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Summary 
In neurodegenerative diseases, such as prion diseases and Alzheimer’s disease, disease-

associated proteins misfold and form amyloid deposits that progressively invade the CNS, 
leading to severe neurodegeneration. Accumulating evidence suggests that amyloid proteins 

propagate in a prion-like, self-perpetuating manner, but the mechanism of aggregate 
multiplication in mammals remains unclear. Amyloid deposits are associated with 

neurodegeneration and can induce a toxic gain-of-function or loss-of-function phenotype. Yet, 
the contribution of both effects to neurodegeneration is not fully understood. Surprisingly, the 

same pathogenic protein can aggregate into different structural variants that, similar to prion 
strains, may cause heterogenous clinical symptoms. However, how the amyloid structure can 

influence disease progression needs to be elucidated. Previously, our group established the 

NM-HA mouse model that expresses the hemagglutinin-tagged prion domain NM of the 
Saccharomyces cerevisiae prion Sup35 that behaves like a prion in mammalian cells. As NM 

does not possess a cellular function in mammals, it can be used to study the gain-of-function 
of protein aggregates in the absence of loss-of-function effects. 

In this project, we used the NM-HA mouse line to investigate the ability of fibril-induced 
NM-HA aggregates to propagate in the mammalian brain, and thus to model human prion-like 

proteins. Additionally, we tested if the gain-of-function of intracellular NM-HA aggregates can 
cause neurodegeneration and compared the disease pathogenesis induced by two different 

NM fibril conformers. Here we show that the intracranial injection of NM fibrils into NM-HA 
animals induces progressive NM-HA aggregation, demonstrating that yeast NM prions can 
replicate in mice. Interestingly, our data points to the involvement of the chaperone valosin-
containing protein (VCP) as potential NM prion disaggregase in this process. NM-HA 

aggregates seeded by the NM fibril variants spread from the hippocampus to similar 
neuroanatomically connected regions, with striking similarity to pathologies observed in wild 

type mice challenged with disease-associated protein aggregates. Fibril-injected animals 
develop mild cognitive decline, likely caused by neuronal loss in hippocampal subregions with 
prominent NM-HA deposition. Remarkably, neurodegeneration is accompanied by local 
microgliosis and astrogliosis. Hence, a non-mammalian and non-disease-related protein is 
able to cause neurodegeneration upon aggregation in mice, likely via a neurotoxic gain-of-
function effect. As fibril-injected NM-HA mice recapitulate key aspects of the pathogenesis 
of human neurodegenerative disorders, our data argue that mechanisms underlying 
intracellular amyloid fragmentation, dissemination, and toxicity might be shared between 
amyloidogenic proteins.  
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1 Introduction 

1.1 Prion diseases  

Prion diseases, or transmissible spongiform encephalopathies (TSEs), are a class of infectious 
neurodegenerative disorders (NDDs) characterized by the deposition and dissemination of 
misfolded prion protein within the CNS, resulting in profound neurological impairment and 
ultimate death (Prusiner, 1998). In humans, TSEs include Creutzfeldt-Jakob disease (CJD), 
Kuru, Gerstmann-Sträussler-Scheinker syndrome, and fatal familial insomnia. In animals, 
prion diseases comprise scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle, 
chronic wasting diseases in deer, and others. Human TSEs mostly develop sporadically 
(~85 %), but can also be inherited due to mutations in the prion protein gene (PRNP), or can 
be acquired by exposure to prion-contaminated tissue or material (Collinge, 2001). Some 
TSEs also possess zoonotic potential, as discovered in the 1990s, when the consumption of 
BSE-contaminated meat caused variant CJD in humans (Chazot et al., 1996). Clinical 
manifestations of TSEs in humans include a variety of symptoms, such as progressive 
dementia, motor dysfunction, and psychiatric disturbances. Typically, TSEs are 
asymptomatic over many years, but upon clinical onset, the disease progresses rapidly and 
causes death within weeks to months (Collinge, 2001; Wadsworth and Collinge, 2007). Upon 
ingestion, prions accumulate in the lymphoreticular system and gradually spread to the CNS 
and invade the whole brain. Brain tissue from terminally diseased TSE patients displays 
characteristic prion protein plaques, spongiform vacuolation, neuronal loss, microgliosis, and 
astrogliosis (Prusiner, 1998; Aguzzi and Calella, 2009). To date, no therapeutic approaches 
are available to treat or cure TSEs.  

At the molecular level, prion diseases are characterized by the misfolding and 
conformational conversion of the cellular prion protein (PrPC) into its pathological prion 
isoform PrPSc. It is now widely accepted that PrPSc is the sole agent causing TSEs as proposed 
by the “protein-only” hypothesis (Bolton et al., 1982; Prusiner, 1982). Native PrPC is rich in α-
helices (~40 %) and is attached to the plasma membrane of neurons and glia via its glycosyl-
phosphatidyl-inositol (GPI) anchor. It regulates numerous, yet unclear cellular processes, 
such as cell signaling, cell proliferation, and cell cycle regulation (Soto et al., 2006; Wulf et al., 
2017). Unlike PrPC, PrPSc is a homopolymer rich in β-sheets (~45 %). Aggregation occurs 
through the alignment of PrPSc β-sheets, resulting in highly structured and stable cross-β 
fibrils, in which the β-sheets are organized perpendicular to the fibril axis (figure 1) (Eanes and 
Glenner, 1968). These so-called amyloid fibrils are resistant to proteolytic cleavage and most 
denaturating conditions. They can be stained using amyloid dyes, such as Congo red or 
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thioflavin S and T (Collinge, 2001; Westermark, 2005). Prions propagate by a self-replicating 
process termed “seeded polymerization” (figure 1) (Jarrett and Lansbury, 1993; B. Caughey 
et al., 1995). According to this model, initial PrPSc forms spontaneously from PrPC in a slow, 
rate-determining step via an intermediate fold that assembles into small PrPSc oligomers. 
These oligomers then rapidly recruit monomeric PrPC by catalyzing the misfolding of PrPC into 
PrPSc to ultimately adopt a highly structured amyloid fold. Continuous elongation finally leads 
to the formation of large amyloid fibrils. It is hypothesized that, for efficient prion replication, 
fibrils are fragmented into short infectious seeds by as yet unknown mechanisms. These 
seeds in turn recruit and convert PrPC and propagate the PrPSc phenotype (Soto et al., 2006; 
Aguzzi and Calella, 2009). In addition, infectious entities are transmitted to neighboring cells, 
in which they induce PrPSc aggregation. This instigates a self-perpetuating prion infection that 
progressively spreads throughout the whole brain (Weissmann et al., 2002). 
 

1.2 Amyloid associated with human neurodegenerative disorders 

The deposition of amyloid in the CNS, accompanied by progressive neuronal loss, is not 
exclusive to prion diseases but is also a feature of other human NDDs. Each of these 
amyloidosis is characterized by the misfolding of one or more specific proteins, such as tau 
and amyloid-b in Alzheimer’s disease (AD), a-synuclein in Parkinson’s disease (PD), huntingtin 
in Huntington’s disease (HD), or TAR DNA-binding protein 43 (TDP-43) in amyotrophic lateral 
sclerosis (ALS) (Soto, 2003; Jucker and Walker, 2018). AD is the most common NDD in 

Figure 1. The seeded polymerization model of prion replication. In a slow process, native PrPC spontaneously 
misfolds to an intermediate state that adopts the pathological b-sheet-rich PrPSc conformation and generates a 
short oligomer. The oligomer rapidly expands by recruiting more homotypic protein through conversion of PrPC 
into PrPSc. This leads to the formation of large amyloid fibril, in which b-sheets are organized perpendicular to the 
fibril axis. For prion replication, fibrils likely are fragmented into short seeds that serve as new nucleation sites. 
Prion spreading is achieved by seed transmission to neighboring cells. 
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humans and its sporadic form is characterized by late-onset progressive dementia and 
decline in cognitive functions, caused by the degeneration of neurons in the hippocampus 
and basal forebrain (DeTure and Dickson, 2019). In the brain, patients gradually develop 
extracellular plaques consisting of misfolded amyloid-b and intracellular neurofibrillary tangles 

made of aggregated tau. Alike PrPSc, pathological amyloid-b and tau have amyloid structures 
that stain with amyloid-binding dyes (Eisenberg and Jucker, 2012). In its native form, tau binds 
to and stabilizes microtubules, but in disease it becomes hyperphosphorylated and prone to 
aggregation (V. M. Lee et al., 2001). Amyloid tau is also found in other NDDs, termed 
tauopathies, that include corticobasal degeneration (CBD), Pick’s disease, and progressive 
supranuclear palsy. Although all caused by aggregation of tau, tauopathies are very 
heterogeneous and differ in clinical symptoms, neuropathological patterns of tau deposition, 
and tau amyloid morphologies (Crowther and Goedert, 2000). 

PD is the second most prevalent NDD after AD and manifests as movement disorder 
with resting tremors (involuntary movement), bradykinesia (slowed movement), and muscle 
rigidity (Herva and Spillantini, 2015). Main cause is the progressive degeneration of 
dopaminergic neurons in the substantia nigra in the midbrain. There, neurons accumulate a-

synuclein that forms cytoplasmic or neuritic amyloid inclusions termed Lewy bodies or Lewy 
neurites (Spillantini et al., 1997). Native a-synuclein is mainly found in presynaptic terminals 
of neurons, where it is involved in the vesicles trafficking and synaptic plasticity. However, its 
exact functions remain unclear (Burré, 2015). The deposition of a-synuclein is also a feature 
of other so-called synucleinopathies, such as dementia with Lewy bodies (DLB) and multiple 
system atrophy (MSA). Alike tauopathies, synucleinopathies strongly differ in 
neuropathological lesions and disease phenotypes (Hoppe et al., 2021). 

These examples emphasize that multiple proteins with different structures can adopt 
amyloid conformations and cause NDDs with diverse clinical phenotypes (Chiti and Dobson, 
2006). Similar to TSEs, non-prion amyloidosis develop after a long asymptomatic phase. 
However, after first symptoms, they progress more slowly and less dramatically than TSEs. 
Most importantly, TSEs in animals can be contagious, as PrPSc can be transmitted naturally 
between individuals. For example in deer, transmission occurs by the oral uptake of prion-
contaminated urine, saliva, and feces (Gilch et al., 2011). So far, transmission of AD and PD 
from one human to another has not been demonstrated, hence, these diseases are not 
considered infectious (Scheckel and Aguzzi, 2018). 
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1.3 Prion-like properties of amyloidogenic proteins 

It is now widely accepted that NDD-associated proteins have prion-like properties and can 
propagate in a self-replicating manner. First hints came from the analysis of brain tissue from 
AD and PD patients that demonstrated the spatio-temporal dissemination of pathological tau, 
amyloid-b and a-synuclein in the brain (Braak and Braak, 1991, 1995; Braak et al., 2003). 
According to the Braak staging, tau deposits in AD arise in the locus coeruleus (brain stem) 
and entorhinal cortex (hippocampal formation) (stages I-II) before invading the hippocampus 
and large cortical areas at later disease stages (stages III-VI) (figure 2 A). Affected neurons in 
targeted brain regions degenerate, causing the AD-typical dementia (Goedert, 2015). This 
non-diffuse spreading pattern suggests a specific cell-to-cell propagation and continuous 
replication of pathogenic amyloid. Since then, a growing number of studies have provided 
strong evidence for the prion-like induction, replication, and intercellular dissemination of 
various disease-associated amyloid, such as tau, a-synuclein, and TDP-43, in cell systems 

and in vivo. In line with the seeded polymerization model (figure 1), exogenous seeds of the 
pathologic protein induce intracellular aggregates of homotypic protein in cells and 

Figure 2. Amyloidogenic proteins disseminate in the brain in a prion-like manner. A Dissemination of tau 
aggregates in the brain according to the Braak stages. Tau accumulations develop in the locus coeruleus and 
entorhinal cortex (stages I-II) before entering the hippocampal formation (stages III-IV) and large parts of the cortex 
(stages V-VI). Image modified from Goedert et al., 2015. B Amyloid transmission routes from a donor to a recipient 
neuron. Infectious entities can be transmitted via diffusion (1), receptor-mediated endocytosis (2), or 
macropinocytosis (3). Seeds can also be released in extracellular vesicles (4) or be transferred via tunneling 
nanotubes connecting both neurons (5). 
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subsequent transmission of the aggregated state to bystander cells (Luk et al., 2009; J. L. 
Guo and Lee, 2011; Hansen et al., 2011; Kaufman et al., 2016; Smethurst et al., 2016). 
Similarly, intracranial injection of amyloid seeds in living animals induces homotypic amyloid 
formation and a time-dependent propagation of the amyloid conformation to synaptically 
connected brain regions (Luk et al., 2012a; Clavaguera et al., 2013; Prusiner et al., 2015; J. L. 
Guo et al., 2016; Porta et al., 2018). Several routes of trans-synaptic transmission have been 
proposed for amyloid tau, a-synuclein, and PrPSc that may be shared (figure 2 B). Recent 

findings indicate that tau and a-synuclein seeds are released from neurons via exocytosis 
and freely enter the extracellular space (figure 2 B, 1) (Tapiola et al., 2009; Mollenhauer et al., 
2013). The recipient cell can take up seeds either directly through the plasma membrane or 
upon seed binding to receptors, such as heparan sulfate proteoglycans (PrPSc, tau, a-

synuclein) or lymphocyte activation gene 3 (a-synuclein) (figure 2 B, 2) (Holmes et al., 2013; 
Mao et al., 2016). Intracellular uptake may then be mediated via receptor-mediated 
endocytosis and macropinocytosis (figure 2 B, 3) (Vella et al., 2007; Desplats et al., 2009; 
Frost et al., 2009). Furthermore, data from cell systems suggest the release of seeds via 
extracellular vesicles (EVs) that fuse with the plasma membrane of the recipient cell (figure 
2 B, 4) (Vella et al., 2007; Danzer et al., 2012; Saman et al., 2012). Lastly, tunneling nanotubes 
have been proposed to be involved in seed transmission (figure 2 B, 5) (Gousset et al., 2009; 
Abounit et al., 2016). In the recipient neuron, amyloid formation is seeded in the cytosol. 
Although a fraction of seeds accesses the cytosol directly, most internalized seeds enter the 
endolysosomal pathway for lysosomal degradation (Karpowicz et al., 2017). Recent data 
suggests that seeds escape the endosome or lysosome via aggregate-mediated membrane 
rupture (Flavin et al., 2017), however the exact mechanism remains to be determined. 
 

1.4 Amyloidogenic proteins can form distinct strains 

It has early been discovered that prions, when inoculated into the brain of animals, cause 
different disease phenotypes with different incubation times, clinical signs, and 
neuropathological lesions (Bessen and Marsh, 1992b). These phenotypes remained 
consistent across serial passages, and the associated prion variants have been referred to as 
“strains”. In vitro analyses of these strains revealed distinct biochemical properties, such as 
different glycosylation patterns, proteolytic profiles on Western blot after protease K 
digestion, or resistance to denaturation with chaotropic agents (Bessen and Marsh, 1992a; 
Collinge et al., 1996). This suggested that prion strains are defined by distinct folds or 
conformations of PrPSc and led to the prion strain hypothesis, which states that PrPSc can 
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adopt multiple conformations, each causing a unique neuropathology and disease phenotype 
(figure 3 A). Although this hypothesis has long remained unproven, recent advances in prion 
purification from brain tissue and cryogenic electron microscopy (cryo-EM) revealed the 
structure of hamster- and mouse-adapted PrPSc strains on a molecular level. These data 
demonstrated that these prion strains are characterized by distinct PrPSc folds (Kraus et al., 
2021; Manka et al., 2022; Manka et al., 2023). Hence, a protein with the same primary 
sequence can fold into different amyloid conformations and cause different disease 
phenotypes. Remarkably, the strain phenomenon of prion diseases has also been extended 
to other NDDs. Accumulating evidence suggests that the disease heterogeneity of human 
tauopathies and synucleinopathies is caused by different conformers of amyloid tau or a-

synuclein, respectively. First support for a-synuclein strains came from in vitro studies, in 

which distinct a-synuclein polymorphs were generated under different salt concentrations 

(Bousset et al., 2013). In the following years, various in vivo studies demonstrated that the 

intracerebral inoculation of tau and a-synuclein aggregates isolated from patient’s brains 
reproduced similar aggregate morphologies and caused distinct clinical phenotypes and 
different deposition patterns in mice (Luk et al., 2012b; Clavaguera et al., 2013; Masuda-
Suzukake et al., 2013; Prusiner et al., 2015; Narasimhan et al., 2017). Recently, cryo-EM has 

been used to resolve the structures of many tau and a-synuclein aggregate variants (figure 
3 B) (Fitzpatrick et al., 2017; Falcon et al., 2018; Falcon et al., 2019; Schweighauser et al., 
2020; W. Zhang et al., 2020; Yang et al., 2022). These data confirmed that each tauopathy is 

Figure 3. The strain hypothesis of prions and non-prion amyloidogenic proteins. A According to the strain 
hypothesis, PrPSc can adopt different conformations that cause distinct neuropathological lesions and disease 
phenotypes. It is now widely accepted that also other amyloidogenic proteins, such as tau, amyloid-ß, synuclein, 
and TDP-43, fold into disease-specific structures. B Cryo-EM maps of filamentous tau (left panels) and a-synuclein 
(right panels) isolated from patients with AD (Falcon et al., 2018), CBD (Zhang et al., 2020), PD (Schweighauser et 
al., 2020), and MSA (Yang et al., 2022). Each disease is characterized by a distinct amyloid conformation that also 
can include paired filaments (AD, MSA). Images show cross-sections of reconstructed filaments, perpendicular to 
fibril axis. 
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characterized by an individual tau fold that is identical between patients with the same disease 
(Scheres et al., 2020). Interestingly, the structure of a-synuclein variants differs between PD 

and MSA but is identical between PD and DLB (Yang et al., 2022). Future studies will reveal 
more structures of protein aggregates associated with other NDDs. However, it is crucial to 
identify the factors that determine the formation of these specific folds and how they cause 
different disease phenotypes. For tau, it has been proposed that the isoform composition and 
post-translational modifications influence the amyloid structure (Arakhamia et al., 2020), but 
for other amyloidogenic proteins this remains unclear. 
 

1.5 Toxic loss-of-function and gain-of-function of intracellular amyloid  

Intracellular protein aggregates have been associated with neurodegeneration, but the exact 
mechanisms underlying amyloid-induced neurotoxicity remain enigmatic. According to the 
loss-of-function hypothesis, neurons degenerate in response to the partial loss of the native 
function of the aggregating protein. For example, hyperphosphorylation and aggregation of 
tau leads to the destabilization of microtubules, resulting in impaired axonal transport 
(Feinstein and Wilson, 2005; Cowan et al., 2010). In line with this, tau knock-out (KO) mice 
develop cognitive and motor deficits with age, suggesting that tau is necessary for proper 
brain function (Lei et al., 2014). However, it is believed that the functional loss is accompanied 
by the acquisition of neurotoxic functions (gain-of-function) of the protein aggregate that 
contribute to neurodegeneration. Remarkably, accumulating evidence suggests that it is 
small, soluble oligomers, rather than large protein aggregates, that drive neurotoxicity. This 
includes intracellular oligomers of tau, a-synuclein, and TDP-43, but also extracellular 

oligomers of amyloid-b and PrPSc (Brunden et al., 2008; B. Caughey et al., 2009; Kayed and 
Lasagna-Reeves, 2013; Fang et al., 2014). This is supported by data showing that synaptic 
loss, cognitive decline, and neurodegeneration appear to precede tau neurofibrillary tangles 
in AD mouse models and post-mortem studies of human AD (Gómez-Isla et al., 1997; 
Yoshiyama et al., 2007; Polydoro et al., 2009). Additionally, injecting tau oligomers, but not 
monomer or fibrils into the brain of WT mice led to cognitive decline, loss of synapses, and 
mitochondrial dysfunction (Lasagna-Reeves et al., 2011). Furthermore, the expression of 
oligomer-forming variants of a-synuclein in rat brain caused increased neurotoxicity 

compared to fibrillar a-synuclein (Winner et al., 2011). Within the cell, various mechanisms of 
oligomer and aggregate-associated toxicity have been proposed that may be shared between 
different pathogenic proteins. In addition to mechanical stress caused by large, rigid 
aggregates, hydrophobic residues at the tips of oligomers can interact with lipid membranes, 
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leading to the rupture of intracellular organelles or pore formation in the plasma membrane 
(Lashuel et al., 2002; Laganowsky et al., 2012; Pieri et al., 2012). This may result in ion 
dyshomeostasis, neuron depolarization, oxidative stress with reactive oxygen species, and 
mitochondrial dysfunction (Byron Caughey and Peter T. Lansbury, 2003; H. Zhang et al., 2021; 
Cascella et al., 2022). In addition, a-synuclein and amyloid-b oligomers have been suggested 
to cause endoplasmic reticulum stress, and to impair the proteostasis network by directly 
inhibiting the proteasome (Lindersson et al., 2004; Jiang et al., 2010; Thibaudeau et al., 2018). 
It is believed that cells, to protect themselves, sequester toxic protein species and store them 
in large protein deposits. Hence, intracellular aggregates may have a beneficial effect for cells 
(Alonso Adel et al., 2006). However, these large protein deposits can in turn physically hinder 
cellular and axonal transport and sequester essential cellular components, such as 
chaperones or proteasomes (Ballatore et al., 2007; Louros et al., 2023). This may lead to 
impaired protein homeostasis and to the mislocalization and functional loss of other essential 
cellular components (Riemenschneider et al., 2022).  
 

1.6 Neuroinflammation in NDD pathogenesis  

NDDs are characterized by chronic neuroinflammation, such as microgliosis and astrogliosis, 
in brain regions containing protein deposits (McGeer et al., 1988; McGeer et al., 1989; 
Liddelow et al., 2017). Accumulating evidence points to a central role for neuroinflammation 
in disease pathogenesis, and the involved mechanisms are gradually being elucidated. 
Inflammation in the brain is regulated by, among others, microglia and astroglia, the resident 
immune cells of the CNS that maintain brain homeostasis. Microglia are brain macrophages 
that, in their quiescent state, continuously survey their microenvironment with their processes, 
contributing to synaptic plasticity and tissue homeostasis (Nimmerjahn et al., 2005). 
Astrocytes are the most abundant glia cells in the brain and provide vital support to neuronal 
function by regulating neurotransmitter levels, offering metabolic support, and contributing to 
the formation and maintenance of the blood-brain-barrier (Sofroniew and Vinters, 2010). Upon 
an insult, microglia and astrocytes become activated and help to restore tissue homeostasis 
by repairing or removing cellular debris, dead cells, or other toxic agents. In their pro-
inflammatory state, microglia change from a highly-branched phenotype to an unbranched, 
amoeboid state. In addition, microglia release pro-inflammatory cytokines that recruit more 
glia to the insulted area (S. Hickman et al., 2018). Astrocytes become activated in a process 
termed reactive astrogliosis. In this state, astroglia express high amounts of glial-fibrillary 
protein (GFAP) and release pro-inflammatory cytokines and other signaling molecules 
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(Sofroniew and Vinters, 2010). While inflammation in general can be beneficial, a prolonged 
inflammatory response has a detrimental effect and can lead to neuronal loss and tissue 
damage (Kempuraj et al., 2016). 

Neuroinflammation in AD and PD occurs before neurons die, suggesting that glia 
become activated in early disease stages (Gerhard et al., 2006; Yoshiyama et al., 2007; 
Heneka et al., 2015). Activated microglia were found to surround extracellular amyloid-b 
plaques, presumably to clear them by phagocytosis (Frautschy et al., 1998). It has been 

shown that microglia bind directly to amyloid-b fibrils via specific receptors and then become 
active, triggering an inflammatory response (Bamberger et al., 2003). This interaction may 
initiate a vicious cycle that further promotes the aggregation and spread of amyloid-b. In 

addition, it likely induces neurodegeneration due to the continuous release of pro-
inflammatory cytokines and other neurotoxic molecules (S. E. Hickman et al., 2008; Venegas 
et al., 2017). Microglia also take up amyloid tau for degradation (Bolós et al., 2016). However, 
microglial activation was shown to also enhance tau hyperphosphorylation, which in turn 
promotes the formation of tau deposits (D. C. Lee et al., 2010). In PD, microglia may act via a 
similar mechanism. Activated microglia are found in the substantia nigra of PD patients, where 
they surround extracellular a-synuclein deposits and contain engulfed a-synuclein (McGeer 
et al., 1988; Stokholm et al., 2017). Accumulating evidence suggests that the activation of 
microglia and the release of pro-inflammatory cytokines attracts and activates astroglia (D. 
Zhang et al., 2010; Liddelow et al., 2017). Reactive astrocytes have been found around 

amyloid-b deposits in AD and a-synuclein aggregates in PD (Wakabayashi et al., 2000; 

Medeiros and LaFerla, 2013). Additionally, astroglia can take up amyloid tau and a-synuclein 
and thereby might contribute to tau dissemination in the brain (Puangmalai et al., 2020). Like 
microglia, astroglia release potentially neurotoxic molecules, such as cytokines and nitric 
oxide, potentiating the inflammatory response and potentially accelerating disease 
progression (D. Zhang et al., 2010; Reid et al., 2020). 
 

1.7 The cellular protein quality control system  

A balanced proteome, the collective of cellular proteins, is a prerequisite for viable cells and 
is particularly important for post-mitotic cells, such as neurons. To maintain protein 
homeostasis, or proteostasis, cells rely on a complex protein quality control (PQC) machinery 
that regulates protein folding and refolding, as well as degradation and sequestration of 
misfolded proteins (Balch et al., 2008). Central to these processes are molecular chaperones, 
the ubiquitin-proteasome system (UPS), and the autophagy-lysosomal pathway (ALP). Ageing 
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is associated with the functional decline of the proteostasis network, leading to the 
accumulation of misfolded aggregation-prone proteins (Morley et al., 2002; Taylor and Dillin, 
2011). In addition to inducing neurotoxic gain-of-function effects, these protein deposits also 
overload the PQC machinery, promoting the development of NDDs (Douglas and Dillin, 2010). 
 Molecular chaperones are the key players in protein folding, refolding, transport, and 
proteolytic degradation. They also prevent protein aggregation by interacting with and 
blocking of hydrophobic amino acid patches typically exposed by misfolded or fibrillar 
proteins (Hartl and Hayer-Hartl, 2009).  While certain chaperones assist de novo protein 
folding during translation, heat-shock proteins (Hsps) are expressed in response to cellular 
stress. Hsps have direct implications in NDDs, as chaperones of the Hsp70 subfamily have 
been shown to interact with oligomeric tau and a-synuclein to prevent the formation of toxic 

species (Muchowski and Wacker, 2005; Patterson et al., 2011). Additionally, Hsp70 members 
have been proposed to catalyze the disaggregation of tau fibrils in an ATP-dependent manner 
together with co-chaperones Hsp40 and Hsp110 (Nachman et al., 2020). Furthermore, 
chaperones Hsp70 and Hsp90 target misfolded proteins to induce ubiquitylation and to mark 
the protein for degradation via the UPS or ALP (Shiber and Ravid, 2014). 
 The degradation of aberrant protein in the cell is controlled by the ALP and the UPS. 
While the UPS catalyzes the degradation of soluble, short-lived proteins that resist refolding 
by chaperones, the ALP, specifically macroautophagy, is involved in the degradation of large 
protein aggregates and aged organelles (Ciechanover, 2006). During macroautophagy, 
cytosolic cargo is engulfed by a double-membraned autophagosome which fuses with 
lysosomes for enzymatic digestion of the content. ALP cargo is marked by the autophagy 
marker p62, which targets ubiquitinylated proteins, including amyloid tau and a-synuclein 

(Kuusisto et al., 2001). ALP impairment has been reported in multiple NDDs and includes 
lysosomal dysfunction in AD and PD (Nixon, 2013). Degradation via the UPS requires protein 
ubiquitylation at lysine residues. Upon recruitment to the 26S proteasome, the target protein 
is unfolded and channeled through the cylindric 20S core, which catalyzes proteolytic 
cleavage (Dikic, 2017). UPS impairment is common to many NDDs and intracellular protein 
deposits typically include ubiquitin. Examples are Lewy bodies in PD, neurofibrillary tangles 
and amyloid-b plaques in AD, and aggregated huntingtin in HD (Cole and Timiras, 1987; 
Kuzuhara et al., 1988; DiFiglia et al., 1997). Several mechanisms of proteasomal impairment 
have been proposed, such as blocking of the 20S core unit by large protein aggregates, 
sequestration of proteasomes within protein deposits, or impaired protein ubiquitylation 
(Deriziotis et al., 2011; Zheng et al., 2016; Q. Guo et al., 2018).    
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1.8 Prions of lower eukaryotes 

Amyloidogenic proteins are not exclusive to mammals, but have also been identified in the 
phylogenetic kingdom of fungi, specifically in the baker’s yeast Saccharomyces cerevisiae. 
After the publication of the “protein-only” hypothesis of prions (Prusiner, 1982), Wickner 
proposed in 1994 that two non-mendelian heritable traits in yeast resulted from the 
conversion of the proteins Ure2 and Sup35 into their prion isoforms [URE3] and [PSI+] 
(Wickner, 1994). [URE3] and [PSI+] formation mimicked a loss-of-function phenotype in yeast 
that was inherited via the cytosol. Additionally, prion propagation was inhibited by depleting 
Ure2 and Sup35 expression and was increased by their overexpression (Wickner, 1994). 
Together with the polymerization of Sup35 into [PSI+]-associated oligomers (Paushkin et al., 
1996), these results strongly argued for a prion-like mechanism of [URE3] and [PSI+] 
propagation. Since then, more yeast proteins have been discovered that share these features, 
such as [PIN+] or [SWI+] (Derkatch et al., 1997; Du et al., 2008). Interestingly, while some fungal 
prions exhibit beneficial functions (Dalstra et al., 2003), the role of [URE3], [PSI+], and [PIN+] 
prions is unclear. It is argued that most prion phenotypes are - alike PrPSc- toxic, lethal, or 
lead to reduced growth (McGlinchey et al., 2011). However, a small proportion of wild yeast 
populations contains [PSI+] and [PIN+] prions (Halfmann et al., 2012). It is therefore possible 
that, in rare cases, the prion phenotype provides a certain advantage in a changing 
environment (True and Lindquist, 2000). Similar to PrPSc, yeast prions assemble into highly-
ordered cross-b aggregates (Shewmaker et al., 2006; Wickner et al., 2008). The core of these 
amyloid is formed by a glutamine (Q) and asparagine (N) QN-rich sequence termed prion 
domain (PrD), which is found in many yeast prions (Ross et al., 2005b; Liebman and Chernoff, 
2012). PrDs are intrinsically disordered, low-complexity domains rich in polar, uncharged 
amino acid residues. Scrambling the residues within the PrD does not impair prion induction, 
demonstrating that the prion-forming ability is dependent on the amino acid composition but 
not on the exact sequence (Ross et al., 2005a). In yeast, prions can form de novo by 
spontaneous assembly (Chernoff et al., 1993). Alternatively, prions can be induced in vitro 
and in vivo via exogeneous prion seeds generated from homotypic protein, which ultimately 
proves the “protein-only” hypothesis (C. Y. King and Diaz-Avalos, 2004; Tanaka et al., 2004). 
Once the prion phenotype is established, it persists and is propagated in a self-perpetuating 
manner via seeded polymerization, alike mammalian prions. Amyloid fragmentation and seed 
formation in yeast is mainly mediated by the chaperone Hsp104. Hsp104 is a AAA+ ATPase 
that works together with chaperones Hsp70 and Hsp40 to extract single monomers from 
within an amyloid fibril (J. R. Glover and Lindquist, 1998; Tipton et al., 2008; Mogk et al., 
2015). This causes the fibril to break into small seeding-competent, infectious species that 
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transmit the prion phenotype (Kryndushkin et al., 2003). Interestingly, depletion as well as 
overexpression of Hsp104 eliminates the [PSI+] phenotype, emphasizing its crucial role for 
[PSI+] prion replication (Chernoff et al., 1995). Finally, induced prions are transmitted vertically 
to offspring by cell division (Liebman and Chernoff, 2012). To date, no homologue of Hsp104 
has been described in the mammalian cytosol and the mechanism of chaperone-mediated 
amyloid disassembly in mammalian cells remains to be elucidated.  
 

1.9 The yeast prion Sup35  

Of the various yeast prions, Sup35 and its prion form [PSI+] have been the subject of most 
research. Discovered in 1965, Sup35 regulates the termination of mRNA translation. Upon 
aggregation to [PSI+], this function is lost, leading to a nonsense-suppression phenotype 
caused by increased readthrough at stop codons (Cox, 1965). The native Sup35 consists of 
three domains: The N, M, and C domain (figure 4). The N domain is the PrD and contains a 
QN-rich region (QNR, aa 1-39), crucial for amyloid induction and assembly in yeast (DePace 
et al., 1998). The oligopeptide-repeat region (OPR, aa 40-97) also contains polar residues but 
in addition comprises 5 and a half oligopeptide repeats. In yeast, the OPR mediates prion 
propagation by interacting with Hsp104 (Shkundina et al., 2006). Interestingly, a similar OPR 
is also found in the N-terminus of PrP, however its exact function is unclear. The OPR is 
followed by the C-terminal N domain (CTN, aa 98-123), which is also rich in N and Q. In 
contrast to the N domain, the middle M domain (aa 123-253) is highly charged and regulates 
the solubility of native Sup35 and the stability of the [PSI+] phenotype during mitosis. Finally, 

Figure 4. Subdomains of the yeast prion Sup35. Native Sup35 (top) consists of the N, M, and catalytic C domain 
that regulates translation termination. Expression of the N and M subdomains in yeast (Sup35 NM, bottom) is 
sufficient to induce the [PSI+] phenotype. The N domain or prion domain (PrD) mediates prion formation and 
amyloid assembly and comprises the glutamine (a) and asparagine (N) rich region (QNR), the oligopeptide repeat 
region (OPR), and the C-terminal N domain (CTN). The highly charged middle M domain regulates protein solubility. 
Numbers indicate amino acids. 
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the catalytic C domain (aa 254-685) executes the translation termination function, but is 
dispensable for prion formation (John R. Glover et al., 1997; J. J. Liu et al., 2002). 
Consequently, the expression of the N and M subdomains (Sup35 NM) is sufficient to induce 
and propagate the [PSI+] phenotype (Patino et al., 1996). Hence, Sup35 NM has been used 
to study amyloid formation and propagation in yeast. Strikingly, Sup35 NM and other yeast 
prions can assemble into multiple different [PSI+] variants, identical to strains of mammalian 
PrPSc (Derkatch et al., 1996). Structural analysis of Sup35 NM aggregate variants revealed 
differences in amyloid morphology and conformation, biophysical properties, and the ability 
to generate seeds. Weak variants usually contain less seeds, strong variants propagate high 
amounts of seeds (Tanaka et al., 2006; Toyama et al., 2007). Hence, conformationally distinct 
prion variants induce different phenotypes in yeast, which closely resembles features of 
mammalian prions and prion-like proteins. 
 

1.10 Sup35 NM as model protein of disease-associated proteins  

Due to its ability to form self-replicating prions in yeast, Sup35 NM (hereafter NM) proved to 
be a suitable model protein to study amyloid replication and transmission in mammalian cell 
systems. As NM shares no sequence homology with any mammalian protein and has no 
physiological function in mammals, NM-HA aggregation can be studied without a loss-of-
function phenotype. Our group established a mouse neuroblastoma (N2a) cell line that stably 
expresses NM fused to a C-terminal hemagglutinin (HA) tag (N2a NM-HA) (Krammer et al., 
2009). In N2a NM-HA cells, NM-HA is expressed cytosolically, resembling intracellular 
amyloidogenic proteins, such as tau or a-synuclein. NM-HA remains in a soluble state and, 
even when overexpressed, it rarely spontaneously aggregates (Duernberger et al., 2018). In 
analogy to Sup35 in yeast, NM-HA aggregation is induced by exposing N2a NM-HA cells to 
recombinant fibrillar NM (figure 5) (Krammer et al., 2009). NM-HA assembles into amyloid 
fibrils that persist in the cytosol over multiple passages and propagate in a self-perpetuating 
manner by seeded polymerization. Of note, neither soluble nor aggregated NM-HA is 
cytotoxic. To replicate faithfully, prions depend on constant fibril fragmentation, but there is 
no Hsp104 homologue in mammals. Therefore, NM-HA fibril disaggregation must be carried 
out by other, as yet unclear, mechanisms. Similar to mammalian prions, NM-HA seeds exhibit 
infectious properties and are transmitted vertically to progeny and horizontally to bystander 
cells (Krammer et al., 2009). NM-HA seed transfer to neighboring cells is most effective by 
direct cell-cell contact (Hofmann et al., 2013). NM-HA seeds are also released in small EVs 
that transport infectious entities to more distant cells (S. Liu et al., 2016). Interestingly, EVs 
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containing small NM-HA oligomers were more potent in seeding than EVs shuttling higher-
molecular amyloid, indicating that the NM-HA seed length influences seeding efficiency. 
Together, NM-HA behaves like a prion in mammalian cells and uses transmission pathways 
shared by human disease-associated amyloid.  

Interestingly, the NM subdomain that nucleates amyloid formation and drives prion 
replication differs between N2a NM-HA cells and yeast. While de novo NM prion induction in 
yeast relies on the QNR, prion formation and propagation of NM-HA aggregates in murine 
cells is mediated by the last 2.5 repeats of the OPR and the CTN (Duernberger et al., 2018). 
Understanding NM prion formation in a mammalian environment is of particular importance, 
as prion domains are not exclusive to yeast prions but are also found in the human proteome. 
Approx. 1 % of human proteins were predicted to have a QN-rich domain similar in 
composition to those of yeast prions (O. D. King et al., 2012; An and Harrison, 2016). Many 
of these proteins are RNA-binding proteins that regulate the formation of reversible 
membrane-less compartments in the cell. Others, however, have direct implications for 
human NDDs, such as TDP-43 and FUS, whose aggregation is a hallmark of ALS, and a 
comorbidity of AD and PD. Hence, investigating NM aggregation and propagation in a 
mammalian environment could improve the understanding of common mechanism underlying 
human NDDs. 
  

Figure 5. The prion life cycle of Sup35 NM in mammalian cells. (1) In N2a cell expressing HA-tagged NM (NM-
HA), NM-HA resides in the cytosol in a soluble state. (2) Exposure to exogenous NM fibrils seeds NM-HA 
aggregation in a prion-like manner, leading to intracellular amyloid aggregates that are fragmented by unknown 
mechanisms. (3) Short NM-HA seeds are transferred vertically during mitosis or (4) horizontally to bystander cells 
by direct cell-cell contact. (5) In addition, cells secrete extracellular vesicles (EVs) containing infectious NM-HA 
entities, that seed NM-HA aggregation in distant cells. 

(1) (2)

(3)

(4)

(5)
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1.11 The NM-HA mouse model to study protein aggregation in vivo 

To study more complex pathological aspects of NDDs, such as long-range cell-to-cell prion 
dissemination and induced neurotoxicity, our group has previously established the NM-HA 
mouse model to study NM aggregation in vivo (data unpublished). Since stable NM 
expression and seeded NM aggregation in post-mitotic mouse primary neurons and primary 
astrocytes have been shown to be non-toxic, the ectopic expression of NM in mice was 

expected not to harm the animals (Hofmann et 
al., 2013). The NM-HA mouse model is based 
on a NM-HA knock-in (KI). In short, the open 
reading frame of the murine prion protein (PrP, 
gene Prnp) in exon 3 was replaced by the DNA 
sequence coding for NM (amino acids 1 – 253) 
(figure 6). In addition, a sequence coding for a 
hemagglutinin (HA) tag was inserted 3’ of NM 
(NM-HA). Expression of the NM-HA transgene 
is driven by the prion protein promoter. Thus, 
NM-HA is expressed in the same cells that 
normally express PrP, such as neurons and 
astrocytes in the CNS, which theoretically 
should allow prion transmission. In 
homozygous animals, NM-HA is expressed 

from two alleles without overexpression. Alike NM-HA in mammalian cells, it should not 
possess a cellular function in mammals. Further, due to a lack of sequence homology with 
mammalian proteins, it is not expected to disturb cellular processes. Remarkably, because 
NM-HA is non-functional, it allows us to study the gain-of-function of cytosolic protein 
aggregates independently of the loss-of-function of the protein, which is not possible in any 
other mouse model.  
  

Figure 6. The NM-HA mouse model. NM-HA 
mice express NM with a C-terminal 
hemagglutinin tag (NM-HA) controlled by the 
murine prion protein promoter. The NM-HA 
coding sequence thereby replaces the 
sequence of the prion protein gene (Prnp) in 
exon 3. 
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2 Aim 

NDDs are devastating diseases characterized by the progressive deposition and 
dissemination of aggregated proteins in the brain, which are linked to neuronal loss, cognitive 
decline, and ultimately death. While it is now widely accepted that disease-associated, 
amyloidogenic proteins have prion-like properties, the mechanisms underlying intracellular 
amyloid fragmentation and spreading remain enigmatic. Furthermore, it is still unclear how 
the gain-of-function of the amyloid and the functional loss of the aggregating protein 
contribute to neurotoxicity. Finally, NDDs show heterogeneous clinical symptoms and 
pathogenesis, which have been attributed to different amyloid conformers formed by the 
same protein. However, how the amyloid structure influences seed propagation in the brain 
remains to be elucidated.  

In this project, we used the NM-HA mouse line, which expresses the yeast prion 
domain Sup35 NM, to model intracellular amyloidogenic proteins in a highly complex living 
animal. NM behaves like a prion in mammalian cells, hence, we aimed to test whether NM 
aggregation could also be induced in the brain of NM-HA mice and whether these aggregates 
would faithfully propagate in a prion-like manner. Since NM-HA mice express a non-functional 
yeast prion, we further investigated whether the gain-of-function of NM-HA aggregates, 
without interference from loss-of-function effects, would be sufficient to cause 
neurodegeneration in NM-HA mice. Lastly, to replicate human disease heterogeneity and 
study the influence of fibril conformation on disease progression, we tested two distinct NM 
fibril polymorphs in our mouse model. Therefore, NM-HA animals were intracranially injected 
with two structural variants of NM fibrils and were tested for cognitive deficits 12 months post 
injection. Brain tissue of inoculated animals was analyzed biochemically and histochemically 
at different time points to assess NM-HA aggregation, amyloid distribution, 
neurodegeneration, and inflammation. Ultimately, by using NM-HA as model amyloid we 
aimed to reveal common mechanisms underlying disease pathogenesis and neurotoxicity 
associated with intracellular amyloid. 
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3 Material  

3.1 Equipment 

Table 1. Instruments 
Instruments Company 
Agarose Gel System VWR 
Anesthesia Mask Kopf Instruments 
Automated Cell Counter TC20 Bio-Rad 
Axio Scan 7 Slide Scanner Zeiss 
Binocular Leica M651 MSD Leica Microsystems 
Biomek NXP Liquid Handler Beckmann Coulter 
CellVoyager 6000 Yokogawa Inc. 
CO2 Incubator HERAcell 240i Haraeus 
Criterion™ Blotter Bio-Rad 
Earbars Kopf Instruments 
Eppendorf Centrifuge 5417R Eppendorf 
Fluostar Omega BMG BMG Labtech 
Fusion FX Imaging System Vilber Lourmat 
Germinator 500 Dry Sterilizer CellPoint Scientific 
Ideal Micro Drill Braintree Scientific 
Laser Scanning Microscope 800 Zeiss 
Laser-Pipette-Puller P-2000 H. Saur Laborbedarf 
Masterflex Easy Load Perfusion Pump VWR 
Maxisafe 2020 Class II Biological Safety Cabinet Thermo Fisher Scientific 
Mini-PROTEAN Gel System Bio-Rad 
Minitron Shaker Infors HT 
Mr. Frosty Freezing Container Thermo Fisher Scientific 
Multifuge X3R Hereus Thermo Fisher Scientific 
NanoDrop™ 2000 Thermo Fisher Scientific 
Optima MAX-XP Ultracentrifuge Beckmann Coulter 
Orbital Shaker PSU-10i Biosan 
PowerPac™ Bio-Rad 
Scale ABT 320-4M Analytical Balance Kern & Sohn 
Sliding and Freezing Microtome MICROM HM 450 Norbrain 
Sonopuls HD 2070 Sonicator Bandelin 
Sonopuls HD 3200 Sonicator Bandelin 
Stereotaxic Frame Kopf Instruments 
T100 Thermo cycler Bio-Rad 
Thermomixer F1.5 Eppendorf 
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UMP3 UltraMicroPump World Precision Instruments 
Veterinary Anesthesia Evaporator VetEquip 
XCell4 SureLock™ Midi-Cell Electrophoresis System Thermo Fisher Scientific 

 

3.2 Consumables 

Table 2. Consumables 
Item Company 
0.22 µm filter (syringe and vacuum filter) Merck 
12 ml Bacteria Culture Tubes Roth 
4 - 12 % Bis-Tris NuPAGE Gels Invitrogen 
Adhesive PCR Plate Seals Thermo Fisher Scientific 
Black Multiwell Plates Corning 
Cell Counting Slides Bio-Rad 
Cell Culture Dishes Corning 
Cell Culture Multiwell Plates Nunc, Thermo Fisher Scientific 
Conical Centrifugation Tubes Thermo Fisher Scientific 
Corning™ Stripette™ Thermo Fisher Scientific 
Coverslips Paul Marienfeld 
Criterion™ TGX™ Protein Gels (Tris-Glycine) Bio-Rad 
Cryotubes Corning 
Falcon Tubes (15, 50 ml) BD Biosciences 
Glassware Schott 
His Trap Protein Purification Column (5 ml) GE HealthCare 
HiTrap Desalting Column (5 ml) GE HealthCare 
Low profile disposable blades Leica 
Micro Cuvettes Brand 
Microliter Syringe (5 µl) Hamilton 
Microplate, 96-well, F-bottom, black Greiner Bio-One 
Parafilm VWR, Darmstadt 
PCR Tubes Sigma Aldrich 
Pipets  Eppendorf 
Protein Low-bind Tubes (0.5 - 5 ml) Eppendorf 
PVDF Membrane (0.4 µm) GE Healthcare 
Reaction Tubes Eppendorf 
Sterican Needles Braun 
Sterile Cotton Swap Deltalab 
Sterile Syringes (1 ml, 5 ml) Braun 
Sugi Eyespear Pointed Tip Kettenbach GmbH & Co.KG 
SuperFrost® Plus Slides Thermo Fisher Scientific 
Surgcial Instruments Fine Science Tools 
Surgical Gloves Sempermed  
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Thin Wall Glass Capillaries World Precision Instruments 
Ultracentrifugation Tubes (1.5 ml) Beckmann Coulter 
Vivaspin 20 Concentrator  Merck 
Whatman Paper Roth 

 

3.3 Chemicals, Reagents, Enzymes 

All standard chemicals were of at least analytical grade and purchased from Carl Roth or 
Sigma Aldrich unless stated otherwise. 
 
Table 3. Chemicals, Reagents, Enzymes 
Item Company 
0.25 % Trypsin-EDTA  Life Technologies 
100 bp DNA Ladder New England Biolabs 
10x Taq Reaction Buffer New England Biolabs 
3M Vetbond Tissue Adhesive VWR 
Agarose Biozym 
Aqua Poly Mount Mounting Solution Polysciences 
Benzonase Merck 
BL21(DE3) Competent Cells Thermo Fisher Scientific 
Bovine Serum Albumin (BSA) Sigma Aldrich 
Buprenovet  WDT 
ChemiBLOCKER™ Solution Merck 
cOmplete™, EDTA-free Protease Inhibitor Cocktail Roche 
Dimethyl Sulfoxide (DMSO) Honeywell 
DMEM® I (1X) + GlutaMAX™ -I Life Technologies 
dNTP mix 10 mM Thermo Fisher Scientific 
DRAQ5™ Fluorescent Probe Solution Thermo Fisher Scientific 
Dulbecco's Phosphate Buffered Saline (DPBS) Life Technologies 
Eye Moisturizing Cream Bepanthen 
Foetal Bovine Serum (FBS) PAN Biotech GmbH 
Formaldehyde Solution Sigma Aldrich 
Gel Loading Dye, 6x New England Biolabs 
Halt™ Protease and Phosphatase Inhibitor Cocktail 
(100X) Thermo Fisher Scientific 

Hoechst Solution Thermo Fisher Scientific 
Isoflurane Piramal Healthcare 
Lipofectamine 2000 Thermo Fisher Scientific 
Lysogenic broth (LB) medium Roth 
MgCl2 Solution New England Biolabs 
Mirus Bio TransIT-2000 Thermo Fisher Scientific 
NMS-873 Selleckchem 
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Nonident® P-40 (NP-40) Thermo Fisher Scientific 
Octenisept Disinfectant Schuelke 
Page Ruler Prestained Protein Ladder Thermo Fisher Scientific 
Paraformaldehyde, 16 % [w/v] Thermo Fisher Scientific 
Penicillin- Streptomycin Life Technologies 
Prolong Gold Antifade Mountant Invitrogen 
Proteinase K Roche 
Re-Blot Plus Strong Solution Merck 
Release WDT 
Rimadyl  Zoetis 
SOC medium (super optimal broth with catabolic 
repressor) Thermo Fisher Scientific 

SuperSignal West Femto Thermo Fisher Scientific 
SuperSignal West Pico Thermo Fisher Scientific 
Taq DNA Polymerase New England Biolabs 
Tissue-Tek® O.C.T. Compound  Sakura Finetek 
TrueBlack® Lipofuscin Autofluorescence Quencher Biotium 
Xylocain Gel 2 % Aspen Pharmacare 

 

3.4 Kits 

Table 4. Kits 

Kit Company 
DC protein assay kit BioRad 
Hematoxylin-Eosin-Staining Kit Roth 
ImmPACT DAB, Peroxidase Substrate Kit Vector Laboratories 
Mouse on Mouse Immunodetection Kit Vector Laboratories 
Quick Start™ Bradford protein assay BioRad 
Vectastain® Elite® ABC-HRP Kit (Rabbit IgG) Vector Laboratories 

 

3.5 Antibodies 

Table 5. Primary Antibodies 
Primary Antibody Host and clone Application Source Dilution 
Anti-Actin Mouse monoclonal WB MP Biomedicals, 

691001 1:5000 

Anti-HA Rat monoclonal WB Roche, clone 
3F10 1:1000 

Anti-HA Rat monoclonal IHC 
IF 

Cell Signalling, 
C29F4 

1:20000 
1:1000 

Anti-HA Alexa 647 
Fluor conjugated Mouse monoclonal IF MBL International 

M180-A64 1:500 
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Anti-NM 4A5 
(hybridoma 
supernatant) 

Rat monoclonal WB 
IF 

Provided by 
Dr. Feederle, 
Helmholtz 
Zentrum, 
Munich, Germany 

1:10 
1:5 

GFAP Chicken polyclonal IF abcam, ab4674 1:1000 

Hsp70 Mouse monoclonal IF 
Enzo Life 
Sciences, 
C92F3A-5 

1:500 

Iba1 Rabbit polyclonal IF WAKO 1:2000 
MAP2 Mouse monoclonal IF abcam, ab11268 1:1000 
NeuN Mouse monoclonal IF Merck, MAB377 1:1000 
p62 Rabbit monoclonal IF abcam, ab109012 1:500 
Ubiquitin Mouse monoclonal IF Merck, MAB1510 1:500 

VCP Mouse monoclonal IF 
Thermo Fisher 
Scientific, MA3-
004 

1:100 

 
Table 6. Secondary Antibodies 
Secondary Antibody Host Application Reference Dilution 
Anti-Mouse IgG, 
HRP - conjugated Goat WB Dianova 1:10000 

Anti-Rat IgG, 
HRP - conjugated Goat WB Dianova 1:10000 

Anti-Chicken IgY, DyLight®  
488 - conjugated Goat IF abcam, ab96947 1:500 

Anti-mouse IgG, Alexa Fluor  
647 - conjugated Goat IF Life Technologies 1:500 

Anti-rabbt IgG, Alexa Fluor  
546 - conjugated Goat IF Life Technologies 1:500 

Anti-Rat IgG, Alexa Fluor  
488 - conjugated Goat IF Life Technologies 1:500 

Anti-Rat IgG, Alexa Fluor  
647 - conjugated Goat IF Life Technologies 1:500 

 

3.6 Genotyping Primers 

Table 7. Genotyping Primers 

Target Sequence 5' to 3' 
NMHA_reverse GTTGGGCTTGAGCATTGTAAGCTTG 
PrnP_forward GAGGGTTGACGCCATGACTT 
PrnP_reverse CCCTCCAGGCTTTGGCCGCTT 
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3.7 Plasmids 

Table 8. Plasmids 
Construct Backbone Reference 
NM-His pETRO1.01  

pET20b(+)-SUP35NMΔ39-His6 pET20b (Allen et al., 2005) 

pET20b(+)-SUP35NMΔ75-123-His6 pET20b (Allen et al., 2005) 

VSV-G pMD2.VSVG  

Empty phCMV-3´UTR  

 

3.8 Cell lines 

Table 9. Cell lines 

Cell line Reference 
HEK NM-GFPsol (S. Liu et al., 2017) 

HEK NM-HAagg clone 75 (S. Liu et al., 2017) 

N2a NM-GFPsol (Hofmann et al., 2013) 

N2a NM-HAagg (Krammer et al., 2009) 

N2a NM-HAsol (Krammer et al., 2009) 
 

3.9 Software 

Table 10. Software 

Software Company 
Adobe Illustrator 2022 Adobe 

Adobe Photoshop 2022 Adobe 

ARIVIS Zeiss 

CV7000 Analysis Software R2.08.09 Yokogawa Inc. 

EthoVision XT Noldus 

Fiji (ImageJ) http://rsbweb.nih.gov/ij/ 

FLUOstar Software BMG Labtech 

GraphPad Prism 9 GraphPad 

Microsoft Office 2011 Microsoft 

ZenBlue Zeiss 
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4 Methods 

4.1 Molecular Biological Methods 
4.1.1 Transformation 

For NM-His purification, BL21 competent E. coli were transformed with 100 ng plasmid 
coding for NM-His or the deletion mutants NM-HisΔ1-39 and NM-HisΔ75-123 (table 8). After 
incubating the bacteria-plasmid-mixture on ice for 20 min, bacteria were transformed at 42 °C 
for 45 s and subsequently cooled on ice for 10 min. 1 ml SOC media without antibiotics was 
added and the suspension was incubated at 37 °C and 300 rpm (Thermomixer F1.5, 
Eppendorf) for 45 min. Bacteria were pelleted by a short spin at 3000 x g and resuspended in 
150 µl SOC medium. 10 – 25 µl suspension was spread on prewarmed LB plates 

supplemented with 100 µg/ml ampicillin. Plates were incubated at 37 °C ON and then stored 
at 4 °C. 

4.1.2 Expression of NM-His in E. coli 

To ensure sufficient NM-His expression, 6 to 8 colonies of transformed BL21 competent E. 
coli (section 4.1.1) were picked and inoculated in 10 ml LB media containing 100 µg/ml 
ampicillin. The cultures were incubated at 37 °C ON at 180 rpm (Minitron, Infors HT) and were 
pooled the next day. 2 l baffled flasks with 250 ml LB media supplemented with ampicillin 
were inoculated with 5 ml of the pooled starter cultures. The flasks were incubated at 37 °C 
and 180 rpm for 2 – 2.5 h until an OD600 of 0.8 was reached. NM-His expression was induced 
by adding 1 mM IPTG to the cultures. After 3 h incubation, the bacteria were pelleted for 10 
min at 3000 x g and stored at -80 °C until further use. 

4.1.3 DNA extraction from mouse tissue biopsy 

Tissue lysis buffer 

100 mM Tris (pH 8.0)   
5 mM  EDTA (pH 8.0)  
200 mM NaCl    
0.2 %   SDS,  pH 8.0 
 
For DNA extraction from ear punch biopsies, each tissue sample was digested in 500 µl tissue 

lysis buffer supplemented with 200 µg/ml proteinase K at 55 °C and 550 rpm (Thermomixer, 

Eppendorf) ON. Remaining tissue was pelleted by centrifugation for at RT 20 min at 18000 x g 
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before the DNA was precipitated from the supernatant by adding 500 µl isopropanol. After 

pelleting the DNA at 4 °C for 20 min at 18000 x g, the pellet was washed with 300 µl 70 % [v/v] 
ethanol. After another spin at 4 °C for 20 min at 18000 x g, the supernatant was removed and 
the pellet was dried at 37 °C. The DNA was dissolved in 30 µl nuclease-free water and stored 
at -20 °C until further use. 

4.1.4 Polymerase chain reaction (PCR) and agarose gel electrophoresis 

TAE buffer 

40 mM  Tris 
20 mM  Acetic acid 
1 mM   EDTA,  pH 8.0 
 
Extracted DNA (section 4.1.3) was analyzed for the NM-HA transgene via PCR. To this end, 
2 µl extracted DNA was mixed with PCR reaction buffer, 1.5 mM MgCl2, 200 nM dNTPs, 200 

nM of each primer and 0.38 units of Taq polymerase in a final volume of 15 µl. Tubes were 
vortexed and quickly spun before transferring them to a PCR cycler. The DNA was amplified 
by activating the polymerase at 94 °C for 3 min, followed by 34 cycles of denaturation at 94 °C 
for 45 s, primer annealing at 62 °C for 30 s, and primer extension at 72 °C for 1 min. The DNA 
was finally extended at 72 °C for 10 min before cooling at 4 °C. PCR products were mixed 
with DNA loading dye and were separated on a 2 % [w/v] agarose gel supplied with Gel Red 
DNA Nucleic Acid Gel Stain (diluted 1:10000). The gel was run at 100 V for 1.5 h and was 
imaged using the Fusion FX imaging system. 

 

4.2 Protein biochemical methods 
4.2.1 Purification of NM-His via Immobilized Metal Affinity Chromatography (IMAC) 

Buffer A      Buffer B 
10 mM Na2H2PO4 x 2 H2O    10 mM  Na2H2PO4 x 2 H2O 
10 mM  NaH2PO4    10 mM  NaH2PO4 
0.5 M  NaCl     0.5 M  NaCl 
20 mM  Imidazole    500 mM Imidazole 
8 M  Urea,  pH 7.2   8 M  Urea,  pH 7.2 
 
To purify full length NM-His and NM-His deletion mutants Δ1-39 and Δ75-123, pellets of 
transformed bacteria (section 4.1.1) were lysed under denaturing conditions in 25 ml buffer 
A. After 1 h shaking at RT at 150 rpm (Orbital Shaker, Biosan), the lysate was sonicated for 3 
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x 10 s at 50 % intensity. Cell debris was pelleted by spinning for 20 min at 10000 x g at RT. 
The supernatant was harvested, pooled, and filtered through a 0.22 µm filter. NM-His was 

purified from the lysate by IMAC using the ÄKTA pure protein purification system together 
with a 5 ml HisTrap™ HP His tag protein purification column. After washing the column with 

25 ml buffer A, the filtered cell lysate was loaded onto the column. Unbound protein was 
removed by washing with 75 ml buffer A. Bound NM-His was eluted with a linear imidazole 
gradient from 10 mM to 250 mM imidazole (2 % [v/v] to 50 % [v/v] buffer B). All protein-
containing fractions were pooled and concentrated to 10 % of the initial volume by 
ultrafiltration using Vivaspin® 20 concentrator columns with a molecular cut-off of 10000 Da 

according to the manufacturer’s instructions. The concentrated protein was eluted in sterile-
filtered PBS by washing 500 µl fractions of the concentrate using a 5 ml HiTrap® desalting 

column. All protein-containing fractions were pooled in protein low-bind tubes and the protein 
concentration was determined via Bradford assay according to the manufacturer’s 
instructions. Purified proteins were stored at -80°C until further use. 

4.2.2 Generation of two recombinant NM-His fibril variants 

The yeast prion domain Sup35 NM has been shown to form distinct fibril conformers in vitro 
when incubating the monomeric protein at 4 °C and 37 °C (Chien et al., 2003; Tanaka et al., 
2004). In this project, we adapted the described protocol to generate two structural variants 
of full-length NM-His fibrils, F4 and F37. To ensure spontaneous aggregation without 
templating seeds, pre-existing seeds were removed from the NM-His monomer solution prior 
to de novo fibril generation. To do so, recombinant NM-His was diluted in PBS to 0.5 mg/ml 

(14.8 µM) and was boiled at 95 °C for 15 min. After cooling down at RT for 5 min, heat-
resistant aggregates were pelleted at 15000 x g for 10 min at RT. The supernatant was 
transferred to protein low-binding tubes and was incubated for 72 h in the cold room at 4 °C 
or in a thermomixer (Eppendorf) at 37 °C without agitation. In parallel, the absence of seeds 
was confirmed via ThT assay (section 4.2.3). Generated fibrils were snap frozen and stored at 
-80°C. 

4.2.3 Thioflavin-T assay 

CRBB buffer 
5 mM   KH2PO4 
150 mM  NaCl, pH 7.4 
 
Thioflavin-T (ThT) is a fluorescent dye that emits light at 485 nm upon binding to amyloid 
fibers. Thus, measuring the fluorescence intensity of a protein-ThT-mixture allows monitoring 
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of aggregate formation in vitro in real-time (LeVine, 1993; Xue et al., 2017). Monomeric 
recombinant NM-His (full-length or NM-HisΔ1-39 or Δ75-123) was diluted to 0.5 mg/ml in CRBB 
buffer and pre-existing seeds were removed as described (section 4.2.2). To monitor 
spontaneous protein aggregation, 5 µM of seed-free NM-His (hereafter termed substrate) was 

mixed with 20 µM of ThT. 150 µl of the mixture was added per well in a black 96 well plate 
with glass bottom (Greiner Bio-One). To accelerate seeding and to increase reproducibility, 
each well received three sterile glass beads (Giehm and Otzen, 2010). The plate was sealed 
and immediately placed in the plate reader for analysis of ThT fluorescence. To characterize 
F4 and F37 fibrils, monomeric NM-His substrate was seeded with 5 % [mol/mol] (0.25 µM 

monomer equivalent) F4 and F37 fibrils (the seeds). Seeding was improved by sonicating the 
fibrils before use for 3 min at 10% power with intervals of 5 s sonication and 1 s break on ice. 
Fibrils were added to the NM-His-ThT mixture and the plate was sealed and immediately 
placed in the Fluostar Omega plate reader (BMG Labtech). Aggregate formation was followed 
by exciting ThT at 445-450 nm and detecting the emitted light at 475-485 nm from the bottom 
of the plate. The plate was incubated at 25 °C and was continuously shaken orbitally for 24 h 
at 300 rpm. ThT fluorescence emission was measured every 5 min. 

4.2.4 SDS-Thermo-resistance assay 

SDS – CRBB buffer    3x Loading dye 
5 mM   KH2PO4   30 % [v/v]  Glycerol 
150 mM  NaCl    0.3 % [w/v]  Bromphenol blue 
1 % [w/v]  SDS,  pH 7.4  90 mM  Tris HCl,  pH 6.8 
   
Depending on their conformation, NM fibrils have been shown to differ in their resistance to 
heat and denaturing agents such as SDS (Tanaka 2004). To characterize generated NM-His 
fibril variants F4 and F37 (section 4.2.2), 2 µg of NM-His fibrils were incubated in CRBB buffer 
supplemented with 1 % [w/v] SDS for 15 min at 25, 35, 45, 55, 65, 75, 85, or 99 °C, 
respectively. Samples were mixed with loading dye and loaded on 4 – 12 % Bis-Tris NuPAGE 
gels (Invitrogen) without another denaturing boiling step before performing Western blot 
analysis (section 4.2.10). 

4.2.5 Transmission electron microscopy analysis 

To determine the seed length of NM fibrils F4 and F37 before and after sonification, 
transmission electron microscopy (TEM) was performed by Emiel Michiels (VIB Center for 
Brain and Disease Research, Leuven). In short, 5 µl fibril solution were spotted on glow-

discharged TEM grids and incubated for 10 min. After washing with ddH2O, grids were stained 
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with 2 % [w/v] filtered uranyl acetate and finally washed again with ddH2O. Fibrils were 
imaged and the length of 80 – 130 seeds was manually measured per experiment. The 
experiment was repeated three times. 

4.2.6 Preparation of cell lysates 

NP-40 lysis buffer 
50 mM  Tris-HCl pH 7.5 
150 mM  NaCl 
0.5 % [v/v]  NP-40 
 
For cell lysis, cells were detached with trypsin (section 4.3.1), resuspended in PBS and 
pelleted at 4 °C at 300 x g for 10 min. After two washes in PBS, the cell pellet was either 
stored at -20 °C or was directly lysed. For lysis, the pellet was resuspended in 30 - 70 µl lysis 
buffer supplemented with 1 x protease and phosphatase inhibitor. After incubation on ice for 
30 min, cell debris was pelleted by spinning at 4 °C and 2300 x g for 3 min. The supernatant 
was collected and stored at -20 °C. Alternatively, the protein concentration was directly 
determined via Bradford assay (section 4.2.8). 

4.2.7 Preparation of brain homogenates 

For molecular analysis, aliquoted pulverized brain samples (section 4.5.5) were lysed in 100 – 
250 µl NP-40 lysis buffer supplemented with 1 x protease and phosphatase inhibitor (Thermo 
Fisher Scientific) and 125 U benzonase on ice for 45 min. For cell culture experiments, 
samples were lysed in 100 – 250 µl PBS with 1x protease inhibitor. To increase 

homogenization, samples were forced ten times through a 30 G needle. In addition, samples 
lysed in PBS underwent sonification for 3 min at 50 % power to improve lysis. Finally, samples 
were spun at 4 °C and 10600 x g for 15 min. The supernatant was taken off and was directly 
analyzed via Bradford assay (section 4.2.8). 

4.2.8 Bradford assay 

To determine the total protein concentration in cell and brain lysates (sections 4.2.6, 4.2.7), 
samples were diluted 1:10 in ddH2O. 5 µl of the dilution were transferred in duplicates to a 

96-well plate along with 5 µl BSA standard solutions ranging from 125 µg/ml to 2000 µg/ml. 

250 µl Bradford reagent was added to each well and the plate was incubated for 5 min at RT 

before measuring the absorbance at 595 nm using the Fluostar Omega plate reader (Labtech). 
The total protein concentration was determined using the MARS analysis software. 



Methods  

 28 

4.2.9 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) 

3x SDS Loading buffer    Tris Glycine SDS Running buffer 
90 mM  Tris-HCl pH 6.8   25 mM  Tris 
7 % [w/v]  SDS     192 mM  Glycine 
30 % [v/v]  Glycerol    0.1% [w/v] SDS,  pH 8.3 
20 % [v/v]  2-Mercaptoethanol 
0.003 % [w/v] Bromphenol blue 
 
For protein analysis, proteins were denatured and separated according to their molecular 
weight via SDS-PAGE. If not stated otherwise, 30 - 50 μg total protein from cell lysates and 
100 μg total protein from brain lysates was mixed with the appropriate amount of lysis buffer 
and 3x SDS loading buffer. Samples were boiled for 10 min at 95 °C and loaded on precast 
12 % [v/v] polyacrylamide gels (Bio-Rad), together with 8 µl protein ladder. The gels were run 

for 1.5 h at 30 mA per gel and proteins were subsequently transferred to PVDF membranes 
via Western blot (section 4.2.10). 

4.2.10 Western blot analysis 

Transfer buffer   TBST  
250 mM Tris    250 mM Tris HCl pH 7.6 
1.92 M  Glycine  1.5 M  NaCl 
0.1 % [w/v]  SDS    0.5 % [v/v]  Tween-20 
10 % [v/v]  Methanol 
 
Milk blocking buffer   BSA blocking buffer 
5 % [w/v] milk powder  3 % [w/v] milk powder 
in TBST    in TBST 
 
Proteins separated via SDS-PAGE (section 4.2.9) were transferred to PVDF membranes via 
standard Western blot technique. PVDF membranes were activated in methanol for 20 s and 
proteins were blotted for 45 min at 100 V in a wet electroblotting chamber (Bio-Rad). 
Membranes were blocked in milk or BSA blocking buffer for 1 h at RT. Subsequently, the 
primary antibody (table 5) was diluted in the respective blocking buffer and applied overnight 
at 4 °C. Membranes were washed 3 x 10 min in TBST before incubating them with horseradish 
peroxidase (HRP) -coupled secondary antibody diluted in milk blocking buffer for 1 h at RT. 
After 3 x 10 min washing steps in TBST, proteins were visualized with ECL pico or ECL femto 
(Thermo Fisher Scientific) detection solution using the Fusion FX imaging system. For 
reprobing, membranes were stripped in 10 - 20 ml Re-Blot solution (Merck) for 20 min at RT. 
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Membranes were shortly rinsed with ddH2O, activated with methanol, and blocked for 1 h in 
the respective blocking buffer. The detection protocol was followed as described above. 

4.2.11 Sedimentation assay  

To verify NM-HA aggregates in brain samples of injected animals, 150 µg total protein from 

brain lysates (section 4.2.7) were mixed with lysis buffer and 10 µl blue dextran to a final 

volume of 40 µl. 100 µg total protein from NM-HAagg or NM-HAsol cell lysates served as control. 
Samples were spun in an ultracentrifuge (Optima MAX-XP, Beckmann Coulter) at 4 °C and 
100000 x g for 60 min. 20 µl of the supernatant was mixed with 7 µl SDS loading buffer and 

boiled at 95 °C for 5 min. The pellet was washed with 100 µl NP-40 lysis buffer and spun at 
4 °C and 100000 x g for 30 min. Finally, the supernatant was discarded and the pellet was 
resuspended in 20 µl NP-40 lysis buffer and 7 µl SDS loading buffer. Proteins were denatured 
at 95 °C for 5 min before samples were stored at -20 °C until performing Western blot (section 
4.2.10).  
 

4.3 Cell Biological Methods 
4.3.1 Cell culture 

All cell culture work was performed under sterile conditions using DMEM + GlutaMAX media 
supplemented with 10 % [v/v] fetal calf serum and 1 % [v/v] Penicillin-Streptomycin. Cells 
(table 9) were grown on 10 cm dishes at 37 °C with 5 % CO2 and were passaged every 2-3 
days. To do so, cells were washed with PBS and detached with 1 ml 0.25 % Trypsin-EDTA 
solution. Cells were resuspended in 9 ml complete media and counted using an automated 
cell counter (Automated cell counter TC20, Bio-Rad). 5 x 105 or 2.5 x 105 cells were seeded 
on 10 cm dishes for 2 or 3 days. For long-term storage, detached cells were pelleted at 300 
x g for 5 min and 5 x 105 cells were aliquoted in FCS containing 10 % [v/v] DMSO in cryogenic 
vials. Cells were cooled in freezing containers at -80 °C before vials were transferred to liquid 
nitrogen. To recover frozen cells, vials were thawed and cells were mixed with 10 ml 
prewarmed media. Cells were spun at 300 x g for 5 min to remove DMSO-containing media.  
The pellet was resuspended in 12 ml complete media and transferred to a 10 cm dish. 

4.3.2 Seeding of NM-HA aggregates by sonicated NM-His fibrils 

The seeding efficiency of F4 and F37 NM-His fibrils (section 4.2.2) was tested in N2a cells 
expressing soluble NM-HA (N2a NM-HAsol). 4000 cells per well were seeded on a 384 well 
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plate and cells were incubated at 37 °C for 1 h. F4 and F37 fibrils were sonicated for 3 min at 
10 % power with 5 s pulses and 1 s breaks on ice (Sonopuls HD 3200 sonicator, Bandelin). 1 
h post seeding, 5 – 1000 nM of sonicated fibrils (monomer equivalent) were added to the cells 
in quadruplicates. As negative controls, seed-free soluble NM-His (section 4.2.2) or equivalent 
amounts of PBS was added. N2a cells propagating NM-HA aggregates (N2a NM-HAagg) 
served as positive control. Cells were incubated at 37 °C for 16 – 18 h ON before cells were 
fixed with 2 % [v/v] PFA in PBS at 37 °C for 20 min. NM-HA aggregates were 
immunofluorescently stained (section 4.3.7) and imaged using the CellVoyager CV6000 
automated confocal microscope (section 4.3.8). 

4.3.3 Seeding of NM-HA aggregates by mouse brain homogenate 

To characterize NM aggregates in the brain from injected animals, NM-HA aggregation in N2a 
NM-HAsol cells was seeded with mouse brain homogenate. To this end, 2500 - 3000 cells 
were plated per well on a 384 well plate and cells were incubated at 37 °C ON. The next day, 
brain homogenate from injected animals was diluted in DMEM media to reach a final 
concentration of 55.56 ng/µl total protein per well. The samples were sonicated for 3 min at 

10 % power with 5 s pulses and 1 s breaks on ice. To seed aggregation in one well, 0.07 µl 

of Lipofectamine 2000 was carefully mixed with 5 µl OptiMEM without supplements. The 

Lipofectamine-mix was added to 10 µl of diluted brain homogenate and was gently mixed by 

pipetting. After incubation at RT for 5 min, 15 µl of the mixture was added per well in 
quadruplicates and cells were incubated at 37 °C for 24 h. Finally, cells were fixed with 2 % 
[v/v] PFA in PBS at 37 °C for 20 min before staining for HA (section 4.3.7) and imaging of NM-
HA aggregates via automated confocal microscopy (section 4.3.8).  

4.3.4 Seeding of NM-HA aggregates by recombinant NM-His 

The formation of seeds when soluble NM-His was forced through a glass tip during injection 
was investigated by seeding N2a NM-HAsol cells. 4000 cells per well were seeded on a 384 
well plate and were incubated at 37 °C ON. The next day, pre-existing seeds were removed 
from NM-His as described (section 4.2.2) and the tube was incubated on ice for 1.5 h. This 
corresponded to the time the sample was incubated when injecting two animals. 
Subsequently, the injection glass tip was filled with NM-His at a speed of 2000 nl/min before 
releasing the protein with 100 nl/min. Cells were seeded with 62.5 – 250 nM NM-His and 
Lipofectamine 2000 as described (section 4.3.3) and cells were incubated at 37 °C ON. As 
controls, cells were seeded with appropriate amounts of F37 fibril and deseeded NM-His that 
had not been pushed through the glass tip. Finally, cells were fixed with 2 % [v/v] PFA in PBS 
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at 37 °C for 20 min before staining for HA (section 4.3.7) and imaging NM-HA aggregates 
(section 4.3.8).  

4.3.5 Stable propagation of NM aggregates over several passages 

The prion-like nature of NM aggregates induced by mouse brain homogenates was tested by 
assessing the stable propagation of NM aggregates in N2a cells over several passages. To 
facilitate aggregate detection, N2a cells expressing NM-GFP (N2a NM-GFPsol) were used. 
5000 cells per well were seeded on a 96-well plate and cells were incubated at 37 °C ON. The 
next day, cells were exposed to brain homogenate from fibril-injected animals as described 
(section 4.3.3). To increase the seeding rate, 0.2 µg/µl total protein and 0.5 µl Lipofectamine 
2000 were added per well. 24 h post seeding, cells were transferred to a 24 well plate for 
expansion. Cells were grown to confluency before isolating single cell clones. Cell clones 
were grown for 2 weeks and all clones that propagated NM-GFP aggregates were transferred 
to 96 well plates. The clones were passaged every 2 to 3 days and NM-GFP aggregates were 
quantified every second passage via automated confocal microscopy (section 4.3.8).  

4.3.6 Assessment of NM seed transmission via co-culture  

The effect of valosin-containing protein (VCP) inhibition on the degradation of NM-HA 
aggregates was investigated in a co-culture experiment using donor HEK cells propagating 
NM-HAagg and recipient HEK NM-GFPsol cells. N2a cells were unsuitable due to their 
expression of retroviral proteins, which facilitate seed uptake in the recipient cells (Pothlichet 
et al., 2006). To improve aggregate dissemination, donor cells were transfected to express 
the vesicular stomatitis virus glycoprotein (VSV-G) (Vorberg et al. 2021). To do this, donor 
cells were plated with a density of 5 x 105 cells per well on a 6-well plate and were grown at 
37 °C ON. The next day, the media was replaced by 1.75 ml complete DMEM media. 1 µg 

plasmid coding for VSV-G or an empty vector (pHCMV) was mixed with 7 µl prewarmed 

transfection reagent TransIT-2020 (Mirus Bio) in 250 µl Opti-MEM media without 
supplements. After gentle mixing, the solution was incubated at RT for 30 min and carefully 
applied on the cells. Non-transfected donor cells were used as control. 6 h post-transfection, 
2 µM VCP inhibitor NMS-873 or the equivalent amount of DMSO was added to the media and 

cells were incubated at 37 °C for 24 h. For the co-culture, transfected donor and recipient 
cells were detached and counted as described (section 4.3.1). Per well of a 384-well plate, 
donor and recipient cells were mixed at a ratio of 5:1 using 3 x 104 cells in total in 40 µl 
complete DMEM media. 6 replicates per co-culture were plated on a 384-well plate and were 
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incubated at 37 °C for 24 h. Cells were fixed with 2 % [v/v] PFA in PBS at 37 °C for 20 min 
and induced NM-GFP aggregates were quantified automatically (section 4.3.8). 

4.3.7 Automated immunofluorescence staining  

Blocking buffer 
5 % [v/v] Chemiblock solution  
0.5 % [v/v] Triton X-100  
in PBS 
 
NM-HA aggregates in induced N2a NM-HA cells were visualized by immunofluorescence 
staining for HA. Using an automated pipetting workstation (Biomek NXP, Beckmann Coulter), 
fixed cells were washed twice with PBS for 3 min at RT before permealizing for 10 min with 
0.5 % [v/v] Triton X-100 in PBS. Subsequently, cells were blocked in blocking buffer for 
30 min at RT before adding the Alexa 647-conjugated anti-HA antibody (table 5) for 1 h at RT 
in the dark. After 3 washes with PBS for 3 min, nuclei were stained with 2 µM Hoechst in PBS 

for 10 min at RT. The plate was either stored at 4 °C or directly imaged and analyzed (section 
4.3.8). 

4.3.8 Automated confocal imaging and aggregate quantification 

To quantify NM aggregates, fixed and stained cells were imaged automatically using an 
automated confocal microscope (CellVoyager 6000, Yokogawa Inc.). Per well, 16 images (> 
500 cells) at random positions were taken using a 40x water immersion objective. Images 
were analyzed automatically using the CellVoyager analysis software. To this end, image 
segmentation pipelines based on the signals of Hoechst (excitation at 350 nm, HA (excitation 
at 647 nm), or GFP (excitation at 488 nm) were applied to detect cell nuclei and NM 
aggregates. The percentage of cells with aggregates was determined by calculating the ratio 
of cells carrying aggregates to all counted cells. 
 

4.4 Histological methods 
4.4.1 Immunofluorescence staining of free-floating sections 

TBS    TBST     Permeabilization buffer 
0.05 M Tris   0.25 % [v/v] Triton X-100  0.6 % [v/v] H2O2 
0.15 M NaCl pH 7.4  in TBS     in TBS  
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For immunofluorescence staining, brain sections were washed three times in PBS at RT for 5 
min at 200 rpm (Orbital Shaker PSU-10i, Biosan) to remove all anti-freezing solution. 
Subsequently, the tissue was permeabilized for 30 min in 500 µl permeabilization buffer at 

200 rpm. After 3 washes in TBST for 10 min, the sections were blocked in 2.5 % [w/v] goat 
serum in TBST at RT for 1 h while shaking. When a mouse antibody was used, the sections 
were additionally blocked in M.O.M blocking solution (Vectorlabs) diluted 1:200 in TBS for 
1 h. The primary antibody was diluted in 2 % [w/v] goat serum in TBST (table 5) and was 
incubated at RT at 150 rpm ON. The next day, sections were washed three times in TBST for 
10 min at 150 rpm. The respective secondary antibody (table 6) was diluted in 2 % [w/v] goat 
serum in TBST and was incubated at RT for 4 – 5 h at 150 rpm in the dark to reach full tissue 
penetration. Following 3 washes in TBST for 10 min, nuclei were stained for 15 min with 
Hoechst diluted 1:10000 in TBS. Finally, sections were mounted on slides and were dried for 
20 – 30 min in the dark before mounting the coverslip. 
For ThS staining, the sections were washed as described after the secondary antibody 
incubation. Subsequently, sections were mounted on slides and were dried for 10 – 20 min in 
the dark. To increase the ThS signal, Lipofuscin was quenched by applying TrueBlack 
Lipofuscin Autofluorescence Quencher (Biotinum) according to the manufacturer’s 
instructions. After 3 rinses in TBS, nuclei were stained with 10 nM Draq5 in TBS for 30 min in 
the dark. The stain was rinsed off with TBS and amyloid structures were stained for 8 min 
with filtered 0.05 % [w/v] ThS solution freshly diluted in 50 % [v/v] ethanol. Sections were 
washed two times in 50 % [v/v] ethanol for 5 min before rinsing three times with TBS for 2 
min. Finally, the coverslip was mounted while sections were still wet. Sides were dried in the 
dark ON and were either stored at 4 °C or imaged using the laser-scanning confocal 
microscope LSM 800 (Zeiss). 

4.4.2 Immunohistochemistry 

Quenching solution  
3 % [v/v] H2O2 
10 % [v/v] Methanol 
in TBS 
 
For immunohistochemistry, brain sections were washed twice with PBS at RT for 5 min at 
200 rpm to remove all anti-freezing solution. Endogenous peroxidases were quenched with 
quenching solution for 30 min at 200 rpm. After washing three times in TBST, sections were 
blocked in 5 % [w/v] goat serum in TBST for 1 h at 200 rpm. The respective primary antibody 
(table 5) was diluted in 1 % [w/v] goat serum in TBST and was applied at 150 rpm ON. The 
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next day, section were washed three times with TBST for 10 min before applying the biotin-
conjugated secondary antibody (Vectastain Elite ABC-HRP Kit, Vectorlabs) diluted 1:200 in 
1 % [w/v] goat serum in TBST for 1 h at 150 rpm. Following 3 washes in TBST for 10 min, the 
AB reagents (Vectastain Elite ABC-HRP Kit, Vectorlabs) were applied for 1 h according to the 
manufacturer’s instructions. Sections were washed twice in TBST and once in TBS for 10 min 
before developing the HA signal for 2 – 4 min using the diaminobenzidine (DAB) Peroxidase 
Kit (Vectorlabs) according to the manufacturer’s instructions. Finally, sections were washed 
three times with TBS and mounted on slides. After drying, the coverslip was mounted and 
slides were dried ON. For NM-HA aggregate quantification, sections were imaged using the 
automated slide scanner Axioscan 7 (Zeiss). 
 

4.5 Animals 
4.5.1 Animal husbandry 

All animal experiments performed in this study were approved by the animal protection 
committee of the North Rhine-Westphalia State Environment Agency (LANUV), animal 
protocol 81-02.04.2019.A071. Mice were housed in groups of one to five animals in 
individually ventilated cages with 12 h light/dark cycle at 22 °C and 60 % humidity. Animals 
had free access to food and autoclaved or acidulated water. In this project, homozygous NM-
HA mice and wild type (WT) mice of both genders were used for stereotactic injections. NM-
HA mice were bred by homozygous crossing to produce homozygous offspring. Animals were 
genotyped every second generation to ensure the presence of the transgene (sections 4.1.3, 
4.1.4). Non-transgenic WT C57Bl/6NCrl control animals were purchased from Charles River 
Laboratories and were continuously bred in the animal facility of the DZNE.  

4.5.2 Generation of the NM-HA mouse line  

NM-HA mice were generated in previous, yet unpublished, work at the LIMES-GRC of the 
Friedrich-Wilhelms-University Bonn (#50.203.2-BN 49, 32/01). To this end, the DNA sequence 
encoding Sup35 NM (aa 1-253) was cloned into the Prnp open reading frame replacement 
vector pWJPrP49 (Jackson et al., 2009) together with the DNA sequence encoding a 
hemagglutinin (HA) tag linked 3’ of NM (NM-HA). Mouse embryonic stem cells (ESCs) (line 
V6.5) generated from C57BL/6x129SvJae (129S4) embryos were transfected with this 
replacement vector and cells were analyzed for successful homologous recombination. In 
recombinant ESCs, the endogenous open reading frame of the murine prion protein (Prnp 
gene) on chromosome 2, exon 3 was replaced by the coding sequence of NM-HA. 
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Consequently, NM-HA KI into the Prnp locus resulted in a Prnp KO. Confirmed ESCs were 
injected into blastocysts (embryonic day 3.5) from C57B/L6N mice and embryos were 
implanted into sham-pregnant surrogate mothers. The chimeric offspring was crossed with 
WT animals and upon NM-HA germline KI, animals were backcrossed to WT animals to 
stabilize the transgene. Finally, heterogenous NM-HA animals were crossed to generate 
homozygous NM-HA mice. 

4.5.3 Stereotactic injections into the hippocampus 

NM-HA and WT animals were stereotactically inoculated at an age of 7 to 9 weeks. Animals 
were injected with either PBS, monomeric recombinant NM-His, NM fibril variant F4 or F37 
(figure 7 A). 30 min before surgery, animals were injected subcutaneously with 0.08 mg/kg 
Buprenorphin to prevent pain during and after the surgery. Mice were deeply anesthetized 
with 3 % isoflurane in 1000 ml/min N2O and 400 ml/min O2. Sufficient anesthesia depth was 
constantly assured by testing the toe pinch reflex. After fixing the head of the animal in a 
stereotaxic frame, the scalp was cut open and the skull skin was locally anesthetized by 
applying 2 % Lidocain gel. After removing the skin, a small hole was drilled at -2.0 mm 
posterior and -1.3 mm lateral from Bregma (figure 7 B). Subsequently, a glass capillary 
attached to a Hamilton syringe was inserted into the brain to a depth of ventral -2.2 mm from 
the Dura mater. 5 µg monomeric or fibrillar NM in 2.5 µl sterile PBS was unilaterally injected 

in the right dentate gyrus of the hippocampus with a flow rate of 100 nl/min using a 
microinjection syringe pump. 2.5 µl sterile PBS was injected as control. The capillary was left 
in place for 5 min before the wound was disinfected and closed with tissue adhesive. Mice 
were placed in a heated cage and were transferred into the home cage after full recovery. To 

Figure 7. Schematic overview of animal experiments after stereotactic injections. A Experimental time line. 
2 months-old NM-HA and WT animals were injected with 5 ng monomer equivalent F4, F37 or soluble NM (NMsol). 
PBS was injected as control. Cognition was assessed via Y maze, Novel object recognition test (NOR) and nesting 
behavior before animals were sacrificed 1 mpi and 12 mpi. B Animals were unilaterally injected in the right dentate 
gyrus (from bregma: -2.0 mm posterior, + 1.3 mm lateral, - 2.2 mm ventral).  
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prevent pain and inflammation, animals were daily injected subcutaneously with 5 mg/kg 
Carprofen for three days post-surgery. Animals were sacrificed after 1 and 12 months post 
injection (mpi), PBS-injected animals were sacrificed at 8 mpi. 

4.5.4 Behavioral experiments 

To test hippocampus-dependent cognition of injected NM-HA animals, a series of behavioral 
experiments was performed 1 and 12 months post injection (figure 7 A). The day-night-cycle 
of all tested animals was switched to assess the behavior in the animals’ active time. Before 
starting the experiments, animals recovered from the surgery for one week. In addition, 
animals were handled for 2 min for 3 consecutive days to familiarize the animals with the 
experimenter and the test environment. On each experimental day, animals were given 30 min 
in the test room to adjust to the new environment. As males and females were used in this 
project, males were tested first to reduce the distraction provoked by female smell. During 
the experiments, animals were recorded and automatically detected with three body points 
(EthoVision XT software, Noldus). However, as the automated detection is prone to errors, 
each video was also evaluated manually. 

4.4.5.1 Y maze 

Spatial working memory was assessed as described using a Y-shaped maze with three arms 
made of non-translucent plastic (Kraeuter et al., 2019). Each arm was 30 cm long and 7 cm 
wide with a wall height of 10 cm. The animal was placed in the center of the maze and was 
allowed to freely explore the maze for 8 min. During that time, the animal was recorded and 
each arm entry was manually registered. The entrance in one arm was counted when all 4 
paws entered the arm. Animals with less than 10 total arm entries were excluded. Finally, the 
animal was placed back in the home cage and the maze was cleaned with 70 % ethanol to 
remove odor cues. The spontaneous alternation rate, the consecutive visit of all 3 arms, was 
calculated per animal with the following formula: 

!"#$%&'#()&	(%) = /012$%	)3	'"#$%&'#()&4
(5)#'"	&012$%	)3	'%1	$&#%($4 − 2) ∗ 100 

 

4.4.5.2 Novel object recognition (NOR)  

Object recognition memory of injected animals was tested   using a white plastic box (50 cm 
x 50 cm x 50 cm) and different sets of objects, all varying in shape and color, randomized 
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across animals. An adapted NOR protocol was used (Oliveira et al., 2012). The NOR consisted 
of three phases: the habituation phase, the training phase, and the test phase (figure 8). In the 
habituation phase, the animal was placed in the empty box and explored the test environment 

for 15 min. The animal was 
returned to its home cage 
and the box was cleaned 
with 70 % ethanol. 24 h 
after habituation, the 
animal was tested in 3 
consecutive sessions with 
6 min object training 
followed by 3 min break, 

respectively. To this end, two identical objects were placed in two opposite quadrants of the 
box. The animal was placed in an empty quadrant and was allowed to explore the objects for 
6 min. Afterwards, the animal was returned to its home cage for 3 min and the box and the 
objects were cleaned and replaced. For the test phase on the next day, one of the objects 
was replaced by a new object without changing the positions. The animal was placed in the 
box and explored the objects for 6 min. The exploration time at both objects was manually 
recorded when the animal was sniffing, licking, or gnawing but not when it was rearing or 
climbing on the object. Animals exploring the objects for less than 10 s were excluded. 
Subsequently, the animal was returned to its home cage and the box and the objects were 
cleaned. The recognition index was calculated using the following formula: 

;$<)=&(#()&	(&>$?	(%) = @?A")%'#()&	#(1$	&$B	)2C$<#
5)#'"	$?A")%'#()&	#(1$ ∗ 100 

 

4.4.5.3 Nesting behavior 

To test natural hippocampus-dependent behavior, the ability to build a nest was assessed. 
Animals were single caged around 1 h before the animals’ active time. Each animal received 
a weighted cotton square nestlet but no other enrichments. After 12 hours, the built nest was 
scored with a value from 1 to 5 (Deacon, 2006) and unused parts of the nestlet were weighted. 
A score of 1 was given for an untouched nestlet and a score of 5 for a near perfect nest.  

Figure 8. Procedure of novel object recognition test. 
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4.5.5 Mouse tissue preservation 

At the appropriate time point post-injection, mice were euthanized by an intraperitoneal 
injection of 600 mg/kg Pentobarbital. After the respiration stopped, mice were transcardially 
perfused with 20 ml ice-cold PBS supplemented with 20 units/ml heparin at a flow rate of 
5 ml/min to remove all blood. For molecular analysis, the brain was removed and the 
hemispheres were separately frozen on dry ice before storing them at -80 °C. For histological 
analysis, mice were additionally perfused with 20 ml ice-cold 4 % [w/v] buffered 
formaldehyde solution. The brain was removed and placed as a whole in 5 ml 4 % [w/v] 
buffered formaldehyde solution for immersion fixation at 4 °C ON. The next day, fixed tissue 
was washed twice in PBS before storing it in PBS supplemented with 0.01 % [w/v] sodium 
azide at 4 °C. 
 

4.5.6 Mouse tissue preparation 

Anti-freezing solution 
13.1 mM  NaH2PO4 
38.4 mM  Na2HPO4 
30 % [v/v] Ethylenglycol   
30 % [v/v] Glycerol   
   
For histological analysis, fixed brains were quickly washed in PBS and transferred to 30 % 
[w/v] sucrose in PBS to prevent damaging ice crystal formation during freezing. After 48 h, 
the brain was removed from sucrose and attached to the cutting dish of a sliding and freezing 
microtome. The brain was frozen with dry ice and was cut in 35 µm coronal sections. The 
sections were consecutively collected in 5 wells of a 24 well plate filled with anti-freezing 
solution. Each well finally contained a full brain set consisting of every fifth section. The plates 
were stored at -20 °C until further use. For molecular analysis, the frozen right brain 
hemisphere was transferred to a pre-cooled mortar on dry ice. The mortar was filled with 
approx. 20 ml liquid nitrogen to deeply freeze the tissue. After full evaporation, the hemisphere 
was grinded to a fine powder using a pre-cooled pestle. 40 - 60 mg brain powder was 
aliquoted to pre-cooled protein low-bind tubes and was stored at -80 °C until further use. 
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4.6 Image analysis and Statistics 
4.6.1 Quantification of NM-HA aggregates  

To analyze NM-HA aggregate spreading in the brain of injected mice, 35 µm brain sections 
were immunohistochemically stained for HA (section 4.4.2). In total, 6 positions were selected 
for aggregate quantification to cover most of the brain from anterior to posterior: +0.98 mm, 
-0.46 mm, -2.06 mm (injection site), -3.08 mm, -3.88 mm, -5.52 mm from Bregma. 4 – 5 
animals were randomly selected per treatment group, and 3 sections per animal were stained 
and analyzed. Each stained section was fully imaged using the automated slide scanner 
AxioScan 7 (Zeiss) with a 10x objective (figure 9 A). Images were taken as z-stacks of 5 slices 
with 3 µm intervals. For aggregate quantification, the image analysis software ARIVIS (Zeiss) 
was used, which allows automated large-scale analysis of full brain sections. To this end, the 
brain regions to be analyzed were manually defined for each section according to the Allen 
Reference Atlas – Mouse Brain (atlas.brain-map.org) (figure 9 B, Suppl. figure 4 A). Smaller 
subregions were grouped to reduce annotation time. A deep learning algorithm was trained 
and applied to detect the DAB signal of NM-HA aggregates in each defined area of each 
section (figure 9 C, D). Of note, some regions had to be excluded due to their strong 
structuring (e.g. the striatum, fimbria, lateral septum), which caused false-positive detection. 
Finally, the total surface area of the DAB signal in each brain region was normalized to the 
size of the respective brain region and was plotted as a heat map for each coronal position. 

 
Figure 9. Workflow of automated NM-HA aggregate detection and quantification. A NM-HA deposits in the 
brain were detected via immunohistochemical staining with anti-HA antibodies. Each brain section was 
automatically imaged (AxioScan 7, Zeiss) and brain regions were manually annotated in each section according 
to the Allen Reference Atlas – Mouse Brain (colored areas) (B). C, D NM-HA deposits were quantified by a deep 
learning algorithm trained to detect the DAB signal in each defined brain region (ARIVIS, Zeiss). The total HA signal 
area was calculated and normalized to the size of the brain region. 
 

4.6.2 Quantification of microglia, astroglia, and neurons 

Microglia, astroglia and neurons were quantified via immunofluorescence triple staining with 
Iba1, GFAP and NeuN antibodies (table 5, 6) at the injection site (-2.06 mm from Bregma). 3 
sections per animal were stained from the same animals analyzed for NM-HA aggregates. 
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Sections were fully imaged using the AxioScan 7 (Zeiss) slide scanner with a 10x objective. 
To reduce image sizes, a z-stack of 3 slices with 4 µm interval was used. Brain regions were 

defined in each section using the ARIVIS (Zeiss) software as described (section 4.6.1). For 
Iba-1 signal detection, an image segmentation pipeline was applied to automatically detect 
and count Iba1-positive cells per analyzed brain region. To quantify astroglia and neurons, 
image segmentation pipelines were established that automatically quantified the sum of 
GFAP and NeuN signal areas in each defined brain region. The signal was normalized to the 
size of the respective brain region and was plotted as a heat map or graph. 

4.6.3 Statistics 

For statistical analysis, all experiments were performed as biological triplicates. Data was 
analyzed using GraphPad Prism 9 (Graph Pad). Unless stated otherwise, data is shown as 
mean ± SD and was analyzed using a Two-way ANOVA with Bonferroni or Tukey post-hoc 
test. P-values below 0.05 were considered statistically significant (*P < 0.0332, **P < 0.0021, 
***P < 0.0002, ****P < 0.0001.  
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5 Results 

5.1 NM-HA in the brain of NM-HA mice remains soluble during aging  

The use of the Sup35 prion domain NM (hereafter NM) as model for intracellular amyloid 
proteins has been a valuable tool in cells (Krammer et al., 2009; Hofmann et al., 2013). 
However, its functionality in vivo has not yet been investigated. In this project, we used the 
previously generated NM-HA mouse line, which expresses hemagglutinin-tagged NM to 
study NM aggregation and propagation in a more complex eukaryotic environment. As a 
heterologous protein, NM lacks a function in mammalian cells. Upon aggregation, NM 
therefore models the gain-of-function of cytosolic amyloid independent from the loss-of-
function of the protein. First, NM-HA mice were characterized and analyzed for spontaneous 
aggregation of NM-HA with age. NM-HA is expected to be expressed at levels comparable 
to PrP in animals homozygous for the transgene. Western blot analysis of brain homogenates 

Figure 10. Characterization of the NM-HA mouse line. A Western blot of full brain homogenates shows NM-
HA expression and absence of PrP in NM-HA animals. Wild type (WT) animals served as control. PrP was detected 
using antibody 4H11. B Body weights of female and male NM-HA mice compared to WT controls. Data are shown 
as means ± SD, n= 3-6 animals per time point. C Sedimentation assay with brain homogenates from young and 
aged NM-HA animals reveals no spontaneous aggregation of NM-HA during aging. NM-HA was detected using 
antibodies against the HA tag. Cell lysate (CL) from N2a cells expressing soluble NM-HA served as control. n= 3 
animals per time point. Shown are 2 animals; dashed lines indicate excised lanes. D Immunohistochemical 
staining for NM-HA on brain sections from a 12 months-old NM-HA mouse (left) and an 8 months-old WT mouse 
(right). White and black boxes mark magnified regions. Arrowheads indicate axonal and cytoplasmic NM-HA 
expression. CA1/ 3: cornu ammonis 1/ 3, DG: dentate gyrus, kDa: kilodalton, MW: molecular weight, P: pellet, S: 
Supernatant. 
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from homozygous NM-HA mice confirmed the expression of NM-HA and the loss of PrP 
(figure 10 A). Phenotypically, NM-HA animals develop normally, breed with stable litter sizes, 
and increase in body weight over time like wild type (WT) animals (figure 10 B). Thus, the NM-
HA KI and the lack of PrP expression have no major impact on fertility and viability in our 
mouse model. To investigate if NM-HA spontaneously forms aggregates during aging, brain 
homogenates from young and aged NM-HA mice were analyzed via sedimentation assay 
(figure 10 C). No NM-HA was detected in the insoluble pellet fractions of brain homogenates 
from aged animals, arguing that NM-HA remained soluble in the aging mouse brain. PrP is 
ubiquitously expressed and found in most brain regions of the mouse brain (Sjöstedt et al., 
2020). In line with this, staining for NM-HA in the brain of KI animals revealed region-specific 
expression patterns of NM-HA. High expression was found throughout the hippocampal 
formation, especially in the CA1 region (figure 10 D). Interestingly, a similar expression pattern 
has been observed in another KI mouse model, in which the Prnp ORF was replaced with the 
one coding for GFP (Jackson et al., 2014). Within neurons, NM-HA was equally distributed in 
the cytoplasm and neurites, similar to other soluble cytosolic proteins. Notably, no aggregated 
NM-HA was found in any brain region of 12 months-old or older mice. Taken together, NM-
HA animals are healthy and age without any obvious burden. Similar to NM expressed in 
cellular models, NM-HA in mice does not aggregate spontaneously with age and appears 
non-toxic. Therefore, the NM-HA mouse line was considered suitable for this project to study 
protein aggregation and the spread of protein aggregates in the brain. 
 

5.2 Generation of two NM fibril conformers for intracerebral injection 

Since different conformations of amyloid deposits are associated with distinct 
neuropathological lesions and disease phenotypes (Narasimhan et al., 2017), we decided to 
produce different NM-His fibril variants for intracranial injection in NM-HA mice. It has 
previously been described that NM spontaneously polymerizes into different fibril conformers 
depending on the incubation temperature (Chien et al., 2003; Tanaka et al., 2004; Toyama et 
al., 2007). This strategy was pursued in this work and fibrils were generated from purified, 
recombinant NM-His (NM from now on). Seed-free, monomeric NM in PBS pH 7.4 was 
incubated at 4 °C or 37 °C for 72 h without agitation (figure 11 A). The resulting spontaneously 
formed NM fibrils were designated F4 and F37 according to the incubation temperature during 
generation. To confirm that F4 and F37 fibrils contained equal amounts of NM protein, 
samples were analyzed via Western blot (figure 11 B). No difference in NM protein levels of 
F4 and F37 samples was detected. Next, we characterized the biochemical and biophysical 
properties of NM fibrils F4 and F37 to reveal information about the fibril conformation using 
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previously published methods (Tanaka et al., 2004; Tanaka et al., 2006; Toyama et al., 2007). 
First, the stability of F4 and F37 was assessed by incubating the fibrils at increasing 
temperatures in the presence of SDS. Fibril solubilization was determined by quantifying the 
NM monomer band after Western blot (figure 11 C, D). At temperatures above 45 °C, both 
fibrils showed equal susceptibility to thermal denaturation. However, at 25 °C and 35 °C, the 
NM monomer signal was significantly increased in samples of fibril F4. Hence, F4 fibrils were 

less stable than F37 fibrils under these conditions. In the next step, the fibril rigidity was 
analyzed, which is determined by the size of the amyloid core region of the fibril (Tanaka et 
al., 2006). This biophysical characteristic can be assessed by measuring the fibril length 
following sonication. To this end, F4 and F37 fibrils were imaged before and after sonication 
using highly magnifying transmission electron microscopy (performed by Emiel Michiels, 
figure 12 A). Before sonication, both fibrils appeared as long twisted fibers without overt 
structural differences. After sonication, fibrils were fragmented into short seeds. While F37 
fragments spread evenly on the grid, F4 fibrils appeared stickier and more clustered. 
Strikingly, the generated seeds differed in their average length, with approx. 75 nm for F4 and 
approx. 52 nm for F37 seeds (figure 12 B). Hence, sonication of F37 leads to shorter 
fragments, suggesting that F37 fibrils are less rigid than F4 fibrils.  
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Figure 11. NM fibril F37 is more stable at physiological temperatures than fibril F4. A Fibrils F4 and F37 were 
generated from recombinant monomeric NM-His (NMsol) by incubating the seed-free protein at 4 °C and 37 °C for 
72 h without rotation. B Western blot of F4 and F37 fibrils detected with the anti-M domain antibody. Shown are 
two representative lanes. Quantification of the signal intensity (right graph) reveals no difference between F4 and 
F37 protein levels. Data are shown as means ± SD, unpaired t-test, ns indicates p > 0.05. C Thermal stability 
analysis of F4 and F37 fibrils upon incubation at different temperatures in the presence of 1 % [w/v] SDS. 
Monomeric NM was detected by Western blot using the anti-NM antibody. Shown are duplicates, dashed lines 
indicate excised lanes. D Quantification of the relative levels of monomeric NM from (C). Data are shown as means 
± SD, 3 replicates, fitted with a four-parameter logistic curve fit. Two-way ANOVA with Bonferroni post-hoc test. 
** P < 0.0021, ****P < 0.0001 
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Previous studies reported that NM prion formation in S. cerevisiae is mediated by the QN-rich 
region (QNR) of Sup35, while in mammalian cells NM prions propagation relies on the C-
terminal OPR and CTN (Toyama et al., 2007; Duernberger et al., 2018). To reveal the prion 
forming region of the recombinant F4 and F37 fibrils, fibrils were tested in a Thioflavin-T (ThT) 
assay, in which they were used to seed different monomeric NM substrates. Substrates were 
either full length NM or NM mutants with deleted QNR (aa 1-39, NM∆1-39) and deleted OPR/ 
CTN (aa 75-123, NM∆75-123) (figure 12 C). Both fibrils seeded aggregation of full length NM and 
NM∆1-39, illustrated by the missing lag phase and an instant increase of the fluorescence signal 
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Figure 12. F4 and F37 differ in their biophysical properties in vitro. A Transmission electron microscopy 
images of F4 and F37 fibrils before (upper panels) and after sonication (lower panels). B Quantification of F4 and 
F37 seed lengths after sonication. The average seed lengths are indicated in boxes. Data are shown as means ± 
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after fibril addition (figure 12 D, E). Interestingly, seeding with F37 led to higher fluorescence 
intensity than seeding with F4, independent of the used substrate. In contrast, the induction 
of NM∆75-123 was weak and the lag phases of the seeded reactions were comparable to the 
one of the unseeded, spontaneous reaction (figure 12 F). This indicates that the C-terminal 
OPR and CTN (aa 75-123) are essential for seeding with F4 and F37 fibrils, while the QNR is 
dispensable. Furthermore, it suggests that F4 and F37 fibrils share a similar amyloid core 
region at the C-terminal end of the N domain. 

Next, we tested if the generated NM fibrils induce NM-HA aggregation in mammalian 
cells. To this end, murine N2a neuroblastoma cells expressing soluble NM-HA (N2a NM-HAsol) 
were seeded with different concentrations of sonicated F4 and F37 fibrils (figure 13 A). 
Treatment with soluble NM (NMsol) led to no or very low induction in less than 5 % of cells at 

the highest concentrations (figure 13 B, C). However, both fibrils seeded NM-HA aggregation 
in approx. 85 % of cells at the highest concentration. Interestingly, in the range of 50 – 
200 nM, F37 induced significantly more cells (approx. 75 - 85 %) than F4 (approx. 40 - 75 %). 
Hence, F37 seeded NM more efficiently in cells than F4, highlighting the unique properties of 
both fibril conformers. Overall, NM fibrils F4 and F37 have different biochemical and 
biophysical characteristics and differ in their seeding activity in vitro and in cells. This argues 
that F4 and F37 are distinct fibril strains that possess distinct fibril conformations. Thus, these 
two fibrils were used for intracranial injections in NM-HA animals. 
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arrowheads indicate intracellular NM-HA aggregates. C Induction of NM-HA aggregation in N2a NM-HAsol cells 
after fibril exposure. Data are shown as means ± SD fitted with a four-parameter logistic curve fit. 4 replicates are 
shown. Only significant changes are indicated. Two-way ANOVA with Bonferroni post-hoc test for comparing F4 
and F37. ** P < 0.0021, ****P < 0.0001.  
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5.3 Mild cognitive decline in fibril-injected animals 12 mpi 

Aim of this study was to investigate if NM prions can be induced in a living mammal and if 
NM-HA aggregates cause neurodegeneration through a toxic gain-of-function. To do this, 
two months-old NM-HA animals were unilaterally injected in the right dentate gyrus (DG) with 
5 ng (monomer equivalent) F4 and F37 fibrils. As controls, soluble NM (NMsol) and PBS were 
injected. Animals were sacrificed at 1 month post injection (mpi) and at 12 mpi. Mice of both 
sexes, equally distributed within cohorts were used in this study. 

Over the course of 12 months, fibril-injected animals remained healthy without 
developing an overt phenotype. Since we injected in the hippocampus, we wondered if fibril 
inoculation led to a decline in cognition as a consequence of neurodegeneration in the 
hippocampus. To address this question, PBS, NMsol, and fibril-injected NM-HA animals were 
tested in three hippocampus-dependent behavioral tests - nesting behavior, Y maze, and 
novel object recognition test (NOR) - before the experimental end at 1 mpi and 12 mpi. First, 
the natural nest-building behavior was analyzed by isolating animals and allowing them to 
build a nest from a cotton nestlet within 12 h. The nest quality was assessed the next day by 
ranking nests from score 1 for an untouched nestlet to score 5 for a near perfect nest (figure 
14 A, B). At 1 mpi, injected animals were equally able to build nests with an average score of 
4.3. Strikingly, after 12 months, animals inoculated with F37 fibrils built nests of lower quality 
(average score 3.1) compared to PBS and NMsol-injected animals (average score 4.4 and 4.3), 
which indicates a decline in nest-building ability. A similar trend was observed for F4-injected 
animals (average score 3.9). No differences in nest quality were observed between males and 
females (Suppl. figure 1 A). To assess spatial working memory, the alternation rate of animals 
in a 3-armed Y maze was determined (figure 14 C-E). In this test, all animals alternated equally 
often and mostly above chance level, independent of the inoculum and age. Females and 
males alternated with an average rate of approx. 61 % and 66 % at 1 mpi and approx. 62 % 
and 68 % at 12 mpi (Suppl. figure 1 B). The overall amount of arm entries did not increase 
with age, even though aged females were more and aged males less active (Suppl. figure 1 
C). In the NOR test, the memory to recognize a learned object was assessed 24 h after the 
last object training (figure 14 F-H). All injected animals were equally able to discriminate 
between the novel and old object, with mean recognition indices ranging from 65.6 % to 
72.7 % in young and from 64.6 % to 68.3 % in aged animals. Additionally, animals spent 
similar amounts of time exploring both objects. The increased explorative behavior detected 
in NMsol-injected animals at 1 mpi was unexpected and could be caused by an unknown bias 
on the test day. No differences in performance were observed between males and females 
(Suppl. figure 1 D, E). Together, the injection of NM fibrils in the hippocampus of NM-HA 
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animals did not lead to a visible phenotype. However, F37 fibril-injected animals were 
significantly and F4 fibril-inoculated mice were slightly impaired in nest building at 12 mpi. 
This indicates a mild cognitive decline in these mice. As nesting is a strongly hippocampus-
dependent behavior, it suggests neuronal changes in the hippocampus. To investigate the 
consequences of NM fibril injection in the brain of NM-HA animals, the brain tissue was 
histologically and biochemically analyzed. 
 

Figure 14. Fibril-injected animals show decreased nest-building ability. A Assessment of nest-building 
behavior shows decreased quality of nests from animals injected with F37 fibril. Animals were isolated and nests 
were scored from 1 (nestlet not touched) to 5 (perfect nest) after 12 h. B Representative nest images of animals 
12 mpi. C Y maze test to investigate spontaneous alternation behavior. D, E Alternation rates (number of 
alternations/ number of total arm visits -2) and total arm visits of animals tested at 12 mpi were comparable with 
those tested at 1 mpi. F Novel object recognition (NOR) test to assess recognition and long-term memory. G 
Animals tested at 12 mpi were able to discriminate between the old and the novel object. Recognition index: time 
spent at the novel object/ time spent at both objects. H The total exploration time (the time spent at both objects) 
remained equal across groups, except for animals injected with NMsol at 1 mpi. A-H 6-8 male and female animals 
were tested per condition. Data are shown as means ± SD, two-way ANOVA with Bonferroni multiple comparison 
test. Only significant changes are indicated. *P < 0.0332, **P < 0.0021, ***P < 0.0002, ****P < 0.0001. Dashed lines 
indicate the chance level. 
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5.4 Fibril injection in the hippocampus of NM-HA animals induces NM-

HA amyloid 

So far, we demonstrated that F4 and F37 seeded NM-HA aggregation in vitro and in 
mammalian cells expressing NM-HA. To determine if the injection of NM fibrils F4 and F37 in 
the brain of NM-HA mice induced NM-HA amyloid, injected animals were sacrificed after the 
behavior tests at 1 mpi and 12 mpi. Brain sections around the injection site were 
immunohistochemically stained for HA and imaged. NM-HA animals injected with NMsol and 
PBS served as controls (figure 15 A). Over the course of eight months, PBS-injected animals 
did not develop NM-HA accumulations in the ipsilateral hippocampus or elsewhere in the 

Figure 15. F4 and F37 fibril injection induces NM-HA aggregation in neurons and astrocytes. A 
Representative images of NM-HA aggregates in the ipsilateral hippocampus from animals injected with F4, F37 
and NMsol at 1 mpi (left) and 12 mpi (middle). Brain sections were immunohistochemically stained with anti-HA 
antibody. NM-HA accumulations were absent in PBS-injected animals at 8 mpi (right). Dashed lines indicate 
borders of the pyramidal layer (PL) and the granular layer (GL). B, C Representative confocal images of NM-HA 
deposits in neurons, astrocytes, and microglia in the hippocampus of F37-injected animals (B) and F4-injected 
animals (C) 12 mpi. Brain sections were immunofluorescently stained with antibodies against neuronal marker 
MAP2, astroglial marker GFAP, microglial marker Iba1, and HA. A-C Arrowheads indicate NM-HA deposits in the 
cytosol and cell processes. CA: cornu ammonis, DG: dentate gyrus. 
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brain (figure 15 A, right, Suppl. figure 2). Animals exposed to NMsol lacked NM-HA deposits 
at 1 mpi but developed single inclusions scattered across the hippocampus at 12 mpi. This 
finding might be explained by the injection procedure during which NMsol was forced through 
a thin glass capillary. In vitro, capillary-processed NMsol seeded NM-HA aggregation in N2a 
NM-HAsol cells (Suppl. figure 3). This argues that the injection of NMsol introduced seeding-
competent NM species that induced NM-HA aggregation in the brain. In fibril-injected 
animals, NM-HA deposits were detected in the CA1, CA2/3, and DG regions after one and 12 
months (figure 15 A, left, middle). The severity of NM-HA deposition in specific brain regions 
somewhat differed between fibril-injected animals, even when the same fibril type was 
injected. In the pyramidal layer of CA1-3 and the granular layer of the DG, NM-HA aggregates 
appeared as fibrillar tangles around the neuronal nuclei. In subregions containing cellular 
processes, deposits were shaped as short fibrils and dots. Overall, NM-HA inclusions 
generated by F4 and F37 fibrils had similar morphologies. After 12 months, NM-HA pathology 
in the hippocampal subareas increased, especially in F4-injected mice. Immunofluorescence 
co-staining with neuronal marker MAP2 confirmed the intraneuronal localization of 
aggregates (figure 15 B, C). Additionally, NM-HA accumulations were found in the cytosol 
and processes of astroglia, while microglia contained no or only little amounts (figure 15 B, 
C). No NM-HA plaque formation or spongiform degeneration was observed. 

To confirm that the detected deposits consisted of amyloid NM-HA, brain sections of 
fibril-injected animals were immunofluorescently stained for HA and were co-labelled with the 
amyloid-binding dye Thioflavin S (ThS) (figure 16 A, B). The co-localization of the ThS signal 
with NM-HA aggregates confirmed the amyloid nature of induced NM-HA deposits at 1 mpi 
and 12 mpi. Moreover, NM-HA amyloid co-localized with the autophagy marker p62, which 
binds to various disease-related amyloid (figure 16 C). The presence of insoluble NM-HA 
species in fibril-inoculated mice at 12 mpi was further verified by analyzing brain 
homogenates via sedimentation assay (figure 16 D, E). In control animals, NM-HA was 
detected in the soluble supernatant fraction but was absent in the insoluble pellet fraction. In 
fibril-injected animals, seeded NM-HA aggregates were separated from soluble NM-HA and 
were detected in the pellet fraction. Here, the banding pattern resembled the one from the 
control cell lysate, presumably detecting not fully denatured, tightly bound dimers of 
aminoterminally truncated NM-HA fragments. In summary, injection of F4 and F37 fibrils in 
the brain of NM-HA animals induced intracellular NM-HA amyloid within one month. 
Furthermore, NM-HA pathology increased over the course of 12 months. We conclude that a 
yeast prion can seed and propagate amyloid aggregates in a mammalian system in vivo.  
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5.5 NM-HA aggregates spread through the brain in a prion-like manner 

The spatio-temporal distribution of amyloid in the brain is characteristic of human NDDs 
(Braak and Braak, 1995). It is hypothesized that variable neuropathological patterns are 
caused by different strains of misfolded protein (Scialò et al., 2019). To determine if F4 and 
F37-seeded NM-HA prions disseminate differently in the brain, we assessed the spread of 
NM-HA amyloid in inoculated animals. To this end, brain sections from animals injected with 
NMsol, F4 and F37 were stained for HA at 1 mpi and 12 mpi (Suppl. figure 2). NM-HA 
aggregates were automatically quantified by a trained deep-learning algorithm in defined 
brain regions at six coronal positions covering the brain from rostral to caudal. For display, 
the NM-HA aggregate area fraction of each brain region was plotted as a heat map (figure 17, 
Suppl. figure 4). 
 

Figure 16. Fibril-induced NM-HA deposits have an amyloid structure. A, B Representative confocal images of 
neurons in the hippocampus of animals injected with F4 and F37 at 1 mpi (A) and 12 mpi (B). NM-HA deposits 
were detected via anti-HA antibodies and probed for amyloid conformation using Thioflavin S (ThS). Nuclei were 
stained with Hoechst. C Representative confocal images of NM-HA aggregates stained with anti-NM antibodies 
and co-labelled for autophagy marker p62 at 12 mpi. D, E Sedimentation assay with brain homogenate from 
injected animals at 12 mpi. Pellet fractions (P) were devoid of NM-HA in PBS and NMsol-injected animals (D). 
Insoluble NM-HA was detected in fibril-injected animals. Arrows mark monomeric NM-HA, asterisks mark dimers 
of truncated NM-HA (E). NM-HA was visualized using anti-HA antibodies. Cell lysate from N2a NM-HAsol and NM-
HAagg cells served as controls. n= 3 animals per condition. Shown are 2 animals; dashed lines indicate excised 
lanes. S: supernatant. 
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Figure 17. NM-HA prions spread to distant brain regions within 12 months. A, B Quantification of NM-HA 
aggregates in the brain of animals injected with NMsol, F4 and F37 at 1 mpi (A) and 12 mpi (B). Brain sections were 
immunohistochemically stained using anti-HA antibodies and NM-HA aggregates were automatically quantified. 
Data are shown as heat maps depicting total aggregate surface per analyzed brain region. Brain regions with an 
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aggregate area fraction < 0.3 ‰ are colored in white. Ventricles are shown in light blue; grey areas are excluded. 
Asterisks mark the injection site. The coronal position is given in mm relative to Bregma (Br). C-F NM-HA aggregate 
quantification in representative ipsilateral (ipsi) brain regions at 1 mpi and 12 mpi. Data from A are shown as means 
± SD, 3 sections/ animal, n= 4-5 animals/ condition. Two-way ANOVA with Tukey post-hoc test. Indicated are 
significant changes. *P < 0.0332, ** P < 0.0021, ***P < 0.0002, ****P < 0.0001. CA: cornu ammonis, DG: dentate 
gyrus, SUB: subiculum. 
 
At 1 mpi, brains of animals injected with soluble NM were devoid of NM-HA aggregation in 
the brain (figure 17 A). In F4-inoculated mice, NM-HA pathology was mild and mainly localized 
ipsilaterally around the injection site (Br -2.06 mm). However, NM-HA prions also spread to 
the contra- and ipsilateral dorsal thalamus and hypothalamus (Br -0.46 mm), as well as to 
parts of the ventral hippocampus (Br -3.08 mm). Interestingly, in F37 injected animals, we 
observed strong NM-HA depositions in the ipsilateral hippocampus (figure 17 C, D) that 
propagated to the ipsilateral cortex and contralateral CA2/3 region (Br -2.06 mm). 
Additionally, NM-HA aggregates were found in more distal brain regions such as the ventral 
hippocampus, the ectorhinal and perirhinal areas (Br -3.88 mm), and the locus coeruleus (Br 
-5.52 mm) (Suppl. figure 5).  

After 12 months, NMsol injection caused sparse NM aggregation in several brain 
regions ipsi- and contralaterally, such as the dorsal and ventral hippocampal formation, the 
ventral retrosplenial area (Br. -2.06 mm), and the locus coeruleus (figure 17 B). In animals 
inoculated with F4 or F37, the overall amount of ipsilateral and contralateral NM-HA 
aggregates strongly increased (figure 17 B-F, Suppl. figure 5). F4 and F37-induced NM-HA 
aggregates spread to very similar brain regions and caused comparable amounts of amyloid 
pathology (figure 17 C-E). While protein aggregation rapidly increased in the hippocampus, 
deposits in more distant areas occurred later (figure 17 F). The most affected regions were 
the dorsal hippocampus, especially the CA3 area (Br. -2.06 mm), the ventral DG (Br. -
3.08 mm) and the subiculum (Br. -3.08/ -3.88 mm). In general, NM-HA aggregates progressed 
from the injection site to ipsi- and contralateral frontal regions such as the thalamus, the 
cortex, the medial prefrontal cortex (Br. -0.46 mm) and the septum (Br. +0.98 mm). Rostrally, 
protein aggregation progressed to the ipsi- and contralateral ventral hippocampus, the 
ectorhinal, perirhinal and entorhinal areas, the retrosplenial cortex, and the subiculum (Br. -
3.88 mm), until reaching the locus coeruleus. No pathology was found in the dorsal spinal 
cord. Together, F4 and F37 fibrils seeded NM-HA aggregation with different kinetics, 
highlighting F37 as more seeding competent than F4. Over time, NM-HA pathology 
progressively increased, arguing for a prion-like behavior of NM-HA amyloid in the 
mammalian brain. Furthermore, induced NM-HA aggregates disseminated via distinct routes 
that were similar for F4 and F37-induced aggregates.  
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5.6 NM-HA aggregates seed stable NM prions in mammalian cells 

Next, we aimed to confirm if NM-HA aggregates in the brain of fibril-injected animals can seed 
aggregation of NM-HA in mammalian cells and if these induced aggregates are stably 
propagated. Murine N2a NM-HAsol cells were exposed to brain homogenate from fibril-
injected animals sacrificed at 1 mpi and 12 mpi (figure 18 A-C). 24 h post exposure, cells were 
analyzed for NM-HA aggregates by immunofluorescence staining with anti-HA antibodies. 
Cells were automatically imaged and cells containing aggregates were quantified. Brain 
homogenate from fibril-injected animals seeded intracellular NM-HA aggregates in all 
conditions (figure 18 B, C). While the induction rate of brain homogenate from animals 
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Figure 18. Brain homogenate of fibril-injected animals induces NM-HA aggregates in cells that are 
propagated like prions. A Experimental design. N2a NM-HAsol cells were induced with a mixture of brain 
homogenate (BH) from fibril-injected animals and Lipofectamine. B Representative confocal images of NM-HA 
deposits in cells seeded with 55.56 ng/µl BH. Aggregates were detected via anti-HA antibodies, nuclei were 
stained with Hoechst. White arrows indicate intracellular aggregates. C Quantification of cells containing NM-HA 
aggregates. 4 replicates of 4 animals/ condition are shown. Two-way ANOVA with Tukey post-hoc test. Indicated 
are significant changes. ****P < 0.0001. D Experimental design. NM-GFPsol cells were induced as described in (A). 
Single cell clones of induced cells were generated and continuously cultured. E Representative confocal images 
of one induced single cell clone at different passages. Nuclei were stained with Hoechst. White arrows indicate 
intracellular aggregates. F, G Quantification of cells with NM-GFP aggregates of several single cell clones with > 
50 % of cells with aggregates at different passages (P). Each line depicts one clone. After P 13, 9 clones per 
condition were randomly chosen and cultured until P 18. 
 



Results  

 54 

sacrificed at 1 mpi was around 5 %, it doubled to around 10 % when brain homogenate from 
the 12 mpi cohort was applied. This suggests a concomitant increase of NM-HA aggregate 
seeding activity with progressing brain pathology. No difference between F4 and F37 injected 
animals was observed. Next, we assessed the continuous NM prion propagation after 
induction (figure 18 D-G). For better detection, N2a cells expressing soluble GFP-tagged NM 
(NM-GFPsol) were used. Cells were exposed to brain homogenate from F4 and F37-injected 
animals at 12 mpi and single cell clones were generated. Clones containing aggregates in 
more than 50 % of cells were chosen and continuously cultured. All clones stably propagated 
NM prions over 7 passages (figure 18 D-F). The average percentage of aggregate-positive 
cells at passage 1 and 7 remained stable and ranged from 68 % to 73 % (F4 brain 
homogenate) and from 71 % to 80 % (F37 brain homogenate). Randomly selected single cell 
clones also propagated NM prions until passage 18, even though the aggregation rate fell 
below 50 % in some clones (figure 18 G).  Overall, the induction of NM aggregation in cells 
with brain homogenate from fibril-injected animals and the stable propagation of seeded NM 
prions in these cells are in line with the observed prion-like spread in the brain of injected 
animals. Thus, we conclude that NM-HA aggregates in the brain of NM-HA animals exhibit a 
true prion-like nature. 
 

5.7 Hippocampal neurodegeneration in fibril-injected animals  

Prion diseases and other NDDs are characterized by progressive neurodegeneration in the 
brain associated with increasing amounts of amyloid deposition (Jucker and Walker, 2018). 
NM aggregates are non-toxic in mammalian cell culture (Krammer et al., 2009), but neurons 
in a highly complex living organism could be more sensitive. Since the hippocampus was one 
of the regions with the highest NM pathology and animals showed deficits in hippocampus-
dependent behavior, we determined the neuronal loss in the hippocampus at the site of 
injection. For the quantification of neurons, brain sections from animals inoculated with F4, 
F37 and NMsol sacrificed at 12 mpi were immunofluorescently stained for neuronal marker 
NeuN. Sections were imaged automatically and the NeuN-positive area within each 
hippocampal subregion was quantified (figure 19). In NMsol-injected controls, ipsi- and 
contralateral neuronal populations in the pyramidal layers of the CA1-3 areas and the granule 
layer of the DG appeared healthy and unaffected ipsi- and contralaterally (figure 19 A, B). To 
exclude an effect of NMsol inoculation, we quantified the neuronal area of PBS-injected 
animals but found no difference to NMsol-inoculated animals (Suppl. Figure 6). In fibril-injected 
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mice, no neuronal loss was detected in the contralateral hippocampus and in the ipsilateral 
DG. Strikingly, the medial pyramidal layer of the ipsilateral CA1 region was severely 
degenerated (figure 19 A, B). Moreover, neuronal loss was also detected in the CA2/3 area of 
mice that received F37. A similar trend was observed in F4 inoculated mice. The neuronal 
loss caused the entire ipsilateral hippocampus to shrink (figure 18 C). Especially the CA1 
region decreased in size to approx. 83 % in F4 and approx. 74 % in F37 injected animals 
compared to NMsol treated controls (figure 18 D). Sizes of the CA2/3 area and the DG remained 
unchanged. Together, we found that the injection of NM fibrils led to the loss of pyramidal 
neurons in the ipsilateral CA1 but also in the CA2/3 region of the hippocampus. Furthermore, 
the data suggests that F4 and F37 injections resulted in comparable toxicity after 12 months. 
We conclude that a non-disease related protein in its prion conformation induced 

Figure 19. Neurodegeneration in the ipsilateral CA1 region upon NM fibril injection. A Representative images 
of neurons in the hippocampus from animals injected with F4, F37 at 12 mpi. NMsol-injected animals served as 
controls. Neurons were detected via immunofluorescence staining for neuronal marker NeuN. CA1 regions are 
highlighted in red. Red asterisk indicates the injection site. White squares mark magnified pyramidal layers with 
degenerated neurons. Magnified CA3 images were derived from a different animal set. B Quantification of NeuN-
positive area in ipsi- and contralateral CA1, CA2/3, and DG of injected animals at 12 mpi. Data are shown non-
normalized as decreased sizes of brain areas introduced a bias. C, D Area quantification of the full hippocampus 
(C) and ipsilateral CA1, CA2/3, DG (D). The size of the ipsilateral brain region was normalized to the size of the 
contralateral region. B-D Data are shown as means ± SD, n= 4-5 animals/ condition, 3 sections/ animal. Two-
way ANOVA (B, D) with Tukey post-hoc test, ordinary one-way ANOVA (C) with Dunnett’s multiple comparison 
test. ns indicates p > 0.05, *P < 0.0332, ****P < 0.0001. HIP: hippocampus. 
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neurodegeneration. Thus, NM-HA aggregation likely elicits mechanisms of toxicity that might 
also be common in NDDs.   
 

5.8 Neuronal loss is accompanied by reactive astrogliosis and activated 

microglia 

Neurodegeneration in prion diseases and other NDDs is associated with inflammatory 
responses, such as microgliosis and astrogliosis in affected brain regions (Carroll and 
Chesebro, 2019; Leng and Edison, 2021). To determine if NM-HA prions also cause 
inflammation, we assessed the quantity and morphology of glia cells in degenerated 
hippocampal regions. To this end, brain sections analyzed for neuronal loss were 
immunofluorescently co-labelled with the astroglial marker glial fibrillary acidic protein (GFAP) 
and the microglial marker Iba1. For quantification, the GFAP-positive area and the number of 
Iba1-positive cells were automatically detected in each hippocampal region (figures 20, 21). 
Over the course of 12 months, astroglia in the contralateral hippocampus remained 
unaffected in all analyzed animals, while changes were observed in the ipsilateral 
hippocampus. At 1 mpi, the GFAP-positive area in the CA1-3 areas of fibril-injected mice was 
comparable to control animals (figure 20 A top, C, D). The heat map of F37-injected animals 
depicts a bias from one animal with high response in the CA1 area (figure 20 C). In the 
ipsilateral DG of fibril-inoculated mice, the GFAP-positive area was increased compared to 
controls. Hence, at the site of injection, astroglia reacted to fibril injection. Of note, no 
differences in GFAP signals of PBS and NMsol-injected animals were detected (Suppl. figure 
7 A). After 12 months, the GFAP signal of the DG decreased to levels comparable to the 
control (figure 20 A, bottom, E). Astroglia in the CA2/3 area remained unchanged. Strikingly, 
astrocytes were reactive in the ipsilateral CA1 area of fibril-injected animals (figure 20 C). In 
the medial CA1, astrocytes developed a drastically altered morphology and clustered around 
the pyramidal cell layer. (figure 20 B). Thus, fibril injection caused local reactive astrogliosis 
firstly in the DG and at later stages in the ipsilateral CA1 area. Furthermore, F4 and F37 fibrils 
induced very similar responses in the brain of inoculated animals.  

Next, we determined potential microglial changes. At 1 mpi, no changes in microglia 
numbers in the ipsi- or contralateral hippocampus of all analyzed mice were detected (figure 
21 A). Microglia were evenly distributed and showed a ramified morphology. This indicated 
that fibril inoculation did not lead to microglia activation at the injection site 1 mpi. After 
12 mpi, the microglia density in the contralateral and ipsilateral hippocampus of NMsol and 
fibril-injected animals increased compared to 1 mpi (figure A). To verify whether this was an 
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inoculum-specific effect, microglia from animals injected with PBS were analyzed (Suppl. 
figure 7 B). Microglia density in PBS-inoculated mice was decreased in the ipsi- and 
contralateral hippocampus. Microglia numbers in young and aged, untreated WT and NM-HA 
animals increased with age independent of the transgene (Suppl. figure 7 C). Together, this 
argues for an inoculum-specific effect and suggests a time-dependent microglial response to 
the introduction of recombinant NM protein. On the ipsilateral side, microglial densities in the 
CA2/3 and DG remained unaffected by fibril injection (figure 21 D, E). Interestingly, microglia 
numbers strongly increased in the ipsilateral CA1 region (figure 21 C). While microglia in NMsol-
injected animals remained ramified, they severely changed their morphology to a highly 
activated, amoeboid state in the medial CA1 area of fibril-injected mice (figure 21 B). The 
morphological change was accompanied by an increased expression of the activation marker 

Figure 20. Severe astrogliosis in the ipsilateral CA1 region of fibril-injected animals 12 mpi. A Quantification 
of astrocytes in the hippocampus of injected animals 1 mpi (upper panels) and 12 mpi (lower panels). Brain 
sections were stained for astroglial marker GFAP and the GFAP-positive area was quantified automatically and 
normalized to the size of the brain region. Data are shown as heat maps using 3 sections/ animal and 4-5 animals/ 
condition. B Representative confocal images of morphologically changed astrocytes (arrowheads) in the ipsilateral 
(ipsi) CA1 region 12 mpi. C-E Quantification of GFAP signal in CA1 (C), CA2/3 (D) and DG (E) shows increased 
response in ipsilateral CA1 in fibril-injected animals 12 mpi. Data from (A) are shown as means ± SD, two-way 
ANOVA with Tukey post-hoc test. Indicated are significant changes.  *P < 0.0332, ** P < 0.0021, ***P < 0.0002. 
White asterisk indicates injection site. CA1-3: cornu ammonis 1-3, DG: dentate gyrus. 
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CD68 (figure 21 F, Suppl. figure 7 D). Again, microglia responded similarly to the injection of 
F4 and F37 fibrils. In summary, fibril injection into the hippocampus caused a mild astroglial 
response in the DG after one month. Over the course of 12 months, severe astrogliosis and 
reactive microgliosis developed locally in the ipsilateral CA1, in line with the 
neurodegeneration found in this area. As other hippocampal areas with strong NM-HA 
pathology, e.g. CA2/3, were not affected, it suggests a specific vulnerability of the CA1 area 
to NM-HA amyloid. 

 

Figure 21. Reactive microglia in ipsilateral CA1 upon fibril injection. A Quantification of microglia in the 
hippocampus of injected animals 1 mpi (upper panels) and 12 mpi (lower panels). Brain sections were stained for 
microglial marker Iba1 and positive cells were detected and counted automatically per region. Data are shown as 
heat maps plotting Iba1-positive cells/ mm2 brain region from 3 sections/ animal and 4-5 animals/ condition. B 
Representative confocal images of microglia in the ipsilateral CA1 region 12 mpi. Arrowheads indicate activated 
microglia with changed morphology. C-E Microglia quantification in CA1 (C), CA2/3 (D) and DG (E) revealed 
increased microglia numbers in the ipsilateral CA1 region of fibril-injected animals 12 mpi. Data from A are shown 
as means ± SD, two-way ANOVA with Tukey post-hoc test. Indicated are significant changes.  *P < 0.0332, ** P 
< 0.0021, ***P < 0.0002, ****P < 0.0001. White asterisk indicates injection site. CA1-3: cornu ammonis 1-3, DG: 
dentate gyrus, ipsi: ipsilateral. F Representative confocal images of microglia in brains from animals injected with 
NMsol and F37 stained for Iba-1 and co-labelled for microglial activity maker CD68. White arrows indicate large 
CD68 inclusions. 
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5.9 Chaperone valosin-containing protein (VCP) mediates NM-HA seed 

formation in cells 

So far, we discovered that fibril-injected animals develop neurodegeneration in the 
hippocampus but do not show an overt phenotype at 12 mpi. This suggests that NM-HA 
prions are either not very toxic within 12 months, or that neurons and astrocytes use cellular 
mechanisms to keep the aggregates in balance to ensure cell survival. How intracellular 
aggregates are disassembled and degraded in mammalian cells is yet to be determined. In a 
recent study, Saha and co-workers (2023) identified the chaperone valosin-containing protein 
(VCP) as a regulator of tau fibril disaggregation. They hypothesized that VCP acts on 
ubiquitinylated tau amyloid in conjunction with Hsp70. As VCP has also been identified in the 
interactome of NM-HA prions in N2a NM-HAagg cells (Riemschoss et al., 2019), we wondered 
if VCP was involved in the disaggregation and/or seed formation of NM-HA aggregates. To 
verify an association of VCP, Hsp70, and Ubiquitin with NM-HA amyloid, brain sections of 
fibril injected animals at 12 mpi were immunofluorescently stained for NM-HA and co-labelled 
with antibodies against ubiquitin, Hsp70, and VCP (figure 22 A-C). As expected, NM-HA 
amyloid co-localized with ubiquitin, which labels aberrant proteins for degradation. Most 
importantly, NM-HA aggregates also co-localized with Hsp70 and VCP, suggesting that VCP 
and Hsp70 interact with NM-HA prions in fibril-injected NM-HA animals. 

To further investigate the potential role of VCP in the disaggregation of NM-HA 
aggregates, we performed a pilot experiment using our NM cell systems. By co-culturing 
cells, the transmission of NM seeds from donor cells propagating aggregated NM-HA (HEK 
NM-HAagg) to recipient HEK cells expressing soluble NM-GFP (HEK NM-GFPsol) was 
determined. To improve membrane contact and fusion between donor and recipient cells 
(both required for aggregate transmission), the donor was transiently transfected to express 
the vesicular stomatitis virus glycoprotein (VSV-G) (S. Liu et al., 2021). In addition, donor cells 
were treated with the small molecule inhibitor NMS-873, which allosterically inhibits VCP. 
Shortly, donor HEK NM-HAagg cells were transiently transfected with an empty plasmid or a 
plasmid coding for VSV-G (figure 22 D). 6 h post transfection, VCP inhibitor NMS-873 or the 
equivalent DMSO solvent was added to the donor cells. After 24 h, treated donor cells were 
co-cultured with recipient HEK NM-GFPsol cells and the induction of NM-GFP aggregates in 
recipients was automatically quantified the next day. Without the expression of VSV-G in 
donor cells, aggregate induction in the recipient NM-GFPsol cells was below 3 % without a 
detectable effect of VCP inhibition (figure 22 E, F). In contrast, when the donor expressed 
VSV-G and was treated with DMSO, the induction rate increased to approx. 30 %. Strikingly, 
inhibiting VCP in VSV-G-expressing donor cells caused a substantial decline in aggregate 
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induction to approx. 12 % of recipients. Interestingly, this is in line with the findings of Saha 
et al. (2023). It suggests that the inhibition of VCP reduced the amount of transmittable NM-
HA seeds in donor cells, leading to lower induction rates. Thus, VCP might be involved in the 
generation of seeding-competent NM species. Together, the above results highlight VCP as 
potential disaggregase of NM amyloid in cells and potentially in vivo. However, since VCP is 

Figure 22. Inhibition of valosin-containing protein VCP decreases NM seed formation in cells. A-C 
Representative confocal images of immunofluorescence staining for Ubiquitin, Hsp70, and VCP co-localizing with 
NM-HA amyloid. Aggregates were imaged in the ipsilateral CA1 region of the brain from mice inoculated with F4 
or F37, sacrificed 12 mpi. NM-HA was detected using anti-HA antibodies and nuclei were stained with Hoechst. 
D Experimental design. Donor HEK cells propagating NM-HAagg were transfected with plasmid coding for the 
vesicular stomatitis virus glycoprotein (VSV-G) to increase intercellular contact in co-cultures. Donor cells were 
treated with VCP inhibitor NMS-873 or DMSO overnight (ON). Donors were co-cultured with recipient HEK NM-
GFPsol cells and NM-GFP aggregate induction was quantified automatically. E Representative confocal images of 
co-cultures. Arrowheads mark recipient cells with induced NM-GFP aggregates. Note that donor cells were not 
stained. F Percentage of recipient cells with induced NM-GFP aggregates following co-culture with donors +/- 
VSV-G expression and +/- NMS pre-treatment. DMSO served as a solvent control. Data are shown as means ± 
SD from 6 replicates, two-way ANOVA with Bonferroni's multiple comparisons test. ns indicates p > 0.05, ****P < 
0.0001. 
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also involved in virus replication and release (Das and Dudley, 2021) and NMS-873 was 
described as potential antiviral drug (J. Zhang et al., 2019), an effect on intercellular 
transmission cannot be excluded. Thus, future experiments should test the effect of VCP on 
NM aggregates in vitro and in cells via VCP knock-down or overexpression. Ultimately, 
identifying the mechanisms of protein amyloid disassembly is essential to interfere with or 
slow down disease progression in NDDs and prion diseases.  
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6 Discussion 

To study human NDDs in vivo, numerous mouse models have been established that closely 
recapitulate certain pathological aspects of disease (Dawson et al., 2018). Many of these 
models require the intracerebral injection of amyloid proteins to induce protein aggregation 
and disease in mice. However, while seeding protein aggregation is often successful, most 
mouse models fail to recapitulate other disease characteristics, such as neuroinflammation, 
neuronal loss, or cognitive decline (Iba et al., 2013; Masuda-Suzukake et al., 2013; 
Narasimhan et al., 2017). Consequently, important factors such as neurotoxic functions of 
protein aggregates and cellular mechanisms of amyloid fragmentation and dissemination are 
yet only partially understood. In this project, we used the NM-HA KI mouse line, which 
expresses the amyloidogenic yeast prion domain NM, to investigate the gain-of-function of 
NM-HA amyloid and their dissemination in the brain of NM-HA animals. We found that the 
inoculation of two NM fibril polymorphs, F4 and F37, into the brain of NM-HA mice induced 
NM-HA aggregation within 1 mpi. Animals survived until 12 mpi without an obvious phenotype 
but showed impairments in nest building. Strikingly, F4 and F37 induced NM-HA prions 
propagated from the injection site to various ipsi- and contralateral brain regions and caused 
hippocampal neurodegeneration and inflammation. Our results highlight that the gain-of-
function of amyloid strongly contributes to neurodegeneration. In addition, the NM-HA model 
recapitulates important features of NDDs and suggests shared mechanisms underlying 
amyloid dissemination and toxicity in mammals.  
 

6.1 The yeast prion domain NM stably replicates in a mammalian host 

To study mechanisms of intracellular amyloid propagation, the S. cerevisisae Sup35 prion 
domain NM has been used as model protein for many years. In mammalian cells expressing 
NM, NM prions are inducible by exogenous NM seeds and are stably transmitted vertically 
and horizontally (Krammer et al., 2009; Hofmann et al., 2013). In this project, we demonstrated 
for the first time that NM prions also successfully propagate in a living species of a different 
phylogenetic kingdom: in mice. Injection of recombinant NM fibrils seeded NM aggregates in 
the brain of NM-HA mice. Strikingly, NM pathology increased over time, arguing for a prion-
like replication of NM prions in mammals. Since metazoa lack a Hsp104 homologue for the 
disaggregation of Sup35 prions (Chernoff et al., 1995), a functional equivalent machinery must 
exist that fragments NM-HA aggregates into infectious seeds in mice. In the brain of injected 
animals, NM-HA deposits were decorated with ubiquitin and p62. This suggests that the cells 
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targeted aggregated NM-HA for degradation via the UPS and autophagy (Chen et al., 2011). 
However, the persistence of NM-HA amyloid until 12 mpi indicates that cells were unable to 
fully disassemble or clear NM-HA prions. Interestingly, NM-HA aggregates also co-localized 
with the chaperone Hsp70. In yeast, Hsp70 homologs are involved in Sup35 prion replication 
(Allen et al., 2005). Furthermore, Hsp70 is hypothesized to be a key player in amyloid 
disassembly in mammals together with chaperones Hsp40 and Hsp110 and hence, could 
mediate NM-HA fragmentation (Shorter, 2011; Nillegoda et al., 2018). This is supported by 
the finding that this tri-chaperone system is able to depolymerize and fragment amyloid fibrils 
of tau and a-synuclein in vitro, thereby producing seeding-competent species (Gao et al., 
2015; Nachman et al., 2020; Wentink et al., 2020). Curiously, the interactome of NM-HA 
aggregates in N2a cells also included Hsp110 (Riemschoss et al., 2019). However, homologs 
of the yeast chaperones Hsp70, Hsp40, and Hsp110 (Sse1, Ssa1, and Sis1) failed to 
disassemble Sup35 prions in vitro (Shorter 2011). Hence, the tri-chaperone system might not 
be the main contributor in disaggregating NM aggregates. Strikingly, NM-HA deposits in fibril-
injected animals were additionally decorated with the mammalian chaperone VCP. VCP is a 
hexameric AAA+ ATPase that is involved in a multitude of processes, mediating cellular 
homeostasis and proteostasis, amongst others (Kobayashi et al., 2007; Meyer and Weihl, 
2014). In the cell, VCP interacts with ubiquitinated proteins, disassembles protein complexes 
and assists in the degradation of misfolded proteins via ER-associated degradation (ERAD) 
or the UPS (Rabinovich et al., 2002; Meyer et al., 2012). Saha et al. (2023) argued that VCP 
disassembles tau aggregates together with Hsp70 in a ubiquitin-dependent manner. 
Strikingly, NM-HA prions in fibril-injected animals co-localized with VCP as well as Hsp70 and 
ubiquitin. This raises the question whether NM-HA aggregates could be fragmented by a 
similar mechanism. This idea is supported by the detection of VCP in the interactome of 
aggregated NM-HA, but not monomeric, soluble NM-HA in N2a cells (Riemschoss et al., 
2019). Although it was reported that the yeast VCP homologue Cdc48 had no influence on 
Sup35 seeding in vitro (Shorter and Lindquist, 2006), the inhibition of VCP in HEK NM-HAagg 
donor cells decreased seeding in recipient cells in our pilot experiment. This is in line with 
findings from Saha et al. (2023) and suggests that VCP might be involved in the formation of 
transmissible seeding-competent NM particles. However, the exact role of VCP in replicating 
NM prions remains to be determined. Remarkably, recent data also suggests the involvement 
of VCP in the disaggregation of tau, a-synuclein, and TDP-43 filaments in vitro (Darwich et 
al., 2020; Zhu et al., 2022; Phan et al., 2023). However, from these data it remains unclear if 
VCP activity promotes or prevents amyloid seed formation or if VCP plays a dual role (Batra 
et al., 2023). Overall, VCP is a promising candidate as amyloid disaggregase, as mutations of 
VCP have also been identified to cause human NDDs, characterized by the accumulation of 
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tau or TDP-43 amyloid in the brain (Schröder et al., 2005; Darwich et al., 2020). Hence, the 
modulation of VCP activity could be a potential therapeutic target with the aim to ameliorate 
amyloid burden in NDDs.  
 

6.2 NM-HA aggregates induce a neurotoxic gain-of-function 

Concomitant with NM-HA prion dissemination in fibril-injected NM-HA animals, neurons in 
the ipsilateral hippocampus degenerated within 12 mpi and mice exhibited decreased nest-
building activity. Since neurons in the contralateral hippocampus with little or no NM-HA 
deposits did not degenerate, we conclude that NM-HA aggregates are linked to neurotoxicity. 
To our knowledge, this is the first study that demonstrates that a non-mammalian and non-
disease-related protein is able to cause neurodegeneration upon aggregation in mice. Since 
NM-HA does not share sequence similarity with mammalian proteins and it is not known to 
fulfill any physiological function, the NM-HA model recapitulates solely the gain-of-function 
of aggregated NM-HA. This further indicates that the neurotoxic effect of NM-HA amyloid is 
not associated with a loss-of-function, but is caused by a gain-of-function. Similarly, 
neurodegeneration caused by PrPSc is considered to be mainly driven by a toxic gain-of-
function, as PrP KO animals age with some deficits but without severe neurological symptoms 
(Sigurdson et al., 2019; Mercer and Harris, 2023). However, due to the various, sometimes 
not well understood, functions of PrPC, the influence of a loss-of-function cannot be fully 

excluded (Mercer and Harris, 2023). In contrast, tau and a-synuclein execute specific 
functions in the cell and the loss of these proteins causes cellular impairments and cognitive 
decline in KO mouse models of tau and a-synuclein (Burré, 2015; Y. Wang and Mandelkow, 
2016). Nevertheless, oligomers or amyloid inclusions exhibit profound aberrant functions, 
such as protein sequestration, synaptic dysfunction, or mitochondria and endoplasmic 
reticulum stress (Y. Wang and Mandelkow, 2016; Wong and Krainc, 2017). Consequently, it 
is believed that the gain-of-function of tau and a-synuclein outweighs the loss-of-function, 
but the particular contribution of both effects remains unclear (Goedert, 2016; Riera-Tur et 
al., 2022). Strikingly, our data extends findings of a study in primary neurons, in which a non-
functional amyloidogenic protein caused neurotoxicity (Riera-Tur et al., 2022). While the 
authors reported an impairment of the lysosomal system as a neurotoxic driver, the 
mechanism of NM-HA-mediated toxicity and the involved toxic species are to be determined. 
Still, it is possible that intracellular amyloid formed from different proteins cause toxicity by 
shared mechanisms.  
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In fibril-challenged animals, degenerated neurons were found in the CA1 and CA3 area 
of the hippocampus. Comparing the neuronal loss with the NM-HA aggregate burden in these 
subfields, suggests that both processes are correlated. Interestingly, this resembles findings 
from tau transgenic mice, which developed tau deposits and selective neurodegeneration in 
CA1 and CA3 subfields upon inoculation of amyloid tau (Boluda et al., 2015; Peeraer et al., 

2015). Similarly, challenging mice with a-synuclein fibrils caused neuronal loss in CA3 (Luna 
et al., 2018; Dues et al., 2023). Of note, animals in these studies were injected in the 
hippocampus and overlying cortex. These data indicate that pyramidal neurons in the CA1 
and CA3 subarea are specifically vulnerable to intracellular aggregates. In NM-HA mice, this 
could be explained by the high NM-HA expression levels in these regions, leading to 

increased availability of NM-HA substrate. However, while a-synuclein pathology and toxicity 

depended on a-synuclein expression levels (Luna et al., 2018), regional vulnerability to 
amyloid tau was independent of tau expression (Cornblath et al., 2021). Rather, selective 
vulnerability to aggregated tau in the human brain was linked to distinct tau species and 
specific neuronal subtypes (Farrell et al., 2022; Kawles et al., 2023). For example, neurons of 
the DG were more vulnerable to amyloid tau of Pick’s disease, while CA1 neurons 
degenerated upon exposure to AD-associated pathologic tau. This indicates that vulnerability 
is also mediated by the amyloid conformation and suggests that CA1 and CA3 neurons in 
NM-HA mice are specifically vulnerable to the NM F4 and F37 fibril folds. Furthermore, tau 
pathology in the CA1 subfield was linked to neurotoxicity in the subiculum (Farrell et al., 2022). 
This area exhibits profound NM-HA pathology in NM-HA mice. Thus, investigating neuronal 
loss in other brain regions with high NM-HA amyloid burden, such as the subiculum or ventral 
DG, could reveal more vulnerable regions. In addition, to better resolve the temporal 
correlation between NM-HA deposition and neurodegeneration, animals should be analyzed 
at additional timepoints post injection. 

 

6.3 The NM-HA model is similar to mouse models of tauopathies and 

synucleinopathies 

The observed neuronal loss caused by NM-HA aggregates represents an important feature 
of NDDs. But how comparable is the NM-HA model to other mouse models of NDDs? Since 
NM-HA expression in NM-HA animals is controlled by the prnp promoter, NM-HA is 
expressed in the same cells that would normally produce PrPC. Thus, WT mice expressing 
PrPC at physiological levels inoculated with recombinant PrPSc fibrils represent a comparable 
disease model. After inoculating NM-HA mice with recombinant NM fibrils, animals survived 
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for 12 mpi without developing an explicit phenotype. In contrast, injecting recombinant PrPSc 
fibrils into the brain of WT mice induces prion disease with survival times ranging from 150 to 
356 dpi, depending on the strain (Ma et al., 2022). At the terminal stage, prion-infected animals 
develop neurological signs, strong PrPSc deposition, and spongiform degeneration in the brain 
(F. Wang et al., 2010; Z. Zhang et al., 2013). While the NM-HA amyloid burden was high in 
numerous brain regions of fibril-injected animals, neurodegeneration occurred locally without 
spongiosis. This indicates that neurotoxicity is not driven by the cell population expressing 
the aggregating protein, but depends on the aggregating protein itself. Furthermore, this 
highlights that PrPSc and NM-HA amyloid strongly differ in their toxicity. The disparity might 
be explained by the different subcellular localization of PrPC and NM-HA. NM-HA is expressed 
cytosolically and aggregates intracellularly, while most PrPC is attached to the outer cell 
membrane and aggregates extracellularly and/or within intracellular vesicles (Sigurdson et al., 
2019). Due to the different cellular location and different pools of potential interactors, the 
toxicity of NM and PrPSc deposits may vary greatly (Mercer and Harris, 2023), which limits the 
comparability of these models. Hence, disease models of intracellular amyloid deposits, such 
as a-synuclein and tau, might share more similarity with the NM-HA model. In several studies, 

pre-formed fibrils (PFFs) of mouse or human a-synuclein were injected into the brain of WT 
mice. Similar to our findings in NM-HA animals, PFFs reliably induced aggregation of the 
homotypic protein in numerous brain regions within 1 - 3 mpi (Luk et al., 2012a; Masuda-
Suzukake et al., 2013; Rey et al., 2018; Stoyka et al., 2020; Rahayel et al., 2022). However, in 
contrast to fibril-injected NM-HA mice, neuronal loss and behavioral deficits were less 
frequently reported (Luk et al., 2012a; Stoyka et al., 2020). Of note, decreased survival times 
were only described in injected transgenic animals overexpressing a-synuclein, but not in WT 
mice (Luk et al., 2012b; Lohmann et al., 2019). Strikingly, even brain homogenate or brain 
extracts from PD and DLB patients injected into the brain of transgenic animals failed to cause 
disease up to 540 dpi (Prusiner et al., 2015; Lau et al., 2020). Only brain homogenate from 
MSA patients induced disease in transgenic, but not in WT mice, (Prusiner et al., 2015; Peng 
et al., 2018; Peelaerts and Baekelandt, 2023). Hence, NM fibril injection of NM-HA mice 
induced neurodegeneration and behavioral deficits similar to, if not even stronger than, those 
observed in WT animals injected with a-synuclein PFFs. In most studies of tauopathies, tau 
aggregation was induced in transgenic mouse lines overexpressing a certain, often mutated, 
tau isoform (Clavaguera et al., 2009; Iba et al., 2013; Boluda et al., 2015; Peeraer et al., 2015; 
Narasimhan et al., 2017). But also in WT animals, the injection of recombinant tau fibrils or 
tau isolates from patient’s brains robustly seeded tau aggregates within 3 mpi, similar to our 
model (J. L. Guo et al., 2016; Cornblath et al., 2021). Interestingly, only a few studies in 
transgenic PS19 and tauP301L mice reported local neuronal loss together with astrogliosis 
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and microgliosis after injecting tau fibrils or brain extracts. (Boluda et al., 2015; Peeraer et al., 
2015). None of the mentioned reports described clinical symptoms or shortened survival 
times. Due to these limitations, tau KI mouse lines are now being established that express tau 
at endogenous levels. However, injection of brain-derived tau strains in these tau KI mice 
seeded tau pathology but failed to cause neurodegeneration (He et al., 2020). Thus, the NM-
HA mouse model recapitulates crucial characteristics of human amyloidosis, such as 
neurodegeneration, that are partly absent in models of tauopathies and synucleinopathies. 
While the observed toxicity of NM-HA aggregates is more similar to the one of intracellular 
amyloid, the described discrepancies suggest that neurotoxicity is highly specific to the 
aggregating protein. 

Still, various factors influence seeding and amyloid-related pathogenicity that need to 
be considered when comparing the above-mentioned models to the NM-HA system. First, 
efficient aggregate induction is dependent on the compatibility of seed and substrate. In WT 
mice, PFFs of mouse a-synuclein are more seeding-competent than PFFs of human a-
synuclein (Luk et al., 2016). Similarly, tau seeds consisting of the 3R tau isoform 
predominantly seed 3R tau but not 4R tau (He et al., 2020). While these species barriers may 
be caused by differences in the amino acid sequences, post translational modifications, or 
the fibril conformation (Luk et al., 2016; Arakhamia et al., 2020), they strongly influence 
disease progression and impair model comparison. Second, the expression level of the 
soluble substrate protein varies between WT, KI, and transgenic mice. Since higher substrate 
expression correlates with increased aggregation and shortened disease onset in animals and 
humans, this limits a direct comparison (Clavaguera et al., 2013; Antonarakis, 2017; 
Sigurdson et al., 2019; Y. J. Guo et al., 2022). Third, the majority of studies used inocula of 
different volumes, concentrations, and amyloid purity. Consequently, the amount of injected 
seeding entities varied substantially. As pathology development correlates with the inoculated 
seed quantity in proteinopathies, this further complicates data comparison (Iba et al., 2013; 
Boluda et al., 2015; J. L. Guo et al., 2016; Lohmann et al., 2019). Lastly, most studies 
sacrificed injected animals between 6 and 9 mpi or even earlier. Hence, data of long-term 
developments are rare, which restricts the assessment of pathology spread or behavioral 
deficits in NM-HA animals at 12 mpi. 
 

6.4 NM fibril injection causes an inflammatory response in NM-HA mice  

Another pathological feature of NDDs is profound neuroinflammation in the brain, mediated 
by microglia and astrocytes (Glass et al., 2010). Strikingly, fibril-inoculated NM-HA mice 
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developed reactive astrogliosis in the ipsilateral hippocampal CA1 subfield and partly in the 
CA2/3 subregion at 12 mpi. In addition, microglia cell numbers in the CA1 area increased and 
microglia exhibited an activated morphology. The inflammatory response correlated with 
neuronal NM-HA deposits in the CA subfields, while microglia and astrocytes in areas without 
NM-HA aggregates remained unchanged. This resembles findings from transgenic mouse 
models of tau, in which the injection of pathological tau in the hippocampus caused severe 
micro- and astrogliosis in CA1 and CA3 subfields (Boluda et al., 2015; Peeraer et al., 2015). 
Likewise, intrahippocampal inoculation of a-synuclein PFFs into wild type animals led to a-
synuclein deposits and astrogliosis in the CA3 area (Dues et al., 2023), while intrastriatal 
inoculation caused reactive astrocytes distributed throughout the brain (Luk et al., 2012b; 
Prusiner et al., 2015; Iba et al., 2022). This emphasizes that the NM-HA model not only 
replicates neurodegeneration, but also amyloid-associated neuroinflammation. Furthermore, 
in fibril-injected NM-HA animals, reactive astrogliosis was detected together with neuronal 
loss in the CA1 subfield, suggesting a link between astrogliosis and neurodegeneration. This 
connection has also been reported for tau and a-synuclein deposition (Peeraer et al., 2015; 
Dues et al., 2023) and is in line with the hypothesis that reactive astrocytes act neurotoxic 
and can contribute to neurodegeneration (Liddelow et al., 2017; Acioglu et al., 2021). Since 
astroglial activation is also dependent on microglia activation (Yun et al., 2018), the analysis 
of NM-HA mice at an earlier time point post injection could give a deeper insight into the 
chronology and connection of NM-HA aggregation, microgliosis, astrogliosis, and 
neurodegeneration. In addition, other brain regions with high NM-HA aggregate burden, such 
as the subiculum or ventral hippocampus, should be included in the analysis. Interestingly, 
although microglia did not change their morphology upon the injection of monomeric NM, 
microglia cell numbers in the hippocampus increased compared to PBS-injected animals. 
This suggests that monomeric NM caused a subtle microglial response. Considering that the 
injection process generated seeding-competent NM species that induced aggregation in cells 
and animals, it is also possible that microglia responded to these NM species. Both 
hypotheses are supported by studies of monomeric a-synuclein that induced mild 
inflammatory responses in wild type animals (Iba et al., 2022) and reports that discovered 
microglia activation mediated by tau oligomers and fibrils (Morales et al., 2013). Overall, these 
findings highlight that the NM-HA mouse model recapitulates neuroinflammation, another 
essential feature of human NDDs, as well as amyloid NM-HA propagation, and 
neurodegeneration.  
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6.5 Distinct seeding capacities of F4 and F37 suggest conformational 

differences between fibril types 

TSE strains are defined by their characteristic incubation times and neuropathological 
changes (Collinge and Clarke, 2007). In this project, animals challenged with F37 fibrils 
exhibited markedly stronger NM pathology in the brain at 1 mpi, compared to animals 
receiving F4 fibrils. Further, in experiments in vitro, F37 fibrils were fragmented into smaller 
seeds than F4 by sonication and were more efficient at seeding NM-HA aggregates in cells. 
This is in line with previous studies reporting that the length of NM seeds is inversely 
correlated with the prion inducing capacity in yeast (Tanaka et al., 2006; Marchante et al., 
2017). These findings are further supported by data from NM expressing N2a cells, in which 
short NM fragments seeded NM aggregation more efficiently than longer ones (Michiels et al., 
2020). In addition, the capacity of smaller NM seeds to induce aggregation was linked to 
increased cellular seed uptake (Michiels et al., 2020). Possibly, the smaller seeds of F37 were 
more easily internalized by cells and hence, induced more aggregation in vitro and in fibril-
inoculated animals. Most importantly, the seed length of NM fibrils has been linked directly to 
the fibril conformation, specifically to the length of the amyloid core-forming region of NM 
polymers (Toyama et al., 2007). NM fibrils with a shorter amyloid core region were less 
mechanically stable and were fragmented into shorter seeds in vitro. These seeds also 
exhibited higher seeding capacity in yeast (Tanaka et al., 2006; Toyama et al., 2007). This 
indicates that the conformation of NM strains determines their seeding potential and could 
explain the distinct seeding efficiencies of F4 and F37 fibrils. These findings reflect results 
from tau strains in cells that exhibited different seeding strengths, which were inversely 
correlated to the size of tau fibril species (Sanders et al., 2014; Kaufman et al., 2016). 
Furthermore, similar to the seeding behavior of F4 and F37 fibrils in cells and NM-HA mice, 
tau strains with weak or strong seeding capacities in cultured cells also exhibited comparable 
week or strong seeding activities in vivo (Kaufman et al., 2016). This was also observed for 

PFF strains of a-synuclein that induced aggregation of a-synuclein with comparable activity 
in human iPSC-derived neurons and in mice (Peelaerts et al., 2015; Gribaudo et al., 2019). 
Together, the distinct seeding efficiencies of F4 and F37 fibrils in cellula and in vivo indicate 
conformational differences between the NM polymorphs.  
 
 
 



Discussion  

 70 

6.6 Close conformational relationship of F4 and F37 as cause of similar 

dissemination routes 

Despite the observed differences in seeding activities of F4 and F37 fibrils, the injection of 
both fibril types into NM-HA mice induced NM-HA aggregates that spread to very similar 
brain regions at 12 mpi. This suggests that the observed conformational differences between 
F4 and F37 fibrils did not induce NM prion strains that differed in their spreading behavior and 
brain region tropism. By contrast, strains of PrPSc, tau, and a-synuclein, when injected into 
the brain of WT and transgenic mice, cause seed-specific transmission patterns (Peelaerts et 
al., 2015; J. L. Guo et al., 2016; Legname and Moda, 2017; Rey et al., 2019; Lau et al., 2020). 
Likewise, pathological strains isolated from the brain of patients suffering from tauopathies or 
synucleinopathies, induce specific spreading patterns and pathologies in the brains of WT 
and transgenic mice (Clavaguera et al., 2013; Sanders et al., 2014; Boluda et al., 2015; 
Prusiner et al., 2015; He et al., 2020; Van der Perren et al., 2020; Porta et al., 2021). These 
data support the hypothesis that the conformation of a given prion-like protein aggregate 
determines its dissemination and brain region tropism (Collinge and Clarke, 2007; Hoppe et 
al., 2021). One possible explanation for our findings is that conformational differences in NM 
fibrils are insufficient to translate into specific strain phenotypes. Unfortunately, the exact 
structures of F4 and F37 fibrils remains unresolved. TEM images of F4 and F37 did not reveal 
explicit structural differences. Furthermore, the ThT assay showed that both fibrils might 
share a similar amyloid core region within amino acid residues 75-123. This region has 
previously been identified to form the amyloid core of NM fibrils in mammalian cells 
(Duernberger et al., 2018). It has been shown that closely related fibril strains of tau and 
synuclein induce similar neuropathological patterns in vivo (Kaufman et al., 2016; Yang et al., 
2022). Cryo-EM should be applied to solve the structures of F4 and F37 fibrils. Further, it is 
unclear if the conformation of F4 and F37 fibrils is conserved by NM-HA prions propagating 
in mice. While some studies claim that amyloid conformations of original tau and a-synuclein 
seeds are retained when propagating them in vitro and in vivo (Bousset et al., 2013; Sanders 
et al., 2014), other studies report that imprinting a conformation even under highly stable 
conditions in vitro can be challenging (J. L. Guo et al., 2013; Lau et al., 2020; Lövestam et al., 
2021). In addition, recent data suggest that the cell-specific environment, ions, post-
translational modifications, or protein-membrane interactions determine the structure of 
amyloid polymorphs (Peng et al., 2018; Lövestam et al., 2022; Peelaerts and Baekelandt, 
2023). Here, F4 and F37 fibrils were generated in vitro under standard conditions in PBS 
without specific cofactors. This could have created fibril polymorphs that are less compatible 
with the cell environment in vivo. It is possible that upon uptake, the same cell populations 
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selectively propagate a specific NM-HA conformer that is more adapted to the cellular 
environment and that differs from F4 and F37. This is in line with the structural adaptation of 
PrPSc strains to a new environment (Bistaffa et al., 2019). It is hypothesized that amyloid fibril 
populations are not all the same, but exist in a heterogenous pool of variants. Upon 
introduction into a new environment, the most compatible strain, that might differ from the 
previously dominant strain, is selected and prevails (Baskakov, 2014). Others argue that 
strains can actively adapt their conformation over several passages to generate new, better 
adapted polymorphs. As adaptation occurs slowly, the first introduction causes a long 
incubation phase, similar to what we observed (Makarava and Baskakov, 2012). Although we 
are not able to determine if the cellular environment of NM-HA mice caused a strain selection 
or strain adaptation, both processes could have occurred upon fibril injection. As F4 and F37 
fibrils were injected in the same cell population, the similar environment could have favored 
polymorphs that disseminated similarly. To further investigate if the conformation of NM fibrils 
influences NM-HA aggregate propagation, NM-HA animals should be challenged with fibrils 
of more distinct structures. Finally, to test for strain adaptation, brain homogenate from fibril-
injected animals need to be serially passaged over several NM-HA mouse generations. 
 

6.7 The F4 and F37 conformations induce similar neurotoxicity 

Besides the shared spatio-temporal distribution of F4 and F37-induced aggregates, NM-HA 
amyloid also caused neurodegeneration in the same regions of the hippocampus. However, 
while both strains induced neurotoxicity in the ipsilateral CA1 area, injection of the more 
seeding-competent F37 strain also affected neurons in the CA3 area. This reflects findings on 
tau aggregates in dividing cells, in which strains with strong seeding potential were more toxic 
to cells (Kaufman et al., 2016). Similarly, a-synuclein fibrils with strong seeding ability caused 
shorter incubation times in TgM83+/- mice (Lau et al., 2020). This suggests that the aggregate 
conformation influences the degree of neurotoxicity. Remarkably, disease progression 
caused by F4 and F37 resembles observations from recombinant PrPSc strains. In contrast to 
highly toxic natural PrPSc strains, many recombinant PrPSc strains induced disease after long 
incubation times (500 - 750 dpi) only in transgenic but not in WT mice (Legname et al., 2004; 
Colby et al., 2010). Others induced PrPSc deposits in the brain of WT animals with no signs of 
clinical disease (Makarava et al., 2010; Barron et al., 2016; Ma et al., 2022). This further 
supports the hypothesis that the toxicity of a given amyloid is to some extent enciphered in 
its conformation. For recombinant PrPSc it is argued that the lack of the GPI anchor and 
glycosylation leads to conformations that are insufficiently compatible with the host PrP and 
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hence, less toxic (Baskakov, 2014; Makarava et al., 2018). It is thus possible that our 
generated NM fibrils elicit low neurotoxicity, but theoretically other NM conformers could exist 
that are more toxic. Additionally, conformational similarities of F4 and F37 (section 6.6) could 
explain the comparable toxicity observed in fibril-injected mice. Extending the incubation time 
beyond 12 months after F4 and F37 injection could give a deeper insight into amyloid-
mediated toxicity. Further, the use of co-factors, such as RNA, heparin, or lipopolysaccharide 
during fibrilization has been shown to modulate pathogenicity of recombinant PrPSc, tau, and 
a-synuclein (Goedert et al., 1996; F. Wang et al., 2010; Bousset et al., 2013; C. Kim et al., 
2016). Hence, a change in the polymerization conditions could generate NM fibrils that 
potentially induce a stronger pathology and disease phenotype. 
 

6.8 NM-HA prions spread through the brain via functional connections 

In human NDDs, pathological protein deposits propagate through the brain in a stereotypical 
and time-dependent manner (Braak and Braak, 1991). Here, NM-HA amyloid in fibril-injected 
mice disseminated from the hippocampus to nearby and distant brain regions in a prion-like 
manner within 12 months. Interestingly, the dissemination pattern was restricted to areas that 
are neuroanatomically connected to the hippocampus (figure 23 A). The strongest pathology 
was found in the ipsi- and contralateral hippocampal formation (HF). Considering that animals 
were injected in the DG and that hippocampal subregions are strongly interconnected, this 
was to be expected. The HF comprises the DG, the CA1-3 subfields, the subiculum, and the 
entorhinal cortex (EC) (Amaral and Witter, 1989). These subregions are, among others, 
connected via the trisynaptic path (figure 23 B). In short, neurons in the upper layers of the 
EC send projections to neurons in the granule layer of the DG. From there, fibres connect with 
pyramidal neurons of the CA3 region, which in turn send their axons to the CA1 area. The 
CA1 closes the circuit by projecting back to the lower layers of the EC (Andersen et al., 1971; 
van Groen et al., 2003). As major hippocampal output zone, the CA1 also projects to the 
subiculum, in which strong NM-HA pathology was detected (figure 23 A). NM-HA aggregates 
in the contralateral HF likely disseminated via axons of the ipsilateral CA3 subfield connecting 
with contralateral CA3 and CA1 pyramidal neurons (Amaral et al., 1991; Wyss and Van Groen, 
1992). While one must consider that a portion of the inoculum might have distributed via 
diffusion around the injection site, the observed pathology in subiculum, EC and contralateral 
HF strongly argues for a directed dissemination. NM-HA deposits in the cortical regions could 
have traveled to the retrosplenial cortex via bidirectional projections from CA1 and subiculum 
(RSP) (Cenquizca and Swanson, 2007). Additionally, the medial prefrontal cortex (mPFC) is 
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linked to the CA1 subfield and subiculum via unidirectional projections allowing NM-HA 
amyloid dissemination (Jay and Witter, 1991; Thierry et al., 2000). NM-HA pathology in the 
thalamus could be due to connections to and from the hippocampus or the mPFC (Aggleton 
and Brown, 1999; Varela et al., 2014). The CA1 and subiculum also form circuits to the medial 
septum via the fimbria (Risold and Swanson, 1996) and strongly project to numerous nuclei 
of the hypothalamus, in which NM-HA deposits were detected (Cenquizca and Swanson, 
2006). Finally, the HF receives unidirectional projections from the locus coeruleus, which was 
the most caudal area containing NM-HA deposits (Jones and Moore, 1977). Since the 
connections between the described areas are a lot more diverse and complex, the direction 
of NM-HA amyloid dissemination - anterogradly, retrogradly, or trans-synaptically - remains 
speculative. NM-HA pathology in the locus coeruleus argues for retrograde dissemination, 
due to the strict unidirectional connection from the locus coeruleus to the hippocampus. The 
same holds true for amyloid found in the hypothalamic nuclei and upper layers of the 
enthorinal cortex. In contrast, the intense pathology in the subiculum, which receives the 
strongest input from the CA1 subfield, indicates anterograde spread. In addition, the affected 
RSP, mPFC and the anteroventral nucleus of thalamus are mainly reached by connections 
from the hippocampus, supporting anterograde distribution. Finally, a few hippocampal-
connected regions, such as the amygdala, ventral tegmental area or the nucleus accumbens 
that are targets of amyloid a-synuclein (Masuda-Suzukake et al., 2013; Rahayel et al., 2022) 
remained free of NM-HA deposits. This suggests that these areas are either less vulnerable 
to NM-HA amyloid, or are reached at later stages. Overall, we conclude that induced NM-HA 
prions spread from the hippocampus to neuroanatomically connected brain regions. 

Figure 23. Map of brain regions with NM-HA pathology and their connection to and within the hippocampus. 
A Randomly colored shapes outline brain areas in which NM-HA amyloid were detected. Arrows indicate mono- 
or bidirectional projections from and/or to brain regions. For simplicity, only the main connections are shown. 
Hippocampal-connected regions without pathology are not shown. B Illustration of the trisynaptic path connecting 
the entorhinal cortex (EC) with the dentate gyrus (DG), cornu ammonis (CA) region 3 and 1, and the subiculum. 
Contral.: contralateral, HIP: hippocampus HY: hypothalamus, LC: locus coeruleus, LS: lateral septal nucleus, 
mPFC: medial prefrontal cortex, PERI: perirhinal area, RSP: retrosplenial cortex, SUB: subiculum, TH: thalamus. 
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6.9 NM and other amyloidogenic proteins share dissemination routes 

Strikingly, the dissemination behavior of NM-HA prions closely reflects the spreading of 
human disease-related amyloid in animal models of NDDs. Various groups reported that the 
injection of recombinant tau fibrils or AD patient-derived tau into the hippocampus of 
transgenic and WT mice induced pathological tau inclusions in brain regions anatomically 
connected to the hippocampus (Clavaguera et al., 2009; Clavaguera et al., 2013; Iba et al., 
2013; Sanders et al., 2014; J. L. Guo et al., 2016). In line with our results, tau pathology was 
detected in the above-mentioned brain regions in a time-dependent manner. The authors 
concluded that the propagation of intracellular amyloid occurs trans-neuronally in 
anterograde and retrograde direction. Similar results were obtained in studies investigating 
the spread of a-synuclein, TDP-43, and PrPSc deposits in the mouse brain, even though 
different inoculation sites were used (Luk et al., 2012a; Rey et al., 2013; Rangel et al., 2014; 
Porta et al., 2018; S. Kim et al., 2019). Recently, computational modeling of pathological tau 
and a-synuclein dissemination in the brain of WT mice supported these findings (Mezias et 
al., 2020; Cornblath et al., 2021; Ramirez et al., 2023). Interestingly, the spatiotemporal 

distribution of tau and a-synuclein pathology was best described by combining interneuronal 
and bidirectional transmission, with a favor for retrograde transport. Also in humans, the 
dissemination of tau pathology via the neuronal connectome was confirmed in vivo in AD 
patients (Franzmeier et al., 2020). Here, tau accumulation was found in highly inter-connected 
brain regions.  

However, increasing evidence also suggests an active role of astrocytes in the 
dissemination of PrPSc, amyloid tau, and a-synuclein (Reid et al., 2020; Acioglu et al., 2021; 
Tahir et al., 2022). Intriguingly, astrocytes in fibril-injected NM-HA animals contained NM-HA 
deposits. As the prnp promoter is active in astrocytes (Y. Zhang et al., 2014), astroglia in NM-
HA animals express NM-HA and thus astroglial NM-HA can be seeded upon uptake of NM-
HA amyloid. It is believed that astrocytes internalize pathological proteins from the synaptic 
cleft for degradation. In NDDs, however, impaired astrocytic degradation may lead to amyloid 
accumulation within the astrocytes and the propagation of infectious seeds to surrounding 
neurons (Smethurst et al., 2022). Hence, astrocytic NM-HA aggregates suggest impaired 
clearance, which could contribute to the dissemination of NM-HA deposits. Together, the 
NM-HA model recapitulates interneuronal spreading of pathological NM-HA but may also 
capture dissemination mediated by astroglia. This emphasizes that NM prions behave very 
similarly to disease-related amyloid and further implicates that intracellular amyloid 
propagation is based on shared mechanisms. 
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6.10 Limitations of the study 

The biggest risk factor for developing NDDs, such as AD and PD, is aging (Wyss-Coray, 2016). 
During aging, various cellular and molecular mechanisms are disturbed, including protein 
homeostasis, which has been associated with the deposition of misfolded proteins (Hipp et 
al., 2019; Hou et al., 2019). In this project, animals were challenged with fibrils at an early 
adult stage and were sacrificed when they reached mid-age (14 months). This corresponds 
to a human age of approx. 20 years at inoculation and approx. 40 years at the endpoint 
(Flurkey et al., 2007). Hence, the current NM-HA study design recapitulated rather early stages 
of amyloidosis, but the influence of aging on NM-HA pathology induction and disease 
progression was only insufficiently captured. This is similar to most mouse models of NDDs, 
as disease is either induced early in life or develops within a short time due to protein 
overexpression (Clavaguera et al., 2013; Prusiner et al., 2015). Studies focusing on aging 

investigated tau and a-synuclein aggregation in aged mice and reported exacerbated 

pathology and inflammation caused by a-synuclein deposits (Iba et al., 2022) and altered 
spreading of tau pathology (J. L. Guo et al., 2016; Nies et al., 2021). Thus, it would be of great 
interest to investigate the influence of aging in the NM-HA model by injecting NM fibrils into 
aged NM-HA animals. This approach could reveal age-dependent mechanisms of amyloid-
mediated pathology shared by different NDDs. 

Another limitation may be the unilateral injection of fibrils in NM-HA animals. While this 
approach was essential to follow the dissemination of NM-HA deposits ipsi- and 
contralaterally, it likely limited the development of cognitive and clinical signs. As the 
contralateral hippocampus remained mostly unaffected over the course of 12 months, it could 
explain the observed mild cognitive decline. This is in line with other studies on tau and a-
synuclein, in which fibrils were unilaterally injected but mice showed no behavioral deficits 
(Luk et al., 2012a; J. L. Guo et al., 2016). However, in the human brain, amyloid pathology 
presents mostly bilaterally (Braak and Braak, 1995; Schöll et al., 2016). Hence, human NDDs 
could be even more closely recapitulated if NM fibrils were injected into both hemispheres 
potentially leading to increased pathology and neurodegeneration (Dues et al., 2023). 

Finally, one could argue that the PrP KO in NM-HA mice itself leads to a functional deficit. 
However, we did not observe severe phenotypic changes in NM-HA animals at 24 months 
(data not shown). Furthermore, although PrP has been hypothesized to protect against 
inflammation (Bakkebø et al., 2015), NM-HA animals did not show increased inflammation in 
the brain at 18 months. Consequently, we conclude that the PrP KO has no or only very little 
influence on cell populations in the brain of NM-HA animals.   
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6.11 Relevance 

NDDs, such as AD and PD, are a major burden in our aging population. Currently, patients 
are mainly treated symptomatically and have no prospect of being cured (Marasco, 2020). 
While this urges the need for disease-modifying drugs, many processes contributing to 
disease development and neuronal loss remain insufficiently understood (Wilson et al., 2023). 
Here, we demonstrated that the aggregation of the non-mammalian and non-disease-related 
amyloidogenic yeast prion domain Sup35 NM replicates key aspects of NDDs in vivo. Fibril-
seeded intracellular NM-HA aggregates disseminate through the brain via the neuronal 
connectome and induce neuroinflammation and neurodegeneration. Thus, NM-HA 
aggregates behave similarly to human disease-associated amyloid composed of tau or a-
synuclein. Our data suggest that the gain-of-function of protein aggregates plays a crucial 
role in neurotoxicity and neurodegeneration. Most importantly, our findings indicate that 
mechanisms of intracellular amyloid fragmentation, propagation, and neurotoxicity are shared 
between different amyloidogenic proteins. Consequently, interactors of NM-HA amyloid 
could potentially also regulate other amyloidogenic proteins. One example is VCP, which 
could be involved in the disaggregation of NM-HA and tau aggregates. Thus, the NM-HA 
mouse model provides proof of concept of disease-related mechanisms and could help to 
identify pathways for therapeutic intervention. Interestingly, aggregated Sup35 has recently 
been described to induce a-synuclein aggregation in transgenic and WT mice, suggesting 

that yeast infection might contribute to PD pathology (Meng et al., 2023). In our hands, NM 
fibrils failed to seed a-synuclein in NM-HA mice and in cells (preliminary data, not shown). 
Yet, it suggests that cross-seeding of amyloidogenic proteins can accelerate disease 
progression in NDDs (Bassil et al., 2020), which is another important aspect that could be 
investigated in more detail in the future. In addition, the NM-HA mouse model could be 
valuable for drug discovery. Since disease pathogenesis in NM-HA mice progresses slowly 
over several months after fibril injection, the model offers a large therapeutic window for 
testing drugs that interfere with the disease at an early stage. For example, the NM-HA mouse 
model could be used for long-term studies of drugs that can only be applied in low doses 
because of their toxicity. It may be advantageous that neurons show a certain resilience to 
NM-HA aggregates, as this may increase the responsiveness to the tested drugs. NM-HA 
mice may therefore be a suitable model for pharmacological interventions. 
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Appendix 
 

Supplementary figure 1. Male and female mice behave similar in cognition tests. A No difference in nest 
scores of injected male and female NM-HA animals at 1 mpi (left panel) and at 12 mpi (right panel). B The 
alternation rate of males and females in the Y maze was equal at 1 mpi and 12 mpi. The average alternation rate 
is indicated below graphs. C At 1 mpi, the count of total arm visits did not differ between males and females. At 
12 mpi, females increased in explorative behavior and visited the arms more often. Males showed decreased 
explorative behavior at 12 mpi. The average count of total arm visits is indicated below graphs. D, E In the novel 
object recognition test, males and females showed equal ability to recognize the new object and explored the 
objects equally long. A-E 6-8 male and female animals were tested per condition. Data are shown as means ± SD, 
two-way ANOVA with Bonferroni multiple comparison test. Only significant differences are indicated. *P < 0.0332, 
**P < 0.0021, ***P < 0.0002, ****P < 0.0001. Dashed lines indicate the chance level. 
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Supplementary figure 2. NM-HA deposits in various brain regions of injected animals. A Representative 
images of NM-HA aggregates in numerous brain regions from animals injected with F4, F37 and NMsol at 1 mpi 
(left) and 12 mpi (middle). Animals injected with PBS served as negative control (right). Brain sections were 
immunohistochemically stained with anti-HA antibodies. 
 
  



Appendix  

 92 

 

 

Supplementary figure 3. Recombinant NM processed for injection seeds aggregation in cells. A 
Experimental design. The procedure of NM monomer preparation for mouse injection was reproduced by forcing 
monomeric NM through a glass capillary at a speed of 100 nl/min. After an incubation at RT for 90 min, needle-
treated and untreated NM was mixed with lipofectamine and added to N2a NM-HAsol cells. B Representative 
confocal images of N2a cells with induced NM-HA aggregates upon exposure to 250 nM (monomer equivalent) 
soluble NM or NM fibrils (positive control) with and without shearing through the injection capillary. Arrowheads 
indicate intracellular NM-HA aggregates detected using anti-HA antibodies. C Capillary-processed NM induces 
NM-HA aggregation. Percentage of cells with seeded NM-HA aggregates following exposure to different 
concentrations of NM fibril or monomer. Data are shown as means ± SD, two-way ANOVA with Tukey’s multiple 
comparison test. 4 replicates are shown. Asterisks indicate comparison to “- Needle” group. **P < 0.0021, ****P < 
0.0001. 
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Supplementary figure 4. Quantification of NM-HA aggregates in the mouse brain. A Designation of analyzed 
brain regions (white) defined in each coronal section according to the Allen Reference Atlas – Mouse Brain 
(atlas.brain-map.org). The position of each coronal section is given in mm relative to Bregma. Ventricles are 
coloured in blue, grey regions were excluded from analysis. B Quantification of NM-HA aggregates in defined 
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brain regions 1 mpi and 12 mpi. Values represent the mean from 4-5 analyzed animals. Values < 0.3 are shown in 
white. The names of contralateral and ipsilateral brain regions are written in light grey and black. A: amygdala, 
ACAd/v: dorsal/ ventral anterior cingulate cortex, AUD: auditory cortex, AV: anteroventral nucleus of thalamus, 
CA1: cornu ammonis 1, CA3: cornu ammonis 3, CB: cerebellum, DG: dentate gyrus, ECT: ectorhinal area, ENT: 
entorhinal cortex, fi: fimbria, HY: hypothalamus, LS: lateral septal nucleus, MB: midbrain, MO: motor cortex, MSC: 
medial septal complex, MTN: Midline group of the dorsal thalamus, MY: Medulla, P: Pons, PERI: Perirhinal area, 
PIR: Piriform area, ProS: prosubiculum, RSPd/v: dorsal/ ventral retrosplenial cortex, RT: reticular nucleus of 
thalamus, SS: somatosensory cortex, SUB: subiculum, Tea: temporal association cortex, TH: thalamus, VIS: visual 
cortex. 
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Supplementary figure 5. Quantification of F4 and F37-induced NM-HA pathology in different brain regions. 
NM-HA aggregate quantification in selected ipsilateral (A) and contralateral (B) brain regions at 1 mpi and 12 mpi. 
Data are shown as means ± SD, 3 sections/ animal, n= 4-5 animals/ condition. Two-way ANOVA with Tukey post-
hoc test. Significant changes are indicated *P < 0.0332, ** P < 0.0021, ***P < 0.0002, ****P < 0.0001. ACA: anterior 
cingulate cortex, AV: anteroventral nucleus of thalamus, CA1-3: cornu ammonis 1-3, DG: dentate gyrus, ECT: 
ectorhinal area, ENT: entorhinal cortex, HY: hypothalamus, LS: lateral septal nucleus, P: pons, PERI: perirhinal 
area, RSP: retrosplenial cortex, SUB: subiculum. 
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Supplementary figure 6. Injection of soluble NM and PBS has no effect on hippocampal neurons 12 mpi. 
Quantification of NeuN-positive area in hippocampal CA1, CA3, and DG after injection of soluble NM (NMsol) and 
PBS. Data are shown as means ± SD, n= 4-5 animals/ condition, 3 sections/ animal, two-way ANOVA with Tukey 
post-hoc test. ns indicates p > 0.05. mpi: months post injection. CA1-3: cornu ammonis 1-3, DG: dentate gyrus. 



Appendix  

 97 

 

Supplementary figure 7. Activated microglia in fibril-injected animals. A No changes in astroglial activation 
upon PBS and NM injection after 12 months. Brain sections were stained with astroglial marker GFAP. GFAP-
positive area was automatically quantified and normalized to the area of the brain region. B Quantification of 
microglia in the hippocampus of PBS and NMsol-injected animals revealed increased microglia numbers upon NM 
injection after 12 months. In a separate control experiment, brain sections were stained with Iba1 and microglia 
were automatically quantified. C Untreated WT and NM-HA animals show similar increase in microglia numbers 
during aging. Microglia were quantified as described in B in the full hippocampus at 3 months and 18 months of 
age. D Representative images of brain sections stained with microglial marker Iba1 and CD68 associated with 
phagocytically active microglia. Microglia were imaged in the ipsilateral CA1 region. A, B, C 3 sections per animal 
were analyzed from 3 animals per condition. Data are shown as means ± SD, two-way ANOVA with Bonferroni 
multiple comparison test. ns indicates p > 0.05, *P < 0.0332, ** P < 0.0021, ***P < 0.0002. CA1-3: cornu ammonis 
1-3, DG: dentate gyrus. 
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