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Abstract
Prion diseases involve the structural corruption of monomeric cellular prion protein,
which aggregates as pathogenic fibrillary PrP assemblies that spread through the brain.
How these processes lead to fatal neurodegeneration in prion disease remains one of
the

most

challenging

questions

in

biology

with

wide

relevance

to

other

neurodegenerative diseases involving pathogenic fibrillary assemblies of other host
proteins. There is an established model of prion propagation due to the availability of
precise cellular assays of infectivity. However, the kinetics of prion-associated toxicity is
not defined as there are no robust methods to accurately quantify toxicity in vitro. In this
study, automatic image analysis algorithms that measure multiple parameters of
neurotoxicity were developed and validated for the detection of prion-associated toxicity
in primary cortical-hippocampal neurons. The analysis system defines a dynamic range
where prion-infected brain homogenate is more toxic than mock-infected control and
requires the expression of the cellular prion protein (PrPC). This thesis reports: a
longitudinal study of prion-induced neurotoxicity by assaying prion-infected samples
collected over time; that authentically infectious ex vivo prions are not directly
responsible for prion disease neurotoxicity; and that ICSM18, an anti-PrPC mouse
monoclonal antibody known to cure prion infections, is not inherently neurotoxic and
blocks prion-induced toxicity. The robust, highly automated analysis described here
provides a platform to isolate and purify putative toxic species from prion-infected brains
and will facilitate identifying drug targets and screening of candidate therapeutics for
prion disease. This thesis highlights two significant findings: for the first time, that antiPrP immunotherapeutics may have a two-pronged role for the treatment of prion disease
– curing prion propagation and blocking neurotoxicity and that infectious prions are not
inherently neurotoxic, challenging the long-standing conviction that infectious prions are
directly responsible for neurodegeneration in prion disease and substantiating a current
model of uncoupled infectious and toxic species production.
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Impact statement
Our understanding of biomedical science relies on an extensive toolkit that allows us to
ask and answer questions about health and disease. Precisely how the brain
degenerates in prion disease, an aggressive and fatal disease caused by infection with
prions, has remained unclear. This is essentially due to the lack of an experimental tool
that measures neuron damage induced by prion disease samples in the lab. This thesis
reports a novel, rapid and automatic imaging system that detects damage in neurons
grown in a dish caused by their treatment with prion disease samples. Therefore, this
will impact the prion disease research community – basic researchers could use this new
tool to find out what is causing the brain to degenerate in prion disease and clinical
researchers could use this tool to test candidate therapeutic drugs.
The works in this thesis provides experimental data to substantiate a hypothetical model
of the molecular workings of prion disease – this model suggests that the cause of
infection is different that the cause of brain cell damage. Now widely accepted in the
research community is using prion disease to explain and model other, more common,
neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease. Therefore,
the new theoretical data may have further reaching implications than within the prion
disease field alone: the ageing population, who are the most likely demographic to
develop neurodegenerative disease, is increasing to globally challenging numbers. In
the long-term there may be impacts at the governmental and policy level: government
will make decisions on basic and translational research funding and over care provisions
for patients.
I have already assisted in establishing the neuron damage detection system in a number
of other neurodegeneration laboratories and envisage that scientists in the wider field;
across the world; in both academia and industry, will also be beneficiaries of this system.
Perhaps this new tool will be used by pharmaceutical industries to enable the more
precise and rapid measurement of drug effects and their translation to patients. By
presenting the work of this thesis at multiple national and international events and after
publishing in peer-reviewed and high impact journals, the results of this thesis will be
shared across the world, reaching scientists of a wide range of disciplines.
Finally, this thesis reports on the effect of a candidate therapeutic for prion disease. The
therapeutic was previously described to target the infection found in the brain in prion
disease but not before shown to directly target neurotoxicity, an event that happens
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rapidly at the end of the infection. As patients only become sick very late in the infection,
this new data has direct implications for patients and the families suffering from the
disease – we may be able to tackle this disease as patients start to present with clinical
symptoms. The work also thus impacts other key stakeholders including pharmaceutical
industry, charity funders and research councils who may fund further pre-clinical studies
and clinical trials and/or profit from this work by commercialising therapies.
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1 Introduction
Prion diseases are progressive fatal brain diseases including Creutzfeldt–Jakob disease
(CJD) in humans, scrapie in sheep and goats, chronic wasting disease (CWD) in deer
and elk and bovine spongiform encephalopathy (BSE, or publicly known as ‘mad cow’
disease)1. All prion diseases involve the template-driven structural corruption of the
endogenous cellular prion protein (PrPC) (Fig. 1): a host-encoded highly conserved
mammalian cell surface glycoprotein expressed throughout most tissues and at high
levels in neural cells2, which has a propensity to aggregate as pathogenic fibrillary PrP
assemblies that spread through the brain. How these processes lead to fatal
neurodegeneration remains one of the most challenging questions in biology with wide
relevance to other neurodegenerative diseases and their unique biology raises
interesting questions in evolution itself.
Prion disease initiates by three causal routes: either by spontaneous (sporadic CJD)3,4
or genetically-driven (autosomal dominant inheritance (as a result of coding mutations
in the PrP gene PRNP))5–8 misshaping of PrPC in which a ‘prion’ structure is generated,
or as a consequence of environmental exposure to prions: notoriously including the
ingestion of infected meat products9, cannibalism in the case of the prion disease kuru
in Papua New Guinea10, as a result of receiving prion-contaminated pituitary-derived
growth hormone11, dura mater12 or infected blood products13 and after neurosurgery with
contaminated instruments14. Prions lack their own genome and appear to be composed
entirely of self-propagating assemblies of PrPC. Prions are thought to propagate by
acting as a template or a seed that recruits PrP monomers to multichain fibrillary
assemblies of abnormally folded PrP, which are elongated and fragmented in a
process analogous to the propagation of classical biological pathogens. The
remarkable biology of prions enables them to invade host cells and evade effective
surveillance, exist as multiple disease-specific variants - or ‘strains’, with distinct
incubation periods, pathologic spread and clinical symptomology - that can adapt and
evolve under selection pressure15, establish protein-only inheritance16 and generate
progressive neurotoxicity17.
The remarkable biology of prions, as well as the public health issues that surround
prions, has spurred world-wide intensive research. Research has also been stimulated
over the past few decades as prion diseases have been increasingly considered
analogous to much commoner neurodegenerative diseases including Alzheimer’s
disease (AD) and Parkinson’s disease (PD), which also involve the template-driven
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structural corruption and aggregation of distinct physiological proteins. The majority of
AD and PD cases are sporadic conditions but in rarer cases, these diseases are
inherited, generally associated with gene mutations in regions that encode or process
the relevant accumulating proteins or peptides. Historically, these diseases were not
thought to have acquired routes but with increasing research directed towards the
prion-like mechanisms of AD and PD, this notion is now being challenged18,19.
Prion disease pathology can be experimentally initiated (“seeded”) and accelerated by
inoculating experimental animal models with prion disease brain extracts20, facilitating
the study of the biological activity of prions. The field has also advanced by the advent
of methods of in vitro seeding activity, that is the measurement of infectivity in cell
culture21, and new methods to purify infectious structures from brain22. With this,
structural characterisation and classification of such entities, and indeed the confirmation
that they can behave as strains – with stable properties on serial passage in experimental
hosts – is now well-defined. However, how infectious prion strains generate progressive
neurodegenerative disease remains unclear. There are also no disease-modifying
therapeutics currently available to treat the invariably fatal illness. Evidence from animal
modelling suggests that infectious prions are not the direct trigger of neurodegeneration:
a process that occurs after long, clinically-silent incubation periods. In fact, recent studies
suggest that the production of infectivity and toxicity, that is infectious prions and the
entity affecting toxicity, are mechanistically uncoupled16,22-23, indicating that there is a yet
identified toxic species generated in the incubation period.
In this thesis, I have taken brain tissue from prion-inoculated mice and developed a highcontent imaging system to assay the neurotoxicity of this tissue in cell culture. I indicate
that prion-infected brain becomes increasingly more toxic only over half-way through the
incubation period, with no correlation to the exponential increase in prion infectivity at
the beginning of the incubation period. This, coupled to negative results from screening
the potential toxicity of authentically infectious prion structures, suggests that a highly
toxic entity exists, that does not have the same structural features as infectious prions.
The novel imaging system also supported the scrutiny of the potential toxicity of a
therapeutic anti-PrP antibody, showing conclusively that this immunotherapeutic was not
toxic in cell culture and that it could acutely block the toxicity of prion-infected brain
tissue. It can be anticipated that the sophisticated high-content microscopy
neurotoxicity detection system will assist in isolating the toxic species in prion disease,
thus identifying a new therapeutic target and facilitate the screening of candidate
modulatory drugs. I hope that insights taken from the studies reported in this thesis will

20

enhance our understanding of neurodegenerative mechanisms in and influence
therapeutic strategy for prion disease.

Figure 1 | The cellular prion protein anchored at the cell membrane.
PrPC, encoded by the Prnp gene, is located on chromosome 20 in humans. The protein
consists of approximately 40% alpha(α)-helices and a small proportion of beta(β)-sheet.
After post-translational modification and processing PrPC results in a 208 amino acid
protein that is trafficked to the cell membrane. The membrane bound protein features a
hydrophobic domain and two glycosylation sites at C-terminal helical structures. The
protein is tethered to the lipid membrane by a glycophosphatidylinositol (GPI) anchor25.

1.1 The history of prion diseases
Prion diseases are transmissible neurodegenerative disorders affecting animals and
humans. As they can be transmitted between hosts of the same and/or different species:
they are also known as transmissible spongiform encephalopathies (TSEs)1. They are
epitomised by a triad of neuropathological features - spongiform degeneration,
astrogliosis and neuronal loss - and are linked to a pathology of fibrillary deposits of
disease-associated PrP26. The first of these diseases to be recognised was a disease of
sheep, firstly reported in Europe in the 1700s and termed “scrapie” as the sheep it
affected uncontrollably scraped themselves on fences27.
Scrapie was demonstrated to be experimentally transmissible in 1936: the earliest
successful transmission by inoculation from a naturally-infected sheep to uninfected
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sheep and goats in 193628. Because of the extraordinarily long incubation period of
scrapie, and the assumption it was caused by a virus, in 1954 Sigurdsson coined the
term “slow virus infection”29. In the same period, the 1950s, an epidemic of the
transmissible neurodegenerative disease, kuru, was observed in people practicing
cannibalism in the Eastern Highlands of Papua New Guinea. A likeness was drawn
between kuru and scrapie in terms of neuropathological, clinical and epidemiological
features of each disease30,31. In the 1960s, kuru and CJD were experimentally
transmitted to chimpanzees32,33, leading to the concept of “transmissible dementias” that
was used to describe a range of transmissible neurodegenerative diseases that are now
known as prion diseases.
The biology of the transmissible agent was debated for decades. The theory that the
agent was a slow-working virus was contested by the failure to demonstrate the presence
of a virus or immune response to it. The agent was significantly resistant to treatments
that inactivated nucleic acids, which led to a hypothesis that the agent must be devoid
of a genome34,35 and may be a protein36. Following the purification of infectivity from
infected-brain, a protease-resistant glycoprotein, PrP, was isolated37,38, which was found
to accumulate and spread through brain, sometimes aggregating as amyloid deposits.
In 1982, Prusiner coined the term prion, taken as an abbreviation of “proteinaceous
infectious particle”39. Infectious prions were found to resist inactivation by nucleic acidmodifiers such as ultraviolet light and nucleases. Protease-resistant PrP, extracted from
infected brains, was of a 27-30 kDa size and classically termed PrP27-3037. It was
anticipated that PrP was encoded by a gene of a slow virus, assumed responsible for
the diseases. However, it was found that PrP27-30 was host encoded by a single-copy
gene. PrP27-30 is in fact a derivative of a much larger molecule of 33-35 kDa, which was
termed PrPSc (denoting the first letters of scrapie, the TSE affecting sheep)40. The normal
host protein, PrPC (denoting it as the cellular isoform) has no difference in amino acid
sequence compared to PrPSc. PrPC was shown to be, contrastingly, protease-sensitive.
The resistance of PrPSc to protease was found to be driven by a posttranslational
glycosylation41,42.
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1.2 Prion diseases of animals and humans
1.2.1 Prion diseases of animals
As discussed, the prototypic prion disease is scrapie, acknowledged for nearly 300
years27. Clinically, this naturally occurring prion disease of sheep manifests as poor
coordination, uncontrollable itching, excitability and progressively lethal paralysis.
Neuropathologically, the features of scrapie include wide-spread neuronal loss, neuronal
vacuolation and spongiform degeneration43. An unintended but confirmatory report of
scrapie disease transmissibility occurred when sheep were vaccinated against louping
ill virus with formalin-inactivated virus-contaminated and unknowingly scrapiecontaminated lymphoid tissue. Later these sheep developed scrapie disease44. Scrapie
was also later shown to be transmissible to laboratory rodents45.
Since scrapie was first observed, an increasing number of other prion diseases of
animals were described. For example, transmissible mink encephalopathy46 and CWD,
a prion disease of deer47, elk48 and moose49, were observed predominantly in North
America, but the route of their transmission remained unclear. The transmission of CWD
is thought to be driven by the contamination of the environment with excrement, urine
and saliva containing the CWD agent50. The prevalence and risks of CWD led to
extensive research using transgenic mice to understand the susceptibility, pathogenesis
and transmissibility of the CWD agent51.
In 1986, BSE appeared in cattle in the United Kingdom, rapidly progressing to an
epidemic52,53. It was initially attributed to the transmission of sheep scrapie to cattle via
a route of consumption of contaminated feed prepared from processed sheep52.
However, by the 1990s, novel spongiform encephalopathies were observed in cats and
many new species, coincident with the arrival of BSE. It was clear that the host-range,
molecular and biological nature of BSE was markedly different than scrapie54,55.
Estimates of BSE cases in cattle were as high as 2-3 million in the United Kingdom53,56
and numerous epidemics were reported in other European countries later in the 1990s57.
Source contamination was identified as cattle-derived meat and bone meal, fed to
cattle58. By the 1990s strict control measures were in place to alleviate the epidemic –
ruminant carcasses were banned from cattle feed in the United Kingdom. The
emergence of variant CJD (see below) in 1996 spurred reinforcement of the ban59.

23

1.2.2 Prion diseases of humans
Human prion diseases are classed in terms of their aetiology as sporadic, inherited or
acquired. They were historically classed as CJD, Gerstmann-Sträussler-Scheinker
syndrome (GSS) and kuru1. Although prion diseases in humans are extremely rare, their
unique biology and the human health risks posed by the spread of animal disease,
spurred intensive research into understanding the mechanisms of the disease
throughout the past few decades.

1.2.2.1 Sporadic CJD
Sporadic CJD (sCJD) is the most common human prion disease, representing
approximately 85% of all cases. sCJD is a progressive dementia with a range of clinical
presentations. For example, around one third of cases present as fatigue and appetite
change, another third as behavioural and cognitive abnormalities and a final third as loss
of vision, cerebellar ataxia and motor deficit60. CJD affects men and women with equal
prevalence, with the mean age of onset being 60 years and clinical duration of 5
months61.
Genetic susceptibility to the development of sCJD (as well as acquired prion diseases)
is conferred by a polymorphism at amino acid residue 129 of the prion protein (encoding
either methionine [M] or valine [V]). Methionine and valine homozygotes are both
susceptible to developing prion disease62, likely due to an increase in the propensity of
PrPC to PrPSc conversion63. Heterozygosity (codon 129MV) confers relative protection to
the development of prion disease, thought to be conferred by inhibition of homotypic PrP
interactions4. Definitive diagnosis of sCJD is confirmed at autopsy where PrP deposits
and a variety of spongiform changes are observed in the grey matter of the central
nervous system and spinal cord. The aetiology of sCJD is unknown but sporadic
generation of misfolded PrP can result from spontaneous mutations in PRNP or random
misfolding of the protein as a rare, stochastic event59.

1.2.2.2 Inherited prion diseases
Inherited diseases are distributed into three main groups: familial CJD (fCJD), GSS
syndrome and fatal familial insomnia (FFI), however, there is much phenotypic overlap
and inherited diseases are better classed by mutation. Approximately 15% of human
prion disease cases are inherited conditions associated with autosomal dominant coding
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mutations in PRNP64,65. No such pathogenic PRNP mutations are present in either
sporadic or acquired cases. A combination of clinical signs, a family history consistent
with autosomal dominant inheritance and a PRNP gene mutation necessitates the
diagnosis of inherited prion disease1.
Inherited prion diseases present with a range of clinical features: dementia, psychiatric
symptoms, visual impairment and motor dysfunction. Neuropathological features also
vary greatly between PRNP mutation status and even within the same mutants66–68. For
example, commonly fCJD features include spongiform change and astrogliosis in the
cortex, large and extensively spread PrP amyloid plaques in GSS and extensive neuron
loss and gliosis with very minimal PrP deposits in FFI69. Three main types of PRNP gene
mutations are reported including point mutations, premature stop codons and
octapeptide repeat insertions. Over 30 distinct mutants reported10. Exactly how
mutations in PRNP lead to inherited disease is not fully understood but have been
proposed to either pursue through a subtle structural alteration in PrPC or their favour of
the thermodynamic activation energy to transition PrPC to disease-associated PrP70,71.

1.2.2.3 Acquired prion diseases
1.2.2.3.1 Kuru
Acquired prion diseases include iatrogenic CJD (iCJD), kuru and variant CJD (vCJD)
and arise after accidental exposure to prions. Kuru was the first identified acquired
human prion disease, emerging in the 1950s in the Fore linguistic region of Papua New
Guinea after cannibalistic consumption of prion-infected human tissue10. Kuru principally
affected women and children who traditionally participated in mortuary feasts. The
epidemic is believed to have arisen after the consumption of an individual with sCJD
during mortuary feast31. By the late 1950s, the Australian government enforced a ban of
cannibalism, stopping kuru transmission. Kuru typically clinically presents as a
progressive cerebellar ataxia with cognitive changes occurring late30,72,73 and
neuropathologically as spongiform change and PrP deposition74. The incubation period
of kuru varied between as little as 5 to over 50 years10: genotype at residue 129
profoundly effects the incubation period duration. The shortest incubation periods are
conferred by 129MM75, followed by VV and MV with extremely long periods10. A G to V
polymorphism at codon 127 was reported as an acquired prion disease resistance factor,
selected for during the kuru epidemic in the 1950s10. Variants at codons 127 of PRNP
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are thought to demonstrate a genetic selection of pre-existing variants by the kuru
epidemic and at codon 129, by probably ancestral epidemics worldwide62.
1.2.2.3.2 Iatrogenic CJD
iCJD transmission routes are reported as a result of receiving prion-contaminated
pituitary-derived growth hormone11 or infected blood products13 and after neurosurgery
with contaminated instruments14, EEG electrodes76 and cadaveric dura mater12. The
occurrence of CJD in human growth hormone recipients provided evidence of
transmission of CJD via human growth hormone, because the young age of the patients
contrasted with that usually observed in CJD77,78. After that, the product was withdrawn
in most countries, but hundreds (over 80 in the UK) of young adults have developed iCJD
30 years after discontinuing the injections, with such a long incubation period probably
due to the peripheral route of inoculation79. iCJD clinical presentation is characterised by
progressive cerebellar syndrome, while other features, like dementia, develop late79. The
resemblance to kuru clinical progression it thought to be due to the common peripheral
route of infection80. The codon 129 genotype has been proved to be linked to
susceptibility and incubation period81,82.
1.2.2.3.3 Variant CJD
In 1995 and 1996, cases of apparent sCJD were reported in unusually young people in
the United Kingdom, leading to the appreciation of a new clinicopathological type of
human prion disease, denominated ‘variant’ CJD (vCJD)83. Links were primarily
established between BSE and vCJD, on the basis of their incidence and distribution.
Epidemiological evidence was then substantiated by experimental evidence. sCJD and
vCJD prion strains had a distinctive migration pattern on gels following limited proteinase
K digestion, suggesting that sCJD and vCJD prions were different strains (I discuss the
phenomena of strains below). vCJD samples showed a migration pattern different from
the range of patterns known to sCJD and was shown to have the same migration pattern
as BSE55. Later, transmission experiments in laboratory mice verified that vCJD was
caused by the same strain as BSE84,85 raising the possibility of a major epidemic
occurring in the UK and other countries, as a result of dietary exposure to BSE prions9,86.

By 2010, at least 173 cases of vCJD were reported in the United Kingdom87. vCJD
predominantly clinically presents as psychiatric disturbances, progressive cerebellar
symptoms and a later development of dementia88. Age of clinical onset spans 16-51
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years and the disease duration, 9-35 months. The disease has classic neuropathological
features common to all prion diseases: prevalent spongiosis, astrogliosis and neuronal
loss. PrPSc deposits are pervasive in the cerebrum and cerebellum83 (Will 1996), and can
be distinguished from those seen in kuru-affected brain, which are commonly surrounded
by vacuoles74. vCJD can be distinguished from other human prion diseases as PrPSc
deposits in non-nervous tissues89,90. Cases of vCJD were initially noted as homozygotes
for methionine at PRNP codon 129 (129MM)55. In 2009, however, a clinical diagnosis of
vCJD was made in a heterozygous subject (91), and it was feared that more cases may
arise in heterozygous individuals, likely after prolonged incubation periods.

1.3 The structure and biological activity of prions
1.3.1 Proteinaceous infectious agents
The resistance of sheep scrapie to formaldehyde was reported in the 1940s44:
formaldehyde is known to inactivate viruses. However, the original assumption of the
viral origin of scrapie, thought to cause “slow virus infection”28, was not challenged for a
further 20 years when Alper first theorised that the infectious scrapie agent was devoid
of nucleic acid34. She had demonstrated the infectivity of the scrapie agent to be resistant
to inactivation by ultraviolet irradiation and high temperatures35. This led Griffith to
propose the following year that a protein alone could be the infectious scrapie agent36.

According to the protein-only hypothesis, prions comprise solely of misfolded PrP and
propagate through the recruitment of monomeric PrPC without any constituent nucleic
acids34,36. Prusiner and co-workers achieved considerable purification of the scrapie
agent, finding its physicochemical properties were typical of proteins and inconsistent
with nucleic acid, coining the definition of a prion: “small proteinaceous infective particles
that resist inactivation by procedures which modify nucleic acids”. By the late 1990s,
after Prusiner received his Nobel prize for his work on prions, the hypothesis was widely
accepted92, although this contested the long-stood dogma that for prions to encode
information, evolve through natural selection and mutate to cross species barriers
required the presence of a functional genome. Initially, the disease-related form of PrP
was designated as PrP Scrapie (PrPSc). Prusiner proposed that PrPSc existed as a
monomer that promoted the structural change of PrPC aided by a putative molecular
chaperone termed 'protein X’93. The classical biochemical definition of PrPSc was its
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relative resistance to digestion by the protease, proteinase K (PK) and its insolubility in
detergent37,94.
A now widely accepted hypothesis proposes that prions consist of fibrillary
multimolecular assemblies of misfolded PrP monomers that can form amyloids (Fig. 2).
Infectious prions are often described as fibrillar PrP: the ends of these fibrils are thought
of as the infectious units. Elongation at these ends and subsequent fission of the fibril
can explain the exponential rise in prion titres during infection95. Disease-associated PrP
isoforms do not differ in primary amino acid sequence but can assemble into a wide
variety of structures with biochemically-distinct characteristics: PrP can self-assemble to
a variety of oligomeric and fibrillary states (Fig. 2a-h), including a fibrillary amyloid state
(Fig. 2g); fibres of beta(β)-sheet-rich polypeptides arranged in intertwined ribbons,
identified biophysically by a cross-β diffraction pattern96.
Of note, major biochemical differences in disease-associated PrP is found in protease
digestion-sensitivity and detergent-solubility24. These physical and chemical alterations
likely endow difference in their respective functions, if they hold a function at all; toxic
units may be distinct from infectious units, and some insoluble PrP assemblies may be
relatively inert. The best characterised disease-associated isoform is PrPSc; the
detergent-insoluble and relatively PK digestion-resistant species37,94. Many researchers
attribute infectivity as synonymous with PrPSc, however, many disease-associated
isoforms do not meet the classical definition of PrPSc and have been shown in many
cases as responsible for the majority of infectivity97. PrPSc, in fact, comprises only a small
minority of total disease-associated PrP. The majority of disease-associated PrP is
relatively PK-sensitive and detergent-soluble24. This array of alternative PrP species are
little studied so far and await functional characterisation. There is a clear need to make
consistent definitions and nomenclature for conversion products in the literature.
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Figure 2 | Protein misfolding and assembly to amyloid
The pathway to formation of amyloid fibres is not fully understood but appears to involve
nucleation from small aggregates, or “seeds”, that then assemble into protofibrils before
developing into mature fibrils. A variety of proteins are able to adopt conformations that
permit amyloid fibril assembly, including PrPC (a). Misfolding-susceptible monomers;
proteins that are in a constant equilibrium between their folded functional state and
unfolded/partly folded state (b), permits them to re-fold with predominant beta(β)-sheets
(c) that allow them to oligomerise (d) and aggregate to small assemblies (e), combine to
protofibrils (f) and subsequently sometimes adopt mature amyloid fibril structures (g).
These elongated fibres consist of long ribbons of β-sheet with the strands stacked
perpendicular to the fibre axis. PrP does not always assemble in this manner. Amyloid,
generally manifest as extracellular plaques (i), is often but not always apparent in prion
diseases. Fibres that meet the biophysical definition of amyloids can be readily produced
from recombinant prion proteins that are not infectious in cellular or animal models98 (g).
Authentically infectious, ex vivo prions have a more complex assembly state consisting
of rods formed from short, paired double-helical fibrils that have so far not been produced
synthetically99 (h). Adapted from: Collinge, J., (2016). Mammalian prions and their wider
relevance in neurodegenerative diseases. Nature.
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1.3.2 The prion protein gene
Determination of the amino acid sequence of the prion protein co-purified with scrapie
infectivity expedited the recovery of cDNA clones from scrapie infected hamster and
mouse brain libraries. PrP mRNA was found to be the product of a host nuclear gene,
PRNP, expressed equally in infected and uninfected animals40,100. The normal product
of PRNP was defined as PrPC (from the cellular isoform of the protein). Proteaseresistant PrP, enriched from infected brains, of 27-30 kDa size was found to be derived
from a much larger molecule of 33-35 KDa, designated as PrPSc (from the Scrapie
isoform of the protein). The two PrP isoforms, PrPC and PrPSc, have the same primary
structure but differ in their secondary and tertiary structure, determining their physical
and chemical properties94. The identification of these isoforms led Prusiner to update
and elaborate the protein-only model of infectivity originally proposed by Griffith36,
providing a model by which prions could ‘replicate’ and be infectious101.
The PrP gene is a single copy gene consisting of two differentially spliced exons in
hamster102 and human103 and three in mice104. Human PRNP is located on the short arm
of chromosome 20 and the mouse gene, Prnp, is located on chromosome 21105. For all
species, the open reading frame is confined entirely in the last exon and encodes 253257 amino acids (254 in the mouse104)103,106. The primary sequence of PrP includes a
hydrophobic signal sequence consisting of 22-24 C-terminal amino acids (22 in the
mouse), which is cleaved off when the GPI anchor is added106.

1.3.3 The difference between the structures of PrPC and PrPSc
PrPSc is derived from PrPC
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; there are no covalent differences between the two PrP

isoforms42. The atomic structure of PrPC was determined by nuclear magnetic resonance
spectroscopy (NMR) of recombinant PrP produced in E.coli

70

. Mature, membranous

C

PrP comprises an unstructured N-terminal region of approximately 100 amino acids and
a C-terminal domain of approximately 100 amino acids, composed of three alpha(α)helices and a short anti parallel β-sheet. The N-terminal region contains octapeptide
repeats, implicated in copper binding107, which are suggested to aid protein
function108,109.
The highly aggregated, detergent insoluble structure of PrPSc enriched from affected
brains is not suitable for high resolution structural studies such as NMR. Although the
exact structure has not been determined, infrared spectroscopy and circular dichroism
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studies have shown that PrPSc is β-sheet-rich110,111: PrPSc contains around 43% β-sheet
whereas PrPC contains only 3% β-sheet111. This suggests that the infective process
pursues as a result of the conformational rearrangements of predominantly α-helical
structures to that of β-sheets111,112. The protease-resistant core of PrPSc has been shown
to re-arrange into amyloid fibrils, with the characteristic Congo red staining and
birefringence diffraction pattern, typical of amyloids113.

1.3.4 Models of PrPC conversion to PrPSc
There are two main theories addressing the mechanism by which native PrPC refolds
into the structurally and biochemically distinct PrPSc form. The first is known as “template
directed conversion”, in which PrPSc binds PrPC and acts as a template, catalysing the
refolding of PrPC into PrPSc 92. PrPSc must either be exogenously introduced or produced
by stochastic conversion of PrPC. This latter process requires large amounts of activation
energy. The second is known as the “seed polymerisation model”, This model suggests
that PrP exists at an equilibrium between a dominant native (PrPC) and abberant (PrPSc)
state. Monomer association (of the abberant PrPSc state) occurs slowly, through
intermediate structures, until a stable “seed” structure is generated, which can then
rapidly recruit PrP. As the name suggests, this process can be seeded by exposure to
prions. As PrP isoforms are in dynamic equilibrium, this mechanism does not require the
same levels of energy for stochastic conversion as required by “template directed
conversion”. The “seed polymerisation” mechanism has been substantiated by
experiments with β-PrP, a recombinant mimic of PrPSc: aggregation of β-PrP firstly
commenced slowly but sped up after the formation of a seeding-competent structure114.
The precise mechanism of PrPC to PrPSc conversion remains a challenging and ongoing
research question. Both of the proposed mechanistic processes can explain, in part, the
three distinct aetiologies of prion disease. In acquired prion diseases, exposure of PrP
to a prion (exogenously introduced PrPSc monomers or a larger seeding-competent
structure), initiates polymerisation, no matter whether this is by template-mediated
conversion of PrPC or recruitment of already aberrantly folded PrPSc. In inherited disease,
PrPC is expressed as a form that is either inherently aberrant or the mutation pushes the
dynamic folding equilibrium from PrPC and towards PrPSc. In sporadic disease, a rare
stochastic conformational alteration initiates subsequent “template-directed conversion”
or a rare somatic event leads to the favored adoption of PrPSc structure over PrPC and
the generation of a seed to fuel subsequent “seeded polymerization”115.
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1.3.5 Infectious prions and their structure
Isolates from diseased brains are notoriously difficult to purify and non-purified
aggregated protein is typically difficult to study structurally22. To resolve the structure of
infectious prions many laboratories developed methods to synthesise infectious material,
which could subsequently be characterised for structure and virulence116. Recombinant
PrP (rPrP) is not found to be infectious upon inoculation into animals but shifting rPrP
from α-helical to β-sheet structure does induce fibril formation, mimicking structures
isolated from diseased brains114.
The de novo production of prions from rPrP has been described in systems including
yeast and mammalian cells117. Wild-type animals can be permissive to de novo-produced
material118,119, however, there is no described protocol for prion synthesis yet published
allowing production of high-titre infectious material suitable for structural studies, which
invariably also requires large amounts of material120. Furthermore, synthetic material
may not adequately mimic the true nature of prions. Prions are modified at the
endoplasmic reticulum and propagation may require the presence of catalytic surfaces
and co-factors121. However, protocols in cells enabling PrP glycosylation and
conformational transition have been described and are a good model to explore
conversion-initiating events in sporadic prion diseases117. Finally, the purest preparations
of synthetic material have relatively low specific infectivity indicating that infectious
material is a small minority of what is present, another reason why structural analysis is
a difficult feat, though this importantly implies infectivity relies on a PrP assembly with a
highly specific (quaternary) structure122.

More recently the purification of highly pure ex vivo prions was described22,99. Rodshaped morphological assemblies were isolated from a number of strains and are shown
to be infectious in animals, and retain their strain-specificity upon reinfection99.
Comparisons made between authentically infectious prions purified from different strains
indicate common morphology: two repeating fibrillar units separated by a typical 8-10nm
gap (Fig. 2h). This structure is different from the fibrils formed by rPrP, which are
substantially longer single fibres98 (Fig. 2g). The paired structure of ex vivo rods may
mediate resistance to protease digestion and facilitate transmission and longevity. It is
proposed that N-linked glycans sit in the gap between the two paired fibres, contributing
to infectivity and dictating strain properties55,123.
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1.3.6 Prion strains and conformational selection
Prions exist as numerous strain types, generating strain-specific patterns of disease after
serial propagation in experimental animal models124. Prion strains spread through
predictable brain regions125 even when the anatomical site of prion inoculation is
changed126. In fact, prion strains were first distinguished by their neuropathology127,
however, prion spread may not necessarily be indicative of pathology, which commences
after prion titre saturates in the brain24. Prion spread it thought to ensue through
anatomical routes imposed by diffusion gradients, cell-cell vesicular transport in
selectively vulnerable cells19,128. Precisely how a single peptide chain can encode
multiple disease phenotypes is a challenging concept for prion strain biology. Some
strains show biochemical difference in the propagated PrPSc. For example, distinct prion
strains produce different PrPSc fragment sizes, upon limited proteolysis129 and glycoform
ratios, following proteinase K digestion55. These biochemical strain properties can breed
true upon passage through new hosts, perpetuating properties associated with the
donor55.
Inbred mice that encode identical copies of PrPC (same amino-acid sequence) are
permissive to propagating a selection of strain types that propagate true upon passage,
following strain-specific patterns of spread. However, strains can also be infectious to
animals with different PrP amino-acid composition20,55, although with potentially altered
virulence. It is reported host-susceptibility to strain type relies on distinct seed
conformations that can be selected for by the host129,130. Prions more readily infect
individuals of a species if they originate from that same species (Fig. 3a). Infection is
less efficient from one species to another, but nonetheless a possibility. The
conformational selection model9,115 postulates effective pathogen transmission is
controlled by the compatibility of a host’s PrPC sequence with strain-specific
conformations of PrP (Fig. 3). Two strains propagated in identical hosts can possess
different transmission barriers to a second species55,131 and changing Prnp gene
sequence can have a pronounced effect on transmission and strain selection132. Thus, it
is the intersection between PrPC sequence of the two involved species and each of their
selectivity to strain conformation that predicts cross species transmission.
There are instances when strains mutate to new types after passage through a new
host133 and in two individuals of the same species that vary in PrP amino-acid
sequence84,124,132 (Fig. 3b). It is possible to clone strains but there are cases of strains
readily converting to others129. Prion isolates contain either one or more strains and are
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heterogeneous in, for example, N-terminal cleavage-dictated conformation and
glycosylation pattern5,84,130,134. Experiments in culture pose strains as readily adaptable
under selection pressure; one line of cells infected with a strain may produce a different
set of conversion products than a second line of cells infected with the same strain. Prion
strains, ergo, may constitute a cloud of diverse molecular assemblies, akin to
quasispecies of viruses135. Quasispecies multiplicity likely aids strain adaptation and
tissue spread.
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Figure 3 | Conformational selection and strain mutation
a, Misfolded PrP assembles to a variety of conformations, only some of which are
capable of transmitting infection. Individuals of the same species with identical PrPC
sequence readily transmit prions, however, individuals in the same species carrying PrP
polymorphisms may lose susceptibility to infection as the conformation of the prions are
no longer compatible. Prions can transmit between species (species 1 and species 2)
when both species are permissive to a particular conformation. A barrier in transmission
lies between two species with non-overlapping permissibility (species 1/2 and species
3). In this case, in order for transmission to occur a prion must mutate to a permissible
conformation. b, Prion strains exist as a quasispecies of molecular components with
varying conformations, some components more dominant that others. A strain can
propagate true upon transmission to a host of the same species and identical PrPC
sequence (species 1, PrP sequence a) or a host of a different species with a different
but compatible sequence (species 2, PrP sequence c). A host of the same species with
a different PrPC sequence may select for only compatible components within the cloud
(species 1, PrP sequence b). In the final instance, a strain may not readily transmit to a
different species with a different PrPC sequence but first mutate conformation to a new
type (species 3, PrP sequence a). Adapted from: Collinge, J., (2016). Mammalian prions
and their wider relevance in neurodegenerative diseases. Nature.

1.4 Cellular prion protein
1.4.1 Structure
The prion protein (Fig. 1) is a highly conserved glycoprotein encoded on the short arm
of chromosome 20 in humans and chromosome 21 in mice105. The human protein is
translated as a 253 amino acid polypeptide comprising two signal sequences at the Cand N-terminus. PrPC undergoes post-translational modification in the endoplasmic
reticulum (ER) where the N-terminal signal peptide is cleaved and the protein is
glycosylated at two asparagine residues, resulting in un-, mono-, or di-glycosylated
forms136. The C-terminal signal sequence is removed upon attachment of the GPI
anchor102,137. The N-terminus of the mature peptide is unstructured. This region
comprises five octapeptide repeats constituting the major copper ion binding site138 other binding sites are located outside the octapeptide repeat139. N-terminal mutants
have been identified as the genetic cause of some inherited human prion diseases,
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suggesting that this region is an important factor for conformational determination of
disease-associated PrP62. Unlike the N-terminus, the C-terminus is structured - with
three α-helices and a short anti-parallel β-sheet containing an internal cysteine-cysteine
disulphide bond140,141.
A highly conserved hydrophobic region comprises the middle of the prion protein (Fig.
1), the function of which is not known but has been suggested to be transmembrane
domain given it can span membranes142,143, which also may aid the cellular trafficking of
the protein144. As small peptides from the hydrophobic region can adopt apoptosisinducing conformations, it was further hypothesised that this region may play an
important part in the neurotoxicity of disease-associated PrP144.

1.4.2 Localisation and trafficking
After processing through the ER and Golgi body, mature PrPC is attached to the cell
surface by its GPI anchor137 where it continuously cycles between plasma membrane
and early endosomes145. On pathway of PrPC internalisation depends on clathrinmediated endocytosis: it is thought that PrPC can bind, through a motif in its N-terminal
region, to a transmembrane protein containing a localisation signal for clathrin-coated
pits146,147. PrPC also clusters in caveolae suggesting it can internalise through the
caveolae-mediated endocytic pathway148,149. However, caveolae are not present in
mammalian neurons so caveolae cannot explain trafficking events in neurons, the cells
that ultimately die in prion diseases150. PrPC can also internalise through association with
lipid rafts: a platform for the attachment of membrane proteins151. PrPC associates with
lipid rafts in neurons and leaves the detergent-insoluble rafts to traverse the detergentsoluble membrane, where PrPC can enters coated pits for endocytosis and cycle back to
the cell membrane147.

1.4.3 Physiological function
Numerous studies have assisted in our understanding of the physiological function of
PrPC. PrPC functions has been linked to its cellular localisation and its interactions. For
example, a role of PrPC in cell adhesion was proposed as the protein is located at the
surface and interacts with cell adhesion molecules152. A role in signalling was proposed
after demonstration of PrPC binding to stress-inducible protein 1, which subsequently
mediated a neuroprotective affect153. In studies that cross-linked antibodies to PrPC,
signal transduction was observed through the tyrosine kinase, Fyn154. PrPC has also
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been proven to interact directly with a number of other proteins involved in signalling
including

Synapsin,

Grb2,

and

Pint1155.

Additional

roles

in

PrPC-mediated

synaptogenesis156, copper homeostasis157, and neuroprotection158–160 are also reported.
Interestingly, the possibility of crosstalk between prion disease and AD was proposed as
PrPC was shown to be a functional receptor for Aβ oligomers161.
A number of knock out mouse models have enabled our understanding of how PrPC
functions physiologically. Two knockout mice, designated as Prnp0/0 and Prnp-/-, were
established in distinct genetic backgrounds. Neither mouse expressed detectable PrPC,
and both were developmentally and phenotypically healthy162. These results could be
explained by either PrPC not being an essential protein or that its function was
compensated for during development. A conditional adult-onset knockout mutant was
created by crossing mice with a ‘floxed’ Prnp gene on a Prnp0/0 background with Prnp0/0
mice expressing Cre recombinase under the control of the neurofilament heavy chain
(NFH) promoter72. The NFH promoter activity commenced around 10 weeks of age,
which lead to Cre-mediated excision of the Prnp transgene specifically in neuronal cells.
These mice remained healthy following ablation of PrPC, consistent with the negligible
effects of loss of PrPC seen in the constitutive knockout models.
Synaptic function165 and the properties of hippocampal cells themselves163 can be altered
upon loss of PrPC expression. Furthermore, altered circadian rhythms and sleep
disturbance have been reported in PrP null mice166. Recently, PrPC ablation in neurons
was reported to induce chronic demyelinating polyneuropathy. This phenotype could be
reversed by PrPC expression in neurons but not in Schwann cells, indicating that
neuronal PrPC expression is important for the maintenance of myelin homeostasis167. In
regard to PrPC function in metabolism, reduced metal ion-dependent superoxide
dismutase activity was observed in Prnp0/0 mice. Cultured neurons derived from these
mice also exhibited increased vulnerability to oxidative stress168, indicating a role for
neuroprotection by PrPC. Another neuroprotective role of PrPC was described when
serum-deprivation induced apoptosis at significantly higher levels in cultured Prnp0/0
cells169. PrPC expression was also shown to protect primary neurons against Baxmediated cell death170.
The range of functions ascribed to PrPC suggest it does not function in one signalling
pathway, and rather in a range of signalling complexes171. Multicomponent signalling
complexes may explain why there are so many seemingly unrelated roles attributed to
PrPC-mediated activities. Evidence for a dynamic scaffolding function of PrPC originated
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from its association with lipid rafts147 and recycling to the endosome146–149. PrPC is likely
to engage with different proteins, dependent on its temporal and spatial location in cells
suggesting that the location of PrPC within the cellular milieu leads to its multifaceted
function171.

1.5 Neurotoxicity
1.5.1 Neurotoxic mechanisms in prion disease

Our understanding of propagation of infectivity, prion structure and strain properties is
advanced, but despite this, the mechanism by which neurodegeneration ensues remains
unresolved. An absolute necessity for pathology is the conversion of PrPC to diseaseassociated misfolded isoforms of PrP. PrP-null mice are resistant to developing prion
disease172 as they are unable to propagate prions173. PrPC is also an essential mediator
of neurotoxicity in the disease. For example, when PrPC-expressing neural tissue is
grafted to that of PrP null brains, after prion infection, only the grafted tissue
degenerates174. Moreover, in a key experiment, when

PrPC function was deleted

conditionally in neurons utilising a cre-lox system after prion infection had been
established, the mice were rescued from the clinical symptoms of disease164.
There are several proposed mechanisms of neurotoxicity in prion disease (Fig. 4). One
proposal poses classically defined PrPSc as the direct cause of toxicity. As stated
previously, PrPSc is defined by its relative resistance to digestion with PK and insolubility
in detergent39 and it is now known there are many other disease-related forms of PrP
that do not meet this chemical definition. In fact, only a minority of total disease-related
PrP is PrPSc. In many prion diseases PrPSc accumulation corresponds to neurotoxicity,
but this is not necessarily correlative (Fig. 5). There are several inherited prion diseases,
including fatal familial insomnia, in which PrPSc is not detected in significant amounts and
yet the patients with this disease see a devastating aggressive brain degeneration5,175.
On the other extreme, experimental animal models of subclinical prion infection
accumulate PrPSc levels as high as those found at normal clinical onset but do not
experience any neurodegeneration in their lifetime23,176. Thus, PrPSc load does not
always correlate to disease progression and argues against direct toxicity of PrPSc.
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Figure 4 | Potential mechanisms of prion-induced neurotoxicity
The normal cellular isoform of the prion protein, PrPC (light blue membrane receptor), is
synthesised, folded and glycosylated in the endoplasmic reticulum (ER), where its GPI)
anchor is added, before further modification in the Golgi apparatus and trafficking to the
cell membrane. During prion infection, crosslinking of PrPC may activate death or
aberrant signalling; neuronal apoptosis can occur after experimental administration of
PrP-crosslinking antibody177. Other potential mechanisms of neurodegeneration
suggested are that sequestration of PrPC during template-driven structural conversion to
PrPSc (orange multimers) contributes to loss of physiological signalling mechanisms, and
consequently to the development of neurotoxicity154,178. The hypothetical toxic species,
PrPL (red oligomers), which might exist as oligomers, may also have direct neurotoxic
effects at the cell surface and within late endosomes/lysosomes, where structural
conversion is believed to occur. The rate of PrPL accumulation would determine neuronal
viability. It has been suggested that misfolded and aberrantly processed PrP (cyPrP
and CtmPrP, respectively) (dark blue coils and purple coiled receptor), which would
normally be degraded by proteasomes through the ER-associated degradation (ERAD)
pathway, aggregate in the cytoplasm and cause cell death179. Putative proteasomal
inhibition or malfunction during prion disease would contribute to this route of
toxicity180,181. Non-secreted misfolded PrPc (CtmPrP) remains in the ER and might also be
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cytotoxic. Adapted from: Mallucci, G. and Collinge, J., 2005. Rational targeting for prion
therapeutics. Nature Reviews Neuroscience.

Figure 5 | Classically defined PrPSc cannot account for neuropathology
In some prion diseases PrPSc builds up to a significant level and neurodegeneration
follows (a), however, in several inherited prion diseases, PrPSc load is undetectable or
found in insignificant amounts and neurodegeneration still pursues (b). There are also
cases where infection leads to significant accumulation of PrPSc without coupling to a
neurodegenerative phenotype (c).

Another proposal is the loss of the physiological function of PrPC. This protein is, for
example, required for normal synaptic function165 and can be neuroprotective in vitro and
in animals. For example, in vitro, PrPC protects cells from Bax-mediated apoptosis in
serum-free medium170 and from oxidative damage168. Recently, regulation of myelin
homeostasis has been attributed to the function of PrPC, where loss contributes to a
demyelinating neuropathy182. However, PrPC null mice are viable and either the
constitutive162

or

conditional163

knock

out

of

PrP

is

insufficient

to

cause

neurodegeneration, which is what would be expected if loss of function was the cause
of degeneration in prion disease. Envisaged are other scenarios. For example, crosslinking PrPC using antibodies administered to animals can lead to a neurodegenerative
phenotype177, indicative of a potential mechanism by which PrPC acts as a receptor or
ligand to trigger toxic signalling. PrPC can traffic unusually within cells117 and exist as
unusual variants, such as C-terminal PrP (CtmPrP in Fig. 4)180,181, proposed to aggregate
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in the cytoplasm to somehow mediate toxic signalling. Moreover, another group identified
cytosolic misfolded PrP (cyPrP in Fig. 4), transported to the cytosol for clearance by
proteasomal degradation, can accumulate to induce neurotoxicity in vitro and severe
neurodegeneration in mice183.
Collinge and Clarke proposed an oligomeric soluble conversion product, deemed PrP
lethal (PrPL), as causative of neuropathology in prion diseases115. The first evidence for
PrPL refers back to experimental animal models of subclinical prion infection. These
animals have high levels of PrPSc, and more importantly, infectivity, but remarkably never
succumb to the clinical symptoms of disease within their life-span23,184 - this indicates
toxicity and infectivity are uncoupled. Prion diseases pursue through extremely long,
clinically silent incubation periods some lasting over half a century in humans, followed
by a rapidly progressive (few-month long) clinical phase1. All animals inoculated with
defined strains have astoundingly reproducible incubation periods and clinical phases.
Over 25 years ago, Prusiner reported an inverse relationship between length of prion
incubation time and PrPC expression levels185. Sandberg et al now have described this
relationship more precisely17,24. During prion incubation, infectious and neurotoxic
species are propagated through two kinetically distinct mechanisms - it is only the plateau
phase that (inversely) correlates with PrPC expression levels, although PrPC is absolutely
required during the propagation of infectivity.

1.5.2 Two distinct mechanistic phases of conversion
The development of a rapid and accurate cell-based prion infectivity assay21 enabled the
assay of infectious prion titres throughout the course of a prion infection. Mice expressing
different levels of PrPC were inoculated with Rocky Mountain Laboratory (RML) prions.
Mice either had wild-type levels of PrPC, half that of wild-type or 8 times the concentration
of wild-type. Brain homogenates (BHs) were prepared from brains collected from these
mice at distinct days post inoculation. The study found that prion disease progresses
through two very distinct mechanistic phases by measuring the infectious prion titres of
the BHs by scrapie cell assay (SCA) (Fig. 6a). Firstly, prion disease pursued through an
asymptomatic exponential phase in which infectivity rapidly reached peak titre,
dependent on PrPC expression but independent of PrPC expression level over the range
studied. This was followed by a plateau in prion titre continuing until clinical onset with
duration inversely proportional to PrPC expression level17. In fact, in vivo
neuropathological features of prion disease such as synaptic dysfunction were detected
at distinct time points only during the secondary plateau phase24 – the secondary phase
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was also interestingly coupled to a linear increase in relatively PK-sensitive PrP isoforms,
commencing at phase transition and rising until clinical onset at a rate proportional to
PrPC. Clinical onset occurred when similar levels of PK-sensitive disease-related
isoforms of PrP were reached independent of mouse genotype, suggestive of a threshold
of toxicity (white arrow in Fig. 6a). That prion infectivity increased a million-fold during
the first phase, whilst disease-associated PrP levels remained low, indicated that
infectious prions constituted only a small population of total disease-associated PrP. In
summary, these seminal experiments illustrated that after phase transition to a plateau
in infectivity, the nature of the PrP conversion process changed from one not rate limited
by PrPC concentration to one now rate-dependent on it (Fig. 6b).
PK-sensitive PrP isoforms may be generally toxic or, on the other hand, a subpopulation
within this class of conversion products, of defined structure, may constitute a specific
toxic entity. To study toxic signalling, the development of an experimentally tractable cell
model of degeneration in vitro is required. An in vitro assay of prion-induced toxicity will
provide a robust methodology to identify and characterise the putative PrPL - improve
our understanding of pathological signalling mechanisms – and accommodate the
identification and assessment therapeutic targets for the treatment of prion disease. In
this thesis, “prion-induced” refers to the effects induced by prion infection and not the
direct action of prions themselves.
Other alternative scenarios have been hypothesised to explain the split between
infectivity and toxicity: for example, fission of infectious particles may stop, leading to
further growth of abnormally folded PrP aggregates but no increase in number of
infectious particles; or a key cellular component may be depleted during phase 2,
determining clinical onset.
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Figure 6 | Prion infectivity and toxicity proceed with two-phase kinetics
a, Prion infectivity (dotted lines) was measured via SCA at various time points through
the course of RML prion infection, and in mice that express different levels of PrPC. First,
prion disease proceeds through an asymptomatic exponential phase in which infectivity
rapidly reaches peak titre, dependent on PrPC expression, but independent of expression
level. After reaching peak titre, the duration until clinical onset (coloured arrows) ensues
at a rate inversely proportional to PrPC expression level. At phase transition, the
conversion of PrPC to PK-sensitive disease-related isoforms commences and increases
at a rate proportional to PrPC concentration (solid lines). Clinical onset occurs when
similar levels of PK-sensitive disease related isoforms of PrP are reached, suggestive of
a threshold of toxicity (white arrow). b, When prion propagation saturates the nature of
the conversion process changes from one of autocatalytic production of infectivity (phase
1) to the production of alternative PrP species, dependent on PrPC concentration (phase
2); yellow circles are PrPC monomers, orange squares are fibre-forming diseaseassociated PrP and orange circles are PK-sensitive disease-associated PrP. Adapted
from: Collinge, J., (2016). Mammalian prions and their wider relevance in
neurodegenerative diseases. Nature.
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1.6 Relevance to other neurodegenerative diseases
Prion diseases are often and increasingly seen as a paradigm for other
neurodegenerative diseases such as AD and PD18,125. Neurodegenerative diseases are
commonly associated with accumulation of disease-specific misfolded proteins, for
example, misfolding of amyloid beta (Ab) and α-synuclein in AD and PD respectively.
Mechanisms by which these misfolded proteins propagate, seed and spread are noted
by many researchers as prion-like18,186. A number of studies have reported evidence for
seeding and transmission187. Diseases such as AD and PD also share sporadic and rarer
inherited causal routes akin to prion disease and albeit debatable at this stage, there is
growing support to parallel a prion-like acquired route18. Common surgical procedures
are thought to transmit CJD iatrogenically11,14 and there is now evidence to suggest a
similar mechanistic route for Aβ and α-synuclein pathology in humans188,189. In fact, Aβ
pathology can be experimentally initiated and accelerated by inoculating suitable animal
models with AD brain extracts, comparable to experimental transmission of prion
diseases190. Studies using these models, showed accelerated Ab plaque formation by
human-derived material191 – the same material was previously evidenced for the
iatrogenic transmission of Ab pathology in humans188.
A number of studies also report ‘strain’ dependent phenotypic variability in the more
common neurodegenerative diseases192–195 – the existence of conformational variants of
pathogenic fibrillary protein assemblies, correlating molecular structure of these
assemblies to diverse biological activity and interestingly, disease phenotype in patients.
In regards to AD, several studies evidence that assemblies of Ab and tau exist as
conformational variants in the human brain193,196–200. Ab structure has been reported to
vary among multiple subtypes of AD196,197. However, no study to date has structurally
scrutinised such brain-derived assemblies and substantiated that they possess a
strainness equivalent to prion strains - the ability to perpetuate stable properties after
multiple serial passages through suitable experimental hosts115.
Prion strain-typing was initially facilitated by the ease of transmission of rodent-adapted
prions to inbred wild-type mice20 and later, human prions to human PrP-expressing
transgenic mice201, albeit through interpretation of prion strain-typing studies, we know
that complications arise from the (over)expression of mutant PrP202. Several
experiments indicate that it is possible to follow AD protein “strainness” through
transgenic amyloid precursor protein (APP)-overexpressing mice predisposed to
amyloid pathology192,193,198,203. For example, after the intracerebral administration of Ab-
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containing brain extracts from mice192,203 and subtypes of AD192,193,198 into seedingcapable mice revealed the perpetuation of deposits with properties associated with donor
Ab. The phenomena of clouds and Darwinian selection of Aβ strains is also supported
by studies with these mice198. As above, experimental transmission studies of Aβ have
largely relied on transgenic mice that overexpress human APP. These mice, however,
suffer from artificial phenotypes because, in addition to Aβ peptide, they overproduce
other APP fragments. For these reasons, Aβ strain-typing using these mice is
complicated but the endogenous confounding murine Aβ, which differs by three amino
acids from human Aβ, makes it unfeasible. That two proteins, Aβ and tau, polymerise
in AD and that these proteins are found as multiple isoforms, add a further challenge
to AD strain-typing. Methods for structural classification of stable Aβ and tau
polymorphs must be able to differentiate between Aβ or tau isoforms as strains are by
definition conformationally distinct polymers with the same amino acid sequence.
At least some aspects of other protein misfolding disease can be better understood
utilising the prion disease paradigm. There are major advantages to studying pathology
and therapeutic agents in prion diseased animals as wild-type animals within their
lifespan naturally succumb to clinical symptoms, representative of a human disease. This
is unlike other diseases, such as AD, where models often overexpress diseaseassociated proteins, leading to artificial phenotypes that complicate analysis190. Another
advantage of studying prion disease as a paradigm for other misfolded protein-induced
neurodegeneration is that the human prion disease, CJD, progresses to fatality in only
four months. This enables the assessment of therapeutic efficacy from a very small
cohort204. Furthermore, prions and disease-associated PrP are easily assayed from
blood, plasma and cerebrospinal fluid205,206. The extent of how appropriate prion
analogies are to describe other neurodegenerative disease was reviewed recently2. In
regard to the theme of this thesis, it will be important to establish whether a kinetic
mechanistic relationship exists between propagating and neurotoxic protein assemblies
of other diseases, akin to prion disease. A prerequisite to determine whether this
relationship does exist in other diseases will be the development and validation of
methods, essentially, robust assays for seeding and toxic activity.
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1.7 Therapeutics
There are no disease-modifying treatments yet available for the invariably lethal and
rapidly progressive prion diseases. There are a number of theorised therapeutic
strategies: preventing the conversion or action of disease-associated PrP, clearance of
disease-associated PrP or repairing neuronal damage. PrPC is an attractive therapeutic
intervention site. It is the necessary substrate for the production of all infectious and toxic
disease-associated PrP assemblies. The constitutive or conditional knockout of
PrPC expression has no major phenotype162,163,207 indicating that targeting PrPC with
drugs may not trigger unwanted side effects. Targeting PrPC expression in the adult
neurons of prion-infected mice prevented clinical onset and reversed spongiform
neuropathology and behavioural phenotypes in mice164,208. PrPC must adopt an
unfolded/partly folded state to then adopt the β-sheet-rich structure of the infectious
fibrillary form209. Therefore, ligand-binding to the fold of PrP reduces the accessibility of
unfolded/partly folded PrP for prion propagation210. However, drugs that bind to diseaserelated PrP, instead of the PrPC substrate, have resulted in the rapid development of
prion strain drug resistance through mutation and conformational selection15,211,212. The
development of drug-like small-molecule PrPC ligands has proved challenging but hope
for an effective therapy originates in anti-PrP monoclonal antibodies. They are known to
cure prion-infected cells213–215 and after passive immunotherapy deliver strong
therapeutic benefits to experimental animal models of prion infection – clinical studies
with humanised anti-PrP monoclonal antibodies are now in progress216–219. Although
there are no cell transplantation strategies yet in place to repair neuronal damage in
prion disease, engrafting neural stem cells may be a possible therapeutic strategy. A
number of studies have assessed the outcome of neural stem cell engraftment to
degenerated brain regions of models of neurodegeneration and stroke220–223. Perhaps
administration of neural progenitors to affected brain regions would work for prion
disease - the newly housed neurons would need to be PrP-null unless prion infection
was eradicated in tandem.
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1.8 The development of an in vitro assay of prion-induced
neurotoxicity
1.8.1 A general model of assay development
In order to develop cellular assays of a biological activity, a number of criteria that the
assay should meet must be considered (Fig. 7). For example, is there a phenotype,
mechanism or specific molecule of interest; must the final data be qualitative or is it
essential for it to be quantitative. A relevant cell model should also be considered. For
example, what cell type is the most appropriate; are gene mutants of interest; what are
the best methods for cell growth and maintenance; is there a relevant cellular age or are
critical factors required from the environment to assist the assay of the desired biological
activity. The experimental set-up and data collection methods should also be addressed,
for example, plate types and their compatibility for cells and analysis; what wet-lab space,
hardware and software is accessible. Decisions regarding experimental design must also
be taken in to account: which positive and/or negative controls are required, what are
the best concentrations for samples to be tested and how long and at what time will
treatment be instigated. Proof-of-concept and pilot experiments should be undertaken:
how many replicates are required to provide the power needed to assay the biological
activity. The assay must be optimised, which may include finding highly specific
conditions to test the desired biological activity: what effect size is adequate, can the
technique be simplified or automated. The final steps in the development of a cell-based
assay should address reproducibility and robustness of the system and finally, does the
analysis output address the biological question.
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Figure 7 | Development and validation strategy for biological assay development
Development and validation of cell-based biological assays should follow a strict
workflow, considering the desired assay output at all stages and making step-wise
decisions through the process of development.
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1.8.2 Criteria for a prion-induced neurotoxicity assay
The main aim of this thesis was to develop a robust, precise cellular assay of prioninduced toxicity. In no particular order, the following criteria were pertinent to (but not
limited to) the development of an assay of authentic prion-induced toxicity (Fig. 8).
1. A relevant neuronal culture system, representative of neurons in vivo, that required
the expression of PrPC for the assay of prion-infected material.
2. A method that assessed one or more prion disease-relevant molecular or cellular toxic
phenotype.
3. A read-out that was quantitative and dose-dependent, accommodating a wide signal
window and dynamic concentration range.
4. A method that distinguished between the toxicity of prion-infected and mock-infected
BH.
5. A method that distinguished between the toxicity of prion-infected BH collected at
different times post inoculation. Other criteria included a rapid high-throughput, simple
and versatile protocol.

Figure 8 | Criteria set forth for the development of an in vitro assay of prioninduced toxicity

1.8.3 Prion-associated neurotoxicity in vivo and in vitro – avenues to
explore for prion-induced toxicity detection in cell culture
The pathological hallmarks of prion disease include the deposition of fibrillary assemblies
of disease-associated PrP, microglial activation, spongiform change, astrogliosis,
synaptic damage and eventual neuronal loss69,224. Furthermore, a variety of cell and
molecular mechanisms are suggested to lead to neuronal death in prion diseases.
Pathways include oxidative damage, complement activity225 endoplasmic reticulum
stress226 proteasome inhibition117 and inhibition of physiological synaptic function227.
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There are multiple modalities of cell death228. Cell death can be programmed (the most
common form is apoptosis) or occur as a result of an inflammatory response
(necrosis)229. A process called autophagy, whereby cells degrade dysfunctional and
unnecessary cellular components, is sometimes regarded as a form of programmed cell
death but is rarely ever a direct cause230. Apoptosis is typified by cell detachment,
shrinkage, pyknosis of the nucleus, nuclear fragmentation, chromatin condensation and
apoptotic body formation231. Apoptotic neuronal death is reported in human prion
diseases such as fatal familial insomnia232 and CJD233,234 and in rodent models of prion
disease224,235,236. Unlike their apoptotic counterparts, necrotic cells do not fragment into
discrete bodies, nor do their nuclei237, and rather the main indicator of necrosis is
disintegration of the plasma membrane. However, studies with synthetic beta sheet PrP
oligomers found little evidence of necrosis after a membrane integrity assay238.
Autophagic cell death is characterised by vacuole formation in the cytoplasm and dilation
of organelles. A study on scrapie-infection in rodents found a neuronal autophagic
vacuole pathology239, and at the level of degenerating synapses in CJD240, however, it is
debated that autophagy acts neuroprotectively as a stress response mechanism to clear
disease-associated PrP deposits. Cells can therefore be considered as dead if their
plasma membranes loose integrity (necrosis), the cell has fragmented into apoptotic
bodies (apoptosis) or if its fragments have been taken up by neighbouring cells
(autophagy)231.
Mechanisms of prion-induced pro-apoptotic cell death have been explored in vitro. One
study detailed a caspase-dependent apoptosis triggered by aggresome-formation of
disease-associated PrP in neuronal cells after prion propagation in neurons241. Another
study implicated PrPSc-induced caspase-12 activity with death, which was rescued by
overexpressing mutant caspase-12 or targeting Bcl-2 to the endoplasmic reticulum226.
Together these studies pose caspase activation as a key mechanism of prion-induced
neuronal death in vitro. That pro-apoptotic mechanisms also occur in vivo, as for
example, bax deletion can prevent prion-induced neuronal death242 was grounds to
explore apoptotic protein activation as a method to assay prion-infected material toxicity
in culture. Furthermore, studies have indicated that the sensitivity of cells in culture to
toxic effects of PrP amyloid fibrils and β-oligomers required them to express PrPC 238.
Reduction in ATP level is a determining factor in cell death243 and is measurable in
scrapie-infected hamster brains244 and in experimental models of and prion disease245.
Moreover, in prion disease models mitochondria are found to be dysfunctional;
cytochrome c levels are low and mitochondria exhibit structural abnormalities244. In a
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primary neuronal system, Ca2+ was released from the ER resulting in depolarised
mitochondrial membranes, after treatment with a synthetic PrP peptide246. Oxidative
stress is also coupled to infection in experimental mice and human prion diseases
108,247,248

. Misfolded PrP aggregation correlates to oxidative stress-induced neuronal DNA

damage suggested to originate from a rise in glial cell number. Moreover, the stressgenerating oxidase, NOX2, is upregulated in prion-infected mice and cell culture. When
NOX2 is ablated in mice, after established infection, motor skills improve and mice have
a prolonged survival249. Scrapie-infected cells have decreased antioxidants and more
readily undergo death induced by oxygen free radicals108. Therefore, a number of
metabolic identifiers of cellular damage were explored as a method to assay prioninfected material in cells.
Glial cells, of many types, become reactive, proliferative and hypertrophic in prion
disease. It is also known that microglia, immune glial cells, are strongly activated in prion
disease224 and recent evidence suggests activated microglial cells in neurodegenerative
disease push astrocytic glia to a reactive phenotype after the secretion of a select array
of cytokines and complement factors, contributing to disease progression250. A marker
of gliosis, glial fibrillary acidic protein (GFAP), correlates with extracellular PrP
deposits251 even when neurodegeneration halts upon neuronal PrPC depletion164.
Therefore, aberrant glial activity was considered as an assay of prion-infected tissue
toxicity.
Neuronal loss is preceded by neuronal damage in prion disease. Prion-inoculated mice
have been shown to have defective dendrites; reduced dendritic branching227 and
increase contortion and swelling252. Similarly, oligomeric and fibrillar rPrP was shown to
inhibit out-growth of primary neuronal processes in culture238. Disease-associated PrP is
also known to locate to synapses in experimental animal models of prion disease253. In
inherited prion disease and CJD synaptic proteins can also be found in plaque-like
lesions254. Animal models of prion infection indicate synaptic proteins are expressed
abnormally255 and that synaptic pathology characterises behavioural symptoms256.
Synaptic pathology arises after misfolded PrP deposition and before neuronal loss and
encompasses dendritic spine loss, synaptic loss, degradation of axon terminals and
inhibition of long term potentiation. Interestingly, animals inoculated with prions display
dendrite swelling and dendritic spine atrophy, at a linear rate, before the clinical onset of
disease257. This conforms to synaptic pathology in an Rocky Mountain Laboratory (RML)
strain prion infection, which reaches the level of the synapse in mice around 125 days
post inoculation24, weeks before clinical onset of the disease.
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1.8.4 Cell systems to measure prion-induced neurotoxicity
Neurotoxicity analysis in vitro has been described using a range of cellular systems. For
example, using neuroblastoma cell lines originating from the cells of human tumours
258,259

, primary neurons derived from rodent brain tissue260 and by reprogramming

embryonic or induced pluripotent stem cells to a neuronal cell lineage261–263. An
advantage of cell line use for neurotoxicity assay is their clonal nature and inherent ability
to divide, thus it is easy for experimenters to derive sufficient material for their studies,
which are also reproducible. Protocols for screening neurite outgrowth in high throughput
formats has been described for neuroblastoma cells allowing the screening of many
samples. However, the signalling pathways, gene expression and thereby the response
to various stimuli in the non-neuronal or cancerous neuroblastoma cells are often
different from those in neurons derived from primary tissue or reprogramming260,264.
There are a range of cell culture models of prion propagation and infection265–267, yet
these models do not show prion-induced toxicity. Most cell models susceptible to
infection are immortalised cell lines, such as neuroblastoma-derived cells

21,266,268

.

However, toxicity affects neurons in vivo, and as such a culture system using neurons
and not cell lines is likely to be more recapitulative and thus more informative to study
real manifestations of prion disease in the brain267,269. A recent culture method, the
cerebellar organotypic cultured slice system270, where whole 350μm cross-sections of
neonatal mouse cerebellum were maintained in culture for weeks, faithfully replicated
prions akin to in vivo disease271. Interestingly, later, this system was shown to
recapitulate neuronal death272. However, for the purposes of the prion-induced
neurotoxicity assay developed for this thesis, a cerebellar culture system was
inappropriate as it did not meet the criteria for high throughput. Another group found
dendritic spine toxicity after the treatment of mouse hippocampal neurons cultured on an
astrocyte feeder layer with prion-infected BH273. The system worked by the manual
counting of dendritic spines (either GFP-expressing or actin-stained) along dendrites.
For the purposes of the prion-induced neurotoxicity assay developed for this thesis, the
hippocampal neuron synaptotoxicty detection system was useful – the paper suggested
working BH concentrations and treatment durations that could be further developed.
However, unfortunately the low throughput method was unsuitable to scale-up to a rapid
toxicity detection system that was required for the testing of multiple samples through
wide dynamic ranges (Fig. 8). The cell system selected for prion-induced toxicity assay
development was primary mouse neurons (Fig. 9a).
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Figure 9 | Neurotoxicity assay development
a, Primary mouse (1) neurons derived from the brains of either post-natal pups (2) or
embryos (3) were selected as the cellular model to develop a prion-induced toxicity
assay. Whole brains (4) were divided sagittally (5) and then cortices and hippocampi (6:
hippocampus shown in dark grey) were dissected. Tissue was then dissociated
enzymatically and mechanically (7) before plating. b, Cells were plated on a range of
tissue culture plates, for example, single petri dishes (1) or 6- (2), 24- (3) and 96- (4) well
plates. c, Tissue culture plate choice could then be coupled to multiple and varied toxicity
assays. For example, petri dishes and 6-well plates were large and housed millions of
cells at once, adequate for cellular lysate preparation (1). 6- and 24-well plates were also
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adequately sized to culture cells on coverslips for later analysis by microscopy (2). 24and 96- well plates (3-4) facilitated high throughput assay of cells. d, Protein expression
could be analysed in cellular lysates by Western blot (1). Protein expression and cell
morphology could be analysed with manual immunofluorescent microscopy (2). Multiwell plates could be analysed by a number of methods: plate readers could measure the
fluorescence,

optical

density

or

luminescence

of

toxicity

assay

dyes

(3),

electrophysiology could be measured by high throughput machines (4) and high content
microscopes could capture multiple images for later image analysis (5).

1.8.5 Methods to assay cell death and damage
Through the preliminarily validation phase of the prion-induced toxicity assay, various
degrees of neurotoxicity were examined: from the level of the synapse254, to neurite
damage252 to neuron death233 with a perspective to find a method that was highly
sensitive and specific for prion-induced toxicity detection. Cultured cells were plated at
different densities and on a variety of tissue culture platforms (Fig. 9b) in order to analyse
prion-induced toxicity after treatment with brain tissue by multiple methods (Fig. 9c-d).
Cell death assays fall into two major groups: assays that measure bona fide cell death
and tests that quantify biochemical processes or protein levels that are viewed as
surrogate viability markers229. In the preliminary screen of methods, cell death
phenotypes were examined - cells should be considered as dead when they fulfil at least
one of the following criteria: the plasma membrane has lost its integrity, the cell has
fragmented into apoptotic bodies or the corpse or its fragments have been taken up by
neighbouring cells231. Prominent biochemical events that have been linked to apoptotic
cell death include activation of caspases, mitochondrial membrane permeabilisation and
DNA fragmentation229. Necrotic cell death can be differentiated from other cell death
subroutines by monitoring the kinetics of appearance of common markers, such as
disintegration of the plasma membrane228. Unlike their apoptotic counterparts, necrotic
cells do not fragment into discrete bodies, nor do their nuclei237. The literature reports
multiple, simple and rapid cell death assays that can be scaled to high throughput by
vital dye exclusion or incorporation229, facilitating the monitoring of several indicators of
the nuclear status and establish cell fate profiles274.
Assay set-ups that could measure the functional consequences of prion brain tissuetreatment were considered. A common, acute, toxicity-driven functional change in
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neurons is alterations in electrical firing275. Electrophysiological techniques such as patch
clamps and multi-electrode arrays are able to measure a number of parameters of firing
alterations including spiking, duration and amplitude276. However, the patch clamp
method of electrophysiology is extremely low throughput and laborious. Multi-electrode
arrays can be scaled to high throughput275,276, however, no machines were available
locally to use for the development of toxicity assays for this thesis.
The morphology of neuron damage was addressed for its usefulness to measure prioninduced toxicity in cell culture. The morphology of neurons can be viewed under
microscopes - typically neurons are imaged on light or fluorescent microscopes260.
Multiple neuronal cellular structures - nuclei, dendrites and synapses – can be viewed
and analysed. Cell populations can be counted. The size, shape and texture of cellular
structures can then be calculated. Imaging systems can be scaled to high throughput
with appropriate hardware and image analysis can be automatic and rapid using
appropriate software. High-content image assays are regularly used for applications of
high throughput drug screening277 and cell profiling278. Together, microscopy and
analysis methods can provide sophisticated high-content (information-rich) phenotypic
information about cells260 and even multicell organisms279. A novel high-content image
analysis assay of prion-induced neurotoxicity is reported in this thesis. A strategic
approach to its development was theorised (Fig. 10). The underlying biology of prion
disease was considered. The ultimate goal of the image analysis assay was to identify a
toxic phenotype that correlated to the biological activity (the toxicity of prion-infected
brain). Development continued through an iterative process (Fig. 10).
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Figure 10 | | A general model for the development of high-content image analysis
assays
The development and validation of the assay design, set-up and image analysis for highcontent imaging assays should be done in tandem through an iterative process. A
prerequisite to use this general assay development model is the selection of a cell or
tissue model and a desired biological outcome. The iterations in this figure relate to the
step-wise model used for the development of the final high-content image analysis assay
of prion-induced neurotoxicity reported in this thesis.
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1.9 Pre-summary
The first results chapter (chapter 3) reports the initial assessment of multiple methods of
prion-induced neuron toxicity assay in primary mouse neurons and shows that
immunofluorescent imaging of neurons and the analysis of captured images was
suitable.

Chapter

4

shows

the

step-wise

development

of

a

high-content

immunofluorescent image analysis of multiple morphological prion-induced toxic
phenotypes. Chapter 5 goes on to report the utility of the high content image analysis to
assay prion-infected brain tissue collected through a large time-course study of RML
prion infection. The report in Chapter 6 reveals the utility of the high content image
system to firstly probe the potential toxicity of an anti-PrP immunotherapeutic and then
show that this antibody inhibited prion-induced toxicity. The report in Chapter 7 used the
high content imaging assay to indicate that neurons were unaffected by authentically
infectious prions, of known structure.
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2 Materials and Methods
2.1 Critical materials and resources

Source

Identifier

Charles River

CD1 022

Jackson Laboratory

FVBN/J

Büeler, H. et al. Nature (1992). doi:10.1038/356577a0

N/A

Experimental models: Organisms/strains
Mouse: CD-1
Mouse: FVB/N Prnp1/1
o/o

Mouse: FVB/N Prnp

Fischer, M. et al. EMBO J. (1996). doi:10.1002/j.1460Mouse: FVB/N PrPTg20

2075.1996.tb00467.x

N/A

Experimental models: Cells
Klöhn, P. et all. Proc. Natl. Acad. Sci. (2003).
N2A cell line

doi:10.1073/pnas.1834432100

PK1/2

Primary cortical-hippocampal neurons

Mouse: FVB/N Prnp1/1

N/A

Primary cortical-hippocampal neurons

Mouse: FVB/N Prnpo/o

N/A

Primary cortical-hippocampal neurons

Mouse: FVB/N PrPTg20

N/A

RML inocula

Charles Weissman, Zurich Institute for Molecular Biology

N/A

Experiment 195

Sandberg, M. K. et al. Nat. Comm. (2014). doi:10.1038/ncomms5347

N/A

Experiment 274

This thesis

N/A

Biological samples
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Commercial assays
Cell Titer Glo® luminescent cell viability assay

Promega

G7570

NucView® 488 Caspase-3 Assay Kit for Live Cells Biotium

30029

Measure-iT™ High-Sensitivity Nitrite Assay Kit

Molecular probes

M36051

TMRE Mitochondrial Membrane Potential Assay

Abcam

ab113852

Zombie Aqua™ Fixable Viability Kit

Biolegend

423101

Synapsin-1 ELISA

LS Bio

LS-F9504

Harmony® 4.8

Perkin Elmer

HH17000001

Columbus™

Perkin Elmer

N/A

GraphPad 7.01

PRISM

N/A

Zen Black

Zeiss Microscopy

N/A

STCA

This thesis

N/A

Opera Phenix™

Perkin Elmer

N/A

IncuCyte® S3 Live Cell Analysis System

Sartorius

N/A

Infinite F200 Pro plate reader

Tecan

N/A

Sunrise plate reader

Tecan

N/A

Fc500 FACS

Beckman Coulter

N/A

Software and Algorithms

Hardware
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2.2 Methods
All experimental procedures involving RML prions were carried out in microbiological
containment level 2 and 3 facilities with strict adherence to safety protocols and
guidelines. All procedures involving animals were performed under approval and license
granted by the UK Home Office (Animals Act 1986; Project License number 70/9022)
and conformed to UCL institutional and ARRIVE guidelines.

2.2.1 Prion inoculation and brain homogenate preparation
Two different types of BH were used in this thesis: ‘stock’ and ‘experimental’. ‘Stock’ BH
was used at all stages in testing, development and validation of toxicity assays in primary
neurons; as a control for infectivity (and curing) assays in PK1/2 cells, antibody-toxicity
experiments and purified RML prion toxicity experiments; as the initial inoculant of all
mouse experiments done to generate more stock BH and experimental BH.
‘Experimental’ BH, on the other hand, relates to brain material purposefully generated
for the study of prion-induced toxicity, infectivity and neuropathology over the course of
RML prion infection.
RML used in the MRC Prion Unit was originally supplied by Charles Weissmann, Zurich
Institute for Molecular Biology in 1995. The original supply, I250, was inoculated to CD1
mice. Over multiple rounds of brain collection, BH preparation and passage, this
generated large volumes of stock RML-infected BH. Mice were initially intracerebrally
inoculated with material derived from I250 and monitored until the appearance of clinical
signs of scrapie sickness, at which time animals were euthanised, brains collected, and
stored at -80°C until use. Clinical scrapie sickness was determined as previously
described280: neurological disease encompassing mainly hindlimb paralysis, tremors,
hypersensitivity to stimulation, apathy, and a hunched posture. Stock BH (batch
numbers: I6200, I13100 and I17700) was prepared from approximately 200 whole
brains per batch as 10% (w/v) in Dulbecco’s phosphate buffered saline lacking Ca2+ or
Mg2+ ions (D-PBS) using 30ml grinders and titrated by bioassay in CD1 mice or
through cell bioassay (I6200 had 108.3 intracerebral LD50 per ml; I13100 had 107.5
tissue culture infectious units (TCIU)/g and I17700 had 108.2 TCIU/g). CD1 (Prnp1/1) and
Prnp null162 (backcrossed to FVB/N mice; Prnpo/o; no PrPC expression) mice were
inoculated with non-infected CD1 BH in the same manner and culled at a time matched
to the culls of scrapie sick RML-infected mice. All data stating ‘control BH’ equates to
control uninfected CD1 BH unless otherwise stated specifically as control Prnp0/0 BH.
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For all experiments, dilutions of BH were prepared from the initial 10% (w/v) stock that
had been aliquoted and stored at −80 °C until use.
For experiment alpha (exp195) I6200 stock RML BH was diluted to 1% (w/v) with D-PBS
and 30 μl inoculated intracerebrally into the right parietal lobe of large groups of mice.
Mice were all female and 6-9 weeks old at inoculation. Normal CD1 mouse BH (1% (w/v))
was inoculated similarly into control mice. Mice used were inbred FVB/N (Prnp+/+; wildtype PrPC expression level). There were 5-6 mice per group and groups related to culls
at multiple defined time points post inoculation or at onset of clinical disease. Brains were
removed and divided sagittally, half-frozen at −80 °C and half-fixed in 10% v/v formal
buffered saline. Brain homogenates (10% w/v) were prepared from frozen specimens by
ribolysation in D-PBS and stored as aliquots at −80 °C. The initial study24 found that the
mean incubation period in days±SD of RML-infected Prnp+/+ mice was 137±1.5. The
initial study also examined PrP levels (both proteinase K sensitive and resistant) and
scored histological sections for neuropathology over time24. This thesis used a subset of
BH prepared from exp195 from both RML and control cull groups of 25, 40, 95, 125 and
180 days post inoculation (dpi) as pilot samples for the study of prion-induced toxicity
over time. Aliquots were either total single animal brain (SAB) homogenates from each
mouse or aliquoted into a pooled homogenate (PH) based on group. Malin Sandberg
and Huda Al-Doujaily kindly provided all brain homogenates for exp195.
For experiment 274 (exp274), I6200 (I20453 derivative) stock RML BH was diluted to
1% (w/v) with D-PBS and 30 μl inoculated intracerebrally into the right parietal lobe of
large groups of mice. Mice were all female and 6-9 weeks old at inoculation. Normal CD1
mouse BH (inoculant number I20454 at 1% (w/v)) was inoculated similarly into control
mice. Mice used were inbred FVB/N (Prnp+/+; wild-type PrPC expression level). There
were 14-23 mice per RML group and 6 mice per control group. Groups related to culls
at multiple defined time points post inoculation or at the onset of clinical scrapie sickness
for RML mice. Cull groups were, 2 hours post inoculation and 20, 40, 60, 80, 100, 120,
140, 160, 180, 200dpi. In particular RML-inoculated groups were: 2hpi=14; 20dpi=14;
40dpi=15; 60dpi=14; 80dpi=22; 100dpi=16; 120dpi=14; 140dpi=14; 16-dpi=14;
180dpi=10, 200dpi=23). Brains were removed and divided sagittally, half-frozen at
−80 °C and half-fixed in 10% v/v formal buffered saline. BH (10% w/v) was prepared from
frozen specimens by ribolysation in D-PBS and stored as aliquots at −80 °C. Aliquots
were either total SAB homogenates from each mouse or aliquoted into a pooled
homogenate based on group.
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2.2.2 Prion infectivity assay
PK1 cells (sub-clone PK1/2), a line derived from N2a cells that are highly susceptible to
RML prions21 were routinely grown into OFCS medium (Opti-MEM, containing 10% FCS;
100 U ml−1 penicillin and 100 μg ml−1streptomycin; Invitrogen, UK) using 15cm Petri
dishes. Prion infectivity was assayed using two modified automated protocols based on
the original published methods21, the scrapie cell assay in end point format (SCEPA) and
the automated scrapie cell assay (ASCA). The SCEPA is capable of detecting sample
infectivity in a range down to ~103 tissue culture infectious units (TCIU) ml−1 of 10% (w/v)
brain homogenate, while the ASCA is typically used to detect infectivity above
104.5 TCIU ml−1 in 10% (w/v) brain homogenate.
The day before infection, PK1/2 cells were seeded into 96-well plates (18,000 cells in
260 μl OFCS; Costar flat bottom 96-well plates; Corning, UK) and kept at 37 °C in a 5%
CO2 incubator. The following day, 10 μl of brain homogenate appropriately diluted in
OFCS was applied to cells. A serial dilution of a reference 10% (w/v) RML BH (maximal
titre of 107.7 TCIU ml−1 determined by SCEPA) was applied in parallel. Typically, 10%
(w/v) BH was used through a range of 1×10−3 to 1×10−5 dilution for SCEPA and 3×10−4 to
3×10−6 dilution for ASCA. Three days after infection, an automated platform (Biomek FX
liquid handling robot; Beckman Coulter) was used to split cells. For the SCEPA protocol,
cells were split into 96-well plates containing fresh OFCS at ratios of 1:3 on days 3, 5
and 7, followed by splitting 1:8 at days 10, 13, 17 and 21 post infection, while the ASCA
was split at a ratio of 1:8 on days 3, 6, 10 and 14 post infection. ELISpot plates (96-well–
polyvinylidene difluoride membrane plates; Millipore, UK) were prepared from the
SCEPA assays on days 17 and 21 post infection and on days 10 and 14 post infection
for the ASCA assays (25,000 cells per well).
The plates were vacuum drained and dried at 50 °C after which 60 μl of 1 μg ml−1 PK
(Roche, UK) in lysis buffer (50 mM Tris HCl, pH 8, containing 150 mM NaCl, 0.5% (w/v)
sodium deoxycholate and 0.5% (v/v) Triton X-100) was added to each well and incubated
for 60 min at 40 °C. The plates were washed (2 × 160 μl PBS) after which 120 μl of 3 M
guanidinium thiocyanate prepared in 10 mM Tris HCl, pH 8.0, was added to each well
for 20 min. The wells were washed (7 × 160 μl PBS) and 150 μl of Superblock dry blend
blocking buffer (Perbio, UK) was added to each well and incubated for 1 h. Following
vacuum removal of Superblock, each well was incubated with 0.55 μg ml−1 anti-PrP
monoclonal antibody ICSM18 (D-Gen Ltd, London) prepared in TBST (10 mM Tris HCl,
pH 8, 150 mM NaCl, 0.1% (v/v) Tween 20) containing 1% (w/v) non-fat dry milk for 1 h.
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After washing (5 × 160 μl TBST), wells were incubated for 1 h with 60 μl goat anti-mouse
alkaline phosphatase-conjugated anti-IgG1 (Southern Biotechnology Associates, USA)
diluted 1:8,000 in TBST-1% (w/v) non-fat dry milk. Following washing (5 × 160 μl TBST),
wells were incubated for 35 min with 50 μl AP dye (Bio-Rad, USA). The plates were then
washed twice with water, dried and stored at −20 °C. Spot counts (reporting PK-resistant
PrP-positive cells) were determined with a Zeiss KS Elispot system (Stemi 2000-C stereo
microscope equipped with a Hitachi HV-C20A colour camera, a KL 1,500 LCD scanner
and Wellscan software from Imaging Associates, Oxfordshire, UK). Normal interval
regression was used to calculate mean and standard error of the mean (SEM) for the
groups that contained points below assay sensitivity cut-off. If all samples in a timed
group were below assay sensitivity cut-off, the group was excluded from further
analyses. Christian Schmidt, Parvin Ahmed and Daniel Yip performed all cell assays of
infectivity. If mouse bioassay was performed in conjunction (as per samples of exp195
from ref24) titre was calculated by end-point titration using groups of ten FVB/N mice by
intracerebral inoculation with 30 μl of serial tenfold dilutions of mouse brain to 10−8 281;
prion titres were calculated using the Reed–Muench formula282.

2.2.3 Purification of authentically infectious ex vivo prions
Authentically infectious ex vivo RML prions, or ‘pRML’ (where ‘pRML’ is stated in this
thesis, it relates to an abbreviation of ‘ex vivo purified authentically infectious RML prion
rods’), were purified from brains taken from scrapie-sick mice, strictly adhering to a
previously published protocol22. In brief, individual 200ul aliquots of 10% (w/v) RML BH
were treated with pronase E, sarkosyl and benzonase to digest brain proteins and the
majority of PrPC, to solubilize remaining proteins and degrade nucleic acids, respectively.
Sodium phosphotungstic acid (NaPTA) was then added to samples to increase density
of detergent-insoluble PrP aggregates, followed by centrifugation in iodixanol density
medium; the supernatant was collected and passed through 0.45µm filter to remove
contaminating proteins such as collagen fibers. Samples were subsequently centrifuged
before collecting a prion-enriched, barely-visible pellet. Pellets were washed twice in DPBS and reconstituted in 20µl D-PBS with 0.1% sarkosyl. The final preparation is
therefore,

1/1 th

0

of the starting volume, which we term 10x. Cassandra Terry and

Jonathan Wadsworth kindly provided the initial pRML samples. They reported infectivity
of pRML (10x) as 108.8 LD50/mg PrP, consistent with the initial infectivity of the 10% w/v
RML BH from which it was derived. Iryna Benilova kindly prepared high titre pRML, with
which she used in propidium iodide and IncuCyte assays and that I used in Opera
imaging assays. To obtain fifty times concentrated pRML preparations (pRML), the prion-
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enriched pellet from twelve 200µl-aliquots of RML BH was reconstituted in 40ul of DPBS with 0.1% sarkosyl to prevent the prion rods from coalescing. From 50x
preparations, 6µl aliquots were titrated in a SCA as a quality control measure. The
infectious titre of four independently prepared 50x preparations was evaluated in PK1/2
cells and was equal to 8.92±0.24 logTCIU/g after the third split.

2.2.4 Primary neuronal culture
Neuronal cultures were derived from brains of inbred FVB/N (Prnp1/1; wild-type PrPC
expression level), Prnp null162 (backcrossed to FVB/N mice; Prnpo/o; no PrPC expression;
and Tg20 transgenic283 (backcrossed to FVB/N mice; eightfold over expression of wildtype PrPc) mice. Brains were collected on either embryonic day 17 (e17) or post-natal
day 0 (P0) for the derivation of cortical, hippocampal or cortical-hippocampal cell
cultures. Brains were removed from the skulls of E17 and P0 mouse brains before
extracting hippocampi and cortices in dissection medium consisting of calcium- and
magnesium-free HBSS (Thermo Fisher Scientific, 14170138), 10mM HEPES (Thermo
Fisher Scientific, 15630056), 2mM L-glutamine (Thermo Fisher Scientific, 25030024)
and 100 U/ml of penicillin-streptomycin (Thermo Fisher Scientific, 15140122). A detailed
protocol for tissue extraction was previously described284.
Tissue was then incubated with 0.25% trypsin (Thermo Fisher Scientific, 15090-046) and
1000 U of benzonase (VWR, 1.01654.0001) for 15min at 37⁰C, washed three times with
dissection medium, re-suspended in plating medium composed of DMEM (Thermo
Fisher Scientific, 41966029) containing 10% heat-inactivated horse serum (Thermo
Fisher Scientific, 26050-088) and 20U/ml of penicillin-streptomycin and mechanically
dissociated consecutively with fire-polished Pasteur pipettes of three different tip
diameters, from large to small. Cells were counted using a Neubauer haemocytometer
(Labtech, DHC-M01) and plated. Cells were plated at different densities depending on
subsequent assay type; plate-read cell death assays, 600-2400 cells/mm2 to the inner
60 wells of 96 well plates (Greiner, 655936); Zeiss microscopy, 500-1000 cells/mm2 on
poly-L-lysine(pll)-coated coverslips; Opera microscopy, 150-1200 cells/mm2 to the inner
60 wells of pll-coated 96 well plates (300 for tox ass) (Greiner, 655936), IncuCyte
microscopy, 300-600 cells/mm2 to the inner 60 wells of pll-coated (Greiner, 655936) or
ppl-coated TPP 96 well plates (Sigma, 92096); 2,000 cells/mm2 to ppl-coated 6 well
plates (CLS3516, Sigma) to prepare cell lysates for Western Blot analysis. At 1.5h postplating, plating medium was aspirated and exchanged for a complete medium consisting
of Neuralbasal™ medium (21103049, Thermo Fisher Scientific for E17 and 10888022,
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Thermo Fisher Scientific for P0) supplemented with 0.25% (v/v) Glutamax™ (35050061,
Thermo Fisher Scientific), 2% (v/v) Gibco™ B27 culture medium (17504044, Thermo
Fisher Scientific) and 20 U/ml of pencillin-streptomycin (#15140122). Cells were then
incubated at 37ºC (20% O2, 5% CO2) for 4-21 days in vitro dependent on experiment.
Wells were topped up with complete medium every 4-7 days.

2.2.5 Neuron cell culture substrates
Sterile poly-L-lysine (PLL)-pre-coated, black µ-clear F-bottomed 96-well plates (Greiner,
655936) were used as cell culture substrates in the OPERA and IncuCyteS3 imaging
assays and all plate-read assays in primary neurons. Coverslips used for Zeiss imaging
and 6-well plates used for cell lysate production for Western Blot were coated with
0.1mg/ml PLL in 0.1M borate buffer pH 8.5 overnight, washed twice with tissue-culture
grade distilled water. Sterile clear TPP plates with flat wells (Sigma, 92096) were coated
with 0.1mg/ml PLL in 0.1M borate buffer pH 8.5 overnight, washed twice with tissueculture grade distilled water and used in IncuCyteS3 assays performed by Iryna
Benilova.

2.2.6 Neuronal cell culture treatment
For all experiments that used BH, dilutions were prepared from initial 10% (w/v) BH. As
an example, a 0.05% (w/v) dilution was 5µl BH in 995µl complete neuronal media. pRML
dilutions were made from either the 10x or 50x stock of known infectivity titer. For
example, 10µl of pRML 108.2 TCIUml-1 was diluted in 990µl media to a final concentration
of 106.2 TCIUml-1. Compounds and antibodies used to treat cells were prepared and
diluted from stock to concentrations indicated in figure legends. Compounds used were:
staurosporine (Sigma, S5912), MG132 (Sigma, M7449), Glutamate (Sigma, G1251),
Kainate (Sigma, K0250), H202 (Sigma, H1009), Zinc Chloride (Sigma, 39059), mitomycin
C (Sigma, M4287a). Antibodies are listed under relevant sections. Neuronal cultures
were treated at varying days post plating and for durations dependent on assay, both of
which are indicated in figure legends.

2.2.7 Plate-read assays
14-21 day old P0 cultures were treated for 24-96 hours and assayed for ATP energy
profile (CellTiter-Glo® Luminescent Cell Viability Assay, G756A, Promega); nitric oxide
content (Measure-iT™ High-Sensitivity Nitrite Assay Kit, M36051, Molecular probes);
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mitochondrial membrane potential (TMRE Mitochondrial Membrane Potential Assay Kit,
ab113852, Abcam); viability (Zombie Aqua™ Fixable Viability Kit, Biolegend, 423101);
cell death and membrane integrity (propidium iodide (P4864, Sigma); pro-apoptotic
protein activation (NucView™ 488 Caspase-3 Assay Kit for Live Cells, 30029, Biotium).
All procedures followed manufacturer protocols and measurements were made on an
Infinite F200 Pro, Tecan plate reader. Propidium iodide and Zombie assays were
performed by Iryna Benilova.

2.2.8 Western blot
Protein expression was determined by Western blot of cell lysates prepared by scraping
and isolating media or BH-treated PrPc wild-type cells using ice-cold RIPA buffer (89900,
Thermo Fisher Scientific) supplemented with protease inhibitors (Pierce, 88665).
Treatment lengths varied from 24-72 hours. Samples were boiled in 2xSDS sample
buffer with beta-mercaptoethanol at a final concentration 2% (v/v) for 5min, then
fractionated on 4-12% Bis-tris NuPAGE gels in 1xMES buffer at 150V for 1h. The
proteins were wet-transferred onto 0.45um nitrocellulose membranes at 25V for 90min.
Membranes were blocked for 1-h in 5% BSA at room temperature and incubated
overnight at 4C with primary antibodies: rabbit anti-synapsin-1 (1:1000, Sigma, S193),
rabbit anti-MAP2 (1:1000, Thermo Fisher Scientific, PA5-17646), rabbit anti-actin at
1:1000 (resource, ABE3114). Membranes were probed with an HRP conjugated goat
anti-rabbit secondary antibody at 1:5000 for 1h and incubated in SuperSignal West
Pico chemiluminescent substrate (Thermo Fisher Scientific, 34080) for 2min, then
visualized on high performance Amersham Hyperfilm ECL.

2.2.9 ELISA
Synapsin-1 ELISA (LS Bio, LS-F9504) was performed according to manufacturer’s
guidelines. Caspase-3 ELISA used an activated caspase-3 rabbit antibody (1:1000,
Sigma, C8487) and an anti-rabbit HRP antibody (1:20000, ab6721, Abcam). Plates were
developed using TMB and reaction stopped by means of sulphuric acid, and absorbance
at 450nm was read using a Tecan, Sunrise™ plate reader. Data was normalised to a
reference sample from the synapsin-1 ELISA kit or to media-only treatment for caspase3 ELISA.
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2.2.10 Antibodies used for toxicity analysis
A method to assay the biological activity of ICSM18 has previously been described by
the curing of RML prion-infected cells213,215. Chronically RML prion-infected iPK1
(subclone of the murine neuroblastoma N2a cell line) cells were incubated for 4 days
either in the presence of 5pM to 300nM (curing experiment a (cexp-a) or 66.7pM to
66.7nM (curing experiment b (cexp-b) of IgG purified hybridoma supernatants of mouse
monoclonal antibodies ICSM18 (D-Gen Ltd., London) and isotype control, BRIC222
(IBGRL, Bristol). Additionally, positive (FeT1239, 10μM, ABE3114 (cexp-a)) or 5000 Da
dextran sulphate, 2μM (cexp-b)) and negative (media only) controls were included on
each plate. If cells were analysed for cytotoxicity in tandem, the commercial assay kit,
CellTiter-Glo® Luminescent Cell Viability Assay (Promega), was used. PrPSc was
detected by dot blot in all cases. For dot blot, cells were lysed and transferred to a
nitrocellulose membrane, proteinase K-treated and denatured with guanidine
thiocyanate. PrPSc was detected with ICSM18 followed by IRDye 800CW goat antimouse IgG (LI-COR® Biosciences), measuring the relative intensity using Odyssey
software. The same batch of ICSM18 was used for all subsequent binding and toxicity
assays. Cexp-a was performed by Christian Schmidt and Parvin Ahmed and cexp-b by
Azy Khalili.

2.2.11 PrPC binding assay
U937 cells, which express PrPC on their cell surface, were grown in 10% fetal calf serum
in Gibco™ RPMI medium (11875101, Thermofisher Scientific) at approximately 106 cells
per well. Cells were incubated with ICSM18 through a 12-point titration between 667pM
to 1.33μM and binding was subsequently measured using anti- mouse IgG conjugated
to FITC. Identical sets of antibody-cell mixtures were incubated with the fluorescent DNA
intercalator, 7-aminoactinomycin D (7-AAD). Cells were then analysed by flow cytometry
(Beckman Coulter, Fc500). PrPC binding assay was performed by Emma Quarterman.
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2.2.12 Immunofluorescence
For assay development and optimisation strategies, E17 or P0, cortical, hippocampal or
cortical-hippocampal neurons of varying ages and treatments were fixed to 96 well plates
or coverslips in 3.6% phosphate-buffered formaldehyde for 5-15 minutes, permeablised
in 0.3% TritonX100 for 5 minutes and blocked in D-PBS containing horse serum (HS)
(5%) and bovine serum albumin (BSA) (3%) for 0.5-2.5hours. Primary antibodies were
then diluted in a blocking buffer containing 3% BSA, 1% HS and 0.1% TritonX100 and
incubated at 4°C overnight. Antibodies were anti-MAP2 mouse (1:300-500, M13-1500,
Thermofisher Scientific), anti-MAP2 chicken (1:250-500, PA5-17646, Thermofisher
Scientific) and anti-BIII-tubulin mouse (1:100-250, R&D Systems, MAB1195) to visualise
dendrites; anti-spinophilin rabbit (1:250-800, 06-825, Millipore) for dendritic spines; antisynaptophysin mouse (1:250, MAB5258, Millipore) and anti-synapsin (1:400, S193,
Sigma) as synaptic markers; anti-V-Glut1 guinea pig (1:5000, 135304, Synaptic
Systems) to mark excitatory pre-synapses; anti-PSD-95 mouse (1:500, K28/43,
BioLegend) for excitatory post-synapses; anti-GFAP rabbit (1:500, ZO334, Dako) for
astrocytic/glial cells; anti-C3 rat (1:200, ab11862, Abcam) for reactive astrocytes; antiIba1 chicken (1:500, 234 006, Synaptic Systems) for microglia; anti-NG2 rabbit (1:400,
AB5320, Millipore) for oligodendrocytes; anti-NeuN rabbit (1:300-500, ab177487,
Abcam) anti-NeuN mouse (1:400, MAB377, Millipore) for neuronal nuclei; anti-Ki67
rabbit (1:400, 12202S, Cell Signalling) for proliferating cells. Cells were then washed
twice with D-PBS and blocked with 5% normal goat serum (Invitrogen, PCN5000) for 3045min after which cells were incubated with secondary antibodies conjugated to Alexa
Fluor® dyes: with goat anti-mouse, goat anti-rabbit, goat anti-chicken or goat anti-rat 488,
546, 563 or 647 Alexa Flour® dyes (Thermofisher Scientific) at a final dilution of 1:1000
for 1.5h at room temperature. Cells were then washed twice in D-PBS. If pre-conjugated
antibodies were applied, cells were then incubated with anti-MAP2 Alexa Flour® 647
(1:500-800, NB120-11267AF647, Novus Biologicals) and NeuN Alexa Flour® 555
(1:200-800, MAB377A5, Millipore) diluted in D-PBS for 1h at room temperature. Cells
were then washed twice with D-PBS. If dyes were applied DAPI (1:2000, Molecular
Probes D1306), propidium iodide (1:1000, P4864, Sigma and/or Phalloidin Alexa Flour®
488 (1:200-500, A12379, Thermofisher Scientific) diluted in D-PBS were incubated for
20min and again washed twice with D-PBS. Coverslips were mounted on glass slides by
means of ProLong Diamond Antifade medium (P36965, Thermofisher Scientific). 150ul
of clean D-PBS was added to each well of each 96 well plate after the last wash. Plates
were sealed and stored at +4⁰C in the dark. Plates and coverslips were imaged within a
week after staining.
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2.2.12.1

Immunofluorescence of high content assay of prion-induced

neurotoxicity
Through development and optimisation of immunofluorescence staining, this thesis
reports a defined protocol for prion-induced toxicity analysis outlined in chapter 4 and
used for all experiments in chapter 5, 6 and 7. All of the above listed experiments used
neurons that were maintained in culture in 96 well plates for 10-12 days prior to a 72hour
treatment. Cells were then fixed in 3.6% phosphate-buffered formaldehyde for 15
minutes, permeablised in 0.3% TritonX100 for 5 minutes and blocked in D-PBS
containing HS (5%) and BSA (3%) for 1.5 hours. Primary antibodies, anti-MAP2 mouse
(1:500, M13-1500, Thermofisher Scientifc) and anti- spinophilin rabbit (1:800, 06-825,
Millipore) diluted in blocking buffer containing 3% BSA, 1% HS and 0.1% TritonX100
were incubated at 4°C overnight. Cells were washed three times with D-PBS and then
blocked with 5% normal goat serum (Invitrogen, PCN5000) for 30min, after which cells
were incubated with goat anti-mouse 647 and goat anti-rabbit 488 Alexa Flour® dyes (at
a final concentration of 1:1000, Thermofisher Scientific) for 1.5 hours at 22°C. Cells were
then washed with D-PBS twice and incubated with NeuN Alexa Flour® 555 (1:800,
MAB377A5, Millipore) in PBS for 1 hour at 22°C, before being washed again twice. 100μl
D-PBS was added to every well of each 96-well plate. Plates were subsequently sealed
and stored in the dark at 4°C. Plates were imaged within a week after staining.

2.2.13 Image acquisition
Images were taken on either an Opera Phenix™, Perkin Elmer high-content confocal
microscope with either a 20, 40 or 60x objective, water or air immersion using Harmony®
software, a Zeiss 710 LSM confocal microscope at 40 or 63x in Zen, Black software or
on an IncuCyte® S3 live cell imager at 20x. For Opera Phenix™ imaging 6-25 views were
taken for every well; exact number of views per well are listed for each experiment in
figure legends and images were taken in 1-4 laser channels. For IncuCyte® the number
of views per well varied from 1-9 views and were captured every 3-6 hours for a total
duration of 2-24 days dependent on experiment and images were always taken in phase
contrast only. Both Opera Phenix™ and IncuCyte® images were collected from only the
inner 60 wells of 96 well plates. For dendritic spine analysis specifically using actin
staining and images taken for culture characterisation, maximum projection images were
taken from 5 plane z-stacks with 0.1µm increments on the Opera Phenix™. Otherwise,
z-stacks were not required and therefore not taken. For Opera Phenix™ and IncuCyte®
image experiments there were between 2 and 5 replicates per experimental condition
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(e.g sample type and concentration). For Zeiss imaging, 6 maximum projection images
were taken from each coverslip per experiment; maximum projections were collated from
10 plane z-stacks with 0.1µm increments. The gain and exposure times were constant
for each channel in all types of image acquisition in each experiment. Additional
information relating to image acquisition is indicated in figure legends.

2.2.13.1

Image acquisition for high content assay of prion-induced

neurotoxicity
Images of fixed cells were taken on an Opera Phenix™, Perkin Elmer high throughput
microscope with a 40x water immersion objective. Harmony®, Perkin Elmer software was
used to set up image acquisition. Images were acquired from each of three laser
channels and a total of 15 fields of view per well in every plate imaged. The laser power
and exposure times were constant for each channel over all images acquired, as was
the field of view coordinates within each well. The imaging height was adjusted between
batches of plates to optimise focus. Illumination estimates were calculated prior to image
collection. If plates or batches did not pass visual inspection quality check, for example
if negative control wells contained unhealthy cells, they were removed before further
analysis.

2.2.14 IncuCyte® S3 analysis of neurite length and branch level
Live cell analysis of neurite length and branch level was performed in IncuCyte® S3
software with the NeuroTrack add-on module. The microscope was kept inside a tissue
culture incubator at 37⁰C and 5% CO2 to facilitate live cell imaging. The neurites of E17
cortical-hippocampal neurons were either traced from plating day 0 or a defined day post
plating to the end of each experiment, indicated in figure legends. Images were acquired
every 3-6 hours for the duration of each experiment. For all plates within the same
experiment, settings within NeuroTrack were constant, however, threshold settings for
neurite sensitivity and cell body detection varied between experiments to account for
variation in culture density and phase contrast. The software automatically averaged
neurite length and branch level per mm2 for all technical replicates in each plate.
Averages of each treatment condition within the same experiment were averaged
between plates and normalised to time 0.
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2.2.15 Manual image analysis
Images were analysed manually in two cases: to count abnormal nuclei from Zeiss
microscopy images as a proof-of-concept for image analysis development and to
corroborate counts done automatically in Columbus scripts in order to validate them. To
count abnormal nuclei, all DAPI-positive nuclei were totalled per image taken by Zeiss
imaging. Each nucleus was scored as either normal or abnormal depending on size and
morphology. Totals were averaged over all images from each group and the percentage
of abnormal nuclei within the total population was calculated. Propidium iodide
incorporation to nuclei was also counted in a similar fashion. Any nucleus positive for
propidium iodide was allocated as dead and counted.
Manual image analysis was also done to corroborate counts done automatically in
Columbus, images were firstly run in Columbus and then subject, at random, to manual
count checking of nuclei, neurite roots , branch level, fragmentation and dendritic spines.

2.2.16 Columbus™ image analysis – development and validation of scripts
The following image analysis algorithms were developed and run in Columbus™, Perkin
Elmer software on images collected by Opera Phenix™ imaging in order to establish
best methods for the analysis of prion-induced toxicity. Optimisation was achieved
through an iterative process. Testing consisted of running images of differently stained
cells through the same scripts, for example, comparing neurite fragmentation between
MAP2 and BIII-tubulin. Images were also run through multiple similar scripts at once to
identify the best for optimal outcomes, for example, dimension and threshold values were
altered in each similar script. Other tests included running multiparametric scripts from
combinations of multiple markers at once to pull out more information on toxicity from
each image.

2.2.16.1

Nuclear morphological discriminators of cell death

Total cell or neuron counts were made by counting total cell nuclei (DAPI-positive) or
neuron nuclei (NeuN-positive), which were segmented using the ‘Find nuclei’ function.
Nuclear morphological measurements (area (µm2) and roundness (perimeter form factor
(Ff) calculated from a function of perimeter and area (Ff for a circle=1, other shapes<1))
were calculated using the ‘Calculate morphological properties’ function, for each
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nucleus. Nuclear intensity (mean relative and variance) was calculated using the
‘Calculate intensity properties’ function. Populations based on dimension and intensity
were included and excluded from further analysis by the ‘Select population’ function. For
example, populations of nuclei smaller than 30-70µm2 were selected as pyknotic and a
calculation of the percentage pyknotic nuclei within the total population made.
Populations of nuclei with very high relative intensity were selected as dead and a
calculation of the percentage dead nuclei within the total population made. Populations
of nuclei with roundness of under 0.6 to 0.75Ff were selected as fragmented or blebbing
and a calculation of the percentage abnormal nuclei within the total population made.
Mean nuclear area, roundness and intensity were calculated by summing values from all
nuclei within an image and dividing by the total cell count. The extent of chromatin
condensation was calculated by counting and averaging the number of intense
chromatin spots within each nucleus. Nuclear health was also assessed by calculating
the coefficient of variance for the intensity of each nucleus, where an increasing variance
equalled decreasing health. Healthy cells/neurons also had relatively larger and rounder
nuclei compared to dead neurons.

2.2.16.2

Cell population dynamics

As both DAPI and NeuN-positive nuclei were counted, some scripts measured the ratio
of neuronal to total cell counts as a measure of neuron survival. MAP2-positive and
GFAP-positive cells were also segmented and counted using the ‘Find cells’ function and
designated as neuron and astroglial cell counts, respectively. Neuron counts and neuron
to astroglial count ratios were taken as a measure of neuron survival. Conversely,
astroglial to neuron counts were taken as a measure of glial proliferation.

2.2.16.3

Astroglial cell proliferation

DAPI-positive and Ki67-positive nuclei were segmented using the ‘Find nuclei’ function,
counted and allocated as total cell and proliferating cell counts respectively. The analysis
ouput took a ratio of proliferating to total cell counts as a measure of astroglial cell
proliferation (primary neurons terminally differentiate in culture).

2.2.16.4

Neurite damage

The image region of MAP2 or BIII-tubulin-postitive neurites was found using the ‘Find
image region’ function and split into distinct objects. Crude neurite damage analysis
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quantified the number of objects found. Test scripts varied the intensity threshold used
to detect the image region. For more precise neurite damage analysis, the extent of
neurite fragmentation, then found the area (µm2) of each object of neurite using the
‘Calculate morphology properties’ function. Fragments were selected using the ‘Select
population’ function from the total object population if their area was less than or equal
to 5-40µm2 depending on the script used. Total fragmentation equated to the total
number of fragments. The number of neuronal nuclei was quantified according to the
above protocol. Fragmentation per neuron equated to total fragmentation over neuronal
nuclei. The average total fragmentation and fragmentation per neuron was taken from
each view for each technical replicate.

2.2.16.5

Neurite tree structure

NeuN-positive nuclei were segmented and counted using the ‘Find nuclei’ function.
Populations of healthy neuron nuclei were found within the total population using the
‘Select population’ function. Nuclei that were round and large (at least 0.6-0.8RD and at
least 50-80µm2, depending on the test script) were counted as healthy, which were then
set as the origin of neurites allowing the assignment of neurite trees to specific cells.
MAP2-positive neurites were traced commencing from healthy neuron nuclei, using the
‘Find neurites’ function, to their extremities. Settings within this function were altered
depending on test script to find optimal parameters for neurite tracing, for example, the
‘smooth width’ and ‘contrast’ were altered. The length from each root (neurite sprout from
each nucleus) to branch point (nodes between neurite and neurite) and extremity (each
non-joined neurite tip) was calculated for each cell. The number of roots and branch
points were totalled. The number of segments (number of connections between nodes)
and the mean and total segment length was also computed.

2.2.16.6

Synapse maturation

Synapse maturation was computed by first identifying MAP2-positive neurites using the
‘Find image region’ function, which automatically split distinct regions of neurites into
objects. The area of each object was calculated using the ‘Calculate morphology
properties’ function. Small objects, under 20µm2 were excluded from further analysis
using the ‘Select population’ function and the remainder were classified as healthy
neurites. Synapses, VGlut1 and PSD-95-positive, were identified using the ‘Find spots’
function only within and surrounding healthy neurites. The dimension of each synapse
was found using the ‘Calculate morphology properties’ function. Both the number of
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synapses and their size was mapped in neurons of different ages as a method to
examine synapse maturation over time.

2.2.16.7

Synapse-dendritic spine localisation

Synapse-dendritic spine localisation was computed by first identifying MAP2-positive
neurites using the ‘Find image region’ function, which automatically split distinct regions
of neurites into objects. The area of each object was calculated using the ‘Calculate
morphology properties’ function. Small objects, under 20µm2 were excluded from further
analysis using the ‘Select population’ function and the remainder were classified as
healthy neurites. The region where synapses, VGlut1 or PSD-95-positive, and dendritic
spines, spinophilin-positive, lay was found using the ‘Find image region’ function solely
within and surrounding healthy neurites. Within this new region, synapses and spines
were identified using the ‘Find spots’ function. The dimension of each synapse and spine
was found using the ‘Calculate morphology properties’ function. Localisation of synapse
to dendritic spine worked by counting the number of spots that contained both a synapse
and spine, a synapse only and a spine only. Localisation scores were compared between
neurons of different ages.

2.2.16.8

Dendritic spine counting by distinguishing textures of actin

A dye that binds to filamentous actin, phalloidin, was used to mark dendritic spines,
however, in neuronal culture, actin is also expressed in the cytoskeletons of neurons and
glial cells. To identify dendritic spine actin specifically and negate actin signals from other
cellular compartments and non-neuronal cells, machine learning was used to command
the computer to distinguish between textures of actin. Firstly, neurites were identified
(MAP2 or BIII-tubulin-positive) using the ‘Find image region’ function. This region was
split into objects and the area of each object was calculated using the ‘Calculate
morphology properties’ function. Small objects, under 20µm2 were excluded from further
analysis using the ‘Select population’ function and the remainder were classified as
healthy neurites Next the region of actin within and surrounding neurites was found using
the ‘Find image region’ function, enabling the first round of non-dendritic spine actin
removal. PhenoLOGIC™, software plug-in for Columbus™, enabled learn-by-example
machine-learning recognition of textures associated with dendritic spine-derived actin.
Using PhenoLOGIC™ in combination with the ‘Find textured region’ function allowed the
experimenter to train spine recognition over multiple rounds of learning. This allowed the
second round or removing non-dendritic spine actin textures from analysis. After
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machine learning, total spines per image were calculated and their size found using the
‘Calculate morphology properties’ function. As the area of healthy neurites was also
found, spine to neurite density ratio was calculated by dividing the spine area in µm2 over
neurite area in µm2.

2.2.16.9

Dendritic spine profiling

Healthy neurites, regions of dendrite over 20µm2, were segregated using the ‘Select
population’ function after identifying MAP2-positive image region using the ‘Find image
region’ function and calculating the area of MAP2-postiive objects in the ‘Calculate
morphology properties’ function. This function also allowed calculation of healthy neurite
process length. Dendritic spines were counted on and within a 4µm perimeter
surrounding healthy neurites, using the ‘Find image region’ and ‘Find surrounding region’
functions directed to the spinophilin channel. Dendritic spines were classified as
spinophilin-positive spots that were over 0.4Ff and that had an area less than or equal
to 4µm2. They were found using the ‘Find spots’ function solely within the region of
spinophilin surrounding neurites. Dendritic spine heads were classified as spinophilinpositive spots, which were profiled for their dimensions and intensity by ‘Calculate
morphology properties’ and ‘Calculate intensity properties’ functions and further
classified by size, width, length, width to length ratio, contrast, mean relative intensity.
Dendritic spine density (number per µm or number per µm2) was computed by dividing
the number of spines per image by the length of healthy neurite. Dendritic spines were
categorised into four subclasses dependent on width to length ratio (wl): mature globular,
>0.8wl; stubby, >0.65<0.8wl; protrusive, >0.5<0.65wl; immature, <0.5wl.

2.2.16.10

Columbus™ image analysis of high content assay of prion-

induced neurotoxicity
Through development and optimisation of image analysis, this thesis reports a defined
protocol for prion-induced toxicity analysis outlined in chapter 4 and used for all
experiments in chapter 5, 6 and 7. During optimisation and validation of cell culture
conditions and immunofluorescence staining protocols for analysis of prion-induced
toxicity, image analysis algorithms were developed and tested. Individual plates within
each experiment were run in unbiased batch through the same script. Thresholds, but
not dimensions, were modified between experiments, to account for variability across
experimental sets.
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All images collected on the Opera Phenix were run through Acapella™ analysis scripts
in Columbus, Perkin Elmer. Flat field correction function was applied as the starting point
for all analyses. Scripts quantified neurons by segmenting and counting all NeuNpositive nuclei; the roundness coefficient (RD) and area (µm2) of each nucleus was
computed. If a nucleus fell under 60 µm2 or 0.7RD it was deemed unhealthy and removed
from final healthy neuron counts but included in mean nucleus area calculations. Healthy
neuron nuclei were then set as the origin of neurites allowing the assignment of neurite
trees to specific cells; MAP2-positive neurites were traced commencing from nuclei to
their extremities. Roots (nodes between neurites and nuclei) were quantified for each
cell. The length from each root to branch point (nodes between neurite and neurite) and
extremity (each non-joined neurite tip) was calculated for each cell. Neurite trees were
split into segments. The branch level of each segment was scored and averaged per
image. Fragmentation was quantified by first finding the MAP2-positive region and
splitting this region into objects. The area of each MAP2-postiive object was calculated
and all objects with an area less that 20µm2 were considered as fragments, whereas all
objects over 20µm2 were considered regions of healthy dendrite. The total number of
fragments in each image were divided by the number of neurons present in each image.
Dendritic spines were counted on and within a 4µm perimeter surrounding healthy
dendrites. Dendritic spine heads were classified as spinophilin-positive spots, which
were profiled for their dimensions and intensity and further classified by width to length
ratios. All image analyses ran automatically in batch. Between batches (both batches of
plates and cells), a model-based segmentation was used by the experimenter where the
image analysis algorithm was inspected for its ability to segment regions and objects.
For some batches, intensity threshold values, but not core functions or dimensional
values, were amended to segment objects better.

2.2.17 Statistical analysis
Each dataset described here met the assumptions for its reported statistical test. All
statistical tests were defined in experimental design, which also conformed to power
calculations. If means were compared from data of a normal distribution, parametric
ANOVA or t-tests (always two-tailed) were used. Statistically compared groups had
similar variance. Multiple comparisons were used when ANOVA initially reported a
difference between datasets. Multiple comparisons were chosen only when comparisons
between predefined groups had not been determined. If comparisons were foreseen,
Fisher LSD or multiple t-tests were used. Comparing cumulative frequency between two
groups used Kolmogorov-Smirnov testing. For all end-point image analyses, counts and
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calculations were firstly averaged between all fields of view taken in each well. The
technical replicates of each treatment condition (total wells per condition) were then
averaged and normalised on a per plate basis to obtain either a percentage difference
from negative control (media only) (set to 0 or 100% dependent on assay) or between a
negative (media only) and positive (stated in figure legends) control (each set at 100%
or 0% dependent on assay). The mean and error of normalised values from all
independent tests are plotted. For kinetic image assay, all raw data was normalised to
time 0. The method for normalisation or whether data is presented raw, is indicated in
figure legends. Statistical test, error bar type, p-value reporting and the number and type
of biological replicates are also stated in figure legends. Non-linear regression modelling
of dose-response incorporated assumptions on the type of data; whether the data was
agonistic or inhibitory, linear or logarithmic, raw or normalised or from a large or small
sample size. Other non-linear regression models, such as used to model PrPC binding
and toxicity over time, are described specifically in related figure legends. F-test
computed P values to test whether best-fit values (e.g. logEC/IC50, slope, intercept, Y0)
of selected unshared parameters differed between two data sets. All statistical tests were
performed in GraphPad Prism 7.
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3 Methods to assay prion-induced neurotoxicity
3.1 Hypothesis-driven examination of prion-induced neurotoxicity
The pathological hallmarks of prion disease include the deposition of fibrillary assemblies
of disease-associated PrP, microglial activation, spongiform change, astrogliosis,
synaptic damage and eventual neuronal loss69,224. Of interest for the developmental
strategy of an assay that accurately measures prion-induced toxicity in vitro, cell and
molecular toxic phenotypes seen in vivo were considered as it was desirable to
recapitulate a real toxic manifestation of prion disease in cell culture, to justify the
ensuing method. As covered in the introduction, the initial decision for cell type selection,
primary mouse neurons, was effectively for their resemblance to the cells that
degenerate in brain; it is principally post-mitotic neurons that are compromised in the
disease. The proposed assay criteria were strictly followed (Fig. 8).
For the preliminarily phase of the development of a prion-induced toxicity assay, various
degrees of neurotoxicity were examined: from cellular phenotypes to molecular
perturbances and at different levels of toxicity: the level of the synapse254, neurite
damage252 and neuron death233 with a perspective to identify a method that was highly
sensitive and specific for detecting prion-related toxicity. The timing at which these
manifestations occur in the brain, especially for the RML prion strain, were taken into
account. For example, synapse toxicity typically precedes neuron demise254. However,
the measurement of more specific toxicities in vitro is commonly more time consuming
and complicated compared to simple cell death assays229. Both cell death and
degeneration were considered as useful neurotoxicity readouts. The studies reported in
this chapter examine a range of methods to detect neurotoxicity. For example, assays
of vital dye incorporation, intracellular protein activation, cell attachment or metabolic,
morphological and electrophysiological status. And for example, by a range of detection
techniques: fluorescent, luminescent or colorimetric detection by plate-reader or
microscopy.

3.2 Prion-induced caspase 3 activity
As caspase-mediated mitochondrial and ER apoptotic pathway activation is known to
occur in prion toxicity models both in vivo and in vitro226,241,242, this provided grounds to
examine whether the measure of caspase activity was adequate to meet the criteria set
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(Fig. 8) for a prion-induced toxicity assay. Caspase 3 activity was first screened in
primary cells across a wide range of dilutions of RML-infected and control BH relative to
negative (media-only) control. The substrate utilised in the assay of caspase 3 activity
consisted of a fluorogenic DNA dye and a caspase-3 recognition motif, cleaved only in
the presence of caspase 3. The dye subsequently stains nuclei with a fluorescent signal
proportional to caspase 3 activity. RML and control brain homogenate (BH) treatment
resulted in caspase 3 activation in a dose dependent manner. RML prion-infected BH
(“RML BH”) induced significantly more caspase 3 activity compared to control BH at
dilutions equal to and more concentrated than 0.06% w/v (Fig. 11a). Non-linear
regression analysis indicated that the 95% confidence intervals (CI) of RML and control
BH did not overlap; the difference in logEC50 was 0.57, p<0.0001. Caspase 3 was also
activated by control BH, although to a lesser extent than by RML BH. This was expected
as BH itself contains an array of proteins such as cytokines complement factors and
phospholipids derived from cell membranes and DNA and RNA, which may have
propensity to cause cell damage. To obtain a better understanding of the baseline toxicity
of control BH and to ensure consistent toxicity from stock control BH, three different
control BHs were tested against RML BH stock (Fig. 11b). In all cases, RML BH induced
more caspase activity than control homogenates and there was no difference in toxicity
across the three control homogenates.
Further tests were made to enhance assay performance and obtain confidence in the
results. Cells derived from cortices and hippocampi were compared for their sensitivity
to BH-induced caspase 3 activity. Both cell types were equally sensitive to RML BHinduced toxicity (Fig. 11c) and so in further experiments cells were prepared from either
or both cortices and hippocampi. To ensure the toxic signal (caspase 3 activity)
originated within cells as opposed to BH, RML and control BH were assayed for caspase
3 activity in the presence and absence of cells. In the absence of cells neither BH was
toxic; very little caspase 3 activity was detected (Fig. 11d). Furthermore, caspase 3
activation was measured using a different system - a colorimetric activated-caspase 3
ELISA (Fig. 11e), providing confidence in the results of the fluorescent caspase 3
activation assay. Lastly, comparisons were made between cells treated for different
durations (Fig. 11f) and those treated at different ages (Fig. 11g). Prion-induced
caspase 3 activity was substantially enhanced by a 72-hour treatment compared to one
of 24 hours (Fig. 11f) and when cells were 14 days old at treatment, rather than 21 days
(Fig. 11g).
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Figure 11 | Prion-infected brain homogenate induces pro-apoptotic cell death,
which is marginally enhanced by increasing PrPc expression levels in cells
Cortical and hippocampal cells were treated with RML and control BH. a, Caspase 3 was
activated in cortical cells by treatment with both RML and control BH after a 48hour
treatment at 14 days in vitro; n=6. b, Three different control non-infected BHs were tested
against stock end-stage RML-infected BH; n=5: control 1 = FVB/N Prnpo/o, control 2 =
stock CD1 Prnp+/+ (1), control 3 = stock CD1 Prnp+/+ (2). c, The sensitivity of hippocampal
and cortical-derived primary culture to BH-induced caspase 3 activation was compared;
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48 hour treatment at 14 days old; n=6. d, A 0.3% w/v dilution of stock RML and control
BH assayed for caspase 3 activity in the presence and absence of cells, n=4. e, RML
BH-induced caspase 3 activity corroborated in caspase 3 ELISA; n=5 technical
replicates. f, The effect on caspase 3 activation after a 24- or 72-hour treatment with BH
was compared; n=5 technical replicates. g, The effect of BH on caspase 3 activation
when cortical cells were treated at 14 or 21 days for 48 hours was compared; n=5
technical replicates. h, BH-induced caspase 3 activation was compared between Prnpo/o
(PrPc knock-out: (PrPKO), Prnp+/+ wild-type (PrPWT) and Prnp+/+ Tg20 overexpressing
(PrPTg20) cells, n=4. All data is shown as mean ± SEM; n, number of independent
experiments per condition (BH dilution) or if n is number of technical replicates this is
stated above; data shown as the percentage difference from negative control (media) (ad, f-h); one-way ANOVA with Dunnett’s multiple comparisons from media (blue) (b, d-e);
independent two-tailed t-tests between matched RML and control concentrations (black)
(a-b, d-e); one-way ANOVA with Sidak’s multiple comparisons compared RML BH of
matched concentrations in different tissues (black) (c), between different treatment
durations (black) (f) and cell age at treatment (black) (g) as well as between RML and
control in the same experiments (red) (f-g); for non-linear regression analysis
Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope was used (a, h); ns=not
significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

3.2.1 Prion-related caspase 3 activity is marginally enhanced by
increasing PrPc expression levels in cells
It was important to test whether prion-induced caspase 3 activity required expression of
endogenous PrPC, as PrPC has been shown to be an essential mediator of the prion
neuropathologic cascade in vivo164,174. Thus, cells without PrPC (PrPKO), those
expressing normal levels of PrPC (PrPWT) and overexpressing PrPC 8 times (PrPTg20)
were assessed for their sensitivity to BH-induced caspase 3 activation (Fig. 11h).
Overexpressing PrPTg20 cells were the most sensitive to RML BH, yielding a logEC50 of
-1.6, followed by PrPWT at -1.48, followed by PrPKO cells at -1.28; PrPTg20 vs. PrPWT: p=ns,
PrPTg20 vs. PrPKO: p=0.0003, PrPWT vs. PrPKO: p=0.0066.
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The control BH profiles for each genotype closely resembled each other. However, it
was surprising that PrPKO cells were more sensitive to RML BH challenge compared to
control, given the numerous reports of PrPC-dependent prion toxicity. Perhaps the assay
of caspase 3 activity detected only a minor component of RML BH with a PrPC-dependent
toxicity as well as the toxicity of a major component without this dependence. One
explanation may be, besides comprising an active toxic species that requires PrPC to
mediate its toxicity, RML-infected brain comprises non-specific toxic factors that are
related to the health status of prion diseased cells, which are absent in non-infected
brain.

3.3 An investigation into classical viability assays to measure prioninduced neurotoxicity
A crystal violet dye assay was used to measure the effect of RML and control BH
treatment on cortical neuronal cell viability (Fig. 12a). After uptake of the dye to all cells,
the mixture was then aspirated. In this process all dead-detached cells were removed
before the optical density measurement, whereas all viable cells adherent to the
substrate, were not. Counterintuitively, the results of this assay indicated both RML and
control BH increased cell viability at increasing concentrations. This could be explained
by crystal violet dye binding to BH components and not solely to viable cells. However,
upon observation, both RML and control BH-treated wells contained dense populations
of cells that did not have the characteristic morphology of neuronal cells as compared to
untreated negative control, suggestive of proliferating glia.
Cortical cell response to RML and control BH treatment was also assessed by a
commercially available ATP assay. As ATP levels are known to be higher in healthy
compared to unhealthy cells, it was hypothesised that ATP levels would decrease after
BH treatment. Contradictory to this, ATP levels were higher after BH treatment compared
to media treatment (Fig. 12b). Nitric oxide content, a key marker of oxidative stress, was
also assayed in cortical cells challenged with RML and control BH (Fig. 12c). There was
no change in the level of nitric oxide in cells treated with BH compared to media and
there was no difference between more RML and control BH. Furthermore, RML BHtreated cells were assayed for mitochondrial membrane potential (Fig. 12d).
Mitochondrial membrane potential rose in relation to RML BH treatment compared to
negative, media control, suggesting that this treatment enhanced cellular health; similar
to the results of the crystal violet assay (Fig. 12a). The assay was confirmed as working;
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membrane depolarisation was observed in staurosporine-treated cells in a dosedependent manner (Fig. 12d).
Throughout the course of assay development, a number of pharmacological compounds
were tested alongside BH preparations. Compounds included staurosporine, a bacterialderived toxin that induces apoptosis by competing for kinase binding with ATP, and
MG132, a proteasome inhibitor that antagonises degradation of ubiquitin-labelled
proteins. As discussed, apoptosis is a hallmark of prion disease and misfolded PrP is
documented to traffic through the endoplasmic reticulum and transport to the cytosol for
proteasomal degradation. MG132 was able to increase nitric oxide production, although
to a lesser extent than staurosporine (Fig. 12c). Staurosporine also effectively reduced
mitochondrial membrane potential (Fig.C2d) and ATP levels (Fig. 12b) at increasing
concentrations and provided an accurate positive control for crystal violet viability and
nitric oxide assay (Fig. 12a and c). These four viability assays were inappropriate for
measuring RML BH toxicity and thus not taken forward for further development.

3.4 Prion-induced apoptosis and necrosis in vitro
Actin cleavage is a feature of constitutive apoptosis285,286. Actin was detected in cell
lysates of BH-treated cortical neurons by Western blot analysis (Fig. 12e). Western blot
indicated that no actin degradation occurred after media treatment. Two actin cleavage
products were generated, however, after a 72hour treatment with 0.01% w/v dilutions of
both RML and control BH, but not at 24 or 48hours (Fig. 12e). At BH dilutions of 0.1%
w/v, cleavage was detected in all three treatment timed groups. However, 0.1% w/v RML
BH treatment generated more and smaller cleavage products than of control BH; very
little full-length actin remained after the RML BH treatment. The caspase 3 assay (Fig.
11) measured apoptotic cell death. Two additional death assays were utilised to assess
whether necrosis, by evaluation of membrane integrity by vital dye exclusion or
incorporation229, occurred in conjunction with apoptotic death. Both, a propidium iodide
(PI) nuclear dye incorporation assay (Fig. 33a) and an assay, called Zombie Aqua, that
works by staining amino groups of lysed cells (Fig. 13b), indicated dose-dependent
increase in necrosis upon RML and control BH treatment. At a concentration of 0.3%
w/v, RML BH was strongly more toxic to cells compared to control BH. Necrotic cell death
assay was therefore less sensitive for detecting RML BH toxicity compared to apoptotic
death assay. However, this indicated that necrosis occurred as a result of prion-infected
BH.
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Figure 12 | A number of cell viability and death assays were unsuitable for study
of prion-induced toxicity in primary cortical cells
a-d, 14-21 day old cortical cells were treated with RML and control BH, as well as
positive controls (toxins) for 48 hours before the detection of ATP luminescence (a),
crystal violet absorbance (b), nitric oxide content (c) or Tetramethylrhodamine, ethyl
ester (TMRE) (mitochondrial membrane potential) intensity (d) as measures of cell
viability. e, Cell lysates were prepared at 1, 2 and 3 days post-treatment from cortical
cells treated at 14 days in vitro. β-actin was detected in cell lysates by Western blot; all
arrows point to wells where protein cleavage occurred; yellow arrows point to two distinct
molecular weight products; red and pink arrows point to low molecular weight products
with red showing more fragmentation than pink. The media only control is in the first lane,
where the lysate was collected at day 3. All data are shown as mean ± S.E.M of n=4-5
technical replicates per test condition (a-d); staurosporine = apoptosis inducer, MG132
= proteasome inhibitor. The actin Western blot was done by Iryna Benilova.
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Figure 13 | Prion-induced necrotic cell death
14 day old cortical post-natal cells were treated with a four-point titration of RML and
control BH, or with media for 72 hours before propidium iodide uptake assay, n=7 (a)
and a Zombie Aqua™ assay n=2 (b). Data is shown as mean ± S.E.M of n, number of
independent experiments per condition (BH dilution); as percentage read-out from
negative (media) control; one-way ANOVA with Dunnett’s multiple comparisons from
untreated and independent t-test between 0.3% w/v control and RML BH; ns=not
significant; *P < 0.05, **P < 0.01, ***P < 0.001. The propidium iodide and Zombie Aqua
assays were done by Iryna Benilova.

3.4.1 Image analysis of apoptotic nuclear phenotypes
To monitor nuclear status and establish a cell fate profile for BH treatment, the DNA
of treated cells were stained with DAPI. Cells had been treated at four different days
post plating. Abnormal and total nuclei were counted manually as a pilot test; nuclei were
considered abnormal under the following criteria; pyknotic (Fig. 14a: white arrows),
blebbing (Fig. 14a: red arrows) or fragmented (Fig. 14a: orange arrows). RML BHtreated cell populations had a higher percentage of abnormal nuclei compared to media
and control BH treatment conditions. This effect was most pronounced after 10 days in
culture (Fig. 14b). Moreover, more nuclei were PI-positive after RML BH treatment
compared to media treatment, but only at a BH dilution of 0.3% w/v (Fig. 14c and d).
Control and RML BH treatments induced a similar amount of cell lysis. The PI
incorporation assay, which measured necrotic cell death229 was far less sensitive to RML
BH treatment compared to the abnormal nuclei assay, a measurement of apoptosis
(characterised by pyknosis of the nucleus, nuclear fragmentation and blebbing231). This
indicated that an image-based screen and analysis may be appropriate to detect RML
BH-induced apoptosis but not necrosis.
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Figure 14 | Apoptotic nuclear morphologies and image analysis of nuclearincorporation of a cell death indicator
a, Nuclear morphology of RML BH-treated cells (0.01% w/v) at 14 days in vitro stained
with DAPI. Arrows indicate examples of pyknotic (white), fragmented (orange) and
blebbing (red) nuclei. b, Abnormal nuclei were quantified by manually scoring nuclei as
healthy or abnormal (described in a) from images taken by Zeiss microscopy of cortical
cells treated at 7, 10, 14 and 21 days post plating for 48 hours; data is shown as
percentage abnormal within the total population and as the mean ± S.E.M of 8 images
per condition; one-way ANOVA with Dunnett’s multiple comparisons from untreated
(blue) and independent t-tests between matched BH dilutions (black). c-d, 14day old
cells were treated with BH. Nuclei were stained with propidium iodide whilst cells were
still alive, before fixation (c) and dye-positive nuclei were counted manually from 8
images per condition; mean ± S.E.M; t-test compared media vs. 0.3% w/v RML BH.
ns=not significant; *P < 0.05, **P < 0.01, ***P < 0.001.

Next, a high content image analysis assay of apoptotic nuclear phenotypes was
established using the Opera Phenix fluorescent confocal imaging platform and
Columbus image analysis software (Fig. 15). DAPI-stained nuclei (Fig. 15a) were
automatically segmented and counted in Columbus software using the ‘find nuclei’
function (Fig. 15b). Their roundness coefficient (Fig. 15c-d), area (Fig. 15e-f) and
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intensity (Fig. 15g-h) were measured using the ‘calculate morphology properties’ and
‘calculate intensity properties’ function. Next, populations of nuclei were selected using
the ‘select population’ function in order to identify populations of nuclei that were
fragmented/blebbing, pyknotic and intense-dead, respectively. All three measures
combined gave a read-out of cell death (Fig. 15i-j). Scatterplots in Fig. 15k-m show the
thresholds used to score nuclear health. Scatterplots in Fig. 15n-p show a clear spatial
disparity between unhealthy and healthy nuclei.
Images of cells stained with DAPI, obtained by high-throughput microscopy, were
analysed using the algorithms described in Fig. 15. Cell death was measured to initially
identify optimal cell densities and treatment durations with good power to detect
differences between RML BH and negative control treatment. At a plating density of 300
cells/mm2 and after a 72 hour treatment, RML BH caused substantially more cell death
than control (Fig. 16a). Very high cell densities were inappropriate to distinguish
treatment conditions. By 96 hours the difference between RML BH and control was
undistinguishable. Next, batches of 10 day old cells were plated at the optimal density
(300 cells/mm2) and treated at 10 days old for the optimal 72 hour treatment before
fixation and staining with DAPI (Fig. 16b). In the first test, the percentage of pyknotic
nuclei were quantified for each treatment group. Differences were most pronounced
between RML and control BH from -1.5 to -0.5 log % w/v; their logEC50 values were
different; p=0.0054 (Fig. 16c). In a second test, the mean nuclear area was calculated
for each treatment group. Differences were pronounced between RML and control BH
at -1.5 and -1 log % w/v; their logEC50 values were very different; p=0.0004 (Fig. 16d).
Furthermore, nuclei were found to be more intense in RML over control-treated cells,
indicating nuclear condensation (Fig. 16e). Nuclei also varied more in their roundness
coefficients after RML BH over control-treatment suggesting a higher propensity for
fragmentation (Fig. 16f). The latter analysis measured intensity and not morphology,
which prohibited the use of running batch scripts across plates as intensity varied greatly
among plates.
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Figure 15 | Dead or damaged cells can be distinguished from healthy cells by the
automatic measurement of their nuclear morphologies and intensity
a, Nuclei of cortical cells treated with a 0.01% w/v RML BH were stained with DAPI before
an image was taken. b, Nuclei in the same image were segmented and counted
automatically in Columbus. c-d, The roundness coefficient (RD) of each nucleus was
measured. If a nucleus fell under 0.75 RD it was considered fragmented; white square
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in c relates to magnified view in d. e-f, The area in µm2 of each nucleus was measured.
If a nucleus fell under 60µm2 it was considered pyknotic; white square in e relates to
magnified view in f. g-h, The intensity of each nucleus was measured. If the intensity of
a nucleus surpassed 10,000 arbitrary intensity units (the value at which two distinct
nuclear populations could be distinguished by scatter plot in m) it was considered dead;
white square in g relates to magnified view in h. i-j, All nuclei with low roundness
coefficients and areas and those with high intensities were considered unhealthy nuclei
(purple); white square in i relates to magnified view in j. k-m, Scatterplots of nucleus
roundness (k), area (l) and intensity (m) over nucleus object count; examples of
abnormal nuclei are orange relating to orange objects in c-h. n-p, Scatterplots of nucleus
roundness over area (n), nucleus intensity over area (o) and nucleus intensity over
roundness (p) where each point is an individual nucleus; blue dots are unhealthy nuclei
whereas green are healthy.
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Figure 16 | Image analysis of total cell death and nuclear morphological change in
response to RML-infected homogenate
a, Cortical cells were plated at various densities. At 12 days old, cells were treated with
RML-infected BH or with media only before staining with DAPI. The percentage of
pyknotic (<60 µm2 DAPI-positive) nuclei present was quantified after 72 and 96 hours.
b-c, 10 day old embryonic cortical-hippocampal cells were treated with RML-infected
and control BH in a 5-point titration from 0.06 to 0.5% w/v for 72 hours before being fixed
and stained with DAPI. 10-20 images taken per technical replicate, 4-6 technical
replicates per condition (BH dilution) per experiment. Representative images of cells

90

from media, control BH and RML BH-treated cells are shown in b; scale bar = 100µm
and the quantification of pyknosis shown in c; percentage pyknotic nuclei calculated as
a percentage difference from negative control (media); n=6. d, 10 day old embryonic
cortical-hippocampal cells were treated with RML-infected and control BH in a 4-point
titration from 0.06 to 0.1% w/v for 72 hours before being fixed and stained with DAPI. 1020 images taken per technical replicate, 4-6 technical replicates per condition (BH
dilution) per experiment. The area of each nucleus measured and then averaged before
normalisation of data as a percentage difference from negative control (media); n=6. ef, Percentage dead (intense DAPI stained) (e) and fragmented (f) nuclei from 10 day old
cortical cells treated with a 0.01% w/v dilution of RML and control BH for 72 hours,
calculated as a percentage difference from negative control, n=3. All data are shown as
mean ± S.E.M; n, number of independent experiments per condition (BH dilution); oneway ANOVA with Dunnett’s multiple comparisons from media-only at the same cell
density (black) (a); independent two-tailed t-tests between matched RML and control
conditions (black) (c-f); for non-linear regression the equation Y=Bottom + (TopBottom)/(1+10^((LogEC50-X)*HillSlope was used (e)); ns=not significant; *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.5 Non-neuronal

cell

types

in

primary

cortical-hippocampal

cultures
It is not only neuronal death that is detectable by typical cell death assays (Fig. 11 and
13), screens of apoptotic nuclear morphology (Fig.14a-b; 15; 16) or by counting nuclei
stained with cell death dyes (Fig. 14c-d) but rather total cell death in culture. Primary
neuronal cultures, although prepared with neuronal-promoting medium, invariably also
consisted of glia. Morphologically-distinct astrocytes were present. For example,
fibroblast-like (Fig. 17j-k) and branched (Fig. 17a-f) GFAP-positive astrocytes were
present at 12 days in vitro, located in close proximity to each other (Fig. 17g-i) and
neurons (Fig. 17d-e). Microglia, of a range of maturities were also observed: iba1positive precursors (Fig. 18b2 and f), immature (Fig. 18b1 and f) and mature (Fig. 18a
and e)250. A small portion of oligodendrocytes were also present; some were small with
large cell bodies and short processes (Fig. 18c and g) and some were large with small
cell bodies and long processes (Fig. 18d and h).

3.5.1 Glial cell proliferation
The proportion of proliferating cells in primary cortical culture increased with increasing
concentrations of RML BH and decreasing plating densities as observed by Ki67-positive
over DAPI-positive total nuclei counts, using the ‘find nuclei’ function in Columbus (Fig.
19a). By analysing images of GFAP and MAP2-stained cells (Fig. 19b), GFAP-positive
glia and MAP2-positive neurons were counted. This algorithm used the ‘find nuclei’ in
the DAPI channel, followed by the ‘find cell’ function in each of the GFAP and MAP2
channels. Treatment had no effect on glial cell counts however, MAP2-positive neurons
decreased in number with increasing BH concentrations and this was more pronounced
with RML BH compared with control (Fig. 19c). A ratio of the two cell counts, to assess
their relativity in the total population, also decreased with increasing RML BH
concentrations (Fig. 19c). Imaging also showed that RML BH induced glial proliferation
relative to that occurring upon media treatment (Fig. 19d); cells with cytoskeletal actinpositive cells with non-neuronal morphologies were more abundant. These actin-positive
cells were confirmed to be GFAP-positive glia (Fig. 19e).
A simple image analysis of total cell counts in culture, by counting all DAPI-positive
nuclei, was used to measure glial proliferation, given that all neuronal cells terminally
differentiate. Total cell counts increased dramatically with BH treatment – even more so
with RML than control BH (Fig. 19f). This difference was substantial: the 95% CI
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surrounding the curve fit of the two BHs had no overlap and there was over a 0.8log
difference between the logEC50 values for each BH type; p=0.006. Total GFAP (Fig.
19g) and DAPI (Fig. 19h) fluorescent intensity analysis further substantiated other data
suggesting RML BH-induced glial cell proliferation. The DAPI intensity analysis was
particularly good at distinguishing RML from control BH across all concentrations tested.

Figure 17 | Distinct morphologies of astrocytes
Cortical-hippocampal cells were maintained in culture and fixed after 10-12 days. Cells
were stained with antibodies against glial fibrillary acidic protein (GFAP) to visualise glial
cells. a-c, An example of a branched astrocyte; white box in a corresponds to magnified
view in c. d-e, Branched astrocytes are located in close proximity to numerous neurons;
white box in e corresponds to magnified view in f; yellow arrows indicate non-neuronal
nuclei; pink arrows indicate neuronal nuclei. g-i, Morphologically-distinct astrocytes coexist in cortical culture; white box in h corresponds to magnified view in i; numbers 1 and
2 indicate two morphologically-distinct astrocytes, respectively. j-k, Fibroblast-like
astrocytes form dense monolayers in cortical culture; white box in j corresponds to
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magnified view in k. Scale bar is 100µm in a-b, d-e, g-h and j, 50µm in c, i, k and 25µm
in f.

Figure 18 | The variety of non-astrocytic glial cells in primary hippocampal-cortical
cultures
Cortical-hippocampal cells were maintained in culture and fixed after 10-12 days. Cells
were stained with Iba1 and NG2 to mark microglia and oligodendrocytes, respectively.
a, Mature microglia presented with a typical branch structure; white box in a relates to
magnified view in e. b, Lesser branched microglia (1) and iba1-positive microglial
precursors (2) were also observed in culture at day 10 post plating; white box in b relates
to the magnified view in f. c-d, Oligodendrocytes were observed infrequently and had a
range of phenotypes. Some were small with large cell bodies and short processes (c)
and some were large with small cell bodies and long processes (d); white boxes in c and
d related to magnified views in g and h. Scale bars are 100µm in a-d and 25µm in e-h.
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Figure 19 | RML-infected brain homogenates induce glia to proliferate in primary
neuronal cultures
a, Cortical cells were plated at various densities. At 12 days old, cells were treated with
RML-infected BH or with media only for 48 hours before fixation and staining. Cells were
stained against Ki67 and with DAPI to determine proliferating and total cells,
respectively; data is the ratio between Ki67 and DAPI-positive nuclei and shown as the
mean±SEM of 4 technical replicates per condition. b-c, Cortical-hippocampal cells were
treated at 7 days in vitro for 6 days before staining against MAP2 (red), GFAP (orange)
and with DAPI (blue). A representative image of media-treated cells is shown in b; scale
bar is 100µm. GFAP-positive glia and MAP2-positive neurons were counted from images
and a ratio taken between the two counts; mean ± SEM of 4 technical replicates per
condition. d, 14 day old cortical-hippocampal cells were fixed and stained after a 72 hour
treatment with a 0.03% w/v RML BH or media-only; actin (green), MAP2 (red), NeuN
(orange) and DAPI (blue); scale bar is 100µm. e, Actin-positive fibroblast-like cells are
GFAP positive; scale bar is 100µm. f, Cortical-hippocampal cells were treated at 7 days
in vitro for 6 days and stained with DAPI. Total cell counts were made by counting all
DAPI-positive nuclei; data is normalised as a percentage of negative (media) control and
shown as the mean ± SEM of n=6 independent tests; for non-linear regression analysis
the equation Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope was used. g-h,
The intensity of GFAP (g) and DAPI (h) was measured on a plate reader after cortical
cells were treated at 7 days old for 72 hours; n=4 technical replicates per condition.
ns=not significant; *P < 0.05, **P < 0.01, ***P < 0.001.
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3.6 The detection of neuron-specific death by image analysis
To make observations on neurons specifically within the mixed cell culture, neuronal
nuclei were stained with an anti-NeuN antibody (NeuN or Fox3 is a neuron-specific RNA
splicing protein) (Fig. 20a, d), whilst all cell nuclei were stained with DAPI (Fig. 20b, e).
Microtubule associated protein 2 (MAP2) dendrites were attached to NeuN-positive
nuclei (Fig. 20c, f) proving that these nuclei were neuronal. The population dynamics of
neuronal to non-neuronal cells was examined over time (Fig. 20g). Cortical-hippocampal
cells were maintained in culture for either 4, 7, 10, 13 or 16 days before fixation and
staining. Images were run through scripts in Columbus that segmented and counted both
NeuN and DAPI-positive nuclei. The proportion of neurons in the population decreased
with increasing days post plating, presumably due to proliferation of glial cells.
The same analysis: calculating neuron to total cell ratio, was taken forward as a
measurement of neuron survival. Firstly, in a pilot test, 10 day old cortical-hippocampal
cells were treated with two concentrations of RML or control BH for two treatment
durations: 24 and 72 hours (Fig. 20h). Upon RML BH treatment very few neurons were
lost from the total population at 24 hours, a loss that was also undistinguishable from
control BH treatment. However, by 72 hours, RML BH induced a large amount of neuronspecific death, at both 0.01 and 0.03% w/v and its toxicity could be distinguished from
that of control BH. Secondly, the results of the pilot test were used to design a second
run. 10 day old cortical-hippocampal cells were treated with RML or control BH over a
wide dynamic range for 72 hours (Fig. 20i) before assaying for neuron survival. RML BH
induced a greater amount of neuron loss compared to control, across many points in the
titration and especially at -2log % w/v (Fig. 20i, k). Nearly 2 logarithms of concentration
separated the effect change of the two types of BH; p<0.0001. An intensity analysis
corroborated the image analysis assay of neuron survival (Fig. 20j) but was not as
sensitive.
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Figure 20 | Image analysis of neuronal loss
a-f, An example of a magnified view of 10 day old cortical- hippocampal cells stained against
NeuN to visualise neuron nuclei (a, d), with DAPI to visualise the nuclei of all cells (b, e) and
MAP2 to visualise dendrites (c, f); white rectangles in d, e and f correspond to the magnified
views in a, b and c; scale bar for a, b and c is 50µm and for is d, e and f 100µM. g, Corticalhippocampal cells were maintained in culture for either 4, 7, 10, 13 or 16 days and stained for
NeuN (neuron nuclei) and with DAPI (total nuclei); data is the ratio between NeuN and DAPIpositive nuclei and shown as the mean±SEM of 6 technical replicates per condition. h, 10 day old
cortical-hippocampal cells were treated with 0.01 and 0.03%w/v RML or control BH for either 24
or 72 hours. Neuron survival, as measured by taking a ratio between NeuN and DAPI-positive
nuclei, is compared between the two treatment durations; n=5 technical replicates per condition.
i, 10 day old cortical-hippocampal cells were treated with BH. Neuronal survival was measured;
n=4 independent experiments; percentage loss represented over log[BH]. j, 10 day old corticalhippocampal cells were treated with a 0.01 and 0.03%w/v RML or control BH for 72 hours. NeuN
and DAPI immunofluorescence intensity was measured on a plated reader, taken as a ratio before
normalisation to negative (media) control; n=4 independent experiments. k, Representative
images describing neuronal loss after RML BH treatment; scale bar = 100µM. All data are shown
as mean ± S.E.M; n, number of independent experiments per condition (BH dilution) unless stated
as the average of technical replicates; data shown as percentage neuronal survival from negative
(media) control (h-j); one-way ANOVA with Dunnett’s multiple comparisons from untreated (blue)
and independent two-tailed unpaired t-tests between matched RML and control conditions or
between RML BH treatment after different durations (black) (h-j); for non-linear regression
analysis the equation Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope was used (i);
ns=not significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3.7 Prion-induced neurite fragmentation
To quantify prion-induced neurite damage, neurite morphologies were compared
between media, control BH and RML BH treatment groups (Fig. 21a-b). Corticalhippocampal neurons were stained with both NeuN and (MAP2) to visualise nuclei and
processes, respectively. Visually neurites after control and RML BH treatments were
more damaged, as indicated by fragmentation or beading of processes (Fig. 21b). These
fragments were initially counted in a crude neurite damage image analysis as a pilot, for
which cells were plated at a range of cell densities and treated at 12 days old for 72
hours (the time point for which the neuron survival assay was optimal (Fig. 21c). Neurite
damage, measured by quantifying MAP2-positive puncta (using the ‘find spots’ function
in Columbus), increased with increasing concentrations of RML BH and could be
distinguished from negative, media control at all concentrations tested when cells were
initially plated at 300 or 600 cells/mm2. In a second run, the neurite fragmentation
algorithm was amended to be more precise, by counting solely small objects in the MAP2
image region that represented fragments. This algorithm used the ‘find image region’
function before splitting the region into objects and calculating the area of each object
using the ‘calculate morphology properties’ function. Small objects, under 20µm2, were
then selected as fragments using the ‘select population’ function.
Total object counts per image were taken as one measure of neurite fragmentation (Fig.
21d) or were divided by the number of neurons present in each image as another
measure (Fig. 21e). Both read-outs showed an increase in fragmentation with increasing
BH concentration and in both cases RML BH was greatly more toxic than control. In fact,
the total fragmentation assay distinguished RML from control from -1.5 to -1log % w/v
(Fig. 21d); the 95% CI surrounding the effect change scores did not overlap, had a 0.4log
difference; p=0.001. When neurite fragmentation was scored per neuron, RML BH
toxicity could be distinguished from control at more dilute BH (Fig. 21e). The difference
in effect change values was also greater than the previous analysis, this time a whole
logarithm of difference; p=0.0007.
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Figure 21 | Image analysis of neurite fragmentation
a-b, Representative images of media, control and RML BH-treated cortical-hippocampal
cells treated for 72 hours at 10 days old; 0.01% w/v BH; cells were stained against MAP2
and NeuN and then imaged; white squares in a correspond to magnified views in b; the
white square is 100µm across. c, Cortical cells were plated at various densities. At 12
days old, cells were treated with RML-infected BH or with media before staining against
BIII-tubulin. Neurite damage was quantified by counting the total BIII-tubulin-positive
puncta per image, after 72 hours; raw data is shown as mean ± SEM of 5 technical
replicates; one-way ANOVA with Dunnett’s multiple comparisons from media-only at the
same cell density. d-e, 10-12 day old cortical-hippocampal cells were treated with a
range of RML and control BH dilutions for 72 hours and the total fragmentation in each
image (d) and the amount of fragmentation per neuron (e) was calculated and shown as
a percentage from negative control (media); d is n=3-6 and e is n=5; data is shown as
mean ± S.E.M of n, number of independent experiments per condition (BH dilution);
independent two-tailed t-tests between matched RML and control dilutions; for non-linear
regression

analysis

the

equation

Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-

X)*HillSlope was used. ns=not significant; *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.
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3.8 A time course assay of neurite outgrowth and branch structure
The IncuCyte S3 live cell imager was used to assess neuritic maturation and the effect
of RML BH on neurites (Fig. 22). Cortical cells plated at 300 cells/mm2 were imaged at
plating and every 8 hours from 0 to 12 days. The NeuroTrack add-on for IncuCyte S3
software analysed neurite length (Fig. 21a and c) and branch points (Fig. 21b). From
day 0 to 6, neurite length increased rapidly before plateauing, whereas branch level
increased over 0 to 8 days before it plateaued. On the 10th day post plating some cells
were treated with a 0.05% w/v RML BH, which caused a neurite length retraction (Fig.
22a) and neurite branch level reduction (Fig. 22b). After only 8 hours neurite length was
reduced to levels well below the negative, media control, whereas a 32hour treatment
was required for the same effect on branching.

3.9 Modelling prion-induced synaptotoxicity in vitro
3.9.1 Prion-induced reduction in synapsin-1 expression
A colorimetric ELISA was used to assess the effect of BH treatment on synapsin1
expression. 14day old cortical neuron cultures were treated for 72 hours. There was no
difference in synapsin1 depletion between RML and control BH treatment (Fig. 23a),
although synapsin1 expression decreased dose-dependently from 0.01 to 0.1% w/v. At
the highest BH concentration tested, 0.3% w/v, synapsin1 counterintuitively increase
compared to media treatment. The BH itself may have non-specifically bound the antisynapsin1 antibody or HRP secondary antibody. Synapsin1 protein expression was also
determined by Western blot analysis (Fig. 23b). Cell lysates were prepared at 1, 2 and
3 days post-treatment from cortical cells treated at 14 days in vitro. Lanes containing the
lysates of control BH-treated cells had both stereotypical synapsin 1 isoforms, 1a and
1b. However, both synapsin1a and 1b were degraded in RML BH-treated cell lysates,
indicating the specific degradation of synapsin1 by a component of RML-BH. This effect
was seen at the earliest assay point; 24 hours post treatment, as well as at 48 and 72
hours. This initial observation, that RML BH-induced decreased synaptic protein
expression, indicated that a quantifiable read-out of synaptotoxicity could be developed.
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Figure 22 | The kinetic measurement of cortical neuron neurite lengthening and
branch structure
Cortical tissue was dissected from embryonic mouse brains, dissociated to cells, which were then
plated at 300 cells/mm2 in 96-well plates. Plates were placed in an IncuCyte S3 live cell imager
housed in a tissue culture incubator. Images were acquired at time 0 and then every 8 hours until
296 hours (over 12 days). Wells were topped up with fresh neuronal media every 5 days and at
10 days assigned to either a media-only or BH treatment. For the BH treatment, all media was
aspirated before adding 0.05% (w/v) RML-infected BH diluted in media. The NeuroTrack software
add-on for IncuCyte S3 analysed neurite length (mm/mm2) (a) and neurite branch level (b); data
is shown as the mean and SEM of 9 images per time point normalised as a percentage difference
of its respective raw score at time 0; BH treatment induced at the time represented by the grey
arrow. Representative phase contrast images are shown at times 0 to 11 days (c); scale bar is
200µm.

Figure 23 | Measurements of BH-induced synapse toxicity
a, Synapsin1 colorimetric ELISA of 14 day old culture after 72 hour treatment with a
range of RML and control BH dilutions; data is the mean±SEM of n=5 technical replicates
per condition. b, 14 day old cells were treated for 24, 48 and 72 hours with RML and
control BH before cell lysate preparation. Synapsin-1 protein expression detected by
Western blot. On the right of the synapsin-1 doublet is indicated; the neuron-specific
phosphoproteins synapsin 1a and 1b (80 and 77 kDa respectively). The synapsin1
western blot was done by Iryna Benilova.
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3.9.2 Dendritic spine detection with an actin dye
Dendritic spines are actin-rich projections originating from dendritic shafts that receive
mostly excitatory signals from an axonal synapse287. Cell assays of dendritic spine
atrophy are commonly used to study synapse signalling288 and synaptotoxicity289. As
dendritic spines are actin-rich, actin is a feasible marker. For example, in a recent report,
dendritic spines were visualised by GFP-labelled actin. Hippocampal neurons were fixed
and then stained against MAP2 (red) and with the actin-binding dye, phalloidin (green)
to visualise dendrites and dendritic spines, respectively (Fig. 24). 14day old healthy
neurons exhibited numerous and robust dendritic spines – appearing as a web-like mesh
surrounding dendrites at low magnification (Fig. 24a), and as scattered, globular spots
on and in close proximity to dendritic shafts at higher magnification (Fig. 24b). The
dendrites of neurons that had been treated for 72 hours with a 0.03% w/v RML BH, on
the other hand, were sparsely scattered with dendritic spines at 14 days old (Fig. 24cd). As reported earlier in this chapter, cortical and hippocampal-derived primary cultures
contained numerous and many types of glial cells, as well as neurons (Fig. 17-18).
Furthermore, RML BH-induced glial proliferation was observed (Fig. 19). Patches of glial
cells were observed again, upon RML BH treatment, identified by their actin-expressing
cytoskeleton (Fig. 24c, e-f).
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Figure 24 | The detection of dendritic spines with an actin dye
14 day old hippocampal neurons were stained for NeuN (orange), MAP2 (red) and with an actin
dye (green). a, Media-treated neurons presented mature dendritic spines; white rectangle show
an example of a length of dendrite with spines, corresponding to the magnified view in b. c, The
dendrites of RML BH-treated neurons (0.03% w/v; treated at 11 days old) had very few spines;
white rectangle show an example of a length of dendrite, corresponding to the magnified view in
d; dendritic spines and non-dendritic spine actin is present in culture, the white squares show
examples of where dendritic spine actin is masked by glial-derived non-dendritic spine actin
corresponding to the magnified views in e and f. Scale bar for a and c is 100µm and for b and df is 10µm.

3.9.3 Automated dendritic spine counting
Dendritic spines were counted from images of cells that were treated with a 0.03% w/v
RML and control BH for 72 hours. Images were acquired and run through scripts written
to measure dendritic spine loss (Fig. 25a) and density (Fig. 25b). Columbus
automatically detected dendritic spines classed as spots marked by the actin stain using
the ‘find spots’ function. Although there was a slight decrease in the number of actinstained spots from control to RML BH treated neurons (Fig. 25a), this did not reach
significance. Spots were then normalised per the area of MAP2 dendrites, by using the
‘find image region’ and then ‘calculate morphology properties’ function in Columbus,
where MAP2 image region area was computed (Fig. 25b) giving a more pronounced
difference between control and RML BH.
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However, as well as marking dendritic spines, actin also marked glial cell cytoskeletons
(Fig. 24e-f), making counting actin-marked dendritic spines using simple Columbus
algorithms difficult. Some actin-expressing dendritic spines were masked by or could be
confused with dendritic-spine actin. Furthermore, some dendritic-dervied actin did not
have the morphological appearance of true spines. Therefore, the Phenologic™ machine
learning algorithm add-on for Columbus, was applied to train the detection of dendritic
spines (Fig. 25c). The software became better at recognising true dendritic spines
compared to non-dendritic spine actin spots or spots that did not originate directly from
dendritic shafts (Fig. 25d). The new spine detection script progressed through multiple
rounds of machine learning; the experimenter manually clicked on spots that were
dendritic spines and on spots that were not (classed as actin spots that were not directly
appended to dendritic shafts or were of non-spine morphology, or that originated from
glial-derived actin). In two different training sets, dendritic spine detection became more
precise over multiple rounds of machine learning (Fig. 25d). The new detection
algorithm, that counted ‘trained’ spines, was more sensitive for detecting toxicity of RML
BH compared to the original algorithm (Fig. 25a, c). The ‘trained’ spine algorithm was
then used to compare dendritic spine counts between cortical and hippocampal-derived
neurons (Fig. 25e) and between cortical-derived cells plated at different densities (Fig.
25f) and treated with RML and control BH. The difference in spine loss, between control
and RML BH treated neurons, was more pronounced in hippocampal compared to
cortical cells (Fig. 25e) and when cells were plated at lower compared to higher densities
(Fig. 25f).
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Figure 25 | Machine learning algorithms for the quantification of dendritic spines
a-c, The image analysis software, Columbus, automatically detects spots of a given
stain. In this case, actin-stained spots (a) were counted from images taken of BH-treated
hippocampal cells (0.03% w/v BH, 72 hour treatment at 10 days old). These spots were
normalised per the area of MAP2 dendrites (b) giving a more pronounced difference
between control and RML BH. When a Phenologic™ machine learning algorithm was
applied to spot detection within Columbus, the software became better at recognising
true dendritic spines compared to non-dendritic spine actin spots or spots that did not
originate directly from dendritic shafts (c); data shown as the mean±SEM of n=4
independent tests. d, The progression of the spine detection script over multiple rounds
of machine learning; the experimenter manually clicked on spots that were dendritic
spines and on spots that were not (classed as actin spots that were not directly appended
to dendritic shafts or glial-derived actin). In two different training sets, dendritic spine
detection became more precise over multiple rounds of machine learning. e, Machine
learning-trained dendritic spine counts were compared between cortical and
hippocampal-derived cells that had been treated at 10 days old for 72 hours with RML
and control BH at 0.03% w/v; mean±SEM of n=4 technical replicates per condition. f,
Machine learning-trained dendritic spine counts were compared between corticalderived cells plated at different densities that had been treated at 10 days old for 72
hours with RML and control BH at 0.03% w/v; mean±SEM of n=4 technical replicates per
condition. One-way ANOVA with Dunnett’s multiple comparisons from untreated (blue)
and independent two-tailed t-tests between matched RML and control conditions (black:
a-c) (blue: e-f) or between RML BH treatments of cells derived from different tissues
(black: e) and of cells plates at different densities (black: e). ns=not significant; *P < 0.05,
**P < 0.01, ***P < 0.001.
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3.9.4 Synaptogenesis in vitro
To continue to develop an assay of prion-induced synaptotoxicity and overcome the
issues associated with dendritic spine detection by actin staining, synapses and dendritic
spines were detected with antibodies against PSD-95 (post-synaptic), Vglut1 (presynaptic) and spinophilin290,291 (dendritic spines) (Fig. 26). Hippocampal neurons
expressed PSD-95 and Vglut1-positive synapses and spinophilin-positive spines at 6
days post plating and later. In fact, to assess synapse maturation over time, the
localisation of pre- and post-synaptic proteins was calculated as the relative intensity of
PSD-95 spots in Vglut1 spots (Fig. 27a). As neurons aged in culture, synapses matured;
by 10 days post plating, cultured hippocampal neurons had mature synapses. As a
second measure of synapse maturity, the area of each PSD-95 spot that was also
positive for Vglut1 was measured (Fig. 27b). This showed that synapses grew on
average until they were 2.55μm2 and that by 10 days this was reached. Synapses are
found at mature dendritic spines, which are a good general measure of the firing activity
of neurons288,292. Therefore, to measure this localisation in vitro, the relative intensity of
Vglut1 was found in spinophilin-positive spot (Fig. 27c). By 10 days old, synapses to
spine localisation reached saturated levels that continued throughout maturity. In the
three cases of either synapse or spine detection using relevant antibodies, antibodypositive spots were easily detected by simple algorithms in Columbus, suggesting that
their counts and profiles may be a good measure for assessing prion-induced toxicity.
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Figure 26 | Pre and post-synaptic proteins localise to spinophilin, a dendritic spine
marker
Hippocampal neurons were maintained in culture and fixed at either 6, 8, 10, 12, 15, 18,
21 or 24 days post-plating. A merge (a) of pre- (VGlut1;orange (b)) and post- (PSD95;red (c)) synaptic markers co-stained with the dendritic spine marker, spinophilin
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(green (d)), known to regulate spine formation and function. Pink arrows indicate
spinophilin-positive and PSD-95 or VGlut1-negative spots; white arrows indicate VGlut1positive and PSD-95-negative spots; blue arrows indicate PSD-95-positive and VGlut1negative spots; yellow arrows indicate spinophilin-negative and PSD-95 or VGlut1positive spots. Scale bar for a-d is 100μm and for e-h is 10μm.

Figure 27 | Cortical mouse neurons present mature synapses, which also localise
to dendritic spines, at 10 days post plating
Cells were fixed after 6, 10, 15, 18 or 24 days post plating before staining with antibodies
against PSD-95, Vglut1 and spinophilin. Images were acquired with a Opera Phenix
microscope and analysed in Columbus. PSD-95, Vglut1 and spinophilin-positive spots
were counted in each image and their intensity and morphology measured. a, PSD-95
to Vglut1 localisation was taken as a measurement of synapse maturity, calculated as
the relative intensity of PSD-95 spots in Vglut1 spots; y-axis units are arbitrary. b, The
area of each PSD-95 spot, also positive for Vglut1, was computed as a second
measurement of synapse maturity. c, The relative intensity of Vglut1 was found in
spinophilin-positive spots as a measurement of dendritic spine to synapse localisation,
indicative of dendritic spine quantitation and measurement as an appropriate score of
synaptotoxicity; y-axis units are arbitrary. Data is shown as the mean and SEM of >1000
spots from 50 neurons per condition; one-way ANOVA with Dunnett’s multiple
comparisons from 6 day time point.
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3.10 Discussion
According to the desired criteria established for the assay of prion infection-induced
neurotoxicity (Fig. 8), RML and control BH toxicity must be distinguishable through an
extensive dynamic range, spanning several logarithms, to facilitate fractionation and
isolation of putative toxic RML-PrP species that are hypothesised to be produced after
prion titre saturates in vivo17,24. Moreover, our hypothesis stipulated that PrPC expression
is necessary to mediate the neuropathological cascade. Measuring cell death induced
by prion-infected material, via a method that quantified cell death by caspase 3
activation, detected differences in the toxicity of RML compared to control BH at dilutions
of 0.06% w/v and higher (Fig. 11a); there was a clear window between RML and control
BH logEC50 values and their confidence intervals. However, although logEC50 values
were lower in PrPC expressing over knock-out cells as expected, RML BH induced more
caspase activation compared to control in knock-out cells (Fig. 11h). This suggested that
one toxic entity within RML BH was PrPC-dependent and another was not.
Many simple fluorescence and luminescence based cell death read-outs can be acquired
by plate reader in under an hour, are inexpensive and have the potential to be scaled to
a high-throughput format229. Although these types of assays are compatible with some
aspects of the criteria set for assay development such as the need for high throughput,
the read-out of the final assay must be more sensitive to RML-specific toxicity and less
to inherent BH toxicity. The dynamic concentration range picked up by intensity-based
cell death read-outs spanned less than a logarithm for both apoptosis (Fig. 11h) and
necrosis (Fig. 13) assays. Furthermore, other plate-reader based assays of surrogate
markers of death/viability, including ATP, nitric oxide and mitochondrial health status
were inadequate for testing RML BH toxicity (Fig. 12).
When apoptotic cell death was measured using a high-throughput image screen (Fig.
15-16) the dynamic range of detectable RML BH toxicity compared to control improved
over intensity-based assays on a plate-reader. Moreover, the logEC50 was dramatically
reduced. This type of apoptosis assay facilitated the monitoring of several indicators of
toxicity by morphological profiling of the nuclear status of cells to establish cell fate
profiles. However, this image analysis did not measure neuron death specifically as
many non-neuronal cell types were present in the culture model (Fig. 17-19).
Furthermore, glial cell proliferation was observed by microscopy after RML BH-treatment
(Fig. 19), which likely accounted for the results of number of the viability and energy
profile assays (Fig. 12), where positive signals were observed after BH treatment. Glial
cells do not undergo death in an in vivo prion diseased-brain and rather become reactive
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and proliferate, and thus glia will most likely not die in in vitro cell culture models. It is
probable that the presented image analysis read-outs of total apoptotic cell death
underrepresented neuron-specific cell loss (Fig. 15-16).
To measure neuron-specific cell death and damage further image analyses were
developed, which measured neuron nuclear health and neuron loss (Fig. 20), neurite
damage (Fig. 21) and synapse toxicity (Fig. 25). These neuron-specific toxicity tests
were more sensitive for detecting RML BH toxicity compared to other methods of testing
toxicity, such as assays of vital metabolite content (Fig. 12), necrosis (Fig. 13) and
synaptic protein expression (Fig. 23). Image analysis readouts of neuron-specific toxicity
also measured the difference between RML and control BH toxicity through a wide
dynamic range (Fig. 20). The results reported in Chapter 3 indicated the best cell culture
and treatment protocols to detect prion-induced toxicity by image analysis: optimal cell
density (Fig. 16a, 19a, 21c), treatment duration (Fig. 16a, 20h, 21d-e, 25c) and culture
age at treatment (Fig. 20g, 22, 26, 27a-c).
Numerous assays of cell morphology are commonly used in research. Neurite damage
has been assessed by measuring dendritic beading293. Dendritic spines have been
counted and profiled during functional studies of proteins and signalling at synapses288
and phenotyping iPSC-derived neurons of William’s syndrome patients289. These assays
follow well-defined traditional protocols. Around 10-20 neurons in three independent
experiments per treatment condition are imaged and snapshots of 2 or 3 10µm lengths
dendritic shafts per neuron, taken. Dendritic damage or spine/synapse counts are then
made and commonly this number is divided per length of dendrite. These protocols are
appropriate to assay a few conditions at once but inappropriate to study toxicity of many
samples, over dynamic concentration ranges due to the time-consuming nature of the
methods. These manual protocols are also prone to bias, especially if sample blinding is
not managed correctly. A recent study detailed prion-induced spine toxicity273 using a
traditional protocol of quantification. This protocol, however, could not be modified to a
format adequate to meet the needs of the assay required by this study. As per the set
forth assay criteria (Fig. 8), a high-throughput approach was essential. Utilising a high
content approach to measure neuron toxicity is advantageous to assay multiple samples
at once, especially when each must be assayed across a concentration range. Highthroughput imaging ensures consistency in pixel data obtained from images and image
analysis using batch scripting ensures no bias260.
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4 A high content, multiparametric imaging assay of prioninduced neurotoxicity
4.1 Image analysis assays for prion-induced toxicity detection
RML prion-infected BH toxicity could be discerned from that of uninfected control BH in
standard apoptosis assays (Fig. 11) and by profiling apoptotic nuclear morphology by
high-content imaging and analysis (Fig. 15 and 16). However, the dynamic range of
concentrations through which RML and control BH could be distinguished by standard
apoptosis assay was limited (Fig. 11a) and toxicity of RML BH, that did not depend on
PrPC expression, was also detected (Fig. 11h). Furthermore, image assays of apoptosis
relied on a general nuclear stain that was not neuron-specific (Fig. 15), which may have
confounded results as numerous glial cells were present in the cell culture model used
(Fig. 17 and 18); BH-induced and RML-specific glial proliferation was also observed
(Fig. 19). Many of the developed image analyses detailed in Chapter 3 facilitated the
detection of RML BH toxicity and were more sensitive compared to other methods of
toxicity testing, such as assays of vital metabolite content (Fig. 12), necrosis (Fig. 13)
and synaptic protein expression (Fig. 23). Image analysis was used to measure
neurotoxicity specifically, for example, by counting neuron nuclei (Fig. 20), calculating
neurite damage (Fig. 21) or dendritic spine density (Fig. 25). Image analysis readouts of
neuron-specific toxicity also measured the difference between RML and control BH
toxicity through wide dynamic ranges (Fig. 20).

4.2 Adaption of cell culture and treatment to measure prion-induced
neurotoxicity with high content imaging and image analysis
To measure neurotoxicity specifically and widen the dynamic range, wet-lab protocols
were adapted to detect prion-induced toxicity by image analysis. A schematic for the
image analysis assay development pipeline is shown in Fig. 10. Cell type, age, density,
and treatment duration were assessed. Embryonic neurons (Fig. 28a-c) were more
viable and produced more robust networks compared to post-natal neurons (Fig. 28cd). Therefore, all future experiments used embryonic cortices and/or hippocampi rather
than those from post-natal tissue. It was important to determine an appropriate cellular
age at treatment in terms of neurite and synapse maturity. When cells were maintained
in culture until at least 10 days in vitro, neurons formed electrophysiologically active
networks294, had extended their neurites and branching to saturated levels (Fig. 22),
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developed mature synapses (Fig. 26 and 27a-b), at which time there was also a clear
localisation of pre- and post-synaptic proteins at dendritic spines (Fig. 27c). Therefore,
neuronal age at treatment was restricted to at least 10 days old.
The density at which cells were plated was considered. When cells were plated at 300
cells/mm2 compared to higher densities, this limited neuron-neuron overlap (Fig. 29) and
glial proliferation (Fig. 19a), which thereby facilitated the accurate segmentation of
regions of interest and objects at subsequent image analysis. Tests at this cell density,
300 cells/mm2, facilitated image analysis assays of cell death (Fig. 16a) and neurite
damage (Fig. 21c).
The duration of BH treatment was also considered. In a pilot experiment, a simple cell
death image analysis readout, indicated that differences between BH toxicity and
negative control were optimal at 72 but indistinguishable by 96 hours (Fig. 16a). An
image assay of neuron survival found that at 24 hours the effect of RML BH treatment
was undistinguishable from that of control, but by 72 hours, RML BH induced a
substantial amount of neuron-specific loss compared to control (Fig. 20h). Moreover,
image analyses of neurite damage (Fig. 21d and e) and synaptotoxicity (Fig. 25c)
confirmed that neuron-specific toxicity and high signal-to-noise ratios were measurable
after a 72hour treatment. Therefore, neurons were treated for 72hours for the validation
experiment reported in section 4.7.1.

116

Figure 28 | Comparison of embryonic and postnatal-derived neurons
Cortical-hippocampal neurons were plated and left for 13 days before fixation and
staining against MAP2 (red) and NeuN (orange). a-d, Post-natal (a) neurons were less
viable compared to embryonic (b); white squares in a and b correspond to magnified
views in c and d; scale bar for a and b is 200µm and for c and d is 100µm.

4.3 Considerations for the image analysis of prion-induced
neurotoxicity
A panel of neuronal markers were selected to enable neuron counting and nuclear
morphology measurement, neurite tree profiling, assessment of neurite damage and
dendritic

spine/synaptic

measurements.

Markers

were

NeuN,

MAP2

and

spinophilin290,291, which enabled the detection of neuron nuclei, dendrites and dendritic
spines, respectively. Multiple markers were chosen in order to improve the likelihood that
one of the developed image analysis assays would have a high specificity for RMLinfected BH. Furthermore, multiplexed high content analysis readouts provided more rich
and robust information than a single readout alone260,277. Further, a combination of
appropriate image analyses of neurotoxicity may have been beneficial for producing
toxicity scales to improve the overall power of the assays. Marker selection enabled the
initial planning, development and optimisation of Acapella™ image analysis algorithms
within Columbus, a cloud image repository and analysis interface, from pilot datasets.
As stated above, cells were plated at optimal densities to limit neuron-neuron overlap,
which enabled accurate boundary and object identification at subsequent image analysis
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phases (Fig. 29). When cells were plated at lower densities (Fig. 29a-f), the NeuN stain
of neuron nuclei allowed precise nuclear segmentation (Fig. 29b, e: pink arrow),
assignment of neurite trees to individual nuclei (Fig. 29a, d) and dendritic spine counts
from dendritic shafts (Fig. 29c, e). Clumping and overlap of neurons was apparent at
higher densities (Fig. 29g-l): nuclei clustered together and could not be detected as
individual nuclei and therefore incorrect cell counts were made (Fig. 29h, k: orange
arrow) and neurites of different neurons converged making assignment to individual
nuclei (Fig. 29g, j) and spine density calculation (Fig. 29i, l) impossible. To further
improve object segmentation the staining protocols were optimised (Fig. 30), for
example, a 45minute blocking incubation produced a high-background staining pattern
in which objects could not be segmented accurately (Fig. 30a and c), but images
acquired from cells blocked for 90 minutes were crisp, allowing accurate segmentation
(Fig. 30b and d). In fact, with the optimised staining protocol, detailed cellular structures
were observed (Fig. 30d: neuronal nucleus structure). Therefore, blocking durations
were lengthened for all subsequent immunostaining protocols.
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Figure 29 | Optimised cell density for image analysis
a-f, Cortical-hippocampal embryonic neurons were plated at 300 (a-f) or 600 (g-l)
cells/mm2 and at 10 days old, fixed and stained against MAP2 (red), NeuN (orange) and
spinophilin (green). a and g show cells stained with MAP2 and NeuN, b and h show the
NeuN channel only and c and i, all three stains. d and j shows the Columbus neurite
detection algorithm, e and k, a neuron count algorithm and f and l, a dendritic spine
detection algorithm. The white boxes in d-e and j-k correspond to the magnified views
on the right labelled 1-4 respectively. The scale bar in a-f and g-l is 100µm and for panels
1-4 is 50µm.
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Figure 30 | Optimised staining for image analysis
Cortical-hippocampal neurons were plated and left for 13 days before fixation and
staining against MAP2 (red) and NeuN (orange). a-d, Embryonic neurons were blocked
for either 45 (a) or 90 (b) minutes before staining. Images collected after the longer
blocking incubation time had less background noise; white squares in a and b
correspond to magnified views in c and d; scale bar for a and b is 100µm and for c and
d is 50µm.

4.4 A high content, multi-parametric assessment of neuronal toxic
phenotypes
A number of neurotoxicity detection algorithms were developed in Columbus, Perkin
Elmer. The algorithms described in sections 4.4.1 to 4.4.4 were used for all subsequent
prion-induced toxicity experiments in this thesis.

4.4.1 A method to profile neuron nuclear morphology
Neuron counts were made by segmenting NeuN-positive nuclei (Fig. 31a) using the ‘Find
nuclei’ function. Nuclear morphological measurements [area (µm2) and roundness
(perimeter form factor (Ff) calculated from a function of perimeter and area (Ff for a
circle=1, other shapes<1)] were calculated using the ‘Calculate morphological properties’
function, for each nucleus. Populations based on dimension were included and excluded
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from further analysis by the ‘Select population’ function. For example, populations of
nuclei smaller than 60µm2 were selected as pyknotic (Fig. 31c) Populations of nuclei with
roundness of under 0.65Ff were selected as fragmented or blebbing (Fig. 31d). Neurons
with nuclei that were classed as pyknotic or fragmented/blebbing were considered dead
(Fig. 31e). Nuclei that were not classed as either pyknotic or fragmented/blebbing were
considered healthy (Fig. 31b, e): healthy neurons had relatively larger and rounder
nuclei compared to dead neurons. Multiple readouts of nuclear toxicity were possible
with this algorithm. The mean nuclear area, roundness and intensity were calculated by
summing values from all nuclei within an image and dividing by the neuron count. The
number of all healthy and dead neurons, or the specific number of dead neurons, either
pyknotic or fragmented/blebbing nuclei could be calculated.

4.4.2 A method to calculate neurite fragmentation
An observed toxic phenotype of RML BH-treated neurons was extensive neurite
fragmentation (Fig. 21). Neurite fragmentation was estimated from images by firstly
identifying MAP2-postitive neurites (Fig. 32a, d), using the ‘Find image region’ function.
This region was then split into distinct objects (Fig. 32b, e). The area of each MAP2object was calculated in µm2, using the ‘Calculate morphology properties’ function.
Fragments were selected using the ‘Select population’ function from the total object
population if their area was less than or equal to 20µm2 (Fig. 32c, f). All objects over
20µm2 were considered healthy neurites. Total neurite fragmentation equated to the total
number of objects under 20µm2. The number of neurons in each image was calculated
according the method shown above (Fig. 31). Fragmentation per neuron equated to total
fragmentation over neuronal nuclei count. Multiple other readouts from the neurite
fragmentation algorithm included the total fragment area (µm2), ratio of fragment area to
healthy process area and fragment density (fragments number over healthy process
area).
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Figure 31 | Automated counting of healthy and dead neurons
a, The NeuN channel (panel 2) was selected from a multiplane image (panel 1). All
NeuN-positive nuclei were first masked (panel 3; light pink mask) and the area and
roundness of each individual nucleus was calculated. A population of healthy nuclei were
selected (panel 4) from total nuclei. All small and fragmented nuclei were excluded from
the results; white boxes relate to the magnified views in b-d. b, A representative healthy
nucleus. c, A cluster of pyknotic (a condensed nuclear phenotype that is a hallmark of
apoptosis) nuclei were first masked amongst the whole population of nuclei present.
Pyknotic nuclei were classed as objects that fell under 60μm2. d, A representative
fragmented nucleus that was first masked amongst the whole population of nuclei
present in the image. This nucleus was not included in the healthy neuron count as its
roundness coefficient was 0.61 Ff, under the set threshold of 0.65 Ff, the threshold used
to distinguish between healthy and unhealthy nuclei. e, Columbus software enabled a
fast visualization of the dimension of all nuclear objects within the total population of one
image as a scatterplot of nuclear object roundness over area. Pyknotic nuclei from c and
the fragmented nucleus from d fell below the cut offs stated in the Acapella analysis
script. Scale bar for a is 100μm and for b-d is 10μm.
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Figure 32 | Automated quantification of neurite fragmentation
a, Neurites were visualised by staining against MAP2; white box corresponds to the
magnified view in d. b, The MAP2 image region was identified and split into objects and
assigned to a spectrum of colours at random to easily visualise distinct objects; yellow
arrow indicates a long expanse of healthy dendrite not connected to the main neuron;
white box corresponds to the magnified view in e. c, A measurement of the area of each
MAP2-positive object was taken. Objects that fell under 20μm2 were considered
fragments (white) and counted, whereas objects over this threshold were not counted as
fragments (purple). Neurite fragmentation output was the number of fragments averaged
over the number of neurons present in each image; yellow arrow indicates a long
expanse of healthy dendrite not connected to the main neuron and not counted as a
fragment; white box corresponds to the magnified view in e. d-f, Magnified views from
boxes in a-c respectively depicting the precision of fragment detection. Scale bar for ac is 100μm and for d-f is 50μm.
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4.4.3 A method to determine neurite tree architecture
Cells were stained against both MAP2 and NeuN for the neurite tree detection algorithm.
From the multi-channel image (Fig. 33a), firstly, the NeuN channel image was selected
(Fig. 33b). NeuN-positive nuclei were segmented and profiled (Fig. 33c-d). Those that
were healthy according the method in Fig. 31 (Fig. 33d) were then set as the origin of
neurites. MAP2-positive neurites (Fig. 33e) were traced commencing from healthy
neuron nuclei, using the ‘Find neurites’ function, to their extremities (Fig. 33f). This
allowed the assignment of neurite trees to specific cells (Fig. 33g). Multiple readouts
were possible (Fig. 33h). The length from each root (neurite sprout from each nucleus)
to branch point (nodes between neurite and neurite) and extremity (each non-joined
neurite tip) was calculated for each cell. The number of roots (Fig. 33a, e-f; 1-3) and
branch points (Fig. 33i-j), were totalled. The number of segments (number of
connections between nodes) and the mean and total segment length were also
computed.
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Figure 33 | Automated analysis of neurite tree measurements
a, Representative image of neurons prior to automated neurite tracing; white boxes (13) correspond to magnified views 1-3. b-c, Neuron nuclei (b) were identified and
segmented (blue) (c) in order to measure the size and shape of each individual nucleus,
which were then either classified as dead (red) or healthy (green) (d). e-f, MAP2-positive
neurites (e) were traced from only healthy nuclei (f), which allowed the assignment of
neurite trees to individual cells; white boxes labelled 1-3 correspond to magnified views
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1-3 on the right (blue arrows in panels 1-3 indicate neurite roots, the number of neurites
that sprout from each nucleus). g, A magnified view of f to illustrate the assignment of
individual neurite trees, which were coloured distinctly, to each neuron present; yellow
arrow indicates an area of neurite overlap from neurites of two different neurons; the
analysis algorithm is able to assign neurite identity to the correct neuron. h, A table
showing the profiles of each neuron present in g in terms of neurite features; object
number relates directly to cells 1-3. i, In the same original image, neurite segments were
individually traced where the identity of each segment was visualised by a distinct colour;
white box corresponds to magnified view in j. j, Each segment was automatically given
a branch level score. The branch level analysis averaged the branch level of all segments
within an image. Scale bar for a-f, g and i-j is 100μm and panels 1-3 is 50μm.

4.4.4 A method to profile dendritic spines
Anti-MAP2 and spinophilin antibody stains were used for the identification and
subsequent profiling of dendritic spines. Firstly, from a multi-channel image (Fig. 34a),
the MAP2 channel was found (Fig. 34b). Healthy dendrites were found according to the
method in Fig. 33 (Fig. 34c-d). The total length of healthy dendrites was calculated in
the ‘Calculate morphology properties’ function. Spinophilin-positive dendritic spines (Fig.
34e) were counted on and within a 4µm perimeter surrounding healthy dendrites, using
the ‘Find image region’ (Fig. 34f) and ‘Find surrounding region’ (Fig. 34g) functions
directed at the image of the spinophilin channel. Dendritic spines were then identified
and segmented using the ‘Find spots: method A’ function, solely within the two areas
identified in Fig. 34f and g. Spots were then profiled for their dimensions and intensity
by ‘Calculate morphology properties’ and ‘Calculate intensity properties’ functions.
Dendritic spines were classified as spinophilin-positive spots that were over 0.4Ff and
had an area less than or equal to 4µm2 (Fig. 34h), analogous to dimensional data from
the literature287,292. Dull and non-adjacent spines were not detected in the script (Fig.
C34i-l; 35a, f). The script was good at detecting individual spines from dendrites of
varying width and with varying spine densities (Fig. 34i-l).
Multiple spine toxicity readouts were possible with this Columbus script: mean and total
spine area, mean width and length, width to length ratio, contrast and mean relative
intensity. Dendritic spine density was computed by dividing the spine count per image
over the length of healthy dendrites in µm. Dendritic spines (Fig. 35b) could be
categorised into four subclasses: protrusive (Fig. 35c), globular (Fig. 35d), stubby and
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immature (Fig. 35e), as interestingly individual dendritic spines grouped into distinct
bands based on their width to length ratios (Fig. 35g-j). This indicated that dendritic
spines had various degrees of maturity. The dendritic spine assay was sensitive: the
signal between positive and negative controls was substantial and feasible for neuronal
screening (Fig. 35k).

Figure 34 | Automatic counting of spinophilin-positive dendritic spine heads
a, Neurites were visualised by staining against MAP2 and dendritic spines marked by
spinophilin; white boxes correspond to the four magnified views in i-l. b-d, The MAP2
image region was identified (b) and split into objects (c). The area of each object was
measured. Objects that fell under 20μm2 were considered as fragments (white) and
removed from the region from which spines were quantified. e-h, Spinophilin (e) spine
counts were made by segmenting a region of spinophilin solely within (f) and surrounding
(g) the healthy MAP2 dendritic region from d. Spinophilin-positive spots, considered
dendritic spine heads, were then counted from within the perimeter of g that surrounded
the identified region in f, which was approximately 0-4μm adjacent to healthy processes
(h). i-j, Magnified views from the raw image in a and the analysis image in h of 40μm
expanses of dendrite depicting the accuracy of dendritic spine counting; white arrows
relate to dull spinophilin-positive spots that were not counted as spines; purple arrows
relate to spinophilin-positive spots that did not sit within the identified perimeter
surrounding dendrites to be considered spines. Scale bar for a-h is 100μm and for d-f is
10μm.
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Figure 35 | Classification of dendritic spine types by morphology
a, Dendritic spine heads (green) were localised to dendrites (red); white box corresponds
to the magnified view in f; white arrows show spinophilin-positive spots that were not
included in spines counts due to their non-proximity to the dendrites; yellow arrows show
spinophilin-positive spots that were not included in spines counts as their intensity fell
under threshold values. b-e, The Acapella algorithm detects dendritic spine heads (note
that small, dull and non-proximal spines from a are not masked in b) (b) and categorises
them into four subclasses: protrusive (c), globular (d), stubby and immature (e). f,
Magnified view of white box in a. g, Schematic representation of spine classes. h, Yellow
outline depicts how the Acapella algorithm masks spine heads. i, The width to length
ratio thresholds of the four classes of spine heads; numbers below are the class-intervals
(width/length); numbers next to spines are measurement units (arbitrary) and depict an
example of the dimensions of each class of spine. j, Scatter plot of spine width to length
ratio over object number from one image depicting distinct spine types. k, The z-prime
of the spine count assay was computed for a plate. Scale bar was 10 µm for a-e and
5µm for f.
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4.5 Image acquisition
4.5.1 Imaging set-up
Multiple images from individual wells were acquired with the Opera Phenix, Perkin Elmer
high content confocal microscope using the 40x objective. Image acquisition was set up
in Harmony software, Perkin Elmer where a template was used to ensure 15 images
were systematically collected at predefined intra-well coordinates for all wells in every
plate tested (Fig. 36a). This was a prospective method to limit bias and control for
discrepancies in focus and cell coverage across wells. 15 images represented 5% of the
whole well but approximately 20% of cell-covered well. The 40x water-immersion
objective lens provided a sufficient resolution to distinguish the nuclei, neurite trees and
networks, synapses and dendritic spines of embryonic cortical and hippocampal mouse
neurons when they were plated at 300 cells/mm2. Laser power and exposure time were
kept constant for each experiment, but the height of the objective was changed to
account for discrepancies in the plate bottom height and cell density between batches.
For this, 10 incremental z-stack images were captured from a control well before
selection of the increment with optimal focus. As high-throughput image acquisition is
coupled to inevitable heterogeneous illumination between images295 (Fig. 36b), flat field
correction estimates were calculated for each set of images acquired and this function
applied as the initial step in all subsequent image analyses. This normalised data
retrieved at differing locations from the optical path, mitigating distorted pixel boundaries
and intensity thresholds.
Images were then sent from Harmony to Columbus, Perkin Elmer cloud image analysis
software, which contained various in-house developed image analysis algorithms that
measured population dynamics, neuron morphology and neuron network phenotypes,
as discussed in Fig. 31-34.

4.5.2 Systematic image processing and quality control
A model-based approach to accurate segmentation was used in which the experimenter
manually adjusted the background and inter and intra- object intensity thresholds within
scripts to define true object perimeters for counting and dimensional measurements. Key
discriminators were entered into analysis scripts to prevent inaccurate counts and
calculations accrued by image artifacts: common artifacts included unusually large,
intense, small or blurred objects (Fig. 36c). Finally, a number of quality control checks
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were made at multiple stages of the assay pipeline. At cell plating, only bright viable cells
were plated. During culture maintenance, plates or batches were removed if cell debris,
pyknosis or neurite damage was abundant before treatment. Spatial plate effects; edge
and gradient effects, were controlled for at three stages: plating, where cells were only
cultured the inner 60 wells of each 96 well plates, treatment, where control samples in
particular were distributed in chevron or diagonal patterns and after image analysis,
where plates were removed from further processing if severe plate effects were observed
(Fig. 36d).
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Figure 36 | Imaging and analysis set-up and processing
a, Cell coverage and view selection - each view in a whole well of a 96 well plate was
imaged with a 20x objective on an Opera Phenix microscope, after which each image
was stitched together. Untreated primary neurons were stained with MAP2 (red),
spinophilin (green) and NeuN (orange) (1). A representative diagram of a whole well
overlaid with a grid. Views were selected for imaging at well coordinates located within
the orange hemisphere (2); scale bar = 1mm. b, A diagrammatic representation of flat
field correction (1) and an example of a multi- (2) and single (3) channel image before
and after flat field correction; scale bar = 200μm. c, Scripting for quality control - a number
of non-cell derived objects are found in fluorescent images, likely from contamination
with dust at cell treatment and fixation/staining or residual sticky BH (1-4). Ensuring
image artefact removal at scripting was an important step for data quality. A large,
intense object was identified in the NeuN channel, scale bar = 100μm, (5), which was
removed (6) by setting thresholds to discount objects that were very intense (7) or very
large (8). d, Plate layout effects - a heat map of neuronal counts (1) in the same spatial
organisation as a plate (2). There is a drift and side effect in rows B and G, where there
were far fewer neurons present. As negative controls were in G10 and G11 where very
few neurons were present (3) this plate was deemed unusable and removed from further
analysis.

4.6 Data handling
4.6.1 General data handling
Data handling methods were defined to ensure reproducibility. Although raw data scores
were typically consistent across experiments, in some cases, certain plates had atypical
parameter values, making normalisation of data attractive. For example, in a pilot
experiment, certain samples produced relatively lower means than average (Fig. 37a-b,
d-e: sample 17 is media-treated) in independent cell cultures. However, the intra-plate
(Fig. 37a) variability of technical replicates was reasonable (Fig. 37a), as was the interplate variability (Fig. 37b). Individual plates could have lower raw readouts compared to
other plates in one batch (Fig. 37b-d: plate B), however, upon normalisation this interplate variability decreased (Fig. 37e). Normalisation of data was therefore used for all
subsequent experiments.
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Specifically, normalised values of the responses for samples were calculated by
assigning the original data by the means of the media-treated control wells of the same
plate. Sample response data equal to the media control mean responses were
normalised to a value of 100% (or 0% for agonistic readouts) which represented no
effect. The data normalisation method also aided in the quantitation of internal assay and
endpoint variability which was critical for modelling the concentration response for each
compound. For each endpoint, the normalised values of media control wells were
pooled, and the SD of the pooled values was calculated as a measure of variability for
each endpoint.

4.6.2 Curve fitting
The concentration-response of samples was modelled using equations, where the initial
data satisfied the assumptions of the models, in order to acquire standard BH toxicity
curves from the Columbus image analysis algorithms and determine the concentration
of the sample that provoked a 50% effective change (EC/IC50) in the response.
Measuring standard curves and EC/IC50 values permitted identification of best working
concentrations for specific assays reported in chapters 5-7. Positive and negative control
data allowed the normalisation of each response to run between 0 and 100%. All
concentrations were transformed to logarithm: curve fitting ultimately requires this
transformation. Most data produced inhibitory dose-response curves (e.g. healthy
neuron count or dendritic spine density), however, some readouts produced agonistic
responses (e.g. dead neuron count and neurite fragmentation). Many curves have
standard slopes of 1 [for agonistic responses (Fig. 38a)] or -1 [for antagonistic responses
(Fig. 38b)], however, the curve fit model used did not assume this. Visual inspection of
the curves generated by the optimised parameter values showed several points that
were potential outliers. An outlier-finding procedure, based on the quality of the model
fit, was used to identify outliers. Points that were poorly fitted by the model were
considered outliers and were omitted.
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Figure 37 | Intra- and inter-plate variation
A batch of cells was plated on four plates, which were later treated, fixed, stained and
imaged and run through the dendritic spine analysis script in Columbus. a, Raw dendritic
spine density values plotted per sample (1-17) showing the mean±SD. b, The raw
dendritic spine density values of all four plates (A-D) are plotted per sample (1-17)
showing the mean of each plate. c, Heatmaps of samples in the sample orientation at
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the plate (plates A-D), where darker colours indicate lower spine density and lighter
colours, high spine density. d, A heatmap of the raw mean values of samples 1-17 for
each plate. e, A heatmap of the mean normalised values of samples 1-17 for each plate.

Figure 38 | A dose-response model for BH toxicity
In the two equations the normalised response of a sample was plotted over its
log[concentration]. Y is in the units of the normalised response and X in the units of
log[concentration]. The logEC50 (a) or logIC50 (b) values, as well as the hillslope of the
curve, were computed. In GraphPad PRISM, the equation in a is called “log(agonist) vs.
normalised response – variable slope’ whereas the equation in b is called “log(inhibitor)
vs. normalised response – variable slope’.
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4.7 Automated image analysis of multiple phenotypes of prioninduced neurotoxicity
4.7.1 Prion-infected brain homogenate is more neurotoxic than mockinfected brain homogenate
In a large validation experiment to confirm whether the neurotoxicity detection
algorithms, described in sections 4.4.1-4.4.4, were robust to measure prion-induced
toxicity, hippocampal-cortical neurons were treated with serial dilutions of RML prioninfected and control mock-uninfected BH, done over multiple independent tests (cell
cultures) per concentration to create standard toxicity curves. This facilitated estimating
brain tissue-induced effect sizes and validated the specificity, reproducibility, limits of
detection, working range and precision of the multi-parametric image anaylsis assay.
Both RML and control BH induced toxicity to cells (Fig. 39) although there was a clear
disparity between the toxic strength of each BH. RML induced more neuron death
compared to control BH in terms of the overall neuron population (Fig. 39a) and health
of nuclei (Fig. 39b). The extent to which neurites fragmented was higher on average for
RML BH-treated neurons compared to control (Fig. 39c), as was the extent of neurite
shortening (Fig. 39d), neurite root reduction (Fig. 39e) and branch degeneration (Fig.
39f). RML BH also induced significantly more dendritic spine loss than control in terms
of total spines and spine density (Fig. 39g-h).
The non-linear regression model was unable to adequately fit the neuron count or neurite
length profile of control BH (Fig. 39a and d), likely due to the large variability at higher
concentrations of BH. Control BH toxicity was in fact highly variable in the majority of
assay outputs at the highest concentrations tested (Fig. 39a, c-f). Overall, RML BH
toxicity could be discerned from that of control through multiple analyses, at multiple
levels of degeneration and through a wide dynamic range; the majority of analyses found
significant differences between RML and control toxicity at concentrations over 0.005
and under 0.1% (w/v) BH. Dendritic spine density analysis was the most sensitive,
distinguishing RML and control BH toxicity over the full concentration range tested, which
spanned 3 logarithms (Fig. 39h). The analyses in Fig. 39 were taken forward to test
prion-induced toxicity kinetics (reported in chapter 5), neurotoxicity-modifying
therapeutics (reported in chapter 6) and the potential toxicity of infectious prion structures
(reported in chapter 7).
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Furthermore, in subsequent analyses, the frequency of small, short and low-contrast
spine heads was higher for RML BH treatment compared to control (Fig. 40a-b and d),
although there was no difference in the in intensity or roundness (Fig. 40c and e).
Furthermore, RML BH induced spine loss to a greater degree than control no matter the
dimension (width to length ratio) of spines (Fig. 41). Furthermore, the neurotoxicity of a
range of classical toxins was readily measurable by this image analysis assay (Fig. 42)
providing further validation for this method of neurotoxicity detection.
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Figure 39 | RML-infected brain homogenate titration
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10-13 day old cortical-hippocampal neurons were treated with control mock-infected and
RML-infected BH over a range of concentrations for 72 hours before fixation and staining.
15 views were acquired from every well in each plate and conditions (BH dilutions) were
tested in at least technical triplicate on each plate. Images were run through analysis
scripts that counted neurons (a), calculated neuron nucleus area (b), neurite
fragmentation (c), length (d), root number (e) and branch level (f), counted dendritic
spines (g) and calculated their density along dendrites (h). Data is the percentage
difference from media-only control and shown as mean±SEM of n=6-12 independent
tests (cell cultures); two-way ANOVA uncorrected Fisher’s LSD between matched
concentrations; *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; Data was transformed to
log10

and

non-linear

regression

modelled

by

Y=Bottom + (Top-

Bottom)/(1+10^((LogEC50-X)*HillSlope)); F-test computed P value to test whether bestfit values of selected unshared parameters differed between the two data sets; boxed
numbers indicate logEC50.

Figure 40 | RML-infected brain homogenate alters spines
15 day old cortical neurons were fixed and stained after a 72hour treatment with 0.01%
w/v control mock-infected or RML-infected BH. Spines were segmented and profiled, for
example, the area (a), length (b), roundness (c), contrast (d) and intensity (e) was
measured for each spine; n=500 spines per group from at least 5 neurons per condition;
raw data was plotted as cumulative frequency; Kolmogorov-Smirnov testing compared
the distributions of the two groups. RML BH reduced the size, length and contrast of
spines but did not alter roundness or intensity.
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Figure 41 | RML-infected brain homogenate induces the loss of multiple classes
of dendritic spines
10-13 day old cortical-hippocampal neurons were treated with control mock-infected and
RML-infected BH over a range of concentrations for 72 hours before fixation and staining.
15 views were acquired from every well in each plate and conditions (BH dilutions) were
tested in at least technical triplicate in each experiment. Images were run through
analysis scripts that counted dendritic spine heads and calculated their dimensions
before classifying them as globular (a), stubby (b), protrusive (c) or immature (d) based
on their width to length ratios. Data is the percentage difference from media-only control
and shown as mean±SEM of n=6-12 independent tests per concentration; two-way
ANOVA Fisher’s LSD between matched concentrations; *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001; Data was transformed to log10 and non-linear regression modelled by
Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope)); F-test computed P value to
test whether best-fit values of selected unshared parameters differed between the two
data sets; boxed numbers indicate logEC50.
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Figure 42 | Automated imaging and analysis identifies neurotoxicity of classical
toxins
12 day old cortical neurons were treated with a four-point titration, from 0.1 to 100µM, of
four classical toxic molecules for 48 hours before fluorescent staining and imaging.
Images were run through analysis scripts that counted neurons (a), calculated neuron
nucleus area (b), neurite fragmentation (c), length (d), root number (e) and branch level
(f), counted dendritic spines (g) and calculated their density along dendrites (h). Each
condition was tested in technical quadruplicate and in each technical replicate 15 images
were taken. In total 240 images were analysed per condition. Data is the percentage
difference from media-only control and shown as mean±SEM of n=4 independent tests
per concentration; Data was transformed to log10 and non-linear regression modelled
by Y=Bottom + (Top-Bottom)/(1+10^((LogEC50-X)*HillSlope)).
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4.7.2 PrPC-dependent prion-induced toxicity
PrPC expression in neurons has been shown to be a mediator neuropathology in
vivo174,238. Therefore, before progressing the developed assay reported in this chapter,
the specificity of the developed method to PrPC expression was addressed. Cells that
either expressed or did not express PrPC, Prnp+/+ (PrPWT in Fig. 43) and Prnpo/o (PrPKO
in Fig. 43), respectively, were treated with a 5-point titration of RML and control BH for
72 hours. Cells were subsequently stained before acquiring images, which were run
through the standard Columbus analysis scripts reported in sections 4.4.1-4.4.4. Raw
data was normalised, concentration was transformed to log and the mean±SD of
technical replicates was used to compute the effective concentrations of both the control
and RML BH samples for each genotype. The concentration of RML and control BH
required for a 50% effect change in neuron count was the same when tested in PrPKO
cells but different in PrPWT cells (Fig. 43a). This was concurrent when measuring neurite
length (Fig. 43b), neurite fragmentation (Fig. 43c) and dendritic spine density (Fig. 43d)
after RML and control BH treatment. PrPKO cells were far less sensitive to RML BH
compared to PrPWT cells (Fig. 43a-d). In general, the logEC50 of RML BH tested in PrPKO
cells, control BH in PrPKO cells and control BH in PrPWT cells was the same: the logEC50
of RML BH tested in PrPWT cells was over 1 logarithm lower for the neuron count, neurite
fragmentation and dendritic spine density assays (Fig. 43a, c-d) and over 2 logarithms
lower for the neurite length assay (Fig. 43b). In strong support of these results, raw
neuron count, neurite length, neurite fragmentation and dendritic spine counts of mediatreated negative controls were the same for both genotypes (Fig. 43e).
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Figure 43 | RML BH-induced neurotoxicity is dependent on the expression of PrPC
PrPC wild-type (PrPWT) and knock-out (PrPKO) cortical-hippocampal neurons were
maintained in culture for 10 days before a 72 hours treatment with control and RML BH
over a 5-point titration from 0.001 to 0.05% w/v or with media only. Cells were then fixed
and stained with the standard panel of antibodies: anti-NeuN, MAP2 and spinophilin. 15
images were collected per technical replicate and there were 5 technical replicates per
condition. A total of n=3 independent tests were undertaken; thus 225 images were
analysed per condition. Images were analysed with the standard Columbus analysis
scripts.

A

logEC50

value

was

computed

by

Y=Bottom + (Top-

Bottom)/(1+10^((LogEC50-X)*HillSlope for each image analysis readout. Data is shown
as the mean±SEM of n=3 logEC50 values for the neuron count (a), neurite length (b),
neurite fragmentation per neuron (c) and dendritic spine density (spines per μm of
dendrite) (d). The mean of the raw counts±SEM for each of the four readouts are shown
in e. All statistics correspond to independent two-tailed t-tests between control and RML
BH within each genotype and between RML BH-treated PrPWT and PrPKO cells.
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4.8 An overview of the method: from cells to statistics
This chapter reports a highly automated microscopy and image analysis assay of prioninduced neurotoxicity, where multiple prion-induced neurotoxic phenotypes can be
measured in tandem. The reported method (with additional information provided in an
appendix at the end of this thesis), was used for all neuron toxicity experiments reported
in subsequent chapters.
In summary, cells derived from embryonic hippocampi and/or cortices were dissociated
and plated at 300 cells/mm2 (Fig. 44a), maintained in culture for at least 10 and up to 12
days in vitro (Fig. 44b) before treatment with prion-infected and control BH at various
dilutions, with or without additional manipulation (Fig. 44c). Cells were fixed and stained
with three neuronal antibodies: NeuN, MAP2 and spinophilin, using a defined protocol,
allowing the visualisation of nuclei, neurites and dendritic spines (Fig. 44d). Image setup was done in Harmony software (Fig. 44e) and images were acquired on an Opera
Phenix high content microscope (Fig. 44f) and sent to Columbus (Fig. 44g) for analysis.
Images were viewed under Acapella image analysis scripts, where a model-based
segmentation was used to confirm the accuracy of region and object segmentation (Fig.
44h) prior to running the scripts (Fig. 44i). Cells and images underwent strict quality
control checks (Fig. 44j) before export and statistical analysis (Fig. 44k).

Figure 44 | Automated microscopy and image analysis of prion-induced
neurotoxicity
Cells derived from embryonic hippocampi and/or cortices were dissociated and plated
(a) and maintained in culture for 10-13 days (b) before treatment with prion-infected and
control brain homogenates of varying dilutions (c). Cells were fixed and stained under a
defined protocol (d) before setting up imaging in Harmony software. Images were
acquired on an Opera Phenix (f) and sent to Columbus (g) for analysis. Acapella scripts
were then loaded to Columbus where a model-based segmentation was used to confirm
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the accuracy of region and object segmentation (h). Once accuracy of scripts was
confirmed, scripts were run (i). Data was first viewed as a heat-map in the same
orientation of the plate to confirm signal to noise levels and inspect plate effects (j) before
statistical analysis (k).

4.9 Discussion
In this study, novel analysis algorithms were developed and validated for the automatic
and unbiased measurement of prion-induced neurotoxicity in cortical and hippocampal
neurons in vitro. The analysis measured dose- (Fig. 39) and PrPC-dependent (Fig. 43)
BH-neurotoxicity, as well as the toxicity of multiple classical toxins (Fig. 42). The toxicity
of prion-infected and control mock-infected BH could be distinguished through a wide
concentration range, spanning three logarithms of concentration (Fig. 39). The results
indicated at which concentrations the toxicity of the two types of BH were best
discriminated. PrPC conversion to disease-associated PrP is an absolute requirement for
prion disease progression to clinical symptoms as mice that do not express PrPC are
resistant to prion infection172. PrPC expression in neurons is also a key mediator of the
neuropathologic cascade174 and has been shown as necessary in some in vitro models
of prion disease238. The robust prion-induced toxicity assay shown here, extends these
results and provides conviction to take this assay forward.
A previously reported assay enabled the detection of toxicity through a limited
concentration range and of a single toxic phenotype273. However, the system reported
here detected toxicity of more dilute BH and over a wider dynamic range – this will enable
the isolation and purification of toxic-inducing species in prion infected brains. This
system was also able to analyse prion-induced neuron toxicity at many levels in tandem;
from neuron population changes to nuclear damage, neurite degeneration and at the
level of the synapse, generating sophisticated and rich cellular analyses260. This system
can be easily manipulated for candidate therapeutic screening and to intricately measure
disease-relevant toxicity by for example, profiling single cells, nuclei and smaller objects
such as synapses and dendritic spines. In the context of cell death research, the design
of this high content approach, considers the highly dynamic and multifaceted nature
of neuron death, using multiple markers to monitor neuronal morphology, allowing
multiple avenues of hypothesis-testing.
The method presented here clearly outlines the procedures to ensure high quality data.
For example, quality control check-points (Fig. 36) and data normalisation methods (Fig.
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37) were described. BH itself is non-homogeneous and could have a wide variation when
testing in cell cultures of different batches (Fig. 37). However, that strict quality controls
points were in place at cell culture, imaging and analysis (Fig. 36), ensured that any
variation in data originated from only BH, making interpretation of results simpler.
These studies provide insight into the nature of the prion disease toxicity. For example,
RML BH induced more apoptotic cell death compared to control BH, supported by the
manifestation of neurotoxicity in culture: the fragmentation of neurites and pyknosis of
nuclei. This study has not attempted to examine the mechanism of toxicity specifically to run such a study, the toxic-inducing species in prion disease must be first identified,
which will only be possible once the kinetics of toxicity are mapped over the course of a
prion infection, expediting the isolation of a toxic entity that matches the observed kinetic
profile. The entity must also be characterised structurally, to enable insightful functional
studies. It can be anticipated that this sophisticated high-content microscopy method
will assist in our understanding of the mechanisms that govern prion-induced
neurotoxicity, the function of PrPC itself, and aid in the identification of neuronal death
therapeutic targets and the screening of candidate modulatory drugs.

146

5 A kinetic model of RML strain neurotoxicity
5.1 Towards meeting the criteria defined for a PrPL toxicity assay
The multi-phenotypic imaging assay of prion-induced neurotoxicity discussed in Chapter
4 (Fig. 39) distinguished RML BH toxicity from that of control through three logarithms of
concentration. It used an appropriate cellular model (primary hippocampal-cortical
neurons) that required the expression of PrPC to output prion disease-relevant neurotoxic
readouts (Fig. 43). Thus, all criteria that were set forth for an assay of PrPL toxicity (Fig.
8) were satisfied by this approach apart from the final criterium: the ability to measure
prion-induced toxicity kinetics through the course of prion infection. It has been
hypothesised that little or no PrPL should be present before the plateau phase and should
increase in concentration in a linear fashion during the plateau phase17,24,115. If the new
kinetic data showed this trend, it would consistent with this model. Ultimately, the final
developed assay should facilitate the isolation and purification of PrPL. It was
hypothesised that a brain collected before prion titre saturated would have toxicity
comparable to non-infected brain, and that after prion titre saturation, the toxicity of
infected brains would increase in direct proportion to time on the plateau.

5.2 Time-course experiments of PrPL toxicity
Time-course brain samples of RML strain prion infection were assayed through the
neurotoxicity imaging assay reported in Chapter 4. Three datasets were generated from
these samples to examine RML prion toxicity kinetics over the course of infection. The
first two datasets were used as pilot studies to provide information on best assay set-up
and data methods to proceed to a more extensive time-consuming final experiment. The
first dataset (dataset1) probed the toxicity of single animal BHs derived from experiment
195, that were previously assayed for infectivity by SCA and SCEPA (Fig. 45), total
disease-associated PrP and PrPSc levels by ELISA (Fig. 45) and for neuropathology by
histology24. The animals were culled at 20, 40, 95- and 125-days post inoculation and
clinical end point, which corresponded to: 1, the beginning of infection; 2, during the
exponential rise in prion titre; 3, at the start of the plateau in prion titre; 4, during the
plateau and 5, end of plateau. For controls, mice were inoculated with uninfected BH and
culled at time-matched durations. There were between 4-5 mice per group. The second
two datasets probed the toxicity of BH prepared from mice brains collected in experiment
274. In this experiment, mice were inoculated with RML-infected or uninfected BH and
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culled at 8 hours and then in 20day increments until 200 days post inoculation (or until
scrapie sickness was confirmed). BHs were prepared from the left-brain hemisphere of
6 mice per group: 0.83, 20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 dpi. BHs were
aliquoted in two ways: ‘pooled’ by cull group where all 6 individual BHs were aliquoted
in equal volumes to the same tube (dataset 2) or as single animal BHs (dataset 3). All
individual animal BHs were first examined for infectivity by SCA and SCEPA (Fig. 46)
before assaying for toxicity. Brain tissue was also used to calculate PrP protein
concentration, for RNA and epigenetic analysis and histological examination (data not
shown in this thesis). Dataset 1 and 2 were utilised as pilot experiments to examine the
most appropriate approaches to understanding toxicity kinetics. Through this, assay setup and data handling procedures were take forward for the analysis of the full kinetic
experiment, dataset 3.

Figure 45 | RML prion infection of exp195
RML- and mock-infected mice were culled at defined time points or at onset of disease
and prion titres were determined using scrapie cell assay (SCA) or scrapie cell assay in
end-point format (SCEPA) for low-titre samples. Prion titres were closely similar to those
described previously17 (closed circles; dotted lines). Total PrP comprising PrPC, classical
PK-resistant PrP (PrPSc) and disease-related but PK-sensitive PrP isoforms were
determined by ELISA (closed circles; solid lines). In addition, PrPSc was quantified after
PK digestion by ELISA (open circles; solid lines). The mean incubation period for these
mice was 168±2.5 days±SD. Total PrP and PrPSc levels are presented relative to a
clinical end-point reference ±SEM. Prion titre plateaued at approximately 75dpi (Purple
arrow). There was detectable spongiform vacuolation after 85dpi (Red arrow) and
synapse loss after 125dpi (Orange arrow). This figure is taken from Sandberg et al
(2014), Nature Communications24.
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Figure 46 | Prion propagation kinetics during the RML infection of exp274
RML- and mock-infected mice were culled at defined time points or at various dpi after
confirmation of scrapie sickness (Purple bracket). Prion titres were determined using
scrapie cell assay (SCA) for expected high-titre samples (>60dpi) or scrapie cell assay
in end-point format (SCEPA) for expected low-titre samples (0-60dpi). SCA results were
taken as the titre after the 3rd split and SCEPA results as the titre after the 5th split. Prion
titre saturated at approximately 80dpi (Purple arrow). Mice were culled at varying dpi
after confirmation of scrapie sickness (Purple bracket). The mean incubation period for
these mice was 152±12.5 days±SD.

5.3 Data handling
5.3.1 General data handling
All single animal BH from dataset 1 were tested at 0.01% (w/v). Pooled BH from dataset
2 were tested as serial dilutions running through 0.001 - 0.05% (w/v) and the
corresponding single animal BH from dataset 3 were tested as serial dilutions running
through 0.001 - 0.1% (w/v). Positive and negative controls were included. For all image
analyses, counts and calculations were firstly averaged between all 15 fields of view
taken in each well. The technical replicates of each treatment condition (total wells per
condition) were then averaged and normalised on a per plate basis between a negative
(media) and positive control (each set at 100% or 0% dependent on assay). Agonistic
responses (e.g neurite fragmentation) were then transformed by Y=100-Y to enable
comparisons to inhibitory responses (e.g dendritic spine density) and collation for toxicity
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indexing. Data was reported two ways: as effect change scores (datasets 2 and 3) or
specific concentrations (e.g. 0.01% (w/v)) (all datasets). LogEC50 values were
computed for titrated BH of datasets 1 and 2 by Y=100/(1+10^((LogEC50-X)*1)). The
assumptions of the non-linear regression model were met: concentrations were
transformed to log, the response was normalised, the direction of response and sample
size were pre-determined. The mean±SEM of values from all independent tests (dataset
2) or all single animals (datasets 1 and 3) were plotted. For dataset 3, a number of
individual mice were culled at varying dpi after confirmation of scrapie sickness (Fig. 46:
purple bracket); these mice were regrouped into 10day bins based on their incubation
periods.

5.3.2 A kinetic model of PrPL toxicity
An appropriate non-linear regression equation was used to model brain toxicity
progression over time (Fig. 47); pilot datasets (dataset 1 and 2) were used to initially
test the fit of the model and later to incorporate the extensive study (dataset 3). The
equation was chosen as it was expected that infected brain toxicity would be at baseline
levels, “Y0”, until a time, “X0”, when generation of the toxic species, PrPL, commenced.
The response (generation of toxic units) was followed by a plateau in the equation: the
utmost response (toxicity) at a finite number of days post infection fitting with the previous
hypothesis, in which PrPL is generated in direct proportion to PrPC concentration, but that
the concentration threshold for toxicity required to cause clinical disease did not change
irrespective of PrPC concentration. The equation was capable of modelling the kinetics
of the interaction between PrPL and its receptor (unknown: hypothesised to be PrPC
itself) or the production of PrPL itself: the interaction between the substrate for PrPL
production, PrPC, and the catalyst of the reaction, PrPSc. The non-linear model facilitated
the derivation of X0, thus allowing an unbiased approach to estimate at what time PrPL
activity or production commenced.
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Figure 47 | A hypothetical non-linear kinetic model of RML toxicity - Y= IF(X<X0,
Y0, Plateau+(Y0-Plateau)*exp(-K*(X-X0)))
X0 is the time at which the decay begins expressed in the same time units as X. Y0 is
the average Y value up to time X0. It is expressed in the same units as Y. Plateau is the
Y value at infinite times, expressed in the same units as Y. K is the rate constant,
expressed in reciprocal of the X axis time units. If X is in minutes, then K is expressed in
inverse minutes. Span is the difference between Y0 and Plateau, expressed in the same
units as Y.

5.3.3 Toxicity index methods
Several methods were applied to generate indices from combinations of the multiple
parameters of neurotoxicity that were outputted by high content analysis. This granted
an opportunity to decrease the noise and increase the power of the high content image
analysis datasets in relation to measuring of prion-induced toxicity over time. In the first
example shown in Fig. 48, index 1 was generated by averaging the data from three
already-normalised toxicity readouts. In the second example, index 2, samples (mice)
were ranked out of ten, from highest to lowest (total of ten samples) before averaging.
Finally, a toxicity scale, was built by weighting toxicity assays differently. For example,
cell death readouts (neuron count or nuclear area) were weighted more highly than cell
damage readouts (neurite fragmentation or dendritic spine loss). As in prion disease
neuron death is preceded by neuronal damage253 this system may better approximate
actual brain tissue toxicity. This approach was used to parallel a precise method called
the ‘MRC prion disease rating scale’ that scores prion disease progression in patients296.
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Figure 48 | Hypothetical methods for toxicity indexing
BH from each mouse was tested in three toxicity assays and received a normalised score between 0 and 100%. Index 1 is the average of the three
assays. Mice were ranked from 1 to 10 in each assay. Index 2 is the average of these ranks. For index 3, each toxicity assay was weighted differently
(toxicity assay 1 divided by 10, 2 by 20 and 3 by 40) before averaging.
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5.4 RML strain toxicity kinetics of pilot dataset 1 – single animals of
exp195
BHs from dataset 1 were originally supplied as blind. It was only after cell culture
treatment with BH that the samples were unblinded. As automated image analysis is
largely unbiased, dataset 1 was used as a point of reference for the second two
datasets. The profiles of the four toxicity assays displayed (Fig. 49a-d) were different,
but all showed that RML-infected BH in general is more toxic than control, largely
irrespective of the day culled post inoculation. Individual profiles were noisy (Fig. 49a-d)
but after toxicity indexing, became less so (Fig. 50). The toxicity indices showed a
general trend of increasing toxicity over days post inoculation. RML-infected BH toxicity
compared to mock-infected BH became more different over time (Fig. 50b-d). The
unbiased non-linear found that brain toxicity in RML infection commence around 90dpi
(Fig. 51).

Figure 49 | Neurotoxicity assay of pilot experiment 195 (dataset 1)
Images were taken of fixed and stained cortical cells that were treated for 72 hours with
either control mock-infected (grey) or RML prion-infected BH (red) that had been culled
at 20, 40, 95- and 125-days post inoculation or at clinical end-point (180 timed cull
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group). Images were analysed for neuron count (a), nuclear area (b), neurite length per
neuron (c) and neurite fragmentation per neuron (d) and plotted over days post
inoculation. Raw data was normalised between 0 and 100% and shown as mean±SEM
of n=4-5 mice per group tested at 0.01% w/v.

Figure 50 | Toxicity indexing of pilot experiment 195 (dataset 1)
Toxicity indices were generated from the neuron count, nuclear area, neurite length and
neurite fragmentation per neuron assay data from Fig. C3.5. a, A description of the methods used
for indexing. b-d, Toxicity indices 1 (b), 2 (c), and 3 (d) plotted over days post inoculation. Raw
data was normalised between 0 and 100% and shown as mean±SEM of n=4-5 mice per group
tested at 0.01% w/v.

154

Figure 51 | Kinetic model for toxicity indices of dataset 1
Toxicity indices 1 (a) and 2 (b), were run through a non-linear kinetic model in which the
time (X0) at the point when toxicity increased from the baseline (Y0) was computed. Raw
data was normalised between 0 and 100% and shown as the mean±SEM of n=4-5 mice
per group tested at 0.01% w/v.

5.5 RML strain toxicity kinetics of pilot dataset 2 – pooled BH of
exp274
The kinetic profiles of RML BH analysed by the six imaging toxicity assays displayed in
Fig. 52-53 were different but showed that RML-infected BH in general was more toxic
than control. RML BH toxicity also increased at increasing days post inoculation,
whereas control toxicity remained constant over time. For example, neuron count and
neurite fragmentation logEC50s showed that RML BH was as toxic as control up to 100
days, where it then became greater than the control baseline, increasing in a linear
fashion (Fig. 52b and f). Individual assay results were noisy but after toxicity indexing,
become less so (Fig. 54-55).
The data method in which the toxicity response at a single concentration (0.05% w/v),
reported similar overall profiles and similarly, the non-linear equation that computed the
day at which toxicity became greater than baseline, was also the same (120dpi) (Fig.
54). However, for the data method that took the effect change concentration (logEC50)
and plotted that over time, the non-linear equation that computed the day at which toxicity
became greater than baseline, was very different, spanning 71 to 119dpi (Fig. 55).
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Figure 52 | Columbus neurotoxicity assays of dataset 2
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. 6 single animal BHs were pooled per timed group and
assayed in 3-4 independent tests. Images were analysed for neuron count (a-b), nuclear
area (c-d), neurite length per neuron (e-f) and neurite fragmentation per neuron (g-h)
and plotted over days post inoculation. Raw data was normalised between 0 and 100%
and shown as the mean±SEM of n=4 tests per group tested through multiple serial
dilutions from 0.001 to 0.05% (w/v). a, c, e and g show the toxic response at 0.05% (w/v)
and b, d, f and h show logEC50.
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Figure 53 | Columbus synaptotoxicity assays of dataset 2
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. 6 single animal BHs were pooled per timed group and
assayed in 3-4 independent tests. Images were analysed for dendritic spine density (ab) and total spine area (c-d) and plotted over days post inoculation. Raw data was
normalised between 0 and 100% and shown as the mean±SEM of n=4 tests per group
tested through multiple serial dilutions from 0.001 to 0.05% (w/v). a and c show the toxic
response at 0.05% (w/v) and b and d show logEC50.
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Figure 54 | Toxicity indexing of BH tested at 0.05% (w/v) from dataset 2
The six assay readouts at 0.05% (w/v) of BH, from Fig. C3.8 and 9, were indexed as
described by the method in Fig. C3.4. a, The average of all 6 normalised readouts. b,
The average rank. c, The rank scale. d-f, An equation modelled the RML-infected BH
kinetics of a-c, respectively, where X0 represented the time in days at which toxicity
became greater than baseline. Mean±SEM of n=4 tests per group.
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Figure 55 | Toxicity indexing of the logEC50 of BH tested through multiple serial
dilutions from dataset 2
The logEC50 of the BH tested through the six assay readouts from Fig. C3.8 and 9,
were indexed as described by the method in in Fig. C3.4. a, The average of all 6
normalised readouts. b, The average rank. c, The rank scale. d-f, An equation modelled
the RML-infected BH kinetics of a-c, respectively, where X0 represented the time in days
at which toxicity became greater than baseline. Mean±SEM of n=4 tests per group.
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5.6 RML toxicity kinetics of dataset 3 – single animals of exp274
5.6.1 The assignment of control toxicity to zero to generate a readout of
PrPL toxic units
The baseline of control toxicity was removed from RML-infected BH samples by
subtraction. This was desirable as it facilitated the generation of toxic unit quantitation
(Fig. 56-66c-d) rather than the presentation of data as the toxicity of both RML and
control BH response (Fig. 56-66a-b). This approach was similar to the classic data
manipulation methods used in the SCA where infectious units are generated by
subtracting control background levels of PrPSc spot detection. In future this should
facilitate a consistent approach to measuring toxicity. For example, if PrPL is identified,
its protein concentration will be measurable and could be directly applied to correlate to
toxic units. Thus, allowing the calculation of how many PrP molecules correspond to a
toxic unit. However, at the moment PrPL is still hypothetical - this approach assumes that
the toxic species will be proven to be a PrP species.

5.6.2 Multiple neurotoxicity image assays map the toxicity kinetics of RML
BH
A large set of BH samples were assayed to analyse RML strain toxicity kinetics. There
were 132 BHs in total, including 66 from each control mock-infected and RML-infected
group. The BHs were prepared from the brains of mice that had been culled at multiple
time groups or for RML-infected mice that were confirmed as scrapie sick. Serial dilutions
of BH were assayed for toxicity in the high content imaging assay. Two methods of data
presentation were used – the toxicity response at 0.05% (w/v) BH (Fig. 56-66a and c) or
the logEC50 (Fig. 56-66b and c). The data was also presented as the response of
individual mice (Fig. 56-66a-b) or as toxic units in groups (Fig. 56-66c-d). The profiles
displayed in Figures 56-66a and b differed between neurotoxicity assay outputs but in
general described RML-infected BH, at later dpi, as more toxic than control and RML BH
at earlier dpi. Control toxicity remained essentially constant over time.
Both the individual toxicity assay and data method (response at a single concentration
or effect change) reported altered toxicity profiles. There were numerous single RMLinfected animals (most of which were scrapie sick) that were extremely toxic (a good
example is shown in Fig. 57a), although among assay readouts these mice were not
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necessarily the same. The transformation of toxicity response to toxic units and its
plotting as timed groups (of either 20-day timed culls, or as 10-day regrouped bins at
later time points when mice were culled because of their scrapie-sickness) facilitated a
cleaner view of potential trends in toxicity over time (Fig. 56-66c-d). The average
logEC50 per time group (Fig. 56-66d) seemed to give cleaner data than focusing on a
single BH concentration (Fig. 56-66c). By visualising data as toxic units calculated from
logEC50, for example, the neuron count (Fig. 56d), neurite length (Fig. 60d), neurite
root (Fig. 628d), dendritic spines per µm (Fig. 64d) and per µm2 (Fig. 65d) there were
some obvious trends of RML BH toxicity over time. The non-linear equation that
computed the day at which toxicity became greater than baseline, varied among data
that was shown per individual animal and groups and as logEC50 and 0.05% (w/v). In
general, the non-linear equation found that toxicity became greater than baseline after
80dpi.
Individual assay results were noisier than the toxicity indices that were built from them
(Fig. 67). The data method in which toxicity index 2 was used to show the response at a
single concentration (0.05% w/v) in toxic units, reported a clear trend of RML toxicity
kinetics. This method showed that toxicity became greater than baseline only after 79dpi
(Fig. 67d). The data methods in which toxicity index 1 and 2 was used to show the toxic
units generated from individual logEC50 scores, reported a clear trend of RML toxicity
kinetics. This method showed that toxicity became greater than baseline after 139dpi for
index 1 (Fig. 67a) and after 76dpi for index 2 (Fig. 67c). The non-linear equation could
not model RML kinetics after the generation of toxicity index 3, in which assay outputs
were weighted differently depending on their neuron toxicity severity.
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Figure 56 | Kinetics of RML strain neurotoxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. The neuron count was analysed from 15 images taken per technical
replicate of each condition tested (BH dilution). All raw data was normalised between 0
(media only) and 100% (0.1% (w/v) BH) on a per plate basis. a, The neuron count toxicity
at 0.05% (w/v) of each individual mouse plotted over days post-inoculation. b, The
neuron count logEC50 of each individual mouse plotted over days post-inoculation. c,
The normalised neuron count toxicity at 0.05% (w/v) of each individual RML-infected
mouse was subtracted from the average of all control mock-infected mice and plotted as
the mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. d,
The neuron count logEC50 of each individual RML-infected mouse was subtracted from
the average of all control mock-infected mice and plotted as the mean±SEM of each
timed cull or for scrapie-sick mice as 10-day regrouped bins. An equation modelled the
RML-infected BH kinetics, where X0 represented the time in days at which toxicity
became greater than baseline; red line in a-b and black in c-d.
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Figure 57 | Kinetics of RML strain neuron nucleus toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. The nucleus area of each neuron counted was analysed from 15
images taken per technical replicate of each condition tested (BH dilution). All raw data
was normalised between 0 (media only) and 100% (0.1% (w/v) BH) on a per plate basis.
a, The nucleus area toxicity at 0.05% (w/v) of each individual mouse plotted over days
post-inoculation. b, The nucleus area logEC50 of each individual mouse plotted over
days post-inoculation. c, The normalised nucleus area toxicity at 0.05% (w/v) of each
individual RML-infected mouse was subtracted from the average of all control mockinfected mice and plotted as the mean±SEM of each timed cull or for scrapie-sick mice
as 10-day regrouped bins. d, The nucleus area logEC50 of each individual RML-infected
mouse was subtracted from the average of all control mock-infected mice and plotted as
the mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. An
equation modelled the RML-infected BH kinetics, where X0 represented the time in days
at which toxicity became greater than baseline; red line in a-b and black in c-d.
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Figure 58 | Kinetics of RML strain neurite fragmentation
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. Neurite fragmentation was analysed from 15 images taken per
technical replicate of each condition tested (BH dilution). All raw data was normalised
between 0 (media only) and 100% (0.1% (w/v) BH) on a per plate basis and then
transformed by Y=100-Y. a, Neurite fragmentation at 0.05% (w/v) of each individual
mouse plotted over days post-inoculation. b, Neurite fragmentation logEC50 of each
individual mouse plotted over days post-inoculation. c, The normalised neurite
fragmentation toxicity at 0.05% (w/v) of each individual RML-infected mouse was
subtracted from the average of all control mock-infected mice and plotted as the
mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. d, The
neurite fragmentation logEC50 of each individual RML-infected mouse was subtracted
from the average of all control mock-infected mice and plotted as the mean±SEM of each
timed cull or for scrapie-sick mice as 10-day regrouped bins. An equation modelled the
RML-infected BH kinetics, where X0 represented the time in days at which toxicity
became greater than baseline; red line in a-b and black in c-d.
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Figure 59 | Kinetics of RML strain neurite fragmentation per neuron
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. Neurite fragmentation per neuron was analysed from 15 images
taken per technical replicate of each condition tested (BH dilution). All raw data was
normalised between 0 (media only) and 100% (0.1% (w/v) BH) on a per plate basis and
then transformed by Y=100-Y. a, Fragmentation per neuron at 0.05% (w/v) of each
individual mouse plotted over days post-inoculation. b, Fragmentation per neuron
logEC50 of each individual mouse plotted over days post-inoculation. c, The normalised
fragmentation per neuron toxicity at 0.05% (w/v) of each individual RML-infected mouse
was subtracted from the average of all control mock-infected mice and plotted as the
mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. d, The
fragmentation per neuron logEC50 of each individual RML-infected mouse was
subtracted from the average of all control mock-infected mice and plotted as the
mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. An
equation modelled the RML-infected BH kinetics, where X0 represented the time in days
at which toxicity became greater than baseline; red line in a-b and black in c-d.
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Figure 60 | Kinetics of RML strain neurite length toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. Neurite length was analysed from 15 images taken per technical
replicate of each condition tested (BH dilution). All raw data was normalised between 0
(media only) and 100% (0.1% (w/v) BH) on a per plate basis. a, Neurite length toxicity at
0.05% (w/v) of each individual mouse plotted over days post-inoculation. b, Neurite
length logEC50 of each individual mouse plotted over days post-inoculation. c, The
normalised neurite length toxicity at 0.05% (w/v) of each individual RML-infected mouse
was subtracted from the average of all control mock-infected mice and plotted as the
mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. d, The
neurite length logEC50 of each individual RML-infected mouse was subtracted from the
average of all control mock-infected mice and plotted as the mean±SEM of each timed
cull or for scrapie-sick mice as 10-day regrouped bins. An equation modelled the RMLinfected BH kinetics, where X0 represented the time in days at which toxicity became
greater than baseline; red line in a-b and black in c-d.
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Figure 61 | Kinetics of RML strain neurite branch toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. Neurite branch level was analysed from 15 images taken per
technical replicate of each condition tested (BH dilution). All raw data was normalised
between 0 (media only) and 100% (0.1% (w/v) BH) on a per plate basis. a, Neurite
branch level toxicity at 0.05% (w/v) of each individual mouse plotted over days postinoculation. b, Neurite branch level logEC50 of each individual mouse plotted over days
post-inoculation. c, The normalised branch level toxicity at 0.05% (w/v) of each individual
RML-infected mouse was subtracted from the average of all control mock-infected mice
and plotted as the mean±SEM of each timed cull or for scrapie-sick mice as 10-day
regrouped bins. d, The branch level logEC50 of each individual RML-infected mouse
was subtracted from the average of all control mock-infected mice and plotted as the
mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. An
equation modelled the RML-infected BH kinetics, where X0 represented the time in days
at which toxicity became greater than baseline; red line in a-b and black in c-d.
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Figure 62 | Kinetics of RML strain neurite root toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. Neurite root density was analysed from 15 images taken per
technical replicate of each condition tested (BH dilution). All raw data was normalised
between 0 (media only) and 100% (0.1% (w/v) BH) on a per plate basis. a, Neurite root
density toxicity at 0.05% (w/v) of each individual mouse plotted over days postinoculation. b, Neurite root density logEC50 of each individual mouse plotted over days
post-inoculation. c, The normalised root density toxicity at 0.05% (w/v) of each individual
RML-infected mouse was subtracted from the average of all control mock-infected mice
and plotted as the mean±SEM of each timed cull or for scrapie-sick mice as 10-day
regrouped bins. d, The root density logEC50 of each individual RML-infected mouse was
subtracted from the average of all control mock-infected mice and plotted as the
mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. An
equation modelled the RML-infected BH kinetics, where X0 represented the time in days
at which toxicity became greater than baseline; red line in a-b and black in c-d.
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Figure 63 | Kinetics of RML strain dendritic spine toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. Dendritic spine counts were made from 15 images taken per
technical replicate of each condition tested (BH dilution). All raw data was normalised
between 0 (media only) and 100% (0.1% (w/v) BH) on a per plate basis. a, Dendritic
spine counts at 0.05% (w/v) of each individual mouse plotted over days post-inoculation.
b, Dendritic spine count logEC50 of each individual mouse plotted over days postinoculation. c, The normalised spine count at 0.05% (w/v) of each individual RMLinfected mouse was subtracted from the average of all control mock-infected mice and
plotted as the mean±SEM of each timed cull or for scrapie-sick mice as 10-day
regrouped bins. d, The spine count logEC50 of each individual RML-infected mouse was
subtracted from the average of all control mock-infected mice and plotted as the
mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. An
equation modelled the RML-infected BH kinetics, where X0 represented the time in days
at which toxicity became greater than baseline; red line in a-b and black in c-d.
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Figure 64 |Kinetics of RML strain dendritic spine density per µm toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. The average dendritic spine count per µm of dendrite was analysed
from 15 images taken per technical replicate of each condition tested (BH dilution). All
raw data was normalised between 0 (media only) and 100% (0.1% (w/v) BH) on a per
plate basis. a, Dendritic spine count per µm at 0.05% (w/v) of each individual mouse
plotted over days post-inoculation. b, Dendritic spine count per µm logEC50 of each
individual mouse plotted over days post-inoculation. c, The normalised spine count per
µm at 0.05% (w/v) of each individual RML-infected mouse was subtracted from the
average of all control mock-infected mice and plotted as the mean±SEM of each timed
cull or for scrapie-sick mice as 10-day regrouped bins. d, The spine count per µm
logEC50 of each individual RML-infected mouse was subtracted from the average of all
control mock-infected mice and plotted as the mean±SEM of each timed cull or for
scrapie-sick mice as 10-day regrouped bins. An equation modelled the RML-infected BH
kinetics, where X0 represented the time in days at which toxicity became greater than
baseline; red line in a-b and black in c-d.
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Figure 65 | Kinetics of RML strain dendritic spine density per µm2 toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. The average dendritic spine count per µm2 of dendrite was analysed
from 15 images taken per technical replicate of each condition tested (BH dilution). All
raw data was normalised between 0 (media only) and 100% (0.1% (w/v) BH) on a per
plate basis. a, Dendritic spine count per µm2 at 0.05% (w/v) of each individual mouse
plotted over days post-inoculation. b, Dendritic spine count per µm2 logEC50 of each
individual mouse plotted over days post-inoculation. c, The normalised spine count per
µm2 at 0.05% (w/v) of each individual RML-infected mouse was subtracted from the
average of all control mock-infected mice and plotted as the mean±SEM of each timed
cull or for scrapie-sick mice as 10-day regrouped bins. d, The spine count per µm2
logEC50 of each individual RML-infected mouse was subtracted from the average of all
control mock-infected mice and plotted as the mean±SEM of each timed cull or for
scrapie-sick mice as 10-day regrouped bins. An equation modelled the RML-infected BH
kinetics, where X0 represented the time in days at which toxicity became greater than
baseline; red line in a-b and black in c-d.
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Figure 66 | Kinetics of RML strain dendritic spine area toxicity
Images were taken of fixed and stained cortical-hippocampal cells that were treated for
72 hours with either control mock-infected or RML prion-infected BH that had been culled
at multiple days post inoculation. There were 6 mice per timed cull. Cells were treated
with serial dilutions from 0.001% to 0.1% (w/v) of BH, with each dilution tested in
technical duplicate. Dendritic spine area was analysed from 15 images taken per
technical replicate of each condition tested (BH dilution). All raw data was normalised
between 0 (media only) and 100% (0.1% (w/v) BH) on a per plate basis. a, Dendritic
spine area at 0.05% (w/v) of each individual mouse plotted over days post-inoculation.
b, Dendritic spine area logEC50 of each individual mouse plotted over days postinoculation. c, The normalised spine area at 0.05% (w/v) of each individual RML-infected
mouse was subtracted from the average of all control mock-infected mice and plotted as
the mean±SEM of each timed cull or for scrapie-sick mice as 10-day regrouped bins. d,
The spine area logEC50 of each individual RML-infected mouse was subtracted from
the average of all control mock-infected mice and plotted as the mean±SEM of each
timed cull or for scrapie-sick mice as 10-day regrouped bins. An equation modelled the
RML-infected BH kinetics, where X0 represented the time in days at which toxicity
became greater than baseline; red line in a-b and black in c-d.
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Figure 67 | RML strain kinetic toxicity indices
The arbitrary toxicity units from the eleven assay readouts in figures 12-22 were indexed
as described by the method in in in figure C3.4. Toxicity index 1 is shown in a-b, 2 in cd and 3 in e-f. This was done for both the toxicity units of the logEC50 (a, c and e) and
response at 0.05% w/v (b, d and f). A kinetic decay equation modelled these responses
(overlay in black). X0 represents the time in dpi at which toxicity became greater than
baseline. Mean±SEM of n=6 mice per timed group or regrouped bin (scrapie sick mice
were grouped in 10-day bins).

173

5.6.3 Multiple linear regression to predict the value of assay outputs for
toxicity indexing
The high content imaging system enabled the assay of a wide range of morphological
phenotypes indicating neurotoxicity, however, each morphological assessment was very
different, for example, the profile and effective concentration of RML BH-induced nuclear
damage (pyknosis) (Fig. 39b) was very different than that of neuron population reduction
(Fig. 39a) even though both readouts measured neuron death. The profile and effective
concentration of RML BH was also very different for neurite damage (Fig. 39c-f) and
dendritic spine (Fig. 39g-h) toxicity readouts. The extent of correlation between the
neurotoxicity image assay readouts is shown in Figure 68. Some readouts strongly
correlated with others, whereas others did not. This simple multivariate display was
useful to determine which assay outputs were best suited to combine for a toxicity index.
Indexing methods were used to decrease the noise and increase the power of the high
content image analysis datasets in relation to measuring prion-induced toxicity over time.
However, when combining all assay outputs, without first determining their relative value
of predicting days post inoculation, the results were noisy (Fig. 67).
Multiple linear regression was used to assess how valuable an assay output
(independent variable) was for the prediction of toxicity at days post inoculation (the
dependent/outcome variable). R-Squared is a statistical measure of fit that indicates how
much variation of a dependent variable is explained by the independent variable(s) in a
regression model. A simple linear regression is a function that allows an analyst or
statistician to make predictions about one variable based on the information that is known
about another variable. Linear regression can only be used when one has two continuous
variables—an independent variable and a dependent variable. The independent variable
is the parameter that is used to calculate the dependent variable or outcome. A multiple
regression model extends to several explanatory variables.
The multiple regression model assumes there is a linear relationship between the
dependent variables and the independent variables. According to the PrPL hypothesis,
toxic species would be produced only after the saturation in prion titre, which for this
dataset was at 80 dpi. Therefore, individual RML-infected animals that were culled after
80 dpi were selected for a multiple regression analysis. The dependent variable in this
analysis was dpi. The independent variables were both the individual animals and all of
the imaging assay readouts. All mice also had 108 TCIU, which was a fixed variable
(infectivity).
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Figure 68 | Correlation between toxicity assays
Eleven toxicity readouts were assessed for how well they correlated to each other. The left heat map shows the r values; red is more correlative than
blue. The heat map on the right shows p values of the correlations on the left; lower p values are red and higher are blue.
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5.6.4 Multiple linear regression identified assay parameters that could be
combined to increase the overall power of the assay
Two multiple linear regression analyses were done. First, to find the most valuable assay
readouts that described RML BH logEC50 in comparison to dpi. The second, to find the
most valuable assay readouts that described RML BH at 0.05% in comparison to dpi.
For the analysis, relative toxic units, deduced by removing the control BH toxicity
baseline, were used as the starting point. The eleven assay readouts from figures 5666 were put into the analysis. The analysis used a stepwise approach to determine the
value of each toxicity parameter in predicting day post inoculation.
For the logEC50 analysis, the results that passed the 5% alpha level were neuron count,
neurite fragmentation, neurite length, branch level, neurite roots, dendritic spines per µm
and dendritic spines per µm2. For the 0.05% (w/v) analysis, the results that passed the
5% alpha level were neuron count, nucleus area, neurite fragmentation per neuron,
neurite length, dendritic spines per µm, dendritic spines per µm2 and dendritic spine
area. These parameters were then combined to indices (Fig. 69). The multivariate
analysis was able to clean the multi-parametric data: the trends in toxicity were more
obvious when MLR was used (Fig. 69) in comparison to when it was not (Fig. 67).
Therefore, the MLR analysis found a range of neurotoxicity phenotypic parameters that
could be combined to enhance the power of prion toxicity kinetic detection.

5.6.5 Comparison of toxicity and infectivity kinetics
As shown in Figure 46, RML strain infectivity of the large time-course study, as assessed
by SCA and SCEPA, plateaued at approximately 80dpi. The mean incubation period for
these mice was 152±12.5 days±SD. Generally, the toxicity kinetic data, as assessed by
the high-content microscopy method discussed in this chapter, suggested that toxicity
commenced, not at the start of the disease but during the middle of the incubation period,
fitting with the hypothesis that toxic species are produced only once prion titre peaks.
The toxicity kinetic data produced by MLR also reflected this: the non-linear equations
computed the time of toxicity generation to be between 71 and 100dpi. For clarity, the
MLR toxicity index 1 of logEC50 scoring was presented in tandem with infectivity data
(Fig. 70) showing the relationship between infectivity and toxicity. After prion inoculation,
prion infectious unit production rose exponentially, whereas toxic unit production
commenced only after 80dpi. Thus, the high-content neurotoxicity assay identified a
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critical time post inoculation for which toxic species were produced and moving forward,
will expedite the identification, isolation and purification of toxicity.
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Figure 69 | RML strain kinetic toxicity indices after multiple linear regression
The arbitrary toxicity units from the assay readouts that were selected as powerful in
multiple linear regression were indexed as described by the method in in figure C3.4.
Toxicity index 1 is shown in a-b, 2 in c-d and 3 in e-f. This was done for both the toxicity
units of the logEC50 (a, c and e) and response at 0.05% w/v (b, d and f). A kinetic decay
equation modelled these responses (overlay in black). X0 represents the time in dpi at
which toxicity became greater than baseline. Mean±SEM of n=6 mice per timed group
or regrouped bin (scrapie sick mice were grouped in 10-day bins).
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Figure 70 | RML strain infectivity propagation and toxicity generation
RML-infected mice were culled at defined time points or at various dpi after confirmation
of scrapie sickness. Prion titres (green) were determined using scrapie cell assay (SCA)
or scrapie cell assay in end-point format (SCEPA) for low-titre samples. Prion titre
saturated at approximately 80dpi. Prion titre was assumed to be 0 units at 0 days.
Toxicity units (magenta) were determined using high content imaging and analysis of
multiple assay readouts to determine the logEC50 of each mouse tested per readout,
before removing mock-infected control logEC50 scores and generating a toxicity index
to produce arbitrary toxicity units. The upper panel shows the mean±SEM of 6 mice per
group, before confirmation of scrapie sickness and the mean±SEM of regrouped scrapiesick mice. The bottom panel shows the general trends in infectivity and toxicity kinetics.
The mean incubation period for these mice was 152±12.5 days±SD.
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5.7 Discussion
This chapter described the assessment of RML-infected BH toxicity over the course of
infection. I have reported kinetic data originating from two experiments (experiment 195
and experiment 274). When directly comparing the infectivity kinetics and incubation
periods of the two datasets there are some discrepancies. For example, the incubation
period for the infected mice of experiment 195 was 168±2.5 days±SD (Fig. 45), whereas
it was 152±12.5 days±SD for experiment 274 (Fig. 46). The incubation period data for
experiment 274 was more variable than experiment 195, which had a very narrow
window at which mice were determined scrapie sick. Furthermore, whilst prion titre
peaked around 75dpi for experiment 195 (Fig. 45), it was approximately 80dpi for
experiment 274 (Fig. 46). There is limited explanation for how the discrepancies between
the two experiments could have arisen, as it is well documented that specific strains
inoculated into wild-type mice follow well-defined incubation periods with limited
deviation124. Trends in toxicity from the two experiments, however, were comparable:
toxicity was low or negligible at the beginning of the incubation period and over time
toxicity increased.
I have also described two methods of toxicity kinetic testing: using timed cull-pooled
(dataset 2) and single animal BH (dataset1 and 3). The timed cull-pooled BH could be
more rapidly assayed than single animal BH as there were far fewer pooled BHs
compared to single animal BHs. However, by assaying single animal brains, more
information-rich data was generated. For example, neurotoxicity analysis identified
certain single animals that had extremely high toxicity (Fig. C3.56-66). Moreover, I
described two methods of presenting BH toxicity data: as the toxic response of a single
concentration and as the effect change value (logEC50) of multiple serial dilutions of BH.
The computation of logEC50 for each BH facilitated the deconvolution of large amounts
of data per BH and the generation of a simple statistic per BH to take forward for further
analysis.
The high-content neurotoxicity assay of prion-induced toxicity, detailed in Chapter 4,
outputted multiple phenotypic parameters of toxicity, where each parameter could be
classed as an individual assay. I assessed a variety of methods to combine these
parameters to simplify or elucidate more precise information of BH toxicity. For example,
I started by composing a number of appropriate toxicity index scoring systems that
worked by either averaging, ranking or scaling (Fig. 48). Toxicity indexing facilitated
combining parameters with a large amounts of intra-parameter noise (Fig. 49, 52-52 and
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56-66) to one index with low noise (Fig. 50, 54-55, 67). I then went onto utilise a
multivariate statistical approach to determine toxicity assay parameters that provided the
most power in assessing toxicity of prion-infected BH over time. The multivariate
statistical method identified parameters that could be combined to increase the overall
power of toxicity prediction (Fig. 69).
A non-linear regression equation was also used to model brain toxicity progression over
time (Fig. 47). The equation was chosen as it was expected that infected brains would
not be toxic until a time when generation of the toxic units (or units of PrPL) commenced.
The model facilitated the derivation of X0, the time when toxic unit generation/toxic
species activity occurred, thus allowing an unbiased approach to estimate at what time
PrPL activity or production commenced – which mitigated approximating this time
visually. As the identity of PrPL is still unknown and therefore we also do not know the
mechanism of its activity, the non-linear equation hypothetically modelled the interaction
between PrPL and its receptor or the production of PrPL itself. In general, for the varied
methods of BH testing and data handling, the time X0, computed by the non-linear model
was over 70 and under 120dpi.
It will be important to assess total PrP and PrPSc levels by ELISA in the single animal
BHs from experiment 274 (dataset 3) and make direct comparisons between these
protein concentrations and to toxicity thereof. Only once this is done, may the Columbusbased neurotoxicity assay results be compared to PrP concentration and make a
decision of whether to bring this assay forward for the strategic purification of PrPL. I
would expect a similar trend in PrP concentration alike experiment 195, in which prion
titre increased exponentially whilst both total PrP and PrPSc levels remained low. In fact,
PrPSc levels remained relatively lower than total PrP for the extent of the incubation
period. PK-sensitive disease-associated PrP (by subtraction of PrPSc from total PrP
levels), however, increased linearly at the time of prion titre saturation.
Ultimately, the main aim of this thesis was to develop a robust neurotoxicity assay of
PrPL toxicity. The assay criteria were primarily set (Fig. 8) and systematically followed.
The neurotoxicity assay detects differences between control and RML-infected BH and
secondary data handling methodology assisted in subtracting control baseline toxicity
and the generation of arbitrary RML toxic units (Fig. 56-66c-d, 67, 69). The assay found
clear trends in toxicity through the incubation period: the generation of toxicity
commenced around 80dpi and increase linearly thereof (Fig. 70). However, now the
developed assay, that measures multiple prion-infected BH-induced toxic phenotypes in
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primary mouse neurons, must be challenged: is this method sensitive enough for the
purpose of identifying and isolating PrPL? In order for the assay to become widely
available a standard operating procedure should be composed. To allow the assay to be
accessible to many experimenters, perhaps the user interface could be simplified: simple
scripts could take the raw Columbus analysis data and automatically produce normalised
data, graphs and statistics in a number of minutes - this will also require a standardised
assay set-up.
Moving forward, if this developed high-content neurotoxicity analysis is taken forward as
the PrPL assay, the next step is to purify PrPL, that is toxicity from brain. A step-wise
approach should be taken. First, to identify where toxicity lies in the BH, the size, mass
and solubility of PrPL should be assessed by centrifugation and size filtration initially,
then moving to detergent testing. BH themselves are greatly varied in their homogeneity
– control mock-infected BH is toxic to cells and RML-infected BH toxicity can vary
between animals at the same stage of infection. I advise adding detergent to BH to
increase homogeneity – this may solubilise toxicity - but conditions should be found that
also do not significantly dampen it. With these steps, the preparation of accurate dilutions
of brain could be made and the dynamic concentration range in which RML is more toxic
than mock-infected BH should widen. The animals that had particularly high brain tissue
toxicity (Fig. 56-66) may be an adequate starting point to purify toxicity – these brains
should contain many toxic units. Finally, the nature of PrPL should be examined.
Foremost, to prove it is a PrP species, antibody depletion studies must be made. The
mechanism of PrPL toxicity must be elucidated using cellular systems of neuron toxicity,
with highly pure material.
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6 A novel therapeutic role for ICSM18, an anti-prion protein
antibody
6.1 Introduction
Cell culture assays of prion infectivity have previously facilitated the in vitro screening of
numerous candidate compounds and antibodies for their infection-curing activity213. It is
now well documented that prion infections can be effectively cured by a range of
monoclonal anti-PrPC antibodies. This is thought to be due to their ability to prevent the
recruitment of PrPC into propagating prions in prion-infected cell cultures213,215 and
laboratory animals after passive immunotherapy216. There are no therapeutics currently
available to effectively treat prion disease in humans, however, as the lives of anti-PrPC
antibody-administered infected mice were profoundly extended216, this provided a
therapeutic proof-of-concept for testing anti-PrPC antibodies in human prion disease
patients in the clinic. To test this concept, the mouse monoclonal antibody, ICSM18, was
humanised for testing in the clinic219. As with all clinical testing, the efficacy and
importantly, safety of candidate therapeutics is paramount.
A number of monoclonal antibodies against PrPC were initially reported to induce dosedependent neuronal apoptosis in mouse hippocampi after intracerebral injection177. In
response, Klöhn et al showed that the mouse monoclonal anti-PrP antibody, ICSM18,
along with a number of other antibodies against PrP, may be injected into wild-type
mouse brain at least at 1mg/ml without causing hippocampal apoptosis297, concurrent
with a similar additional study298, albeit the latter study reported small apoptotic lesions
at substantially higher antibody concentrations in transgenic mice. More recently, a
contradictory report of ICSM18 toxicity to neurons in vitro, at significantly lower
concentrations, was published293. This study suggested that only 6.67nM (~1µg/ml) of
ICSM18 was sufficient to induce dendritic beading in primary mouse hippocampal
neurons. To address these contradictory and concerning reports and particularly as the
humanised antibody is to be tested in the clinic, ICSM18 was investigated for its potential
toxicity to mouse primary hippocampal neurons by the high content multi-phenotypic
imaging assay of neurotoxicity reported in Chapter 4. This showed that ICSM18 had no
inherent toxicity to cultured hippocampal neurons at least at 667nM in vitro.
The susceptibility to human prion diseases depends on the expression of PrPC172,173,299
and it has been shown that targeting PrPC is an effective therapeutic strategy. For
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example, as mentioned above, it is well documented that ICSM18, and other anti-PrP
antibodies, can cure prion infection213,215 and prolong life216. There is also evidence to
suggest that transgenic depletion164,208 or silencing of expression300 of neuronal PrPC
during an established prion infection in vivo prevented clinical disease and reversed the
early signs of pathology. The sole therapeutic effect of anti-PrP antibodies reported so
far is due to their ability to bind to PrPC, preventing their recruitment to pathological
fibrillary assemblies of PrP. Using the high content multi-phenotypic image analysis of
prion-induced neurotoxicity, a novel therapeutic effect of anti-PrPC antibodies was found
and is reported here for the first time: ICSM18 inhibited the neurotoxicity of prion-infected
BH in vitro.

6.2 ICSM18 is not neurotoxic in cell culture
6.2.1 Chronic prion infection in neuroblastoma cells was abrogated by
exposure to the anti-PrPC monoclonal antibody, ICSM18
Chronically RML prion-infected iPK1 neuroblastoma cells (a clonal line derived from N2a
neuroblastoma cells)213,215 were incubated with an 11-point titration, from 5pM to 300nM,
of ICSM18 antibody or an IgG1 isotype control, BRIC222, isolated against the CD44
antigen; CD44 is a cell membrane glycoprotein. After a 4-day incubation, PrPSc was
detected with PrP dot blot in protease-digested denatured cell lysates (Fig. 71). ICSM18
effectively cured iPK1 cells of their chronic prion infection; IC50 = 1.633nM, which was
in contrast to the isotype control antibody, BRIC222, which had no effect on infectivity.
The acid form of Fe(III) meso-Tetra(4-sulfonatophenyl)porphine chloride (FeT) was used
as a positive control for infection-curing; a number of cyclic tetrapyrroles were previously
shown to inhibit the in vitro formation of protease-resistant PrP301 and increase survival
time of prion-infected animals302. Treatment of cells with culture media alone was used
as a negative control. The results of the curing assay confirmed that the ICSM18
antibody was biologically active - facilitating testing its potential toxicity to neurons.
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Figure 71 | ICSM18 cured RML prion-infected neuroblastoma cells
Chronically RML prion-infected iPK1 cells were incubated for 4 days with varying
concentrations of antibody. The curing of infectivity was assessed by clearance of PrPSc
as quantified by PrP ELISPOT. ICSM18 (pink) cured iPK1 cells, in contrast to the control
antibody, BRIC222 (green), which did not. 10µM FeT (red) was used as a positive control
to effectively cure infection. iPK cells without antibody were used as a negative control.
Results are the mean±SEM of n=6 independent tests; non-linear regression computed
the
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with

Y=Bottom + (Top-Bottom)/

(1 + ((X^HillSlope)/(IC50^HillSlope))) (purple curve overlaying data points indicates the
non-linear regression). This experiment was performed by Christian Schmidt and Parvin
Ahmed.

6.2.2 No apparent neurotoxic phenotype in hippocampal neurons treated
with the anti-PrPC monoclonal antibody, ICSM18
To investigate whether the candidate therapeutic antibody, ICSM18, could induce
neurotoxicity, mouse hippocampal neurons were treated with ICSM18 and its isotype
control, BRIC222, through a range of concentrations (0.67nM to 667nM) for 72 hours.
The maximal concentration of ICSM18 tested was 100 times higher than in the study
reporting dendritic beading293. After 72 hours, antibody was washed from cells, which
were then fixed, stained, imaged and run through multi-phenotypic image analysis scripts
of prion-induced neurotoxicity (Fig. 72). From a multi-channel image (Fig. 72a), NeuNpositive nuclei (Fig. 72b) were segmented and profiled for their area and roundness.
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Nuclei were included in healthy neuron counts if they were over 60µm2 in area and
0.65RD in roundness. The mean nuclear area was also calculated as the average size of
healthy and dead neuronal nuclei. ICSM18 and BRIC222 antibody treatments did not
alter neuron counts (Fig. 73a) and their neuronal nuclei had a consistent healthy
morphology; nuclei were large and round (Fig. 73b). The number of neurons and nuclear
area decreased dramatically after treatment with RML BH as a positive control. In an
analysis of neurite damage, the extent of neurite fragmentation, the number of MAPpositive puncta (under 20µm2) per neuron, was calculated for each treatment. Antibodytreated neurites were as healthy as those treated with media alone (Fig. 73c). Neurites
were also automatically traced from healthy nuclei (Fig. 72c). Neurite length, root
number and branch level were calculated. Treatments with either ICSM18 or BRIC22, at
every tested concentration, had no effect on neurite length (Fig. 73d) or neurite root
number (Fig. 73e). In fact, neurite toxicity, observed as the surface area covered by
neurites (Fig. 72c) or by the magnified viewing of neurites at nuclei (Fig. 72d), was only
apparent for positive control-treated neurons. Neurite architecture as measured by the
average branch level per neuron, was similarly unchanged upon antibody treatment (Fig.
73f)
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Figure 72 | ICSM18 had no effect on neuron counts and neurite architecture
Hippocampal neurons were treated with ICSM18 antibody and its isotype control,
BRIC222, diluted in neuronal media, and a positive (0.05% w/v RML-infected BH) and
negative (media only) control for 72 hours before fixation and staining. a, Representative
high-throughput images of treated cells stained with MAP2, spinophilin and NeuN to
visualise dendrites, dendritic spines and neuronal nuclei, respectively; white boxes
correspond to the same location chosen from c, which was magnified in d. The NeuN
channel alone is shown in b. c, Neurites were traced from healthy neuron nuclei in one
of the Columbus algorithms; the white box corresponds to the magnified view in d. d,
Example of a single neuron’s root density, corresponding to white squares in a and c;
pink numbers indicate neurite roots. Scale bar for a-c is 100µm and d is 10µm.

Figure 73 | Hippocampal neurons treated with ICSM18 were viable and undamaged
Hippocampal neurons were treated with ICSM18 antibody and its isotype control,
BRIC222, diluted in neuronal media, and a positive (0.05% w/v RML-infected BH) and
negative (media only) control for 72 hours. 15 images were taken per technical replicate
and each condition was tested in technical triplicate (number of wells per plate). A total
of 225 images were analysed per condition. Images were run through analysis scripts
that counted neurons (f), calculated neuron nucleus area (g), neurite fragmentation (h)
length (i), root density (j) and branch level (k) and the number of dendritic spines (l) and
spine density (m); results are normalised to the no-antibody control and shown as
mean±SEM of n=5 independent tests (cell cultures); one-way ANOVA with Dunnett’s
multiple comparisons from no-antibody control; *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001.

187

6.2.3 No synaptotoxicity in hippocampal neurons treated with ICSM18
Dendritic spines were identified by staining for spinophilin (Fig. 74a, c) and quantified by
assigning MAP2-positive processes as the region for spine counting in the image
analysis algorithm. Spines were classified as spinophilin-positive spots that were found
on or in close proximity to processes (Fig. 74b, d: light blue spots). Antibody treatment
did not cause synaptic toxicity. Antibody-treated neurons presented with many mature
dendritic spines as shown by the dense spacing of dendritic spines along dendrites (Fig.
74c, d), indicative of robust synaptic signalling. Total dendritic spine counts (Fig. 73g)
and spine density along dendritic processes (Fig. 73h) did not differ between noantibody and antibody-treated groups, even at the highest concentration of ICSM18
tested. The positive control, in contrast, induced a harsh synaptotoxicity (Fig. 73g-h) and
in fact, substantial neurotoxicity in all of the multi-phenotypic analysis outputs reported
(Fig. 73). In summary, by an extensive and information-rich image study of neurotoxic
phenotypes in hippocampal neurons, no ICSM18-mediated population or morphological
change was observed, up to and including at concentrations of 667nM.
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Figure 74 | ICSM18 had no effect on the dendritic spine numbers and density on mouse hippocampal neurons
Hippocampal neurons were treated with ICSM18 antibody and its isotype control, BRIC222, diluted in neuronal media, and a positive (0.05% w/v RMLinfected BH) and negative (media only) control for 72 hours before fixation and staining. a, Representative high-throughput images of treated cells
stained with MAP2, spinophilin and NeuN to visualise dendrites, dendritic spines and neuronal nuclei, respectively. b, Acapella scripts identified healthy
MAP2-positive processes, which was designated as a region of interest for dendritic spine counting; spines were classified as spinophilin-positive spots
that were found on or in close proximity to processes (light blue spots). c-d, An expanse of dendrite was chosen to represent the dendritic spine analysis
for each treatment condition. The white rectangles in panel a and b correspond to the magnified views in c and d. Scale bar for panels a-b is 100µm
and c-d is 10µm.
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6.2.4 A time course assay of neurite architecture found no evidence of
ICSM18-induced neurotoxicity
By imaging hippocampal neurons on a live cell imager housed in a tissue culture
incubator set to 37oC and 5% C02, neurites could be tracked automatically over time.
Neurons were treated with two concentrations of ICSM18 or BRIC222 antibodies diluted
in media: 6.67nM and 667nM. A media-only treatment was the negative control and a
0.05% w/v RML BH, the positive control for toxicity. Phase contrast images were
collected commencing at treatment (t0) and in 6-hour increments until 66 hours thereof
(Fig. 75). Images were analysed with a neurite tracing software add-on for IncuCyte S3,
NeuroTrack. The analysis identified cell bodies (Fig. 75: yellow), which were excluded
from the neurite trace. With cell body architecture not confounding neurite tracing, true
neurites were identified (Fig. 75: pink). Neurite length in mm/mm2 (Fig. 76a) and the total
number of branch points per image (Fig. 76b) were quantified and plotted over treatment
duration. The live cell neurite analysis reported the same degree of neurite extension in
neurons treated with and without antibodies (Fig. 76a). This was similar for neurite
branch points, which also did not change with antibody treatment (Fig. 76b), even with
667nM of ICSM18. In contrast to this, positive-control treatment inhibited neurite
outgrowth and reduced branching.
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Figure 75 | Live cell imaging indicated that ICSM18 did not alter neurite
architecture
Representative time-lapse images of hippocampal neurons treated with either 6.67nM
or 667nM of ICSM18 or BRIC222 antibodies diluted in media, with media alone or treated
with a 0.05% w/v RML BH as a positive control for toxicity at 11 days old and imaged at
treatment (t0) and in 6-hour increments until 66 hours. Images show raw phase contrast
(grey) overlaid by NeuroTrack neurite tracing analysis showing neurites (pink) and cell
bodies (yellow). Time points 6, 30 and 54 are shown. The positive control, and no other
treatment condition, slowed neurite lengthening and induced loss of neurite branch
points. Scale bar = 200µm.

Figure 76 | Neurite tracing-analysis indicated that ICSM18 did not induce neurite
shortening or alter branching
Hippocampal neurons were treated with either 6.67nM or 667nM of ICSM18 and
BRIC222 antibodies diluted in media, with media alone, or treated with a 0.05% w/v RML
BH as a positive control for toxicity at 11 days old and imaged at treatment (t0) and in 6hour increments until 66 hours. Real-time microscopy analysis, the NeuroTrack add-on
for IncuCyte S3 software, tracked neurite length (a) and neurite branch points (b) over
66 hours. Three phase-contrast images were collected at each time point in each well;
results are normalised to t0 and shown as mean±SEM of 3 technical replicate.
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6.2.5 Whilst ICSM18 cured cells of prion infection and tightly bound to
PrPC, cells remained highly viable
In a subsequent experiment, ICSM18 was tested for its potency in curing chronic prion
infection, in tandem with cell viability assay. RML prion-infected iPK-1 cells were
incubated for 4 days in the presence of ICSM18 and BRIC222: a 11-point titration from
66.7pM to 66.7nM. Additionally, positive, 2µM 5000Da dextran sulphate, and negative,
media-only, controls were included on each plate. BRIC222 had no effect on infectivity
(Fig. 77a), whereas ICSM18 was highly potent in curing prion infection (IC50 = 0.75nM)
as assessed by PrPSc quantification (Fig. 77b). Importantly, no cellular toxicity was
observed in iPK-1 neuroblastoma cells at the highest concentration of ICSM18 tested (at
least up to 66.7nM) as assessed by a luminescent viability assay (Fig. 77a).
A further experiment measured ICSM18-PrPC binding in tandem with a viability assay.
U937 cells, which express PrPC, were incubated with an 11-point titration of ICSM18
diluted in media from 667pM to 1.33µM. ICSM18-PrPC binding was then measured using
an antibody fluorescent detection system. ICSM18 bound tightly to PrPC on U937 cells,
with a high affinity and specificity: Bmax = 80.91, Kd = 1.445 (Fig. 78). In tandem, an
identical set of antibody-cell mixtures were incubated with the fluorescent DNA
intercalator, 7-aminoactinomycin D (7-AAD) (Fig. 78). Cells were then analysed by flow
cytometry. This indicated that U937 cells were highly viable even when 1.3µM was
tested. Together these experiments showed that ICSM18 did not affect cellular health
even when it potently cured prion infections by binding tightly to PrPC (Fig. 77-78).
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Figure 77 | ICSM18 was biologically active and not inherently toxic to
neuroblastoma cells
Chronically RML prion-infected iPK-1 cells were incubated with a range of concentrations
of ICSM18 (a) and BRIC222 (b) for 4 days before viability assay (light blue) and PrPSc
detection (purple); Results are normalised as a percentage of control and shown as
mean±SEM of one of three representative experiments; non-linear regression computed
the
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(1 + ((X^HillSlope)/(IC50^HillSlope))). This experiment was performed by Azy Khalili.

Figure 78 | ICSM18 had a high affinity for PrPC on U937 cells, which retained
viability even at concentrations above 1µM
ICSM18 was titrated in a PrPC cellular binding assay using U937 cells in conjunction with
a FACS death assay using 7-aminoactinomycin (7-AAD) to compare binding and cellular
toxicity. 7-ADD intercalates to DNA of membrane-compromised cells, indicative of cell
death. Although ICSM18 bound PrPC on U937 cells with a high affinity and specificity,
the cells were approximately 100% 7-ADD negative even at 1.334µM. Results are the
mean of one of three representative experiments; Binding curve computed by
Y=Bmax*X/(Kd+X) + NS*X + Background. This experiment was performed by Emma
Quarterman.
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6.3 ICSM18 blocks prion-induced neurotoxicity
6.3.1 ICSM18 strongly inhibited prion-induced neuron death and neurite
damage in vitro
To test whether ICSM18 could inhibit prion-induced neurotoxicity, hippocampal neurons
were pre-treated with ICSM18 and BRIC222 antibodies for 1.5 hours at a range of
concentrations between 0.67 and 667nM. Antibodies were not removed before RMLinfected BH or control mock-infected BH was added to wells, to a final concentration of
0.01% w/v. Media and BH-only treatment groups were included as controls. BH and
antibodies were then incubated for a further 72 hours before fixation, staining and
microscopy.
Neither BRIC222 or ICSM18 altered the toxicity of control BH-treatment, irrespective of
the concentration tested (Fig. 79). The overall observable structure of antibody-control
BH treated cell neuron networks was no different than control BH alone (Fig. 79a). Many
healthy neurons (Fig. 79b) with extended, branched neurites (Fig. 79c), which also had
dense collections of neurite roots (Fig. 79d) were observed. Visually, RML BH treated
neurons were less viable than control (Fig. 79-80). BRIC222 pre-incubation appeared to
have no impact on the subsequent RML BH treatment; in terms of overall network
architecture (Fig. 80a), neuron numbers (Fig. 80b), neurite branching and length (Fig.
80c) or neurite root density (Fig. 80d). In fact, image analysis indicated that BRIC222
did not impact on RML BH-induced neuron loss (Fig. 81a), neurite shortening (Fig. 81b),
neurite root density reduction (Fig. 81c) and branching degeneration (Fig. 81d). There
was also no effect of the co-incubation of BRIC222 or ICSM18 with control BH (Fig. 81ad).
In contrast, ICSM18 inhibited RML-infected BH-mediated neuron loss (EC50=10.97nM)
(Fig. 81a), neurite shortening (EC50=8.02nM) (Fig. 81b), reduction in neuron root
density (EC50=7.69nM) (Fig. 81d) and branch degeneration (EC50=19.96nM) (Fig.
81e). Visually, ICSM18, at 10 and 100nM, inhibited the strong deleterious effects of RML
BH on neurons. Neuron networks were more robust (Fig. 80a, c), there were more
neurons, with healthy nuclear structures (Fig. 80b) and higher neurite root numbers (Fig.
80d). 10 and 100nM ICSM18 inhibited RML BH neurotoxicity to the levels of control BH
(Fig. 79-80, 81a-d) indicating that a toxic component specific to the prion infection in
RML BH was antagonised.
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Figure 79 | ICSM18 and BRIC222 antibody pre-treatments did not alter the effect of non-infected brain homogenate
a, Representative images of fixed hippocampal neurons that were treated with varying concentrations of antibody co-incubated with control non-infected
BH. Cells were stained with MAP2 (red: dendrites), NeuN (orange: neuron nuclei) and spinophilin (green: dendritic spines); white boxes correspond to
the location chosen from b and c, for magnification in d. b, Image analysis scripts identified NeuN-positive nuclei in raw images. c, Neurites were
automatically traced from healthy neuron nuclei in the image analysis script; white box corresponds to magnified view in d. Neurite length, branch level
and neurite root density were calculated. d, Example of a single neuron’s root density, corresponding to white squares in a-c; pink numbers indicate
neurite roots. ICSM18 and its isotype control BRIC222 did not alter neuron counts, neurite length or neuron root density in control BH-treated culture.
Scale bar for panels a-c is 100µm and d is 10µm.

197

198

Figure 80 | Automated image analysis indicated that prion-induced neuron loss, reduction in neurite length, root density and branch level
were inhibited by ICSM18
a, Representative images of fixed hippocampal neurons that were treated with varying concentrations of antibody co-incubated with control non-infected
BH. Cells were stained with MAP2 (red: dendrites), NeuN (orange: neuron nuclei) and spinophilin (green: dendritic spines); white boxes correspond to
the same location chosen from b and c, which was magnified in d. b, Image analysis scripts identified NeuN-positive nuclei in raw images. c, Neurites
were automatically traced from healthy neuron nuclei in the image analysis script; white box corresponds to magnified view in d. Neurite length, branch
level and neurite root density were calculated. d, Example of a single neuron’s root density, corresponding to white squares in a-c; pink numbers
indicate neurite roots. Whilst BRIC222 pre-incubation had no effect on RML-BH induced neuron death and damage, ICSM18 inhibited RML BH-induced
neuron loss, neurite shortening, branching collapse and neuron root density reduction. Scale bar for panels a-c is 100µm and d is 10µm.
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6.3.2 ICSM18 strongly inhibited prion-induced synaptotoxicity in vitro
Neither BRIC222 or ICSM18 altered the dendritic spine toxicity of control BH-treatment,
irrespective of the concentration tested (Fig. 81-83). The density of neurites and total of
dendritic spine numbers of antibody-control BH treated neurons was no different than
treatment with control BH alone (Fig. 81, 83f). Antibody-control BH treated neurons also
presented healthy dendrites with high dendritic spine densities (Fig. 82c-d), no different
to the effect of control BH alone, even at high concentrations of antibody. Furthermore,
BRIC222 visually did not impact on RML BH-induced dendritic spine loss (Fig. 84).
Image analysis of dendritic spine density, the number of mature spines in close proximity
to dendritic shafts, indicated that BRIC222 did not change the synaptotoxicity of RML BH
(Fig. 83f), akin to the unaltered spine density of control BH-treated dendrites after preincubations with BRIC222 and ICSM18 (Fig. 81e). However, interestingly, ICSM18
inhibited RML-infected BH-mediated dendritic spine loss (EC50=11.06nM) (Fig. 83e).
Visually, ICSM18, at increasing concentrations, inhibited the strong synaptotoxic effect
of RML BH (Fig. 83a-d). Expanses of RML BH-treated dendrites were speckled with
many dendritic spines at 66.7 and 667 compared to 0 and 0.67nM (Fig. 83c-d). There
was even a slight effect with the 6.67nM ICSM18 pre-incubation. Together, these results
show that anti-PrPC antibody, ICSM18, blocks the synaptotoxicity of RML BH.

6.3.3 ICSM18-mediated inhibition of prion-induced neurotoxicity is
dependent upon its binding to PrPC on cells in culture
To determine how ICSM18 mechanistically inhibited RML BH toxicity, which may have
either relied on its binding to PrPC on cells or BH-derived PrP, ICSM18 was incubated
with cells but removed before BH addition and toxicity assay. 166.75nM ICSM18
inhibited RML BH-induced cell death to near the levels of control BH in cells expressing
normal and 8 times the expression of PrPC in cortical neurons (Fig. 85), despite its
removal prior to addition of BH. The inhibitory effect of ICSM18 on RML BH-induced
toxicity therefore relied on an interaction with PrPC on neurons in culture. Since the
increased level of PrPC expression (Fig. 85b) did not enhance the inhibitory effect of
ICSM18, it indicated that although PrPC was required for RML BH-induced toxicity, PrPC
dosage did not determine the intensity of neurotoxicity inhibition.
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Figure 81 | ICSM18 inhibited RML prion-infected brain homogenate-induced
neurotoxicity
Hippocampal neurons were treated with ICSM18 antibody and its isotype control,
BRIC222 for 1.5 hours before control or RML-infected BH was added to a final
concentration of 0.01% w/v. BH and antibodies were then co-incubated for a further 72
hours before fixation and staining. 15 images were taken in each well and each condition
was tested in technical triplicate (number of wells per plate). A total of 225 images were
analysed per condition in 5 independent experiments. Images were run through analysis
scripts that counted neurons (a) and calculated neurite length (b), branch level (c),
branch level and neurite root density (d). Results were normalised between 0% (positive
control: 0.05% w/v RML BH) and 100% (negative control) and shown as mean±SEM;
n=5 independent tests (cell cultures); non-linear regression analysis used the equation
Y=100/(1+10^((LogEC50-X)*HillSlope)) and assumed antibody-negative treatment
groups as 0.01nM; simple linear regression was used to plot straight lines through control
BH and control antibody values.
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Figure 82 | ICSM18 and BRIC222 antibody pre-treatments did not alter the effect that non-infected brain homogenate had on dendritic spines
ICSM18 antibody and its isotype control, BRIC222 were incubated with cells for 1.5 hours before control, non-infected BH was added to a final
concentration of 0.01% w/v. BH and antibodies were then co-incubated for a further 72 hours before fixation and staining. a, Representative images of
fixed treated hippocampal neurons. Cells were stained with MAP2 (red: dendrites), NeuN (orange: neuron nuclei) and spinophilin (green: dendritic
spines). b, Image analysis scripts identified healthy MAP2-positive processes, which was set as a region of interest for dendritic spine counting; spines
were classified as spinophilin-positive spots that were found on or in close proximity to processes (light blue spots). c-d, An expanse of dendrite was
chosen to represent the dendritic spine analysis for each treatment condition. The white rectangles in panel a and b correspond to the magnified views
in c and d. BRIC222 and ICSM18 did not alter dendritic spine number or density of control BH-treated neurons. Scale bar for panels a-b is 100µm and
c-d is 10µm.
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Figure 83 | ICSM18 inhibits prion-induced synaptotoxicity
Hippocampal neurons were treated with ICSM18 antibody and its isotype control, BRIC222 for 1.5 hours before control or RML-infected BH was added
to wells to a final concentration of 0.01% w/v. BH and antibodies were then co-incubated for a further 72 hours before fixation and staining. a,
Representative high-throughput images of cells stained with MAP2, spinophilin and NeuN to visualise dendrites, dendritic spines and neuronal nuclei
respectively. b, Images were run through a dendritic spine counting algorithm in Columbus. The white rectangles in a and b correspond to magnified
views in c and d respectively. Scale bar for a-b is 100µm and for c-d is 10µm. For each independent test 15 images were taken in each well and each
condition was tested in technical triplicate (number of wells per plate). A total of 225 images were analysed per condition. Images were run through
analysis scripts that calculated dendritic spine density for cells incubated with ICSM18 and BRIC222 before RML BH (e) or control BH (f) treatment;
The baseline was removed on a per plate basis and then normalised between 0% and 100% on a batch basis for clarity and shown as mean±SEM;
n=5 independent tests (cell cultures); non-linear regression analysis used the equation Y=100/(1+10^((LogEC50-X)*HillSlope)) and assumed antibodynegative treatment groups as 0.01nM.
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Figure 84 | Automated image analysis indicated that BRIC222 did not inhibit prioninduced dendritic spine loss
BRIC222 antibody was incubated with cells for 1.5 hours before RML prion-infected BH
was added to a final concentration of 0.01% w/v. BH and antibodies were then coincubated for a further 72 hours before fixation and staining. a, Representative images
of fixed treated hippocampal neurons. Cells were stained with MAP2 (red: dendrites),
NeuN (orange: neuron nuclei) and spinophilin (green: dendritic spines). b, Image
analysis scripts identified healthy MAP2-positive processes, which were set as a region
of interest for dendritic spine counting; spines were classified as spinophilin-positive
spots that were found on or in close proximity to processes (light blue spots). c-d, An
expanse of dendrite was chosen to represent the dendritic spine analysis for each
treatment condition. BRIC222 did not alter dendritic spine number or density of RML BHtreated neurons, whilst ICSM18 strongly inhibited RML-BH induced dendritic spine
toxicity. The white rectangles in panel a and b correspond to the magnified views in c
and d. Scale bar for panels a-b is 100µm and c-d is 10µm.
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Figure 85 | ICSM18 inhibited RML prion-infected brain homogenate-induced
neurotoxicity by binding to PrPC on cells in culture
Prnp+/+ wild-type (a) and Prnp+/+ wild-type Tg20 (8 x PrPC expression) (b) cortical neurons
were incubated for 1 hour with 166.75nM of ICSM18 antibody. The antibody was then
aspirated from cells, which were then washed with media before the addition of RML or
control BH at a concentration of 0.3% w/v. BH-only treatments were included as well as
a negative (media-only) control. After 72 hours, cells were briefly incubated with
propidium iodide (PI) and its uptake to nuclei (cell death indicator) was quantified by
fluorescent scanning. Results shown as the mean±SEM of the raw relative intensity of
PI tested in triplicate. The propidium iodide assay was done by Iryna Benilova.

6.4 Discussion
The study outlined in this chapter was particularly important as there are no therapeutics
currently available to treat prion disease. The initial susceptibility of hosts to prion
infections depends on the expression of PrPC172,173,299. Furthermore, PrPC expression
levels determine the incubation period of disease but not the resulting severity and
localisation of neuropathology299. Therefore, it is theoretically possible to target PrPC as
a therapeutic strategy: PrPC is the substrate for template-mediated prion propagation.
There are many reports that show PrPC-targeting is an effective therapeutic strategy. In
animal models of prion disease, abrogation of neuronal PrPC synthesis, using transgenic
manipulation164,208 or by RNA interference300, can prevent clinical disease onset and
reverse early pathological changes. Moreover, that PrPC is structurally changed to a
markedly different conformation during prion propagation suggests that entities that bind
specifically to PrPC can stabilise its physiological tertiary structure, thus inhibiting
conformational change and, subsequently, prion propagation209,303 with no need to
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interfere in PrP synthesis itself. It is now well established that anti-PrP monoclonal
antibodies prevent incorporation of PrPC into propagating prions and cure cells of
infection in vitro213,215 and profoundly extend the lives of infected mice after passive
immunotherapy by intraperitoneal injection, even when extracellular PrP deposition
levels are high216. It has been further shown that the ability of ICSM18 antibody to cure
prion-infected cells correlates with its binding affinity for PrPC rather than PrPSc214. There
is also a correlation between antibody affinity for PrPC and therapeutic strength214.
Examination of potential ICSM18 toxicity originated from reports in the literature detailing
neuronal degeneration in mouse hippocampi after its intracerebral injection at high
concentration177. Although, Klöhn et al later showed that ICSM18 could be injected into
a wild-type mouse brain at least at 1mg/ml without causing hippocampal apoptosis297, a
similar additional study found ICSM18-induced apoptotic lesions after injection298.
However, this ICM18-mediated apoptosis was reported only at substantially higher
concentrations and in transgenic and not wild-type mice. Moreover, a recent,
contradictory report of its toxicity to mouse hippocampal neurons in culture, at a more
therapeutically-relevant concentration of 6.67nM (1ug/ml), was published293, suggesting
ICSM18-mediated dendritic beading. That ICSM18 was previously shown to cure prion
infections in vivo, prompted its humanisation (PRN100) for testing on humans219 made it
important to address the contradictory and concerning reports of ICSM18-mediated
neurotoxicity, before progressing the humanised ICSM18 antibody to clinic.
In a robust and thorough examination of ICSM18 toxicity to hippocampal neurons
reported here, ICSM18 was found to have no neurotoxicity through the tested
concentration range. This included concentrations 100-fold greater than the
concentration previously reported to induce dendritic toxicity in vitro293. This study
provided a robust and powerful analysis of potential ICSM18 toxicity. A wide range of
potential neurotoxicities were explored, novel to research concerning anti-PrP
antibodies. The high content system used was able to probe the ICSM18 activity at many
levels in tandem; from neuron population changes to nuclear damage, neurite
degeneration and at the level of the synapse, none of which reported evidence of
ICSM18 toxicity, even at 667nM. This showed that ICSM18 did not act to induce synapse
toxicity, neurite damage or neuron death, despite it binding to PrPC with high specificity
and affinity. Furthermore, chronically infected neuroblastoma cells did not experience
toxicity due to ICSM18 even whilst it cured the chronic infection, proving that the antibody
was biologically active. Whilst the mouse monoclonal ICSM18 is not identical to its
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humanised counterpart, this suggests the neurotoxic threshold is unlikely to be reached
at therapeutic concentrations in the human brain.
As discussed, anti-PrP antibody-mediated curing of prion infection in cells and animals
is well documented; however, this study shows, for the first time, that ICSM18 can also
directly inhibit prion-induced toxicity, at least in vitro. Studies detailed in this chapter
reveal that a component of RML BH induces toxicity through PrPC, in accordance with
other studies in vitro273 and in vivo164,304, in which prion-associated toxicity depended on
PrPC expression, and that this toxic component is targetable by anti-PrP antibodies. In
fact, the inhibitory effect of ICSM18 on RML BH-induced toxicity relied on an interaction
with PrPC on neurons in culture. The study reported here has however, not attempted to
examine the mechanism of toxicity specifically. I envisage that such studies will be
facilitated once the toxic-inducing species in prion disease is identified. This will only be
possible once the kinetics of toxicity are mapped over the course of a prion infection,
expediting the isolation of a toxic entity that matches the kinetic profile. The entity must
also be characterised structurally, and this may also provide insights into functional
studies.
Initially anti-PrP antibodies were devised as a therapeutic strategy to cure prion infection
rather than to alleviate neurotoxicity. The data reported in this chapter suggests that
neurodegeneration can be directly targeted by therapeutics: as prion titre plateaus early
in the disease and neurodegeneration occurs long after, applications that modify the
latter, crucial stage of the disease are desirable. From the experiments reported in this
thesis, it is now clear that ICSM18 can act in two alternative therapeutic pathways by
binding to PrPC. This data is consistent with the two-phase model of prion propagation
and neurotoxicity being mediated by separate species17,24,115 and indicates that a
neurotoxic agent specific to prion disease mediates neurotoxicity through PrPC. There is
already evidence to suggest that the depletion of neuronal PrPC during an established
prion infection in vivo reverses clinical disease164,208,300 and although it is well
documented that ICSM18 and other anti-PrP antibodies, can cure prion infection and
prolong life216, this is the first evidence to propose that anti-PrP antibodies can cure of
prion infection whilst also directly modifying neurotoxicity.
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7 Highly purified infectious prions are not directly neurotoxic

7.1 Introduction
Prions are protein-only infectious particles thought to consist solely of polymeric
misfolded PrPC115. Prions structurally corrupt membranous monomeric PrPC, which are
recruited into pathogenic fibrillary PrP assemblies that spread through the brain. How
these processes lead to fatal neurodegeneration in prion disease remains one of the
most challenging questions in biology with wide relevance to other neurodegenerative
diseases involving pathogenic fibrillary assemblies of host proteins2. Although the
kinetics of prion-associated toxicity is not defined, there is an established model of prion
propagation due to a precise and robust cellular assay of infectivity21. Prion propagation
proceeds through two distinct mechanistic phases17: an asymptomatic exponential
phase, during which infectivity rapidly reaches a fixed level irrespective of
PrPC concentration, and a plateau phase, which continues until clinical onset with
duration inversely proportional to PrPC concentration. PK-sensitive PrP isoforms,
distinct from classical PrPSc, accumulate at a rate proportional to PrPC concentration
commencing at the phase transition and rising until clinical onset24. That prion
infectivity increases a million-fold during the first phase whilst disease-associated PrP
levels remain low, indicates that infectious prions constitute only a small portion of
total disease-associated PrP. This is consistent with PrPC concentration not rate
limiting exponential prion propagation and neurotoxicity relating to critical
concentrations of alternate PrP isoforms whose production is rate limited by
PrPC concentration17,24,176. Although the entity affecting neurotoxicity, and indeed the
process by which it is generated remains undefined, this study hypothesises that
infectious prions themselves are not the toxic entity and it was hypothesised that
prions can act as a catalytic surface on which distinct toxic PrP entities are generated
once propagation has saturated115.
Although clinical associative evidence supports the hypothesis that infectious prions are
not directly neurotoxic, experimental data explicitly correlating infectious prion structure,
infectivity and (absence of) toxicity in a disease-relevant model does not exist. Until the
advent of a recently reported method to extract authentically infectious prions from
brain at exceptional levels of purity22, there was no direct way to test the hypothesis
that infectious prions are not neurotoxic. Wenborn et al, who had initially set out to
study prion strain diversity, were limited by variable and inadequate methods to isolate
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prions from infected tissue. They re-examined prion purification from first principles,
carefully controlling each purification step with a precise cellular prion infectivity
assay, reporting exceptional levels of purity from small quantities of infected brain and
demonstrating faithful retention of strain properties. Their method expedited highresolution structural scrutiny of authentically infectious ex vivo prions; prions have a
complex assembly state consisting of rods formed from short, paired double-helical
fibrils99 that have so far not been produced synthetically and are distinct from noninfectious PrP amyloid fibrils305.

7.2 Isolation of authentically infectious ex vivo prions
A few recent studies have reported degenerative synapse morphology and function in
cultured primary mouse neurons or mouse brain slices after treatment with (semi)purified

preparations

of

prion-infected

brain

or

crude

prion-infected

brain

homogenates273,306. However, these studies did not provide data on infectivity or
structure of their prion preparations, leaving in question the biological relevance of their
findings. This is especially important as under its classical definition, prions are
infectious92. Here, the potential toxic potency of highly infectious and structurally uniform
prion isolates of the RML strain of scrapie were assessed. Purified infectious ex
vivo RML prions, termed ‘pRML’ in this study, were isolated from 10% (w/v) RML BH
by strictly adhering to the previously developed procedure22. The infectious titre of 10%
(w/v) RML BH and pRML was determined using an Automated Scrapie Cell Assay
(ASCA) in highly susceptible PK1/2 cells that stably propagate prions of the RML strain
over many serial passages121. The infectious titre of the pRML stock solutions prepared
in Dulbecco’s phosphate buffered saline (D-PBS) was 107.9±0.2 IU/ml with a specific prion
infectivity of 109.5±0.2 infectious units (IU)/mg protein (n=4), consistent with previously
published data22,24. Cassandra Terry and Iryna Benilova purified pRML for this study and
Christian Schmidt assayed the infectivity of both pRML and RML BH.

7.3 Investigation of purified RML prion toxicity uncoupled from in
vitro prion propagation
Propagation of prions in culture is limited to a small number of cell types susceptible to
infection21,266,268. The majority of studies have been performed with N2a neuroblastoma
cell lines and only a limited number of reports suggest that prions can be propagated in
cultured primary neurons267,269. ‘Infectivity’ in cultured neurons, however, was
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determined indirectly by western blot detection of PrPSc but not confirmed by bioassay
or re-infection with infected cell lysate. Western blot indicated PK-resistant PrP
production after at least 7 days post-infection. In this study, primary cortical mouse
neurons, either PrPC-expressing or PrPC knock-out (as a control), were treated with RML
BH at 105.2 TCIU/g for 3, 7 or 14 days before cell lysate preparation (Fig. 86). PK1
neuroblastoma cells were then treated with neuronal lysates and processed for
automated SCEPA. Data indicated that prion propagation in neurons had not occurred
up to any of the time points, thus enabling the use of primary neurons to investigate
pRML toxicity in the absence of ongoing generation of infectivity. Iryna Benilova prepared
cellular lysates and Christian Schmidt assayed their infectivity.

Figure 86 | No prion propagation in primary cortical-hippocampal neurons
Prnp+/+ and Prnp-/- cortical-hippocampal neuronal cultures were grown in 3.5cm Petri
dishes for 10 days and treated with 0.01% (w/v) RML BH for either 1 hour. 72 hours or 1
week before cell lysate preparation. Three independent cultures per genotype were
analysed. Cells were extensively washed (3x2ml) with ice-cold D-PBS, then scraped off
the dishes in 500μl D- PBS and put into skirted 2ml-vials with zirconium beads. The cells
were then homogenized for 20s at 5,500 rpm using a ribolyzer (Precellys 24, Bertin
Instruments, Basingstoke, UK). The lysates were stored frozen until assay by automated
SCEPA in i-PK1 cells. Four dilutions of lysates were used instead of the typical two to
establish whether primary neurons propagated prions. Infectivity was calculated by
normalising the number of PrPSc spots resulting from cell lysate samples to 10% RML
BH stock (I8700) with known infectivity (108.64 TCIU/g) as a calibrator. Data was taken
from n=3 independent cell lysates per time point and genotype and shown as the
mean+/-SD.
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7.4 Infectious prions diluted in medium were not neurotoxic in cell
culture
Preparations of pRML were diluted in neuron culture medium at titres ranging from
104.2 to 106.7 TCIU/ml and tested in the high content multi-phenotypic image assay of
neurotoxicity, reported in Chapter 4. pRML diluted in medium was added to 10-12 day
old primary mouse embryonic neurons for 72 hours in 96-well plates. Infected and mockinfected BHs were also tested as positive controls for neurotoxicity. 0.1% (w/v) RML BH,
containing 105.2 TCIU/ml was highly neurotoxic in terms of fragmenting neurite
architecture (Fig. 87a, 88c-d) and decreasing neuronal populations (Fig. 87b, 88a).
Prnp+/+ BH was neurotoxic, but far less so than RML BH. pRML, however, even at
106.7 TCIU/ml (which is equivalent to 105.7 TCIU in each well), did not affect neurite
structure or neuron population size. In fact, there was no difference between medium
and pRML treatment: pRML-treated neurons had healthy nuclei (Fig. 88b) and neurites
(Fig. 88c-d). Dendritic spine density, as a measure of synaptotoxicity, was also
assessed. Visually, pRML-treated dendrites had numerous dendritic spines, comparable
to medium-treated dendrites (Fig. 89). In fact, pRML treatment did not alter dendritic
spine density (Fig. 90), whereas RML BH exhibited a large synaptotoxic effect.
Therefore, purified RML short-paired rods, with high specific infectivity, diluted in
medium, did not exhibit any neurotoxicity.
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Figure 87 | Purified prions diluted in medium had no effect on neurite branch structure or neuron populations
10-12 day old cortical neurons were treated with serial dilutions of pRML diluted in media. Medium-only and RML-infected BH treatment groups were
included as controls. After 72 hours cells were fixed and stained. a, pRML-treated MAP2-stained (red) neurites were as healthy as medium-treated
neurites, whereas there was a loss in overall RML BH-treated neurite architecture and those that remained were truncated. b, pRML-treated NeuNstained (orange) neuron nuclei were as abundant as medium-treated neurites, whereas there was a loss in the number of neuron nuclei after RML BH
treatment. Scale bar = 100µm.
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Figure 88 | No neurotoxicity of purified prions diluted in medium
10-12 day old cortical neurons were treated with serial dilutions of pRML diluted in media.
Medium-only and RML-infected or Prnp+/+ mock-infected BH (0.1% w/v) treatment
groups were included on all plates as controls. Treatment groups were pRML in medium
at 104.2 (n=7), 105.2 (n=7), 105.7 (n=7), 105.95 (n=4), 106.2 (n=4), 106.7 (n=7) TCIU/ml; RML
BH, 0.1% w/v, 105.2 TCIU/ml (n=8); Prnp+/+ BH, 0.1% w/v (n=8) and medium (n=8). After
72 hours of treatment, cells were analysed by high content neurotoxicity image analysis.
Fixed and stained cells were imaged on an Opera Phenix and run through scripts in
Columbus that counted neurons (a), measured the area of nuclei (b), detected neurite
fragmentation (c) and calculated neurite length (d). For a-b and d, data is the percentage
difference from medium-only control, which was present on all plates tested and shown
as the mean±SEM. For c, data is normalised between 0 (medium) and 100% (RML BH,
0.1% w/v), which was present on all plates tested and shown as the mean±SEM. Sidak’s
multiple comparisons from medium-only control (black) and two-tailed t-test between
RML and Prnp+/+ BH (grey). Iryna Benilova kindly prepared and treated cells for the assay
of n=3 tests of pRML.
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Figure 89 | Purified prions had no effect on dendritic spine counts or density
10-12 day old cortical neurons were treated with serial dilutions pRML of diluted in media. Medium-only and RML-infected BH treatment groups were
included as controls. After 72 hours cells were fixed and stained with MAP2, NeuN and spinophilin to visualise neurites, neuron nuclei and dendritic
spines, respectively. a, Representative images of MAP2 (red), NeuN (orange) and spinophilin (green) stained neurons; white rectangles correspond to
magnified views in c; scale bar = 100µm. b, Spinophilin-positive dendritic spines (blue) were counted on and surrounding MAP2-expressing dendrites
(grey); white rectangles correspond to magnified views in d; scale bar = 100µm. c-d, Representative expanses of dendritic spines surrounding dendrites
shown as the raw image in c and the analysis in d, corresponding to the white rectangles in a and b, respectively; scale bar = 10µm.
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Figure 90 | No synaptotoxicity of purified prions diluted in medium
10-12 day old cortical neurons were treated with serial dilutions of pRML diluted in media.
Medium-only and RML-infected or Prnp+/+ mock-infected BH (0.1% w/v) treatment
groups were included on all plates as controls. Treatment groups were pRML in medium
at 104.2 (n=7), 105.2 (n=7), 105.7 (n=7), 105.95 (n=4), 106.2 (n=4), 106.7 (n=7) TCIU/ml; RML
BH, 0.1% w/v, 105.2 TCIU/ml (n=8), Prnp+/+ BH, 0.1% w/v (n=8) and medium (n=8). After
72 hours of treatment, cells were analysed by high content neurotoxicity image analysis.
Fixed and stained cells were imaged on an Opera Phenix and run through a script in
Columbus that calculated dendritic spine density. Data is the percentage difference from
medium-only control, which was present on all plates tested and shown as the
mean±SEM. Sidak’s multiple comparisons from medium-only control (black) and twotailed t-test between RML and Prnp+/+ BH (grey). Iryna Benilova kindly prepared and
treated cells for the assay of n=3 tests of pRML at 4.2, 5.2, 5.7 and 6.7 logTCIU/ml, which
I then analysed.

7.5 Infectious prions did not increase the toxicity of Prnp0/0 brain
homogenate
It is possible that in order to cause neurotoxicity, infectious prions may require additional
molecules and cofactors present in a mouse brain. Therefore, pRML was resuspended
in a non-infectious BH from Prnp0/0 mice devoid of PrPC. At least four concentrations of
infectious pRML containing 104.2-106.7 IU/ml were assayed by high content neurotoxicity
image analysis. The MAP2-stained (red) neurites of pRML: Prnp0/0 BH treatment were
as healthy as Prnp0/0 BH-treated neurites, whereas there was a loss in overall RML BHtreated neurite architecture and those that remained were truncated (Fig. 91a).
Furthermore, pRML: Prnp0/0 BH-treated NeuN-stained (orange) neuron nuclei were as
abundant as Prnp0/0 BH-treated neurites, whereas there was a loss in overall RML BHtreated neuron nuclei (Fig. 91b). 0.01% (w/v) RML BH, containing 104.2 TCIU/ml was
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highly neurotoxic in terms of decreasing neuronal numbers (Fig. 92a), the size of nuclei
indicative of pyknosis (Fig. 92b), increasing neurite fragmentation (Fig. 92c) and
decreasing the length of neurites (Fig. 92d). In comparison, Prnp0/0 BH was not
neurotoxic. The addition of pRML to Prnp0/0 BH, at the same titres as and higher than in
RML BH, also did not render Prnp0/0 BH toxic. Visually, pRML: Prnp0/0 BH -treated
dendrites had numerous dendritic spines, comparable to Prnp0/0 BH-treated dendrites
(Fig. 93). Image analysis found no alteration in dendritic spine density when pRML was
added to Prnp0/0 BH (Fig. 94), whereas 0.01% (w/v) RML BH induced a synaptotoxic
effect. Thus, the composition of Prnp0/0 BH did not render infectious purified short-paired
prion rods toxic.

Figure 91 | Purified prions diluted in Prnp0/0 BH had no effect on neurite branch
structure or neuron population
Representative images of treated cortical neurons are shown. Treatments were mediumonly, 0.01% (w/v) Prnp0/0 BH, pRML diluted to 5.2 logTCIU/ml in 0.01% (w/v) Prnp0/0 BH
and 0.01% (w/v) RML-infected BH. After a 72 hour treatment, cells were fixed and
stained. MAP2 and NeuN staining is shown in a and the NeuN stain alone is shown in b.
c, Images were analysed in Columbus. Neurites were traced (grey) and neuronal nuclei
were counted (pink). Scale bar = 100µm.
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Figure 92 | No neurotoxicity of purified prions diluted in Prnp0/0 BH
10-12 day old cortical neurons were treated with serial dilutions of pRML in 0.01% (w/v)
Prnp0/0 BH. Treatment groups were pRML in 0.01% (w/v) Prnp0/0 BH diluted to 104.2 (n=3),
105.2 (n=7), 105.7 (n=3), 106.7 (n=3) TCIU/ml; Prnp0/0 BH, 0.01% (w/v) (n=8); RML BH,
0.01% (w/v), 104.2 TCIU/ml (n=5); RML BH, 0.1% (w/v), 105.2 TCIU/ml (n=8); Prnp+/+ BH,
0.1% w/v (n=8) and medium (n=8). After 72 hours of treatment, cells were analysed by
high content neurotoxicity image analysis. Fixed and stained cells were imaged on an
Opera Phenix and run through scripts in Columbus that counted neurons (a), measured
the area of nuclei (b), detected neurite fragmentation (c) and calculated neurite length
(d). For a-b and d, data is the percentage difference from medium-only control, which
was present on all plates tested and shown as the mean±SEM. For c, data is normalised
between 0 (medium, negative control) and 100% (RML BH, 0.1% w/v, positive control),
which was present on all plates tested and shown as the mean±SEM. Sidak’s multiple
comparisons from Prnp0/0 BH, 0.01% (w/v) control (black) and two-tailed t-test between
0.1% (w/v) RML and Prnp+/+ BH (grey). Iryna Benilova kindly prepared and treated cells
for the assay of n=3 tests of pRML in Prnp0/0 BH at 4.2, 5.2, 5.7 and 6.7 logTCIU/ml,
which I then analysed.
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Figure 93 | Purified prions diluted in Prnp0/0 BH had no effect of dendritic spine
counts or density
Representative images of treated cortical neurons are shown. Treatments were mediumonly, 0.01% (w/v) Prnp0/0 BH, pRML diluted to 5.2 logTCIU/ml in 0.01% (w/v) Prnp0/0 BH
and 0.01% (w/v) RML-infected BH. After a 72 hour treatment, cells were fixed and
stained. a, Representative images of MAP2 (red), NeuN (orange) and spinophilin (green)
stained neurons; white rectangles correspond to magnified views in c; scale bar =
100µm. b, Spinophilin-positive dendritic spines (blue) were counted on and surrounding
MAP2-expressing dendrites (grey); white rectangles correspond to magnified views in d;
scale bar = 100µm. c-d, Representative expanses of dendritic spines surrounding
dendrites shown as the raw image in c and the analysis in d, corresponding to the white
rectangles in a and b, respectively; scale bar = 10µm.
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Figure 94 | No synaptotoxicity of purified prions diluted in Prnp0/0 BH
10-12 day old cortical neurons were treated with serial dilutions of pRML in 0.01% (w/v)
Prnp0/0 BH. Treatment groups were pRML in 0.01% (w/v) Prnp0/0 BH diluted to 104.2 (n=3),
105.2 (n=7), 105.7 (n=3), 106.7 (n=3) TCIU/ml; Prnp0/0 BH, 0.01% (w/v) (n=8); RML BH,
0.01% (w/v), 104.2 TCIU/ml (n=5); RML BH, 0.1% (w/v), 105.2 TCIU/ml (n=8); Prnp+/+ BH,
0.1% w/v (n=8) and medium (n=8). After 72 hours of treatment, cells were analysed by
high content neurotoxicity image analysis. Fixed and stained cells were imaged on an
Opera Phenix and run through a script in Columbus that calculated dendritic spine
density. Data is the percentage difference from medium-only control, which was present
on all plates tested and shown as the mean±SEM. Sidak’s multiple comparisons from
Prnp0/0 BH, 0.01% (w/v) control (black) and two-tailed t-test between 0.1% (w/v) RML
and Prnp+/+ BH (grey). Iryna Benilova kindly prepared and treated cells for the assay of
n=3 tests of pRML in Prnp0/0 BH at 4.2, 5.2, 5.7 and 6.7 logTCIU/ml, which I then
analysed.

7.6 Infectious prions do not increase the toxicity of PrPC-expressing
brain homogenate
Expression of cellular prion protein is essential for prion disease to develop as mice
devoid of Prnp gene are resistant to prion infection172,174. pRML was added to noninfectious Prnp+/+ BH to concentrations of 104.2-106.7 IU/ml before application to primary
neurons for 72 hours to determine whether PrPC was the missing cofactor required to
cause a pRML-triggered neurotoxic phenotype. Incubation of pRML with Prnp+/+ BH was,
however, kept to a minimum and did not exceed 10min at 37⁰C to minimize additional
seeded misfolding of PrPC (REF). 0.01% (w/v) RML BH, containing 104.2 TCIU/ml was
highly neurotoxic in terms of decreasing neuronal populations (Fig. 95a-b, 96a), the size
of nuclei indicative of pyknosis (Fig. 96b), increasing neurite fragmentation (Fig. 96c)
and decreasing length of neurites (Fig. 95a, c, 96d). Surprisingly, in comparison, even
at the highest titre of infectious pRML in matched dilution of Prnp+/+ BH did not render
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the same level of neurotoxicity as RML BH. Visually, pRML: Prnp+/+ BH -treated dendrites
had numerous dendritic spines, comparable to Prnp+/+ BH-treated dendrites (Fig. 97).
Image analysis found no alteration in dendritic spine density when pRML was added to
Prnp+/+ BH (Fig. 98), whereas 0.01% (w/v) RML BH induced a synaptotoxic effect. That
infectious RML homogenate from the end-stage scrapie-sick mouse brain was acutely
neurotoxic at much lower levels of infectivity compared to the pRML preparations diluted
in Prnp+/+ BH, showed conclusively that a yet unidentified factor, not equivalent to
infectious prions, was neurotoxic. What is now apparent from the studies reported in this
chapter, is that authentically infectious prions – that have a defined paired-rod structure99
and which comprise only a small minority of total disease-associated PrP17 - are not
directly neurotoxic.

Figure 95 | Purified prions diluted in Prnp+/+ BH had no effect on neurite branch
structure or neuron population
Representative images of treated cortical neurons are shown. Treatments were mediumonly, 0.01% (w/v) Prnp+/+ BH, pRML diluted to 5.2 logTCIU/ml in 0.01% (w/v) Prnp+/+ BH
and 0.01% (w/v) RML-infected BH. After a 72 hour treatment, cells were fixed and
stained. MAP2 and NeuN stain is shown in a and the NeuN stain alone is shown in b. c,
Images were analysed in Columbus. Neurites were traced (grey) and neuronal nuclei
were counted (pink). Scale bar = 100µm.

222

Figure 96 | No neurotoxicity of purified prions diluted in Prnp+/+ BH
10-12 day old cortical neurons were treated with serial dilutions of pRML in 0.01% (w/v)
Prnp+/+ BH. Treatment groups were pRML in 0.01% (w/v) Prnp+/+ BH diluted to 104.2 (n=3),
105.2 (n=7), 105.7 (n=3), 106.7 (n=3) TCIU/ml; Prnp+/+ BH, 0.01% (w/v) (n=8); RML BH,
0.01% (w/v), 104.2 TCIU/ml (n=5); RML BH, 0.1% (w/v), 105.2 TCIU/ml (n=8); Prnp+/+ BH,
0.1% w/v (n=8) and medium (n=8). After 72 hours of treatment, cells were analysed by
high content neurotoxicity image analysis. Fixed and stained cells were imaged on an
Opera Phenix and run through scripts in Columbus that counted neurons (a), measured
the area of nuclei (b), detected neurite fragmentation (c) and calculated neurite length
(d). For a-b and d, data is the percentage difference from medium-only control, which
was present on all plates tested and shown as the mean±SEM. For c, data is normalised
between 0 (medium, negative control) and 100% (RML BH, 0.1% w/v, positive control),
which was present on all plates tested and shown as the mean±SEM. Sidak’s multiple
comparisons from Prnp+/+ BH, 0.01% (w/v) control (black) and two-tailed t-test between
0.1% (w/v) RML and Prnp+/+ BH (grey). Iryna Benilova kindly prepared and treated cells
for the assay of n=3 tests of pRML in Prnp+/+ BH at 4.2, 5.2, 5.7 and 6.7 logTCIU/ml,
which I then analysed.
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Figure 97 | Purified prions diluted in Prnp+/+ BH had no effect on dendritic spine
counts or density
Representative images of treated cortical neurons are shown. Treatments were mediumonly, 0.01% (w/v) Prnp+/+ BH, pRML diluted to 5.2 logTCIU/ml in 0.01% (w/v) Prnp+/+ BH
and 0.01% (w/v) RML-infected BH. After a 72 hour treatment, cells were fixed and
stained. a, Representative images of MAP2 (red), NeuN (orange) and spinophilin (green)
stained neurons; white rectangles correspond to magnified views in c; scale bar =
100µm. b, Spinophilin-positive dendritic spines (blue) were counted on and surrounding
MAP2-expressing dendrites (grey); white rectangles correspond to magnified views in d;
scale bar = 100µm. c-d, Representative expanses of dendritic spines surrounding
dendrites shown as the raw image in c and the analysis in d, corresponding to the white
rectangles in a and b, respectively; scale bar = 10µm.
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Figure 98 | No synaptotoxicity of purified prions diluted in Prnp+/+ BH
10-12 day old cortical neurons were treated with serial dilutions of pRML in 0.01% (w/v)
Prnp+/+ BH. Treatment groups were pRML in 0.01% (w/v) Prnp+/+ BH diluted to 104.2 (n=3),
105.2 (n=7), 105.7 (n=3), 106.7 (n=3) TCIU/ml; Prnp+/+ BH, 0.01% (w/v) (n=8); RML BH,
0.01% (w/v), 104.2 TCIU/ml (n=5); RML BH, 0.1% (w/v), 105.2 TCIU/ml (n=8); Prnp+/+ BH,
0.1% w/v (n=8) and medium (n=8). After 72 hours of treatment, cells were analysed by
high content neurotoxicity image analysis. Fixed and stained cells were imaged on an
Opera Phenix and run through a script in Columbus that calculated dendritic spine
density. Data is the percentage difference from medium-only control, which was present
on all plates tested and shown as the mean±SEM. Sidak’s multiple comparisons from
Prnp+/+ BH, 0.01% (w/v) control (black) and two-tailed t-test between 0.1% (w/v) RML
and Prnp+/+ BH (grey). Iryna Benilova kindly prepared and treated cells for the assay of
n=3 tests of pRML in Prnp+/+ BH at 4.2, 5.2, 5.7 and 6.7 logTCIU/ml, which I then
analysed.
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7.7 Discussion
Until recently, the hypothesis that ‘infectious prions themselves are not directly
neurotoxic’ could not be tested in a controlled, experimentally tractable environment. The
advent of a rapid method to purify authentically infectious prions from infected brain22
and their structural scrutiny99,305, coupled to the well-known scrapie cell assay of prion
infectivity21 and the development of a robust, precise cellular assay of prion-associated
toxicity that distinguished prion-infected from mock-infected BH toxicity (chapter 4), has
facilitated testing this hypothesis. In this study, authentically infectious prions of known
structure were purified from brain and their infectivity determined by SCA. By estimation,
prion titres equivalent to and in excess of those found at the saturated level of an in
vivo prion infection were titrated through a high-throughput image analysis assay of
neurotoxicity. The study found no evidence of direct pRML neurotoxicity using multiple
phenotypic readouts following the treatment of neurons with systematically characterised
highly infectious purified RML mouse prions resuspended in cell culture media, PrPC
knock-out (Prnp0/0) or PrPC-expressing (Prnp+/+) mouse BH. This contrasted to matched
weight per volume dilutions of RML-infected BH, which induced extreme neurotoxicity
at matched and far lower infectious titres. No additional prion propagation proceeded
through the toxicity assay time windows, which facilitated the controlled assay of purified
infectious material uncoupled from ongoing prion propagation. This experimental model
provides unequivocal evidence against direct toxicity of infectious prions, not only
consistent with well documented clinically silent incubation periods - that correlate
inversely with PrP expression185 and disease carrier states176 - but with the kinetic and
mechanistic uncoupling of prion propagation and neurotoxicity17,24.
The results of this study, although firmly supporting the notion that infectious prions are
not the toxic entity, have not suggested a particular species accountable for toxicity. This
entity is yet to be defined, although it is likely to be an oligomeric PK-sensitive isoform of
disease-associated PrP - the rate that this class of isoforms are produced is directly
proportional to the appearance of clinical symtoms17,24,115. A prerequisite to the
identification of the toxic entity will be the utility of the developed robust toxicity assay
reported in Chapter 4 and 5, capable of measuring toxicity kinetics over the duration of
a prion infection, with a dynamic range sufficient to ultimately identify, isolate and purify
the entity. It will also be important to structurally characterise the toxic species, to
understand how this neurotoxic species is generated as well as to understand its
neurodegenerative mechanism. For example, it will be important to establish whether
the toxic species acts as a ligand for a receptor (such as PrPC) to illicit an intracellular
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signalling cascade that leads to neuron death. This will ultimately provide new
therapeutic intervention opportunities. A simple, step-wise approach should be taken,
beginning with simple centrifugation and pellet/supernatant collection, size filtration,
mild detergent treatment and removal of confounding material such as DNA and lipid.
Controlling purification with prion-induced toxicity assay at each step will expedite the
isolation of authentic toxic units.
Analogies have been drawn between prion diseases and other neurodegenerative
diseases involving the aggregation of pathological fibrillary assemblies of other misfolded
host proteins in the brain19, the utility and limits of which has been recently reviewed2. In
regard to the theme of this chapter, it will be important to establish whether a kinetic
mechanistic relationship exists between propagating and neurotoxic protein assemblies
of other diseases, akin to prion disease. A prerequisite to determine whether this
relationship does exist in other diseases will be the development and validation of
methods, essentially, robust assays for seeding and toxic activity of other
neurodegenerative misfolded proteins. Perhaps clarity over functionally different fibrillary
assemblies will commence first in the prion disease field itself, which has suffered from
a historic confusion over nomenclature regarding prions and disease-associated PrP.
For example, infectious prions have been used synonymously with PrPSc, which under
its classical definition is relatively PK-resistant and detergent-insoluble diseaseassociated PrP, despite evidence that PK-resistance and infectivity do not necessary
correlate175,307–309: PrPSc continues to accumulate after prion titre saturates17 and
infectivity can be generated by at least some PK-sensitive PrP281,310. Prions and/or PrPSc
have also been regarded as synonymous with toxicity, despite cases where clinical signs
of neurodegeneration are dissociated from PrPSc deposition and/or infectious titre24,176,311
and building evidence that at least some neurotoxic species are PK-sensitive and/or
oligomeric24,312.
The new data reported here should assist as a point-of-principal for better controlled
experiments that relate purified disease-associated PrP to toxicity; in this study, toxicity
was assessed in relation to known infectious titre and extensively-characterised
infectious prion structure, unequivocally showing that these infectious structures were
not neurotoxic. Furthermore, calculations were made to ensure that the resulting
infectious titre in cell culture matched or exceeded that of the saturated levels found in
prion-infected mouse brain. Reports from the literature have suggested that purified
infectious PrP is also toxic273,313 although this purified material had not been titrated
through either a cell or mouse prion bioassay to obtain an infectious titre, nor was it
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studied structurally. However, Fang et al did indicate that some of their preparations,
which they (incorrectly) define as infectious (PrPSc), induce synaptotoxicity through a
stepwise mechanism, which will be important to consider if other studies decide to test
the toxicity of purified disease-associated PrP preparations. Prions, which are by
definition infectious, should not be used as synonymous with PrPSc - although some
PrPSc may be infectious, not all infectious prions are PrPSc. PrPSc constitutes only a
variable fraction of total disease-associated PrP and its contribution to infectivity and
toxicity is uncertain. Notwithstanding, reporting on PrPSc should instead be restricted to
material that meets its classical biochemical definition. Alternative disease-associated
PrP isoforms such as PK-sensitive PrP can also be infectious281,310, although their
contribution is not consistent between prion strains97, and evidence suggests it can also
be toxic24,312. Thus, the prion research field must agree upon a logical and consistent
nomenclature and increase transparency of purification methods that are not solely
contributed to complicated prose in methodological sections of manuscripts, to better
interpret results. What is now clear, from the grounds of the experimental study reported
here, is that authentically infectious prions – that comprise only a small minority of total
disease-associated PrP - are not themselves directly neurotoxic. It will now be important
to identify the toxic species – if it is a PrP species - and determine its structure.
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8 Conclusions and future work
8.1 Thesis summary and conclusions
8.1.1 The development of an in vitro assay of prion-induced neurotoxicity
The main aim of this thesis was to develop a robust method to quantify prion-induced
neurotoxicity in cell culture. Following the pre-established criteria set forth for the assay
of prion-induced neurotoxicity (Fig. 8) - required for the identification and isolation of the
toxic species of prion disease – the basics were firstly addressed: attaining an
understanding of the best practices for cell culture, assay type and assay set-up to
measure prion-infected BH toxicity in vitro. A variety of rapid and simple fluorescence
and luminescence-based cell death read-outs, acquired by plate reader, were able to
detect prion-infected BH toxicity distinguished from control mock-infected BH toxicity
(Fig. 11 and 13). Although these assays were inexpensive and had the potential to be
scaled up to a high-throughput format229, they did not meet the requirements for
distinction of prion-infected and control BH toxicity through an extensive dynamic range,
spanning several logarithms required for efficient fractionation and isolation of the
putative toxic PrP species that are hypothesised to be produced after prion titre saturates
in vivo17,24. Furthermore, these assays also report significant non-specific toxicity of
uninfected BH. The assay criteria also hypothesised that PrPC expression in cell culture
was necessary for prion-induced toxicity as numerous studies have shown the
importance of PrPC in mediating the neuropathological cascade of prion disease.
Although prion-induced toxicity was greater in PrPC expressing cells over knockout cells
as expected, prion-infected BH induced more toxicity compared to mock-infected BH in
PrPC knockout cells in a fluorescent plate-read toxicity assay (Fig. 11h).
Image analysis assays of prion-infected BH-treated cells improved the dynamic range of
detectable prion-infected BH toxicity compared to mock-infected control compared to
plate-reader assays of toxicity: lower concentrations of BH were required to produce
toxicity signals in these assays. Imaging also allowed the simultaneous monitoring of a
range of cell death indicators, providing more in-depth information into prion-induced
toxicity. However, the first image analyses, which calculated dead and dying cells by
measuring the morphology of nuclei, were not neuron specific: cell death could not be
distinguished between neurons and the non-neuronal cells present in the cultures (Fig.
15). It was likely that total apoptotic cell death underrepresented neuron-specific cell loss
(Fig. 16). In secondary image analyses, algorithms were established to study neuron-
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specific cell death and damage specifically, for example, by determining the number of
neurons by counting nuclei that were stained with a neuron-specific marker (NeuN) (Fig.
31). This also enabled the assessment of nuclear health in neurons exclusively (Fig. 31).
By building analysis algorithms to make detailed measurements of cellular structures, for
example, the area of neurites and the dimensions of synapses, enabled more neuronspecific damage analyses (Fig. 31-34). Primary tests showed that neuron-specific
toxicity assessment by image analysis were sensitive for prion-induced BH toxicity
detection compared to other methods of toxicity testing such as protein expression
analysis by ELISA and Western blot. Neuron-specific toxicity detection by image analysis
also indicated that there was a large signal-to-noise window between prion- and mockinfected BH toxicity, which extended through a wide dynamic range (Fig. 39).
The studies outlined in Chapter 3 identified the best cell culture and assay-set up
approaches to detect prion-induced toxicity by image analysis: optimal cell density,
treatment duration and culture age at treatment. These initial observations were integral
to the ultimate development of the high-content neurotoxicity detection system outlined
in Chapter 4. Novel image analysis algorithms (Fig. 31-34) were validated for the
automated and highly unbiased assessment of prion-induced neurotoxicity in cortical and
hippocampal neurons in cell culture. The analyses measured dose- (Fig. 39) and PrPCdependent (Fig. 43) prion-infected BH-neurotoxicity, as well as the toxicity of multiple
classical toxins (Fig. 42). The toxicity of prion-infected and mock-infected BH were
distinguished through wide concentration ranges that spanned over three logarithms of
concentration (Fig. 39).
The method developed was more sensitive, information-rich and less biased than
previously reported assays273. The system reported exceptional specificity of prioninfected BH toxicity, detecting toxicity of highly dilute BH and over large concentration
ranges, which will ultimately assist in isolating and purifying toxicity-inducing species
from prion-infected brains. This system also reported multiple parameters of prioninduced neurotoxicity that could be measured in tandem – neuronal counts, damage to
nuclei, neurite branch degeneration and damage at the level of the synapse could be
precisely quantified – providing sophisticated, multivariate data for evaluation260. The
system could be modified to facilitate screening of prion disease candidate therapeutics
and to measure specific and biological question-driven relevant toxicity. For example,
the Columbus software can be manipulated to pull out the morphological profiles of single
cells, nuclei and smaller objects including synapses and dendritic spines. The design of
this high-content system scrutinises the complex biology of neuron death – utilising
numerous markers to monitor neuronal phenotypes: this, in future, will facilitate
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multiple routes of hypothesis-testing and allow the delineation of toxicity mechanisms.
The procedures that should be exercised to ultimately ensure quality data have been
outlined. For example, quality control check-points (Fig. 36) and data normalisation
methods (Fig. 37) are described. For the best results from the neurotoxicity detection
system, neurons in culture should be highly viable before commencing treatment.
Subsequent staining must be clear to ensure crisp images are acquired for optimal
object segmentation at the image analysis phase. The BH itself is non-homogeneous
and has a wide variation when testing in cell cultures of different plates and batches
(Fig. 37). However, as strict quality controls points were inserted at cell culture,
imaging and analysis (Fig. 36), and the method enforced normalisation of data, this
minimised other potential routes of variation.
The studies described in Chapter 5 assessed prion-infected BH toxicity over the course
of prion infection. It reports kinetic toxicity data originating from two experiments in which
prions of RML strain were inoculated into wild-type mice: there was a discrepancy in the
incubation period and the time where prion titre saturated between the two experiments
(Fig. 45-46), although specific strains inoculated into wild-type mice should exhibit
consistent incubation periods with limited variation124. A range of assay set-up and data
handling methods to understand toxicity kinetics are described: by testing timed cullpooled or single animal BH and by presenting data as toxicity response per BH dilution
or the logEC50 of serially diluted BH. The neurotoxicity analysis identified certain single
animals that had extremely high toxicity and computation of logEC50 for each individual
animal facilitated the deconvolution of large amounts of data per BH. Methods to reduce
the dimension of the data produced by high-content neurotoxicity analysis were further
assessed: first, by generating toxicity indices that combined all the high-content toxicity
parameters (Fig. 54-55, 67) and second, by utilising MLR to find parameters that held
the most value in measuring toxicity kinetics, before toxicity index generation (Fig. 69).
The multivariate statistical method identified parameters that could be combined to
increase the overall power of toxicity prediction (Fig. 69).
An appropriate non-linear regression equation was chosen to model brain toxicity
progression over time (Fig. 47): I had hypothesised that infected brains would have zero
toxicity until a time when toxic units (PrPL) production commenced. The model facilitated
the derivation of this time in dpi, which was not biased in estimating at what time PrPL
activity or production commenced and mitigated approximating this time visually. Until
the identity of PrPL is known, the mechanism of its action will not be fully understood the non-linear equation may have modelled the interaction between PrPL and its receptor

231

(hypothesised to be PrPC) or the production of PrPL itself. As stated, the main aim of this
thesis was to develop a robust neurotoxicity assay of PrPL toxicity. The assay criteria
were primarily set (Fig. 8) and systematically followed. The high-content neurotoxicity
detection system identifies large differences between mock- and prion-infected BH
toxicity. The assay utilised a biologically-relevant cell culture model and possesses a
substantial dynamic concentration range for prion-induced toxicity detection that required
PrPC expression in cells. Secondary data handling methodology assisted in subtracting
control baseline toxicity and the generation of arbitrary toxic units (Fig. 56-66-c-d). The
assay identified a clear trend in toxicity kinetics through the incubation period: toxicity
stayed at baseline (mock-infected BH) levels until approximately 80dpi, where toxic units
began to be produced and increased linearly thereof (Fig. 70).

8.1.2 Utility of the high-content neurotoxicity assay
8.1.2.1 The anti-PrPC antibody, ICSM18, is not inherently neurotoxic and is
an inhibitor of prion-induced toxicity
It was particularly important to address the potential toxicity of the mouse monoclonal
anti-PrPC antibody, ICSM18, as a number of reports in the literature had contradicted
each other in terms of ICSM18 being (non)toxic. ICSM18 was shown to have no
hippocampal toxicity in vivo297 but later reported

to induce dendritic beading in

hippocampal neurons in culture293. The predisposition of hosts to prion infections
depends on the expression of PrPC172,173,299 and PrPC levels regulate the incubation
period of infection, although not neuropathological severity or localisation299. PrPC is a
therapeutic target for prion disease as it is the obligatory substrate for template-mediated
prion propagation. In experimental mouse models of prion disease, abolition of neuronspecific PrPC synthesis, using transgenic manipulation164,208 or RNA interference300,
prevents clinical onset and reverses pathological features of the disease. Anti-PrP
monoclonal antibodies, including ICSM18, prevent incorporation of PrPC into propagating
prions and cure cells of infection in vitro213,215 and extend the lives of infected mice216.
This therapeutic proof-of-principle encouraged the humanisation of ICSM18 for clinical
testing219 making it crucial to reevaluate the potential ICSM18-mediated neurotoxicity in
regard to clinical safety.
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Examination of the potential ICSM18 toxicity to cultured hippocampal neurons, is
reported in Chapter 6. Using the high-content neurotoxicity detection system, it was
found that ICSM18 had no neurotoxicity through the tested concentration range,
including at 100-fold higher concentrations than the dose previously reported to induce
dendritic beading293. The high-content image analysis allowed the exploration of a range
of potential neurotoxic phenotypes that could be induced by the ICSM18 antibody;
phenotypes that had not been previously investigated in relation to anti-PrP antibodies.
A range of potential toxic phenotypes were assessed simultaneously – including
neuronal counts and nuclear, neurite and synaptic health - none providing justification
that ICSM18 was toxic, even at extremely high in vitro doses (Fig. 73). It was further
shown that whilst the ICSM18 antibody was biologically potent, as it cured the infection
in chronically infected neuroblastoma cells (Fig. 77) and bound PrPC with high specificity
and affinity (Fig. 78), it did not affect cell viability.
The humanisation of anti-PrP antibodies was initially conceived as a therapeutic strategy
to cure prion propagation which in turn may halt further neurodegeneration. The study in
Chapter 6, was the first to show that ICSM18 is a direct inhibitor of prion-induced toxicity
(Fig. 81-85) by its interaction with PrPC on neurons in culture, concurrent with reports in
vitro273 and in vivo164,304 where prion-induced toxicity/neurodegeneration was mediated
through PrPC. The data on ICSM18 suggests it acts therapeutically in two distinct
pathways, consistent with the two-phase model of prion propagation and neurotoxic
species production17,24,115. Conceptually, targeting the neurotoxic species is more
desirable than targeting infectious species as infectious prions are not directly neurotoxic
(study in chapter 7). Neurodegeneration occurs long after prion infection is established
and prion titre plateaus; an application that modifies the latter, crucial neurodegenerative
stage of the disease is desirable. This new data suggests that we may be able to modify
the clinical features of the disease apparent in patients at the end of infection.

8.1.2.2 Authentically infectious prions, with a paired-rod structure, are not
neurotoxic
The longstanding assumption that prions are themselves directly neurotoxic was initially
challenged by the demonstration that prion propagation and toxicity in vivo occur in two
distinct mechanistic phases17,24. A method to obtain exceptionally pure ex vivo
preparations of prions from mouse brain - that maintained strain properties, and had a
defined paired rod-like double helical fibre structure, which are definitively correlated with
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infectivity - was recently reported22,99,305. This allowed the direct testing of the potential
neurotoxicity of these purified prions, which was reported in Chapter 7. Using the
developed high-content neurotoxicity imaging assay, it was shown that purified prions
diluted in medium were not neurotoxic (Fig. 88, 90). Furthermore, while brain tissue of
symptomatic prion-infected mice was highly neurotoxic to cultured neurons, brain tissue
of healthy mice to which purified prions were added at, or significantly above, the
saturated infective titre, were not (Fig. 92, 94, 96, 98). This data supports a model in
which prion propagation and toxicity are mediated by separate PrP species, with the
toxic PrP species generated only after prion titres have plateaued – this has significant
implications for our understanding of prion pathogenesis and the development of
therapeutics.
The results of this study, although convincingly sustaining the concept that infectious
prions, of a paired rod-like double helical fibre structure, are not the toxic entity, were
unable to suggest or exclude the potential toxicity of other PrP structures. It is not
surprising that prion rods of a 21nm width99 do not cause synapse toxicity: synapses
consist of a narrow gap of extracellular space approximately 20-40nm wide314. Although
the toxicity-inducing species (that this thesis hypothesises is PrPL) is yet to be identified
and examined, something smaller than the infectious prion rods99 are more likely the
synaptotoxic agent. A requirement for the identification of the toxic entity was the
development of a robust toxicity assay capable of measuring toxicity kinetics over the
duration of a prion infection, with a dynamic range sufficient to ultimately isolate and
purify the entity.
The study reported in Chapter 7 will hopefully promote a better control of investigations
into associating purified disease-associated PrP with toxicity. This thesis examined
toxicity of material in correspondence with infectious titre and well-characterised
structure. Estimates were also made to certify that consequential infectious titres in
neuronal culture matched or exceeded that of the saturated levels in prion-infected
mouse brain. Multiple studies have demonstrated neurotoxicity of crude or semi-purified
preparations of brain homogenate from prion-infected animals in cultured primary mouse
neurons or mouse brain slices in vitro273,306,313. However, prion infections are associated
with accumulation of a diverse range of PrP assemblies. It was previously demonstrated
that following an initial phase of exponential prion propagation in vivo, infective titre
remains at a plateau level and during this second phase there is accumulation of
protease-sensitive disease-related forms of PrP at a rate linearly proportional to PrPC
expression level24. During this second phase, neuropathology becomes established. The
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hypothesis that has driven and is now supported by the results of this thesis, is that a
toxic PrP species, PrPL, is generated during the second phase with clinical onset
occurring when its concentration reaches a threshold. This model proposes that
infectious prions are not themselves toxic but that a pathway switch to production of PrPL
once a plateau level of infectivity is reached is responsible for the synaptotoxicity and
neurodegeneration that leads to clinical onset.

8.2 Future directions
8.2.1 Associating toxicity kinetics with the production of alternate PrP
isoforms
It will be important to determine the total PrP and PrPSc levels of the single animal BHs
from experiment 274 and make direct comparisons between these protein
concentrations and to infectious and toxic units thereof. Only once this is done, may the
results of the high-content neurotoxicity assay be compared to concentrations of PrP
isoforms. This is a prerequisite for establishing the high-content assay as the strategic
method for purification of PrPL. I would expect a similar trend in PrP concentration akin
to experiment 195, in which prion titre increased exponentially whilst both total PrP and
PrPSc levels remained low24. In fact, PrPSc levels remained lower than total PrP for the
extent of the incubation period. PK-sensitive disease-associated PrP (by subtraction of
PrPSc from total PrP levels), however, increased linearly at the time of prion titre
saturation. Furthermore, it will be crucial to correlate PrP isoform concentration to
infectious and toxic units on an individual-animal basis. As a collection of individual
animals had extremely high neurotoxicity, it will be interesting to assess whether these
individuals also contained high levels of PK-sensitive disease-associated PrP.

8.2.2 The identification, isolation and purification of PrPL
The new high-content imaging assay of prion-induced neurotoxicity identified a time in
an RML strain prion infection at which toxicity began accumulating in brain. This assay
should now expedite the isolation of a toxic entity from RML strain prion-infected brain
analogous to the utility of controlling infectious species purification with SCA22. A stepwise approach should be taken, controlling each step with the toxicity assay. Initially the
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size, mass and solubility of the toxic entity should be studied using simple centrifugation
and size filtration in combination with detergent testing and removal of confounding
material such as DNA and lipid. Controlling purification with prion-induced toxicity
assay at each step will expedite the isolation of authentic toxic species.
With these steps, a method may be developed to purify the toxic species. It will be
important to show that brains collected at clinical onset contain high levels of purified
toxic species, at the beginning of the disease there are no toxic species and that toxic
species are produced at the time (Fig. 70) identified in the RML toxicity kinetic study and
at a rate linear to the clinical phase of the disease. The single animal brain tissue
samples, that exhibited particularly high toxicity (Fig. 56-66) may be a good starting point
to purify toxicity – these brains should contain many toxic units. Foremost, to prove it is
a PrP species, antibody depletion studies must be undertaken. However, if antibody
depletion is not successful this may be hard to interpret as the antibody epitope may be
buried – many antibodies with varying epitopes should be tested.

8.2.3 Characterising the structure of PrPL
After the development of a method to obtain exceptionally pure ex vivo preparations of
toxic species, their structure must be examined. The purification process itself should
shed light to some of the physical characteristics of the toxic species. For example, the
general size, mass and solubility of PrPL should be determined. Depending on the size
of PrPL, biophysical techniques could be used: PrPL may be visualised under an electron
or atomic force microscopy and examined by mass spectrometry. Structural
characterisation of PrPL could run in a way analogous to the characterisation infectious
species99,305. The physical conformation of PrPL will predict therapeutic strategy and
enable insightful functional studies.

8.2.4 Understanding the mechanism of PrPL activity
Once PrPL is isolated, purified and structurally scrutinised, its biological nature should be
examined: that is the mechanism by which it causes toxicity. This may be elucidated
using cellular systems of neuron toxicity, with highly pure toxic material. It can be
anticipated that sophisticated high-content microscopy method will assist our
understanding of the mechanisms that govern PrPL-induced neurotoxicity. For
example, at the cellular level, the multifaceted nature of the high-content neurotoxicity
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detection system described in this thesis, will permit hypothesis-driven examination of
toxicity, measuring a variety of toxic phenotypes from the level of the cell body to the
level of much smaller cellular compartments such as synapses. The imaging system
is adaptable for profiling experiments – perhaps by profiling synapses and dendritic
spines of neurons treated with high dose PrPL will describe its acute synaptotoxicity.
At the molecular level, it will be important to establish whether the toxic species acts as
a ligand for a receptor (such as PrPC) to illicit an intracellular signalling cascade that
leads to neuron death. The proteins involved downstream in the signalling cascade must
also be identified: maybe there are already good drugs that safely and effectively target
a component of this cascade. Understanding the exact steps that lead to
neurodegeneration will ultimately uncover novel therapeutic intervention opportunities.

8.2.5 Identifying therapeutic intervention opportunities and testing
candidate therapeutics
The high-content imaging assay of neurotoxicity should aid in the identification of prion
disease therapeutic targets, including PrPL itself and its downstream signalling targets.
As described in Chapter 6, the neurotoxicity assay has already explored the potential
toxicity of ICSM18, a mouse monoclonal antibody against PrPC, showing it had no
negative effects on neurons at doses much higher than the dose planned to enter the
brain therapeutically in humans. I also described, using the assay, that ICSM18 was an
inhibitor or prion-induced toxicity. Therefore, first, the assay should be used to screen
the potential toxicity of PRN100 itself219, the humanised counterpart of ICSM18, and
other candidate antibodies and the small molecule drugs known to cure prion
infections213. This could be an important pre-clinical model to regulate therapeutic safety.
Second, the assay should be used to screen candidate modulatory drugs: the potential
inhibitory effects of drugs on prion-induced toxicity. This would be important to establish
proof-of-concept of drug efficacy.

8.2.6 Enhancing the availability and accessibility of the high-content
neurotoxicity detection system
In order for the high-content imaging assay of neurotoxicity to become widely available,
a standard operating procedure should be developed. That way, experimenters without
experience in high-content microscopy and analysis would have a guide to follow. A
standard operating procedure will also ensure that data originating from the system are
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consistent between experiments done at different times and by different scientists. To
permit the assay to be accessible to many experimenters, the user interface should be
simplified: simple scripts could take the raw Columbus analysis data and automatically
produce normalised data, graphs and statistics in a number of minutes - this may also
require a standardised assay set-up where for example, plate layouts are predetermined, and imaging and analysis runs in unison.

8.2.7 Using

prion

disease

as

a

paradigm

for

more

common

neurodegenerative diseases
Many analogies have been drawn between prion diseases and other neurodegenerative
diseases involving the aggregation of pathological fibrillary assemblies of other misfolded
host proteins in the brain19, the utility and limits of which has been recently reviewed2. In
regard to the theme of this thesis, it will be important to establish whether a kinetic
mechanistic relationship exists between propagating and neurotoxic protein assemblies
of other diseases, akin to prion disease. A prerequisite to determine whether this
relationship does exist in other diseases will be the development and validation of
methods, essentially, robust assays for seeding and toxic activity of other
neurodegenerative misfolded proteins. A number of recent reports have associated
neurodegenerative disease subtype to specific structural features of misfolded protein.
So, in regard to these aspects of prion-like mechanisms in common neurodegenerative
disease, the structural characterisation and classification of such entities, and indeed
confirmation that they can behave as strains in a sense analogous to prions – with stable
properties on serial passage in experimental hosts – must be investigated. A prerequisite
for this will be acquiring relevant humanised animal models of seeded protein
pathology190 that do not suffer from artificial phenotypes driven by overexpression or are
not confounded by endogenous host protein192,193,198,203, which likely differs in amino acid
sequence: strains are by definition conformationally distinct polymers with the same
amino acid sequence.
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11 Appendix
11.1 Standard operating procedure for high-content image analysis
assay of prion-induced neurotoxicity
11.1.1 Summary of method

The assay consists of the following steps:
1) Preparation of primary neuronal culture from embryonic FVB/N Prnp+/+ mouse
brains and culturing of neurons for 10 days in vitro to reach adequate maturity;
2) Treatment of neurons with a specified concentration range (0.005 to 0.1% (w/v))
of RML strain prion-infected and control mock-infected mouse brain
homogenates (from experiment 274) for 72 hours.
3) Fixation and immunostaining of treated neuronal cultures.
4) High-throughput imaging on an Opera Phenix microscope.
5) Image analysis in Columbus using Acapella scripts;
6) Data analysis in Excel and GraphPad.

11.1.2 Animal and prion work: general guidelines
All experimental procedures involving RML prions are carried out in microbiological
containment level 2 or level 3 facilities with strict adherence to safety protocols and
guidelines. Work with animals should be performed in accordance with licenses
approved and granted by the UK Home Office (Project Licenses 70/6454, 70/7274 and
70/9022) and conform to UCL institutional and ARRIVE guidelines.

11.1.3 Primary neuronal culture
All reagents for primary neuron culture are from Thermo Fisher Scientific unless
indicated otherwise. Primary cortico-hippocampal cultures for prion toxicity studies are
prepared from e17 embryonic FVB mouse brains transported from BSF facility
(Wakefield Street) in chilled and oxygenated dissection medium. This medium must be
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supplied to BSF in advance in 50ml aliquots. Brain tissue viability and quality of culture
depends critically on the transfer duration and dissection medium oxygenation.
Cortices and hippocampi are dissected in dissection medium consisting of calcium- and
magnesium-free Hanks’s Balanced Salt Solution (HBSS, # 14170138) supplemented
with 5 ml pen-strep 100x (#15140122), 5 ml glutamine 100x (#25030024), 2.25 g
glucose (5 ml Glucose 45% w/v, #G8769), 5 ml MgCl2 1M filtered sterile (#M1028), 3.5
ml HEPES (#15630056) and 5ml sodium pyruvate 100x (#11360-070).
Brain tissue is treated with 0.25% (m/v) trypsin (#15090-046) and 1000 U of benzonase
(#1.01654.0001, VwR) in a 15 ml Falcon tube for 15 min at 37⁰C and washed three times
with dissection medium. Cells are then re-suspended in the plating medium consisting
of Dulbecco's Modified Eagle's Medium (#41966052) supplemented with 10% (v/v) of
heat-inactivated horse serum (#26050-088) and 20 U/ml of penicillin-streptomycin
(initially add 4 ml per tube).
Next, cells are triturated with fire-polished cotton wool-plugged 2 ml glass Pasteur
pipettes (#612-1799, VwR) with two different sizes of opening, filtered through 70 µm
strainers (#352350), counted using a disposable Neubauer hemocytometer (Labtech,
#DHC-M01) and plated out at 1×104 cells/well (300 cells/mm2) in poly-L-lysine-coated,
black µ-clear F-bottomed 96-well plates (Greiner, #655936) pre-filled with warm plating
medium.
Primary cells are left to settle for 1.5 h in a tissue culture incubator (37⁰C, 5% CO2), and
afterwards, the plating medium is changed to warm Neurobasal PLUS medium
(#A35829-01) supplemented with 2% (v/v) B27 (#17504044), 0.25% (v/v) GlutaMAX
(#35050-061) and 100 U/ml of penicillin-streptomycin.
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11.1.4 Treatment of neurons
Primary cells are typically used in the toxicity assays at the age of 10 days in vitro (but
can be kept until12 days in vitro before treatment). RML and uninfected brain dilutions
are prepared from 10% (w/v) stock brain homogenates. As an example, a 0.1% (w/v)
concentration is made by adding 10 µl of 10% (w/v) stock to 990µl cell culture medium.
Inocula numbers and protocols related to brain homogenate preparation can be found in
the Jat Drive:/exp 274. Multiple cycles of freezing-thawing should be avoided.
A typical plate layout for time course toxicity experiment is shown below. A wide range
of BH concentrations is applied to cells. Positive and negative controls are included in
order to normalise data later.

11.1.5 Immunostaining
Primary neuronal cultures grown in 96-well plates are fixed in 3.6% (m/v) phosphatebuffered formaldehyde (100 µl/well) for 15 min, permeabilized for 5 min in 0.3% (v/v)
TritonX100, 3% (w/v) Bovine Serum Albumin (BSA) (Sigma) and 5% (v/v) horse serum
(HS) in D-PBS (70 µl/well) and incubated with blocking buffer (3% (w/v) BSA and 5%
(v/v) HS in D-PBS; 70 µl/well) for 1 h at room temperature.
Anti-MAP2 mouse monoclonal antibody (1:400, Thermo Fisher Scientific, #M13-1500)
and anti-spinophilin/neurabin-II rabbit polyclonal antibody (1:500, Millipore, #06-852) are
added to the cells to visualize neurites and dendritic spines, respectively. These
antibodies are applied to cells in antibody buffer (3% (w/v) BSA, 1% (v/v) HS and 0.1%
(v/v) TritonX100; 50 µl/well) and left overnight at +4⁰C. Cells are then washed (2×100 µl
D-PBS) and blocked (50 µl/well) with 5% (v/v) normal goat serum (Invitrogen) in D-PBS
for 45 min.
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Next, the cells are incubated with secondary antibodies conjugated to Alexa Fluor dyes:
goat anti-mouse-Alexa647 (Thermo Fisher Scientific, #A21235) and goat-anti-rabbitAlexa488 (Thermo Fisher Scientific, #A11008) at a dilution of 1:1000 in antibody buffer
for 1.5 h at room temperature. Cells are then washed (2×100 µl D-PBS) and incubated
with Alexa Fluor-555-conjugated anti-NeuN mouse antibody to visualize neuronal nuclei
(1:500, Millipore, #MAB377A5, applied to cells in antibody buffer (50 µl/well) for 1 h at
room temperature). The cells are washed again (2×100 µl D-PBS) and stained with DAPI
(1:2000, Molecular Probes) for 20 min, and then washed twice with D-PBS. 100 µl of DPBS is added to each well after the last wash after which the plates are sealed and
stored at 4⁰C in the dark before imaging.

11.1.6 Image acquisition
Images are acquired on Opera Phenix (Perkin Elmer) located at the Laboratory for
Molecular Cell Biology high-content imaging platform in the basement of the Anatomy
building at UCL main campus. Harmony software, Perkin Elmer, facilitates image
acquisition.
If the Opera Phenix is not on, turn it on using the large green power button on the lefthand panel of the machine. Login to the Opera Phenix’s designated desktop using
password: Opera1. Load the Harmony software located on the desktop and login via
user name: ParmjitJatLab and password: prion.

Load your plate by firstly clicking on the ‘Eject’ icon, which opens the plate holder. Place
your plate into the holder, ensuring it sits flat. Then press ‘Load Plate’.
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You can select a saved experiment (that will bring up standard settings) or follow this
guide to build your own experimental set-up. In ‘Setup’ select the plate type, objective
lens, opt mode and binning. Typically, select ‘96 Greiner µclear’ and the 40x water
immersion objective, ‘40x Water. NA’. The 40x water-immersion objective lens provides
a good resolution to distinguish nuclei, neurite trees and networks, synapses and
dendritic spines of embryonic cortical and hippocampal neurons when they are plated at
300 cells/mm2 (1×104 cells/well). Opt mode should be ‘non-confocal’ and binning ‘1’.
Ensure the temperature and CO2 are not running.

In the ‘Channel selection’ select the laser channels you wish to use. For this assay,
typically Alexa 488 (spinophilin), Alexa 568 (NeuN) and Alexa 647 (MAP2) are used.
After adding channels in the channel selection box ensure that images using laser
channels of close wavelengths (e.g. Alexa 488 and 568 or 568 and 647) are not taken
sequentially. Set the exposure time to 100 ms and laser power to 50%.
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Then define the focal position (the height of the objective) for each channel. To do this,
take a z-stack in a negative control well (medium treatment). Typically take 20 stacks
between -5 to 5µm. Find the increment with optimal focus by going through each plane
for each laser channel and input the value in the ‘height’ box. Laser power and exposure
time are kept constant for each batch of plates, but the height of the objective is changed
to account for discrepancies in the plate bottom height and cell density.

Now make a layout selection to run the experiment. Go to ‘Define layout selection’. Select
all wells that were stained. Images are typically taken from 15 fields of view within the
mid-upper hemisphere of the well (layout saved in the standard experimental set-up).
This is a prospective method to limit bias and control for discrepancies in focus and cell
coverage across wells.
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Connect to Columbus via http://columbus-screening.lmcb.ucl.ac.uk. Then enter user
name: Jat Lab and password: prionunit. On the loaded page, add a new ‘screen’ and
label it with the date. This will allow you to transfer newly collected images straight to
Columbus (the image analysis tool) from Harmony (the image collection tool). Go to
‘online analysis’ in Harmony (located bottom left of screen) and click down to find the
new ‘screen’ name from Columbus.

Go to run experiment. Check the experiment, plate type and objective lens are selected
correctly. Now name your plate, typically with the date and basic experimental reference.

If you are happy with the settings click run and watch the first row or two image (blue) all
views (blue) to ensure you are happy with the quality of the images. If you are not happy
with image quality go back and change settings.
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As high-throughput image acquisition is coupled to inevitable heterogeneous illumination
between images flat field correction estimates are calculated automatically for each set
of images acquired and this function applied as the initial step in all subsequent image
analyses. This normalises data retrieved at differing locations from the optical path,
mitigating distorted pixel boundaries and intensity thresholds.

If flatfield corrections are estimated they are reported (orange highlighted text). If
estimates fail, go back and run again. To archive images to hard drive, attach hard drive
and go to ‘settings’ > ‘data management’ in Harmony. Go to export. Select all new
measurements to save and the relevant folder in your hard drive.
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11.1.7 Image analysis
Images are either sent directly from Harmony or imported into Columbus, Perkin Elmer
cloud image analysis software. The software has allowed us to develop a number of
toxicity analysis algorithms using the built-in functions of the software. The script (.aas)
files can be found in the Jat drive saved in J:\People\Iryna B\Protocols\Columbus
neurotoxicity scripts. There are four files: neuron count, neurite trees, neurite
fragmentation and dendritic spine analysis.

Login to Columbus, go to browse.

Select the plate you want to analyse in its ‘screen’.

Create a plate layout by right clicking the plate and going to ‘New analysis definition’.
Ensure the plate layout includes treatment type, e.g. group x – animal number x, and
concentration, e.g 10-4.
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Go to the ‘Image analysis’ tab. Load scripts from the Jat drive saved in
J:\Protocols\Columbus neurotoxicity scripts. There are four scripts that measure various
aspects of neurotoxicity: neuron count, neurite fragmentation, neurite trees and dendritic
spines. Load the appropriate script and save it under the desired plate. A detailed
overview of each script can be found in the next section.
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Go to batch analysis. Select the plate and analysis under it. Run it. Each script will take
5-10 minutes to run for the whole plate. If you have multiple plates, run through the same
script. To download the analysis, click the plus symbol next to the plate name and then
click on the desired analysis. Then press download. The file will be downloaded as a text
file.

11.1.7.1

Details for Columbus image analysis

Columbus, Perkin Elmer cloud image analysis software contains various built-in image
analysis functions that can be combined to measure toxicity. Four scripts have been
developed in-house and their details are described below. A model-based approach to
accurate segmentation is used in which after loading the relevant script into Columbus,
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the background and inter and intra- object intensity thresholds can be manually adjusted
the within scripts to define true object perimeters for counting and dimensional
measurements. Do not change other settings. Key discriminators are also in place to
prevent inaccurate counts and calculations accrued by image artifacts: common artifacts
included unusually large, intense, small or blurred objects.
11.1.7.1.1 Neuron count script
Neuron counts are made by segmenting NeuN-positive nuclei using the ‘Find nuclei’
function. Nuclear morphological measurements [area (µm2) and roundness (perimeter
form factor (Ff) calculated from a function of perimeter and area (Ff for a circle=1, other
shapes<1)] are calculated using the ‘Calculate morphological properties’ function, for
each nucleus. Populations based on dimension were included and excluded from further
analysis by the ‘Select population’ function. For example, populations of nuclei smaller
than 60µm2 are selected as pyknotic. Populations of nuclei with roundness of under
0.65Ff are selected as fragmented. Neurons with nuclei that are classed as pyknotic or
fragmented/blebbing are considered dead. Nuclei that are not classed as either pyknotic
or fragmented/blebbing are considered healthy: healthy neurons have relatively larger
and rounder nuclei compared to dead neurons. Multiple readouts of toxicity are possible
with this algorithm. The script outputs the following data: healthy neuron count, dead
neuron count, % healthy neurons, % dead neurons, mean nuclear area.

11.1.7.1.2 Neurite fragmentation script
Neurite fragmentation is estimated from images by firstly identifying MAP2-postitive
neurites, using the ‘Find image region’ function. This region is then split into distinct
objects. The area of each MAP2-object is calculated in µm2, using the ‘Calculate
morphology properties’ function. Fragments are selected using the ‘Select population’
function from the total object population when their area is less than or equal to 20µm2.
All objects over 20µm2 are considered healthy neurites. Total neurite fragmentation
equated to the total number of objects under 20µm2. The number of healthy neurons in
each image is calculated according the method shown in 11.1.7.1.2. Fragmentation per
neuron equates to total fragmentation over neuronal nuclei count. Other readouts from
the neurite fragmentation algorithm include the total fragment area (µm2) and
fragmentation density (fragment number per µm2 of healthy processes).
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11.1.7.1.3 Neurite tree script
From the multi-channel image, firstly, the NeuN channel image was selected. NeuNpositive nuclei were segmented and profiled. Those that are healthy according the
method shown in 11.1.7.1.2. are then set as the origin of neurites. MAP2-positive
neurites are traced commencing from healthy neuron nuclei, using the ‘Find neurites’
function, to their extremities. This allows the assignment of neurite trees to specific
neurons. Multiple readouts are possible: neurite length, mean number of roots, branch
level, number of extremities and number of segments.
11.1.7.1.4 Dendritic spine script
From a multi-channel image, the MAP2 channel was foun. Healthy dendrites were found
according to the method in 3.4.2 Neurite fragmentation script. The total length of healthy
dendrites was calculated in the ‘Calculate morphology properties’ function. Spinophilinpositive dendritic spineswere counted on and within a 4µm perimeter surrounding
healthy dendrites, using the ‘Find image region’ and ‘Find surrounding region’ functions
directed at the image of the spinophilin channel. Dendritic spines were then identified
and segmented using the ‘Find spots: method A’ function, solely within the two areas
identified. Spots were then profiled for their dimensions and intensity by ‘Calculate
morphology properties’ and ‘Calculate intensity properties’ functions. Dendritic spines
are classified as spinophilin-positive spots that are over 0.4Ff and had an area less than
or equal to 4µm2, analogous to dimensional data from the literature. Dull and nonadjacent spines were not detected in the script. The script was good at detecting
individual spines from dendrites of varying width and with varying spine densities.
Multiple spine toxicity readouts were possible with this Columbus script: mean and total
spine area, mean width and length, width to length ratio, contrast and mean relative
intensity. Dendritic spine density was computed by dividing the spine count per image
over the length of healthy dendrites in µm.

11.1.8 Data analysis
Copy the text file into Excel and use a pivot table to average technical replicates per
treatment group. Transfer this raw data into Graphpad for normalisation to controls. The
negative control (medium) and the positive control (highest concentration of RML BH)
are set to 0 and 100% or vice versa dependent on toxicity readout. The raw data can
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also be normalised by removing the baseline (medium). Normalised data then goes
through non-linear regression to compute logEC50 (equation is Y=Bottom + (TopBottom)/(1+10^((LogEC50-X)*HillSlope))).
Either view as a scatter plot over time or as the average biological replicates (logEC50
per individual BH per independent cell culture) and plot over days post inoculation. This
time will be different than the expected cull group for mice that were determined scrapie
sick.
For further guidance on data analysis (generation of toxic units, toxicity kinetic modelling
and statistics) please refer to example spreadsheets (Excel, GraphPad) and Madeleine
Reilly thesis located in Jat drive.
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