) (1:6000; Dako), ionized calcium-bind-
ing adaptor molecule 1 (Iba-1) (1:3000; Wako), ubiquitin (1:3000;
Dako), NeuN (1:1000; Millipore Sigma), and lysosomal-associated mem-
brane protein 1 (LAMP1) (Developmental Studies Hybridoma Bank,
University of Iowa;1:150). 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; Ventana) for 20min followed by antigen
retrieval in CC1 (Tris-based; pH 8.5; Ventana) for 64min at 95°C. For
GFAP, only the protease P2 was used (Ventana) for 16min. For LAMP1,
Iba-1, and ubiquitin, all retrieval employed CC1 (Tris-EDTA, pH 8.5) for
either 24 (LAMP1) or 40min (Iba-1, ubiquitin, NeuN). Following re-
trieval, all antibodies were incubated on the tissue for 32min at 37°C. The
secondary antibody (HRP-coupled goat anti-rabbit; OmniMap system;
Ventana) was applied to the sections for 12min at 37°C. The primary anti-
body was visualized using the DAB (39-diaminobenzidine) chromagen fol-
lowed by a hematoxylin counterstain. Because of the low expression of
LAMP1, an additional amplification step was included before the DAB
reaction using the Ventana HQ-Amp system for 12min.

Transmission electron microscopy of mouse brains
Brain sections from uninfected and prion-infected wild-type (WT),
Hrsf/fSyn1-Cre1, and Hrsf/fSyn1-Cre� mice were fixed (transcardially
perfused or immersion-fixed) in modified Karnovsky’s fixative (2.5%
glutaraldehyde and 2% paraformaldehyde in 0.15 M sodium cacodylate
buffer, pH 7.4) to obtain high resolution ultrastructure of the synapses.
Following initial fixation, all brain samples were treated for 1 h in 96%
formic acid, washed in 0.15 M sodium cacodylate buffer, and postfixed in
modified Karnovsky’s fixative.

CA1 hippocampal sections were then immersed in 1% osmium te-
troxide 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 50–60 nm on a
Leica UCT ultramicrotome, and placed on Formvar and carbon-
coated copper grids. Sections were stained with 2% uranyl acetate for
5min and Sato’s lead stain for 1min. Grids were viewed using a JEOL
1200EX II (JEOL) transmission electron microscope and photo-
graphed using a Gatan digital camera (Gatan).

The electron microscopy images from the CA1 region of the hippo-
campus were analyzed using ImageJ. N represents number of synapses
analyzed across 12 mice. Degree of curvature was determined by meas-
uring the angle of the synapses using three points along the synaptic
cleft. Postsynaptic density (PSD) area was quantified by capturing the
electron dense region underlying the postsynaptic membrane.

qRT-PCR for hrs transcripts
Brain samples were collected and rapidly frozen on dry ice. To isolate RNA
from brain, brains were thawed in RNAice Later (Thermo Fisher
Scientific), lysed with PureLink RNA isolation lysis buffer, immersed in
5.3 M guanidine isothiocyanate for 24 h to denature proteins. RNA was iso-
lated using the PureLink RNA isolation kit (Thermo Fisher Scientific).
cDNA synthesis was performed using the Promega cDNA synthesis kit, ran-
dom hexamers, M-MLV RT buffer 5�, dNTP mix (10 mM), and M-MLT
RT. qRT-PCR was performed on a StepOnePlus (Applied Biosystems)
instrument using cDNA, TaqMan Gene Expression Master MixII,
AmpErase Uracil N-Glycosylase (Life Technologies), and FAM-labeled
primers for Hgs (assay ID: Mm00468635_m1, 4331182, Thermo Fisher
Scientific) and control murine GAPDH (Thermo Fisher Scientific).
Three mice per group were analyzed in triplicate.

Lentivirus generation
To generate the recombinant lentivirus, HEK293T cells at 80% confluency
were co-transfected with the shuttle vector (Cre-FUWG2, empty-FUWG2,
or mCherry-GFP-LC3) and the two helper plasmids, delta8.9 and VSV-G
envelope vector, using a CalPhosTM transfection kit (Takara). The media
was centrifuged at 2000 � g for 10min, filtered through a 0.22-mm filter,
incubated with PEG-it (System Bioscience) overnight at 4°C, and centri-
fuged at 1500� g for 30min at 4°C. The media was removed from the vi-
ral pellet, and the pellet centrifuged again at 1500 � g for 5min. Pelleted
viral particles were resuspended in cold sterile PBS and aliquoted for stor-
age at�80°C.

PrPSc partial purification
22L prion-infected and uninfected 10% brain homogenates were lysed in
2% sarcosyl in PBS containing benzonase and 50 mM MgCl2, incubated
for 30min at 37°C, and centrifuged at 4°C at 18,000 � g for 30min. The
pellets containing PrPSc were resuspended in 100ml of PBS and heated
to 65°C to sterilize samples for cell culture studies.

Quantification of PrPSc levels in neurons
Primary cortical neurons from P0 Hrsf/f mouse pups plated in 12-well
plates for 6 d in vitro (DIV) were transduced with either Cre-lentivirus
or the vector control lentivirus. Five days after transduction, the cells
were infected with partially purified 22L prions or similarly prepared
mock brain for 3 d. Neurons were then washed with PBS, lysed on ice in
2% sarcosyl with benzonase for 30min, and proteins quantified by BCA.
Equivalent levels of protein (100mg) were aliquoted and digested with
PK (10mg/ml final concentration) for 30min at 37°C. PrPSc in the cell
lysates was measured by Western blotting using anti-prion protein (PrP)
antibody, POM1 (Polymenidou et al., 2008).

For quantification of additional proteins, equal protein concentra-
tions of prion-infected and uninfected neuronal lysates were immuno-
blotted. Protein signals were captured and quantified using the Fuji LAS
4000 imager and Multigauge V3.0 software. N= 4 experiments, each
with technical duplicates.

Cell surface protein biotinylation and analysis
Primary cortical neurons from P0 Hrsf/f mouse pups plated in 6-well
plates were transduced with either Cre-lentivirus or vector control-lenti-
virus (as described above) after 6 DIV. After one week, cells were washed
with ice cold PBS. HEPES (0.1 M) with or without biotin (1mg/ml; Life
Technologies) was added to neurons, and neurons were incubated for
30min rocking on ice at 4°C. The reaction was quenched twice with
100 mM ice-cold glycine in 0.1 M HEPES buffer for 15min, washed with
PBS, and lysed in IP buffer (10 mM Tris-HCl, 150 mM NaCl, 10 mM

EDTA, 0.5% NP40, 0.5% DOC; pH 7.4 with CompleteMini protease
inhibitors). The lysate was then incubated on ice for 30min, and centri-
fuged at 10,000 � g for 5min. The supernatant was collected, and the
protein concentration was determined by BCA. Protein was saved for
assessing the input. Protein samples were incubated with streptavidin-
conjugated magnetic beads overnight at 4°C. The magnetic beads were
washed with lysis buffer and proteins eluted in lysis buffer with 0.2 M

DTT, boiled at 50°C for 5min, and then at 95°C for 5min before loading
onto 10% Bis-Tris gels for immunoblotting.

Autophagic flux assessment using mCherry-GFP-LC3 tandem reporter
Hippocampal primary neurons from P0 Hrsf/f mouse pups (100,000
cells/well) cultured on 12-mm round coverslips were transduced with
the mCherry-GFP-LC3 tandem reporter lentivirus and Cre-lentivirus or
the vector-control lentivirus. One week after transduction, neurons were
incubated with bafilomycin (50 nM final) or rapamycin (0.25mM final) for
4 h. To identify the Cre-transduced cells, cells were then fixed in 4% para-
formaldehyde (PFA) and stained with anti-Cre-antibody (Cell Signaling
Technology) and an Alexa-647 conjugated secondary antibody. Cells
were then fixed with 4% paraformaldehyde (PFA; Fisher Scientific). For
the fixation, PFA was diluted 1:1 in media (2% final), added directly to
the cells, and incubated for 20min at 37°C. The PFA was removed and
4% PFA was added for an additional 10min at room temperature. The
cells were then permeabilized in 0.5% Triton X-100 in PBS buffer for
5min, blocked in 3% BSA in 0.1% Triton X-100 in PBS for 1 h, incubated
with primary antibody in blocking buffer overnight at 4°C, and then
incubated with secondary antibody (1:250, Jackson ImmunoResearch
Laboratories) for 1 h followed by DAPI (Sigma-Aldrich). Coverslips were
mounted onto a glass slide using ProLong Gold Antifade mounting
media (Invitrogen). For neuron imaging analysis of LC3 puncta, N repre-
sents the number of cells quantified from three experiments. Only the im-
munostained neurons were analyzed.

Western blot analysis
To quantify the relative immunoblot signal intensities, protein signals
were captured using a chemiluminescent substrate (Supersignal West
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Dura ECL, Thermo Fisher Scientific) and visualized on a Fuji LAS
4000 imager. The chemiluminescent signals were quantified using the
Multigauge V3.0 software.

Quantification of histology
The Iba-1 and GFAP IHC stained slides were scanned on a Zeiss
AxioScan.Z1 (Carl Zeiss Microscopy LLC) using a 40� objective to
obtain maximal spatial resolution. The AxioScan.Z1 and software Zen2
(Carl Zeiss Microscopy LLC) was used for automatic thresholding and
tissue detection. All tissue sections encompassing the entire rostral-
caudal extent of the hemi-brain were scanned using the default stitch-
ing parameters to combine the individual tiles into a single image.
Whole slide images were imported into Definiens Software for quantita-
tive analysis (Definiens). The color contrast of the DAB and hematoxylin

counterstain were used to determine the basic region of interest (ROI).
Using the hematoxylin as a guide for the nuclei of individual cells, the out-
put values were all cells within the tissue, cells positive for IHC, and the
area of tissue stained for either GFAP or Iba-1. Quantification of
LAMP1 area was performed using ImageJ. The percent area covered by
LAMP1 in the frontal cortex (layers 1–6) was selected using the
Shanbhag auto-threshold. Positive nuclei in the NeuN stain were quan-
tified using ImageJ.

Statistical analyses
Log-rank (Mantel–Cox) tests were performed to assess survival differen-
ces between groups. A Student’s t test (two-tailed, unpaired) was used to
determine the statistical significance between two groups. ANOVA test-
ing was performed using one-way or two-way analysis with Tukey’s post

Figure 1. Specific reduction in ESCRT-0 proteins, Hrs and STAM1, in prion-infected mouse and human brain. A, B, Representative Western blottings and quantification of Hrs in whole-brain
lysate from uninfected and terminal prion-infected mice challenged with various prion strains (n= 3–5 mice/group). *Mouse was euthanized at an early time point and not quantified (98 dpi,
55% of disease course). C, D, Representative Western blottings and quantification of ESCRT proteins from uninfected control and prion-infected (strain 22L) mice (n= 4 mice/group). ^GAPDH
signal used for normalizing CHMP2B (same membrane). E, F, Representative Western blottings and quantification of Hrs in frontal cerebral cortex of unaffected or sCJD affected brain samples
(n= 11 controls, n= 9 sCJD). #Outlier identified by Grubbs’ test (excluded from graph). G, Hgs transcript levels in uninfected and prion-infected (22L) mouse brains. Relative protein levels or
transcripts were normalized to the average of the unaffected mice or humans. Data shown as mean6 SEM; each dot represents an individual mouse or human; unpaired, two-tailed Student’s
t test, *p, 0.05, **p, 0.01, ***p, 0.001. Data supported by Extended Data Figure 1-1 and Extended Data Tables 1-1, 1-2, and 1-3.

3974 • J. Neurosci., May 24, 2023 • 43(21):3970–3984 Lawrence et al. · Reduced ESCRT-0 in Prion-Induced Neurodegeneration

https://doi.org/10.1523/JNEUROSCI.1878-22.2023.f1-1
https://doi.org/10.1523/JNEUROSCI.1878-22.2023.t1-1
https://doi.org/10.1523/JNEUROSCI.1878-22.2023.t1-2
https://doi.org/10.1523/JNEUROSCI.1878-22.2023.t1-3


hoc test to assess group effects. Statistical tests and outlier determination
were performed using GraphPad Prism. All data in bar charts and dot
plots are shown as mean 6 SEM. For all analyses, p, 0.05 was consid-
ered significant.

Results
Hrs levels are markedly reduced in mice infected with diverse
prion strains
The ESCRT pathway delivers ubiquitinated membrane proteins
into MVBs for clearance by lysosomal degradation or release in
exosomes (Bilodeau et al., 2002; Raiborg et al., 2002; Erpapazoglou
et al., 2012), tightly regulating select receptors (Schmidt and Teis,
2012), including EGFR (Miller et al., 1986; Katzmann et al., 2002).
Given the evidence that prions also traffic into MVBs (Fevrier et
al., 2004; Yim et al., 2015), we aimed to evaluate how ESCRT
proteins are impacted by prion infection, first measuring
ESCRT proteins in prion-infected and uninfected mouse brain
by immunoblotting. Surprisingly, Hrs and STAM1 levels were

markedly reduced (;80% and 65%, respectively) in terminal
prion-infected brain (strain 22L; Fig. 1A–D). In contrast, Tsg101
(ESCRT-I) was modestly increased and CHMP2B (ESCRT III)
was unchanged (Fig. 1C,D), suggesting that the reduction in
ESCRT-0 was not simply because of neuron loss or a generally
downregulated ESCRT pathway. Notably, mice infected with six
additional prion strains, including GPI-anchored (subfibrillar)
and GPI-anchorless (fibrillar) prions, also showed markedly
reduced Hrs levels at terminal disease (Fig. 1A,B; Extended Data
Fig. 1-1), indicating that the Hrs reduction is not strain-specific,
but a widespread occurrence in the prion-infected brain. To
assess whether human patients also show a reduction in Hrs, we
analyzed the frontal cortex of sCJD patients (n=9) and age-
matched controls (n= 11). Similar to prion-infected mice, Hrs
was reduced in the frontal cortex by ;50% (Fig. 1E,F). Hrs (also
known as Hgs) transcript levels in terminal prion-infected (22L)
and control mice were similar (Fig. 1G), indicating Hrs loss
occurs post-transcriptionally.

Figure 2. Neuronal, but not astrocytic or microglial, Hrs depletion accelerates prion disease progression. A, Schematic illustrates the timeline of disease progression for prion-inoculated mice.
Days to average onset of terminal prion disease are shown. Created with biorender.com. B, C, Survival curves of Hrsf/fGFAP-Cre (B) and Hrsf/fLysM-Cre (C) intracerebrally inoculated with prions
(gray line shows uninfected Cre1 control mice). D, E, Representative Western blottings and quantification of PK-resistant PrPSc in brain lysates (n= 8-9 GFAP-Cre mice/group; n= 6–11 LysM-
Cre mice/group). F, G, Brain sections immunolabeled for PrP show diffuse PrPSc deposits in the hippocampus (CA1). H–J, Survival curves, representative Western blottings and quantification of
PrPSc, and PrP-immunolabeled hippocampal sections from prion-inoculated Hrsf/fSyn1-Cre mice (n= 7–8 Syn1-Cre mice/group). K, Western blottings and quantification of PrPSc in PK-digested
brain lysates from Hrsf/fSyn1-Cre� and Cre1 mice collected at 107 dpi (n= 4–5 mice/group). L, Brain sections immunolabeled for PrP show similar diffuse PrPSc deposits in the cerebral cortex.
M, Western blottings and quantification of PrPSc in NaPTA-precipitated, PK-digested brain lysates from Hrsf/fSyn1Cre� and Cre1 mice at 107 dpi with antibodies against ADAM-10-cleaved PrP
(sPrPG228) or total PrPSc (POM1; n= 4–5 Hrsf/fSyn1-Cre mice). Log-rank (Mantel–Cox) test (panels B, C, H) and unpaired, two-tailed Student’s t test (panels D, E, I, K, M), **p, 0.01 and
***p, 0.001. Scale bars = 100mm. Data supported by Extended Data Figures 2-1, 2-2, 2-3, 2-4, and 2-5.
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Hrs depletion in astrocytes or microglia does not alter prion
disease progression
To investigate how Hrs impacts prion disease, we depleted Hrs
in a cell-specific manner using an Hrsf/f mouse model, which has
loxP sites surrounding exons 2–4 and a frameshift that results in
a stop codon in exon 5 (Tamai et al., 2008). Single-cell transcripts
from cerebral cortex show higher Hrs transcripts in neurons as
compared with astrocytes and microglia (Allen Brain Atlas)
(mouse and human; Extended Data Fig. 2-1; Allen Institute for
Brain Science, 2020, 2021; Yao et al., 2021a,b). Neuronal Hrs
depletion in Hrsf/fSyn1-Cremice (synapsin-1 promoter) has been
linked to growth retardation and focal degeneration of CA3 hip-
pocampal neurons during aging (Tamai et al., 2008). To deplete
Hrs in astrocytes, microglia, and neurons, we crossed Hrsf/f mice
with GFAP-Cre (Hrsf/fGFAP-Cre1), LysM-Cre (Hrsf/fLysM-
Cre1), and synapsin-1-Cre (Hrsf/fSyn1-Cre1) mice, respectively,
and inoculated Cre1 and Cre� littermate control mice with 22L
prions (Fig. 2A). The 22L prion strain replicates in astrocytes
(Carroll et al., 2016); however, we found no differences in the
survival times of prion-infected Cre1 and Cre� mice with astro-
cytic Hrs depletion [prion-infected Hrsf/fGFAP-Cre1: 1536 2 vs
Cre�: 1516 2 d postinoculation (dpi); Fig. 2B]. Additionally,
there were no differences in survival times following microglial
Hrs depletion (Hrsf/fLysM-Cre1: 1436 2 vs Cre�: 1466 1 dpi;
Fig. 2C). PrPSc levels and distribution, spongiform degeneration,
and astrocyte reactivity were indistinguishable in Cre1 and Cre�

mice from Hrsf/fGFAP-Cre and Hrsf/fLysM-Cre lines (Fig. 2D–G;
Extended Data Fig. 2-2A). Ubiquitinated proteins showed an
upward trend in Hrsf/fGFAP-Cre1, but not in the prion-infected
Hrsf/fLysM-Cre1 brain (Extended Data Fig. 2-2B,C). To further
confirm these results, we repeated the prion transmission experi-
ment in Hrsf/fGFAP-Cre and Hrsf/fLysM-Cre mice and evaluated

brains at the 75% time point of disease (115 and 114 dpi), and yet
again found no differences in PrPSc levels or brain lesions
(Extended Data Figs. 2-2A, 2-3), suggesting that ESCRT-0 in
astrocytes and microglia does not significantly impact prion
pathogenesis.

Neuronal Hrs depletion profoundly accelerates prion disease
Uninfected Hrsf/fSynCre1 mice showed ;50% reduction in Hrs
and STAM1 levels in the rostral brain, which included cerebral
cortex, basal ganglia, hippocampus, and thalamus [536 9% (Hrs)
and 516 8% (STAM1); Cre expression is low in the cerebellum;
Zhu et al., 2001; Extended Data Fig. 2-4A], albeit with no differen-
ces in total PrPC levels (Extended Data Fig. 2-4B). Remarkably,
Hrs depletion in neurons accelerated prion disease progression by
nearly 25% (Cre1: 1066 2 vs Cre�: 1396 2dpi; Fig. 2H), with
Cre1 mice showing typical terminal signs of prion disease, includ-
ing kyphosis, ataxia, and inactivity. The short survival time was
surprising considering that Hrs depletion in cultured cells report-
edly reduces prion conversion (Vilette et al., 2015; Yim et al.,
2015), which we reproduced using Hrs-depleted primary neurons
infected with prions (Extended Data Fig. 2-5A). We noted that
Hrs-depleted neurons showed no change in total PrPC yet show
an increase (30%) in biotinylated surface PrPC expression
(Extended Data Fig. 2-5B,C), suggesting that reducing Hrs in neu-
rons leads to a retention of cell surface PrPC.

To determine whether the disease acceleration was because of
more rapid prion conversion or prion spread, we measured the pro-
teinase-K (PK) resistant PrPSc levels at terminal disease. Notably,
there was less PrPSc in the terminal Hrsf/fSyn1-Cre1 brain (456 2%
lower than control; Fig. 2I,J). To directly compare PrPSc levels
between Hrsf/fSyn1-Cre1 and Hrsf/fSyn1-Cre� mice (hereafter
referred to as Cre1 and Cre�) at the same time point, we

Figure 3. Reduced microgliosis with increased astrocytic response in the brains of prion-infected neuronal Hrs-depleted mice. A, Representative hematoxylin and eosin (HE) prion-infected
Hrsf/fSyn1-Cre� and Cre1 brain sections (thalamus). Iba1 (microglia)-immunolabeled (B, C) and GFAP (astrocytes)-immunolabeled (D, E) brain sections and quantification of labeled area (thala-
mus; n= 3–4 Hrsf/fSyn1-Cre mice/group). Scale bar = 100mm. Data shown as mean6 SEM. Unpaired, two-tailed Student’s t test, **p, 0.01. Data supported by Extended Data Figure 3-1.
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repeated the experiment and assessed the PrPSc levels and his-
tologic features in prion-infected brain at 107 dpi, when the
Cre1, but not the Cre�, mice were showing terminal clinical
signs, including kyphosis, weight loss, and ataxia. Here, we
observed no differences in the PrPSc levels between the Cre1

and Cre� mice as both were similarly low as compared with
terminal Cre� mice (Fig. 2K), suggesting that prion conver-
sion rate was unaffected by Hrs depletion. Additionally, there
were no differences in PrPSc morphology or distribution (Fig.
2L) or in ADAM10-cleaved PrPSc levels at 107 dpi (Fig. 2M).
Therefore, neuronal Hrs (nHrs) depletion markedly acceler-
ated disease progression in the context of unaltered prion
conversion kinetics, revealing an uncoupling of prion aggre-
gate load and neurotoxicity.

We next assessed the possibility that spongiform degeneration
or neuroinflammation was driving the early disease onset in the
Cre1 mice. However, there was significantly less spongiform

change and microglial activation in the terminal Cre1 mice
(Fig. 3A–C), reflective of a short incubation period (note:
Cre1 and Cre� brains at the same time point showed similar
mild spongiform change; Extended Data Fig. 3-1). In stark
contrast, astrocyte activation was consistently increased in ter-
minal Cre1 brain (Fig. 3D,E). Thus, terminal Cre1 mice
showed PrPSc levels, spongiosis, and microglial activation sim-
ilar to Cre� mice at 107 dpi, while astrocytic activation was ex-
cessive, revealing an unusual uncoupling in the microglial and
astrocytic response (astrogliosis and microgliosis typically
occur in parallel in prion disease; Ojeda-Juárez et al., 2022).
Collectively, these data suggest that neither high PrPSc levels
nor spongiform change were driving the acceleration to termi-
nal disease, while the astrocytic reactivity may reflect increased
synaptic dysregulation or higher metabolic activity, the latter
recently reported in a familial prion disease organoid model
(Foliaki et al., 2023).

Figure 4. Neuronal Hrs contributes to ubiquitinated protein clearance in prion disease. A, Representative Western blottings and quantification of p62 and LC3 II/I proteins in brain lysates of
age-matched uninfected and prion-infected Hrsf/fSyn1-Cre� and Cre1 mice. B, Terminal prion-infected brain sections immunolabeled for LAMP1 (cerebral cortex) and quantification. C,
Representative Western blottings and quantification of total ubiquitinated proteins from prion-infected Hrsf/fSyn1-Cre� and Cre1 mice collected at 107 dpi. D, Uninfected or terminal prion-
infected brain sections immunolabeled for ubiquitin. E–G, Representative Western blottings and quantification of total, K63-ubiquitinated, and K48-ubiquitinated proteins in uninfected and
prion-infected animals at terminal disease (terminal timepoints for Cre� mice: 127, 138, 136, 144 dpi, for Cre1 mice: 102, 102, 102 dpi). H, Representative Western blotting and quantification
of ubiquitinated proteins in synaptosomes collected from Hrsf/fSyn1-Cre� and Cre1 brain at 103 dpi. Data shown as mean6 SEM shown. Relative protein levels were normalized to the aver-
age of the uninfected mice (n= 3–8 Hrsf/fSyn1-Cre mice/group for immunoblots). Two-way ANOVA with Tukey’s multiple comparisons post hoc test (A, E–G), unpaired, two-tailed Student’s t
test (C, H). *p, 0.05, **p, 0.01, ***p, 0.001. Scale bars = 200mm (B) and 20mm (D). Scale bar = 10mm for ubiquitin inset (D). Data supported by Extended Data Figures 4-1, 4-2, and
4-3.
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Hrs depletion impairs ubiquitinated protein clearance at the
synapse
Depleting ESCRT proteins reportedly disrupts autophagic flux in
cultured cells (Filimonenko et al., 2007; J.A. Lee et al., 2007;
Tamai et al., 2007). We depleted Hrs in cultured Hrsf/f neurons
using a Cre-lentivirus and found that autophagosomes accumu-
lated when autophagy was induced with rapamycin (Extended
Data Fig. 4-1A–D).

We next measured the autophagic protein levels in prion-
infected brain. At terminal disease, prion-infected Cre� brain
showed an accumulation of p62 and LC3-II/I, suggesting im-
paired autophagic clearance as previously reported (Boellaard et
al., 1991; Liberski et al., 2008; Xu et al., 2012; López-Pérez et al.,
2019, 2020; Fig. 4A). However, terminal prion-infected Cre1

brain showed p62 and LC3-II/I levels similar to uninfected brains
(Fig. 4A). Histologically, LAMP1 immunostaining in the brain
was also lower in the terminal Cre1 brain as compared with ter-
minal Cre� brain (Fig. 4B), however, in mice collected at the

same time point, LAMP1 labeling in Cre� brain was similar to
preterminal Cre� brain (Extended Data Fig. 3-1), suggesting that
there was no detectable difference in the accumulation of auto-
phagosomes or in lysosome formation, excluding dysregulated
autophagy as a likely driver of the accelerated disease progression.

Considering that ESCRT-0 sorts ubiquitinated membrane
proteins within developing MVBs (Chau et al., 1989; Thrower et
al., 2000; Lauwers et al., 2009) and that Hrs depletion increases
ubiquitinated proteins as observed as a trend here (cortex of
young mice; p= 0.13; Extended Data Fig. 4-2) and previously
shown by others (hippocampus and cortex, increasing with age;
Tamai et al., 2008), we reasoned that ubiquitinated proteins may
accumulate at earlier disease stages in the Cre1 mice. By 107 dpi,
ubiquitinated proteins were already 50% higher in the prion-
infected Cre1 than the Cre� brain, indicating an early marked
disruption in the clearance of ubiquitinated proteins (Fig. 4C).
Both K63-linked and K48-linked ubiquitinated proteins were
higher in Cre1 mice, suggesting that the impairment of both

Figure 5. Neuronal Hrs depletion accelerates severe synaptic structural phenotype in prion disease. A, Timeline depicts the clinical status of the prion-infected Hrsf/fSyn1-Cre1 and Hrsf/fSyn1-
Cre� mice at four timepoints. B, Schematic shows the CA1 hippocampal region examined by electron microscopy (boxed). SO = stratum oriens; SP = stratum pyramidale; SR = stratum radia-
tum; SLM = stratum lacunosum-moleculare; SM = stratum moleculare; HF = hippocampal formation. C, Representative transmission electron microscopy images of uninfected and prion-
infected Hrsf/fSyn1-Cre� and Cre1 brain at three disease timepoints. D, Quantification of the degree of curvature of the postsynapse. E, Quantification of the postsynaptic density (PSD) area.
(F) Quantification of the synapse length. N� 26 synapses per mouse from 15 mice (Uninfected: n= 2 Hrsf/fSyn1-Cre� and Cre1 mice/group; Prion-infected: n= 5 and 6 Hrsf/fSyn1-Cre�/WT
and Cre1 mice, respectively). Data shown as mean6 SEM. Scale bar = 100 nm. One way-ANOVA with Tukey’s multiple comparisons post hoc test. *p, 0.05, **p, 0.01, ***p, 0.001.
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major degradative pathways, lysosomal and proteosomal, was
exacerbated by Hrs depletion (Extended Data Fig. 4-3). At termi-
nal disease, ubiquitinated protein accumulation was similarly
increased in the Cre� and Cre1 mice (Fig. 4D–G). Collectively,
these results indicate that nHrs depletion accelerates ubiquiti-
nated protein accumulation in prion-infected mice.

The ubiquitination of synaptic membrane proteins is critical
to maintaining synaptic homeostasis (Bingol and Schuman,
2005; Patrick, 2006; Haas and Broadie, 2008). To determine
whether the ubiquitinated protein accumulation at the synapse
of nHrs-depleted mice was accelerated, we next isolated synapto-
somes from the forebrain of prion-infected Cre1 and Cre� mice
at the same time point, when Cre1 mice were terminal. Notably,
the synaptosomes showed markedly higher ubiquitinated protein
levels in Cre1mice (42% increase), indicating that nHrs is critical
for ubiquitinated protein clearance at the synapse (Fig. 4H).

Loss of nHrs accelerates severe synaptic structural defects
during prion infection
To investigate how nHrs depletion and the accumulation of
ubiquitinated proteins impact synapse structure, we imaged
adjacent synaptic fields from the hippocampal CA1 stratum radi-
atum and lacunosum moleculare from uninfected and prion-
infected mice at;84, 107, and 139 dpi, and measured the curva-
ture, postsynaptic density (PSD) area, and PSD length (Fig. 5A,
B). By 84dpi, the synapses of the prion-infected Hrsf/fSynCre1

mice were already highly curved (primarily concave) and the
PSD was thick and irregular, and by 107 d, there was an increase

in the PSD length as compared with the uninfected mice
(unchanged in uninfected Cre1; Fig. 5C–F). By 139 dpi, the ter-
minal Cre� mice also showed highly curved synapses and thick
PSDs (Fig. 5C–F), indicating that the Cre1 mice develop a simi-
lar synaptic phenotype but on a markedly accelerated timeline.
Notably, an increase in PSD length and area has been reported
with activity at glutamatergic excitatory synapses (Tao-Cheng,
2019). Together, the numerous highly concave synapses as well
as longer and deeper PSDs are consistent with postsynaptic
expansion in the terminal prion-infected mice, with the Cre1

mice developing a synaptic phenotype .30d earlier, suggesting
that neuronal Hrs loss is detrimental to synapses.

nHrs depletion accelerates synaptic protein alterations in
prion disease
To determine whether the levels of synaptic vesicles (SVs) and
synaptic proteins were altered, we next analyzed a panel of pre-
synaptic and postsynaptic proteins at ;84 d, 107 d (terminal
Cre1 mice), and 139 d (terminal Cre� mice). Although Hrs
binds SNAP25 on SVs (Sun et al., 2003), neither nHrs depletion
nor prion-infection altered the levels of the SV proteins,
VAMP2, SNAP25, or synaptophysin, at any time point (Fig. 6A,
B; Extended Data Fig. 6-1). However, at 107 dpi, prion-infected
Cre1 brain showed less synapsin-1 (syn1), which helps regulate
SV number and neurotransmitter release (Patzke et al., 2019;
107 dpi: Cre1: 0.916 0.09, Cre�: 1.356 0.05, p= 0.06; Fig. 6C,
D), with levels similarly reduced in Cre� mice by ;30d later
(Cre1: 0.666 0.05 and Cre�: 0.556 0.05 relative to uninfected

Figure 6. Neuronal Hrs depletion accelerates synaptic protein loss and the accumulation of phosphorylated GluA1 receptors. A–D, Representative Western blottings and quantification of syn-
aptic proteins in brain lysates of age-matched uninfected and prion-infected Hrsf/fSyn1-Cre� and Cre1 mice at terminal disease (A, B) or at 107 dpi (C, D; n= 3–8 mice/group). E, F,
Representative Western blottings show phosphorylated GluA1 receptors (S831 and S845) relative to total protein levels (n= 3–4 mice/group). Data shown as mean 6 SEM. Relative protein
levels were normalized to the average of the uninfected Hrsf/fSyn1-Cre mice. Two-way ANOVA with Tukey’s multiple comparisons post hoc test (A, B and E, F), unpaired, two-tailed Student’s t
test (C, D). *p, 0.05, **p, 0.01, ***p, 0.001. Data supported by Extended Data Figures 6-1, 6-2, and 6-3.
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brain; Fig. 6A,B). Additionally, both Rab5 and VPS35 were
significantly reduced or trending low (p=0.07), respectively,
although were not altered in synaptosomes (Fig. 7A,B,E;
Extended Data Fig. 7-1). Other Rab GTPases (Rab7 and Rab11a)
were unaltered in the Cre1 mice (note only Rab5 is reduced
starting at 84 dpi; Fig. 7A–G), collectively suggesting that Hrs
loss during prion-infection impacts proteins involved in early
endosomes.

Postsynaptic membrane proteins, including AMPA receptors
(AMPARs; Schwarz et al., 2010), are regulated by ubiquitination
(Mabb and Ehlers, 2010), therefore may be altered by Hrs deple-
tion. At 107 dpi, phosphorylated AMPA receptors, pGluA1-S845
were increased in the Cre1 mice (-S831 was unaltered), suggest-
ing that nHrs loss exacerbates GluA1 retention in the postsynap-
tic membrane (Fig. 6C,D; Extended Data Fig. 6-2). By terminal
disease, all prion-infected mice showed an increase in pGluA1 at
S831 and S845 (Fig. 6E,F), suggesting that prion infection leads
to increased GluA1 membrane retention (S845; Roche et al.,
1996; Esteban et al., 2003; H.K. Lee et al., 2003) and increased
sensitivity to depolarization (S831; Roche et al., 1996; H.K. Lee et
al., 2003). Notably, mGluR5 (metabotropic glutamate receptor)
levels were reduced in the terminal Cre1 mice at 107 dpi and
were similarly low in the Cre� mice, but only at the terminal dis-
ease time point (Fig. 6A–D), indicating Hrs depletion is linked to
an accelerated loss of mGluR5. The total levels of PSD95, GluA1,
and GluN1 were unchanged or slightly elevated (GluN1; Fig. 6A,
B; Extended Data Figs. 6-1, 6-2), while NeuN immunolabeled
cortical sections showed similar numbers of total neurons in

prion-infected Cre1 and Cre� mice (Extended Data Fig. 6-3).
Thus, these data show an accelerated accumulation of pGluA1-
S845 and loss of mGluR5 in the Cre1 prion-infected mice, sug-
gesting that nHrs facilitates glutamate receptor homeostasis.
Collectively, this study defines how a marked ESCRT-0 reduc-
tion in prion-affected mouse and sCJD brain alters glutamate re-
ceptor homeostasis and accelerates synaptic degeneration in
prion disease.

Discussion
Synaptic alterations occur early and correlate with clinical onset
in prion disease (Johnston et al., 1997; Belichenko et al., 2000;
Jeffrey et al., 2000; D. Brown et al., 2001; Ferrer, 2002; Chiti et al.,
2006; Mallucci et al., 2007; Sisková et al., 2009), yet the sequence
of events underlying synaptic degeneration is poorly understood.
For example, it is unknown how the synapse responds to the
impaired clearance of ubiquitinated proteins in the prion-
affected brain (Cammarata and Tabaton, 1992; Ironside et al.,
1993; McKinnon et al., 2016). Here, we show a profound reduc-
tion of ESCRT-0 and a derangement of glutamate receptors, to-
gether with ubiquitinated protein accumulation at the synapse in
the prion-affected brain. Using a rigorous conditional approach to
manipulate Hrs in a cell-specific manner in vivo, we found that
nHrs depletion accelerates prion-induced synaptic degeneration
and shortens survival, despite unaltered prion conversion kinetics,
thus uncoupling PrPSc levels and neurotoxicity. Structural studies
show the accelerated development of an expanded and concave

Figure 7. Depleting Hrs in prion-infected mice reduces early endosomal proteins. A–E, Representative Western blottings and quantification of endosomal proteins in brain lysates of unin-
fected and prion-infected Hrsf/fSyn1-Cre� and Cre1 mice. Relative protein levels were normalized to the average of the uninfected Hrsf/fSyn1-Cre� levels. F, G, Western blottings and quantifica-
tion of Rab5 in prion-infected Hrsf/fSyn1-Cre� and Cre1 mice at 84 d (F) and 107 d (G) after inoculation. N= 3–8 mice per group. Data shown as mean6 SEM. Two-way ANOVA with Tukey’s
multiple comparisons post hoc test. B–E, *p, 0.05, **p, 0.01. Unpaired, two-tailed Student’s t test (F, G), *p, 0.05, ***p, 0.001.
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postsynapse enveloping the presynapse, concurrent with increased
pGluA1-S845 and severe astrogliosis, which was not observed in
uninfected Hrs-depleted mice. Our findings reveal Hrs as a pivotal
component of the synaptic machinery that is severely altered in
prion disease.

ESCRT-0 sorts ubiquitinated membrane cargo, including
AMPAR (Ehlers, 2000; Schwarz et al., 2010; Wollert and Hurley,
2010), to MVBs for clearance by autophagy or exosomal release
and thus is critical for the rapid regulation of presynaptic and
postsynaptic proteins (Colledge et al., 2003; Schwarz et al., 2010;
Watson et al., 2015; Sheehan et al., 2016). Here, we find markedly
reduced Hrs while ubiquitinated synaptic proteins are increased
in prion-infected mice, linking PrPSc to reduced Hrs function.
Moreover, depleting nHrs accelerated major biochemical and
structural synaptic aberrations during prion disease, including (1)
phosphorylated GluA1 receptor (S845) accumulation, (2) reduced
synapsin-1 and mGluR5 receptors, and (3) severe enlargement of
postsynapses. The heightened pGluA1-S845 levels are indicative of
increased synaptic GluA1 containing AMPARs, including homo-
meric GluA1 Ca21-permeable AMPARs, which may contribute
to Ca21 influx-triggered excitotoxicity (C. Guo and Ma, 2021).
Furthermore, the buildup of ubiquitinated substrates at the syn-
apse may contribute to PSD expansion (Wang et al., 2017) and
postsynaptic overgrowth (Wan et al., 2000; DiAntonio et al., 2001;
Wang et al., 2017) and is consistent with the aberrant postsynaptic
structures others have observed (Sisková et al., 2013), collectively
suggestive of activated excitatory synapses in prion disease.

Given that AMPARs are linked to excitotoxicity and are
cleared in part by transit through MVBs, a crucial question raised
by our study is, how does the reduced Hrs impact AMPAR recy-
cling in prion disease? AMPAR and other PSD proteins are regu-
lated in part by K63 ubiquitination (Widagdo et al., 2015; Ma et
al., 2017), and decreased ESCRT-0 engagement of ubiquitinated
AMPAR may promote AMPAR recycling to the plasma mem-
brane and membrane retention instead of degradation (Ehlers,
2000), which enhances AMPAR-mediated signaling. In support
of this possibility, we found markedly elevated phosphorylated
GluA1 (S831 and S845) levels in all terminal prion-infected mice,
suggestive of heightened AMPAR activity and synaptic upscaling
and consistent with the curved and elongated postsynaptic den-
sities observed here and previously reported following synaptic
activation (Desmond and Levy, 1983; Yim et al., 2015; Tao-
Cheng, 2019). As we are the first to report increased GluA1 re-
ceptor phosphorylation in prion disease (previously in Ojeda-
Juárez et al., 2022), determining whether glutamate receptor
alterations are common among diverse prion diseases would be
an important next step. Our results may have some parallels to
Parkinson’s disease models, in which a-synuclein oligomers acti-
vate NMDA receptors (NMDAR), alter AMPAR composition,
and increase AMPAR recruitment to the synapse (Diógenes et
al., 2012). Taken together, our studies favor a testable model in
which heightened excitatory synaptic activity occurs in conjunc-
tion with reduced ESCRT-0, further exacerbating the retention
of AMPAR and promoting heightened calcium entry and detri-
mental downstream signaling responses.

Here, we find that reducing nHrs accelerated the synaptic
derangement and markedly accelerated progression to terminal
disease. We also report an increase in surface PrPC with Hrs deple-
tion. Given the substantial experimental evidence showing that (1)
neuronal PrPC is necessary and sufficient for prion-induced toxic-
ity (Mallucci et al., 2003; Sonati et al., 2013), (2) PrPC expression
negatively correlates to survival time (Büeler et al., 1994; Fischer et
al., 1996), and (3) mice with increased neuronal surface PrPC

expression from depletion of the PrPC sheddase, ADAM10, show
accelerated disease progression (Altmeppen et al., 2015), the most
parsimonious explanation is that nHrs loss also increases surface
retention of PrPC in vivo, potentiating neurotoxic signaling and
advancing synaptic impairment in prion disease. In this case,
increased surface PrPC in glia would not impact neuronal toxicity
or survival time, consistent with the negative findings in astrocyte
and microglia Hrs-depleted mice. Further, mice overexpressing
PrPC show accelerated disease progression despite less PrPSc in
brain than wild-type mice (Fischer et al., 1996; Altmeppen et al.,
2015), similar to our results and suggesting that PrPSc levels do
not universally correlate with survival time (Fischer et al., 1996).
The clinical implication is that as Hrs levels decline, neuronal
surface PrPC may rise and accelerate disease progression, under-
scoring the importance of therapeutic strategies to reduce PrPC

expression in prion-affected patients. Future studies to further
resolve how Hrs regulates neuronal PrPC levels, PrPSc-induced
signaling, and neuronal activity are necessary to provide addi-
tional insight into the cascade of synaptic alterations that devel-
ops in prion disease.

Our studies also shed light on ESCRT-0 function at the syn-
apse. Previous studies report that Hrs transits in axons on a subset
of Rab51 vesicles (Birdsall et al., 2022) and engages in SV home-
ostasis, facilitating the activity-dependent clearance of select SV
proteins in cultured neurons (Sheehan et al., 2016). Additionally,
teetering mice that express mutant Hrs show reduced release of
acetylcholine at the neuromuscular junction, potentially contrib-
uting to motor deficits (Watson et al., 2015). Here, Hrs depletion
was linked to an early rise in pGluA1-S845 levels in prion disease,
suggesting that ESCRT-0 has an important role in regulating
AMPAR. We speculate that Hrs regulation may be linked to neu-
ronal activity and may underlie the low Hrs levels reported here.
Future studies of ESCRT-0 regulation and function at the presy-
napse and postsynapse and of ESCRT pathway alterations in neu-
rodegenerative disease would be warranted.

In summary, this study demonstrates that (1) Hrs is markedly
reduced in the brain in prion disease, regardless of strain, (2) Hrs
loss does not detectably impact prion conversion in vivo, and (3)
neuronal Hrs depletion slows ubiquitinated protein clearance
at the synapse, increases surface PrPC, and accelerates synaptic
degeneration, which together may contribute to the rapid clinical
deterioration in prion disease. Our findings raise a number of
questions with respect to prion disease progression in humans
and animals, including, what are the mechanistic underpinnings
of the post-transcriptional reduction in Hrs, and how is the
reduced Hrs linked to AMPAR activity and the accelerated synap-
tic derangement? Manipulating Hrs and the ESCRT pathway to
facilitate ubiquitinated protein clearance at the synapse provides a
new avenue of investigation with therapeutic implications for
prion and potentially other neurodegenerative diseases, such as
Alzheimer’s and Parkinson’s disease, in which misfolded oligom-
ers also bind PrPC.
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