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ABSTRACT OF THE THESIS

Peripheral Neuropathy and Sexual Dimorphism in Prion Disease Mouse Models

by

Annee Dac Nguyen

Master of Science in Biology

University of California San Diego, 2018

Professor Nigel Calcutt, Chair

Professor Brenda Bloodgood, Co-Chair

In this study, I characterize peripheral neuropathic phenotypes in F35 mice (knock-out model of prion
disease) and 93N mice (novel knock-in model of prion disease) using various behavioral assays, electrophysiology,
and histology. F35 mice and 93N mice show significant impairment of small unmyelinated C-fibers without
systemic loss of nerve density in either the foot skins or the cornea. In analyzing large fiber function, F35 mice and
93N mice show significant slowing of motor nerve conduction velocity. However, only 93N male mice show
significant impairment in large sensory nerve fiber function, suggesting a model- and sex-specific peripheral
neuropathic phenotype in the knock-in model. Structural analysis of axon caliber distribution in sciatic nerves show
significantly smaller mean axonal diameter in diseased mice, but no difference in total amount of large myelinated
fibers. Overall, axonal size-frequency in sciatic nerves of diseased mice appear heavily skewed toward smaller nerve
fibers. Analysis of myelin sheath g-ratio show thinner axon diameters in only F35 mice compared to wild type mice,
but post-hoc analysis of only male mice shows that F35 and 93N males both have smaller axonal diameters

compared to wild types. The presence of peripheral nerve pathology in both mice despite a lack of prion aggregates



in the central nervous systems of both mouse models suggests that prion aggregates may not be necessary to activate

prion neurotoxic pathways.



INTRODUCTION

Prion Disease

L History

Prion disease was first documented in the 1700s among herds of sheep (Journal of the House of Commons, 1775).
The affected sheep would scrape themselves, a pathological behavior that caused the first known instance of prion
disease to be called “scrapie.” In the late 1800s, most causative agents of disease were determined to be viruses and
bacteria, although the causative agent of scrapie remained unknown. It was initially proposed that scrapie in the sheep
population was caused by a virus due to the disease’s slow incubation period (Sigurdsson, 1954), although experiments

to prove the viral inoculation theory were unsuccessful.

The first case of human prion disease, Creutzfeldt-Jakob disease (CJD), was documented in the early 1900s
(Meggendorfer, 1930; Gambetti et al., 2003). Approximately fifty years later, a neurological disorder with similar
clinical presentations to CJD and scrapie called kuru was described on the island of Papua New Guinea in the Fore
Tribe of Papua New Guinea. Kuru appeared concentrated in the women and children of the tribe and seemed to spread
among the tribe members via their endocannibalistic ritual. As kuru, scrapie and CJD revealed distinctive patterns of
neurodegeneration such as vacuolation and similar mechanisms of transmission, they were determined to be from the
same family of disease (Hadlow, 1959; Klatzo et al., 1959). These speculations were confirmed when two separate
experiments reported that inoculation with brain matter from patients who succumbed to kuru and CJD resulted in

fatal encephalopathy on both accounts (Gibbs et al., 1968; Beck et al., 1969).

Despite forming connections between these diseases of transmissible encephalopathy and discovering the mode
of transmission, the infectious particle responsible was still unknown. One of the prevailing theories still was that kuru
and CJD were caused by a slow viral infection (Sigurdsson, 1954). Another theory discovered a gene required to cause
scrapie infection and dictated scrapie incubation time, which suggested that DNA was the transmissible infectious
particle (Dickinson, Meikle, and Fraser, 1968). Further investigations of the infectious agent, however, found that the
agent was likely not a nucleic acid, as it survived UV radiation, extreme temperatures, formalin, nucleases, and other
factors that would denature or inactivate nucleic acids, viruses, and bacteria (Hunter and Millson, 1964; Pattison,

1965; Alper et al., 1967). Furthermore, the size of the infectious agent was determined to be too small to be a virus



or a bacterium (Alper et al., 1966). In 1967, scrapie infection was proposed to be caused by a proteinaceous particle,
a controversial proposal as only bacteria and viruses were considered to be infectious agents (Griffith, 1967). The
infectious protein or ‘prion’ narrative was further supported by experiments showing successful inactivation of the
particle via methods that inactivated other proteins and isolating infectious protein aggregates from infected animals

(Pruisner et al., 1982, 1983).

To further investigate the genesis of the infectious particle, a study noted the mutant prion to be a derivative of a
normal, pre-existing cellular protein within the host due to a lack of an immune response to infection (Pruisner et al.,
1993). The cellular prion protein itself and the gene encoding it (Prnp) was also required to be present for infection to
occur, as native prion (PrP°) deficient and Prnp knock-out mice were resistant to infection via mutant prion inoculation
(Oesch et al., 1985; Bueler et al., 1993). After several in vitro and in vivo experiments that generated mutant prions
from host-recombinant prion proteins (Deleault et al., 2005; Barria et al., 2009; Zhang et al., 2013), the generally
accepted mechanism of mutant prion formation was a misfolding of the normal, host prion protein, which resulted in

a pathological prion that caused prion disease.

11 Types of Prion Diseases

Prion diseases are formally termed transmissible spongiform encephalopathies (TSEs). Any animal with tissue
that expresses prion protein is vulnerable to contracting prion disease, as native prions are required for disease
initiation to occur (Oesch et al., 1985). The most prominent populations affected by prion disease are humans and
domesticated herd animals such as goats, sheep and cows, along with deer, and mink (McGowan, 1992; Marsh, 1992;

William and Young, 1980; Wells et al., 1987; Trevitt and Singh, 2003).

Prion diseases are classified as acquired, sporadic, or familial. Most cases (85% to 90%) are sporadic or acquired.
While sporadic cases have no clear external cause, prion disease can be acquired if one is exposed to mutant prion
proteins via oral, surgical, or intravenous routes. Approximately 10% to 15% of prion disease cases are familial
disorders caused by an autosomal dominant mutation of the prion protein gene, PRNP (Brown and Mastrianni, 2010).
Common histopathologies of prion disease are astrogliosis, accumulation of protein aggregates, vacuolation of
nervous tissue, and the formation of spongiform tissue (Brown and Mastrianni, 2010). The most common pathological
behavioral traits are aggression, dementia, and loss of sensorimotor coordination (Imran and Mahmood, 2011;

Thompson et al., 2014).



The common forms of prion disease are:

a. Scrapie

Scrapie was the first documented instance of prion disease and was discovered in sheep and goats. The name
scrapie derives from the pathological behavior, in which animals scraped themselves against fences, suggesting
pruritus. Other clinical signs of scrapie in sheep and goats include anxious behavior, tremors, unexplained weight loss,
hunched posture, and teeth grinding (Capucchio et al., 2001; Konold et al., 2007). While scrapie-inducing prions are
of unknown origin and have an incubation period of 2-5 years, infected animals die approximately 2 weeks to 6 months
after clinical symptoms appear (Jeffrey and Gonzalez, 2007). Scrapie prions propagate to the nervous system,
throughout most of the gastrointestinal system, lymph nodes, and most muscles throughout the body and lining major
viscera (Maddison et al., 2010; O’Rourke et al., 2011). Because scrapie prions are also concentrated in bodily
excretions and secretions, exposure to infected excretions has been proposed as a possible mode of transmission within

a flock (Mabbott, 2017).

Native prion protein exists in multiple polymorphisms. The most scrapie susceptible polymorphisms identified in
the prion gene are 136V (valine at codon 136); 154R (arginine at codon 154); and 171Q (glutamine at codon 171)
(Baylis et al., 2004; Imran and Mahmood, 2011). To decrease the incidence of scrapie among domesticated sheep and
goats, Prnp polymorphisms associated with low-risk susceptibility to scrapie (such as 136A) have been artificially
selected for in breeding new flocks of sheep and goats (Goldmann, 2008, Trevitt and Singh, 2003). Despite selecting
for low-risk polymorphisms, sheep and goat are still vulnerable to a sporadic form of scrapie called ‘atypical scrapie,’

and are thus not entirely scrapie-risk free (Benestad et al., 2008).

Several animal models have been developed to characterize scrapie. These include transgenic mice such as Tga20
mice, which overexpress wild-type murine PrP¢, and mice with inoculated prions from bank voles; goats and sheep;
and macaques (Cuille and Chelle, 1939; Pattison, 1966; Chandler, 1961; Gibbs, 1972; Fischer et al., 1996; Haybaeck,
2011; Sigurdson et al., 2012; Watts, 2014; Cornoy, 2015). The most common mouse-adapted scrapie prion mutants
examined in these models are the RML (also called the Chandler strain), ME7, 139A, and 79A strains. Each of these
strains differ by their respective concentrations of mono-, di-, and unglycosylated prion proteins (Thackray et al.,

2007; Bradner and Jaunmuktane, 2017).



b. Bovine Spongiform Encephalopathy (BSE)

Bovine spongiform encephalopathy (BSE) is a fatal neurodegenerative disorder in cattle that was first
documented in the United Kingdom in the mid-1980s. Because it affected cattle in the food production industry and
was transmittable to other species, BSE threatened global food supply and endangered the public health of humans,
domesticated animals, and zoo animals. During the height of the United Kingdom’s BSE outbreak, 120,000 cattle
were diagnosed with BSE in the UK and 200,000 cattle were subsequently slaughtered across Europe to prevent human
consumption (Center for Food and Safety, 2018, Torres et al., 2011). The presumed cause of BSE was farm feed
containing meat and bone from other animals infected by scrapie protein from sheep. This speculation was supported

after a ban in meat and bone feed led to a subsequent decrease in BSE incidents (Ducrot et al., 2008).

An alternative theory proposed that BSE prions are a separate family of proteins from the scrapie protein with
their own unique mutations and structures. Studies supporting a spontaneous BSE prion protein have identified a
mutation in the bovine Prnp gene that causes a genetic predisposition to BSE (Richt and Hall, 2008). Moreover,
studies found two distinct prion forms of BSE, the L-type and H-type isoforms, in cattle populations across several
countries (Yamakawa et al., 2003; Biacabe et al., 2004; Casalone et al., 2004; Jacobs et al., 2007; Richt et al., 2007).
The L-type and H-type isoforms of BSE are termed ‘atypical’ or spontaneous BSE prions of lower molecular mass

and higher molecular mass, respectively, compared to the classic, ‘typical’ BSE prion (Jacobs, et al., 2007).

BSE prions have an incubation period from 2 to 8. While BSE and scrapie prions are both found throughout the
nervous system and parts of the gastrointestinal system, BSE proteins are also found in the bone marrow, adrenal
glands, and tonsils, and are notably concentrated in peripheral nerves (Novakofski et al., 2005). The primary mutations
that confer the most susceptibility to BSE are an E211K (glutamate to lysine substitution to codon 211) polymorphism
and two insertion/deletions (indels) in the Prnp gene, one that is a 23-base pair indel in the promoter and another that
is a 12-base pair indel in the first intron (Nicholson et al., 2008; Richt, 2008; Sander et al., 2004; Heaton et al., 2008;
Juling et al., 2006). While the E211K polymorphism does not make up most BSE cases, it is interesting to note that

the polymorphism is analogous to the mutation of familial Creutzfeldt-Jakob disease (E200K) (Heaton et al., 2008).

Several animal models of BSE have been developed in mice, sheep, marmosets and macaques via intracerebral,
intraparietal, oral and intravenous inoculation (Lasmezas et al., 1996; Hill et al., 1997; Lasmezas et al., 2005; Watts

et al., 2014, Lescoutra-Etchegaray, 2015). Key mouse models of BSE include mouse-adapted BSE prions with



polymorphisms 301C and 301V (Collinge and Clarke, 2007). Additionally, transgenic mice homozygous for
methionine and/or valine at codon 129 of the human Prnp gene are highly susceptible to BSE prion inoculation

(Asante, et al., 2002).

c. Creutzfeldt-Jakob Disease (CID)

Creutzfeldt-Jakob disease (CJD) can be subclassified into variant CJD (vCJD), iatrogenic CJD (iCJD), sporadic
CJD (sCJD), and familial CJD (fCJD). Of the four, vCJD and iCJD are the only two acquired forms of CJD. While
the symptoms of CJD are heterogenous and unique for each individual, the main clinical feature of CJD is dyskinesia
that can occur with or without muscular atrophy, cerebellar ataxia, insomnia, difficulty speaking, difficulty
swallowing, and dementia. Most types of CJD appear to arise from methionine or valine polymorphisms at residue
129 on the Prnp allele (Moore et al., 2016). Genotypic combinations of polymorphisms at codon 129 include 129MMI1,
129MV1, 129VV1, 129MM2, 129MV2, and 129VV2, in which 1 and 2 correspond to protease-resistant prion proteins
type 1 PrP™ (unglycosylated prion with mass 21.5 kD) and type 2 PrP™* (unglycosylated prion with a mass of 19.4
kD) (Tranchant et al., 1999; Iwasaki, et al., 2006). Ratios of polymorphic heterozygotes and homozygotes vary for
each subtype of CJD, and each variant contributes to the heterogeneity of phenotypes in CJD (Parchi et al., 1996;
Trachant et al., 1999; Hauw et al., 2000; Iwasaki et al., 2006). There are four types of human mutant prions associated
with sporadic and acquired CJDs. Types 1 and 4 are associated with 129MM 1 and 129MM?2, type 3 is associated with

any polymorphism of 129V, and type 2 can be associated with any polymorphism genotype (Collinge et al., 1996).

i Sporadic CJD (sCJD)

Sporadic CJD (sCJD) accounts for approximately 85% of disease incidences (Trevitt and Singh, 2003). sCJD is
a late-onset neurodegenerative disorder and affected patients die within about six months after clinical symptoms are
present. Clinical symptoms of sCJD include hallucinations and visual disturbances, cerebellar ataxia, and rapid
progression of dementia (Cornelius, et al., 2009). sCJD cases occur globally, do not appear to be caused by exposure
to external scrapie proteins and do not show hereditary patterns (Brown et al., 1987; Wadsworth et al., 2001). Current
theories suggest individuals with polymorphisms at codon 129 of the Prnp alleles are more susceptible to sCJD. sCID
can be caused by the following polymorphisms at codon 129 of the Prnp alleles: MM1/MV1, VV1, MM2, MV2, and

VV2 (Parchi, et al., 1996; Gambetti, et al., 2003). sCJD heterozygotes have less severe clinical manifestations than



sCJD homozygotes, with a later age of onset and longer disease progression that is similar to vCJD (between 9 and

35 months) (Baker et al., 1991; Hill et al., 1999).

ii. Variant CJD (vCJD)

Variant Creutzfeldt-Jakob disease (vCJID) is an acquired form of prion disease contracted from ingesting tissue
infected with bovine spongiform encephalopathy (BSE) (Bruce et al., 1997). vCJD first emerged in the mid-1990s
amid the BSE outbreak among cattle in the United Kingdom. People who ingested BSE-infected tissue were
subsequently infected. Although vCJD accounts for approximately less than 1% of known prion disease incidences,
vCJID is the only prion disease that has significantly increased in incidence (by 23% per year) since 1994 and has
infected roughly 200,000 people in the UK (Anderson et al., 1996; Andrews et al., 2000). vCJD has a mean age of
onset around 29 years of age, a longer incubation time than sporadic CJD, and a clinical course between 9 and 35
months (Will et al., 1996). vCJD differs from sCJD by its slower clinical progression, increased amyloid beta plaques
in brain tissue, presence of mutant protein in more tissue types than sCJD, and a heterogeneous incidence that is
concentrated in areas of known BSE outbreaks (Will et al., 1996; Wadsworth et al., 2001). The transgenic mouse
model homozygous for methionine at codon 129 of the human Prnp gene (129MM) is also a model for vCJD and this
polymorphism is associated with a majority of clinical vCJID cases (National CJD Research and Surveillance Unit,
2017). While the 129MM polymorphism is characteristic of both vCJD and sCJD, the vCJD prion is shown to have a
conserved proteolytic cleavage site that is unaffected by its glycosylation state and is noted to be a type 4 PrPS

(Collinge et al., 1996).

. latrogenic CJD (iCJD)

latrogenic Creutzfeldt-Jakob disease (iCJD) is an acquired form of prion disease, usually transmitted via a medical
procedure such as using surgical tools contaminated with biological material containing mutant prion proteins from
an infected person. As with vCJD, iCJD accounts for approximately less than 1% of known prion disease incidences
(Trevitt and Singh, 2003). Prions are extremely resistant to standard sterilization procedures and can thus be spread
via infected surgical instruments. iCJD can therefore unwittingly contribute to the spread of vCJD and other prion
diseases. While prions must enter the body through an incision or be ingested to infect the body, important surgical
procedures such as blood transfusions, organ transplants, and tissue grafts are complicated by the additional concern

of the spread of prion disease, as prions are widely distributed in the body (Fleschsig et al., 2001; Bosch, 2001;



Wadsworth et al., 2001). Additionally, iCJD can also spread between species, (Gravenor et al., 2000). The 129 MM
homozygous polymorphism is a risk factor for susceptibility to iCJD, as in sCJD, which may explain the similar range

of clinical symptoms between iCJD and sCJD (Imran and Mahmood, 2011).

d. Familial Prion Diseases

Familial forms of prion disease are autosomal dominant disorders and account for approximately 10% to 15% of
prion disease cases (National CJD Research and Surveillance Unit, 2017). Genetic forms of prion disease have more
than fifty-five identified corresponding mutations of the Prnp allele (Kong et al., 2004). Familial prion diseases include
familial Creutzfeldt-Jakob disease (fCJD), fatal familial insomnia (FFI), and Gerstmann-Straussler-Scheinker

syndrome (GSS), each of which is described below:



i Familial Creutzfeldt-Jakob disease (fCJD)

Familial Creutzfeldt-Jakob disease (fCJD) accounts for approximately 5% to 15% of all prion disease cases. The
progression of clinical symptoms in fCJD first begin with confusion and memory impairment and proceed to cerebellar
ataxia and myoclonus. Disease onset usually occurs between 30 and 50 years of age, although onset can occur as late
as 80 years of age. fCJD is most commonly caused by inherited point mutations of the Prnp gene. Risk factors for
fCID includes the presence of indels within PrP from residues 51-91 and codon 129 genotypes on the Prnp alleles
(Imran and Mahmood, 2011). Known mutations of fCJD are E200K, 1210V, D128N, and V1801 (Nozaki et al., 2010;
Gambetti et al., 2011). Unlike other prion diseases, fCJD has little expression of unglycosylated fragments (Capellari
etal., 2011).

ii. Fatal Familial Insomnia (FFI)

Previously known as thalamic dementia, fatal familial insomnia (FFI)’s main neuropathological feature involves
the selective neurodegeneration of thalamic nuclei with little mutant prion protein deposition. The key linked
mutations associated with FFI is a haplotype mutation of a Prnp allele mutation (D178N) and the methionine of the
Prnp polymorphism M129V, although the D178N mutation can also be linked to a valine of the M129V Prnp
polymorphism (Lugaresi et al., 1986 Montagna et al., 2003). The inheritance pattern of FFI of 129MM genotypes and
129MYV genotypes is gender-independent and the mean age of onset is 49 years of age, although onset spans from 20
to 72 years of age. Affected patients die after an average of approximately 18 months, although survival time after
onset of disease can range from 8 to 72 months. Patients with the 129MM genotype have shorter survival time and
increased severity of clinical symptoms. Hallmark symptoms of FFI include insomnia, myoclonus (muscle spasms),
insomnia-induced hallucinations, autonomic dysfunction, cerebellar ataxia and seizures (Belay, 1999; Brandel, 2004;
Capellari et al., 2011; Montagna et al., 2003).

The most relevant mouse model of FFI expresses a mouse-adapted prion protein with linked mutation

D177N/M128, which is homologous to the human FFI mutation described above. The mutant mouse prion protein

is insoluble in the brain, mildly protease-resistant, and has a molecular mass of approximately 19 kD, which is

similar to that of human FFI prions (Monari et al., 1994; Dossena et al., 2008; Bouybayoune et al., 2015).

iii. Gerstmann-Straussler-Scheinker syndrome (GSS)
The general neuropathological features of Gerstmann-Straussler-Scheinker syndrome (GSS) are abundant
amyloid plaques, neuronal loss, astrogliosis, neurofibrillary tangles, and variable severity in spongiform changes.

8



GSS is an early-onset familial disorder that exhibits the slowest disease progression of all familial disorders, with
survival time ranging from 3 years to 10 years post-disease onset. The most common symptoms in GSS patients
are cerebellar ataxia, dementia, dysarthria (difficulty speaking), spasms, gait abnormalities, and leg hypoflexia
(below normal reflexes) or areflexia (loss of reflex) (Belay, 1999; Brandel, 2004). As with the other prion
diseases, the M129V polymorphism linked to the various GSS-associated mutations affects the range of disease
phenotypes (Bianca et al., 2003). Of the many GSS-related mutations, the only reproducible and two most
common mutations in GSS mouse models are the A116V mutation (homologous to the human A117V mutation)

and the P102L mutation (Yang et al., 2010; Umeh et al., 2016).

1L Prion Structure

Each type of prion disease has a signature abnormal conformation of the host prion protein and is differentiated
from the others by molecular masses and number of types of attached glycoproteins (Torres et al., 2011). The native,
host-encoded prion protein is a glycoprotein consisting of approximately 210 amino acids that is anchored in the
plasma membrane via a C-terminal glycophosphatidylinositol (GPI) (Pruisner, 1998; Weissman, 2004). The
function(s) of native prion protein remain relatively unclear, with theories ranging from cell-cell communication,
prevention of apoptosis and oxidative stress, and participation in synaptic function regulation (Caughey and Baron,
2006; Watts and Westaway, 2007). Because prion diseases are caused by misfolding of host-encoded prion proteins,
studying mutations of the prion protein structure can aid in identifying key structures that may be relevant to both

prion neurotoxicity and further characterization of the host-encoded prion’s function.

a. C-terminus

The C-terminus of the prion protein, also known as the globular domain (residues 126-230 of PrP), is
structurally conserved across most species and contains two beta strands and three alpha helices (Zahn et al.,
2000). Within the C-terminal are two N-glycosylation sites, a gamma cleavage site, a disulfide bridge, and a

glycosylphosphatidylinositol (GPI) anchor (Stahl et al., 1987, 1992).

The globular domain contributes to the stability of the prion protein, endoplasmic reticulum (ER) processing of the
prion, and regulation of prion neurotoxicity mechanisms (Gambetti, 2003; Heske et al., 2003; Jackson et al., 2013;
Wu et al., 2017). In most human prion diseases, the C-terminal core of mutant prion aggregates is resistant to

proteinase K (PK) digestion, and protein aggregates develop prior to spongiform degeneration in the same nervous



tissue (Gambetti, 2003; Jackson et al., 2013). Other mouse-adapted prion models with truncated C-terminal domains
such as W144Stop and Q159Stop are not successfully imported into the endoplasmic reticulum, cannot undergo N-
terminal processing, are unable to anchor themselves to neuronal plasma membranes, and are digestible by PK (Heske
et al., 2003). The key role of the C-terminus is to modulate the N-terminus neurotoxicity through direct contact (Wu

etal., 2017).

b. N-terminus

While the C-terminal is always folded, the N-terminus of the protein is modified depending on the species, usually
with at least four octapeptide repeats that are abundant in glycine and can bind to a multitude of divalent ions (Wuthrich
and Riek, 2001; Millhauser, 2004; Choi et al., 2006). Other domains within the N-terminal are two charge clusters,
CC1 and CC2, and a hydrophobic domain. Alpha and beta cleavage sites flank both sides of charge cluster CC2 (Harris

etal., 1993).

As the N-terminus contains both alpha and beta cleavage sites, the N-terminus is hypothesized to be a neurotoxic
factor in prion disease that induces oxidative stress (Sonati et al., 2013; Wu et al., 2017). Normally, alpha cleavage
creates CC1 fragments and prevents conversion of PrP to PrP%. However, in prion disease, beta cleavage is
upregulated and prion models with deleted N-terminus-related alpha cleavage sites exhibit spontaneous
neurodegeneration (Chen et al., 1995; Westergard et al., 2011). The N-terminus also contains a short, polybasic region
from residues 23 to 31 that aids the host-encoded prion protein to bind to scrapie proteins and induce prion propagation
(Turnbaugh et al., 2012). Because the N-terminus appears to be the neurotoxic effector of the prion protein, many
animal models have been used to further characterize N-terminus structure and function in relation to the native prion

protein.

V. Prion Disease Animal Models & Mutations

Animal models of prion disease include mice with knock-out or knock-in mutations to the Prnp allele, which can
result in indel mutation or amino acid substitutions in the prion protein. Animal models of prion disease have been
used to identify the function of each domain of the prion protein, the function of the host-encoded prion protein and
the mechanism of prion propagation and infection. An early study using null Prnp knock-out mice (Prnp -/-) reported
a complete resistance to prion infection in the absence of both Prnp alleles, suggesting that host-encoded proteins are

required for prion infection and propagation (Bueler et al., 1993). Knock-out models of prion disease, in which
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residues of the prion protein are deleted, show that several deletions of the host-encoded prion protein, such as
deletions of residues 32-80, 32-121, 32-134, and 105-125, resulted in neurotoxicity with variable severity of

phenotypes (Shmerling et al., 1998; Li et al., 2007).

Studies with knock-in mouse models also report that disease phenotypes from N-terminal deletions can be
reversed by reintroducing either one Prnp allele or host-encoded prion proteins (Fischer et al., 1996; Shmerling et al.,
1998; Bremer et al., 2013). Knock-in mouse models have also shown that octapeptide repeats insertions (OPRI) in the
N-terminus can result in spontaneous neurodegeneration (Chiesa et al., 1998). Through prion disease animal models,
the N-terminus has been identified as a primary neurotoxic effector of the mutant prion (Sonati et al., 2013). The study
that I report in this thesis compares two animas models, one of which is a novel prion disease model, with an amino
acid substitution in the 93" residue of the N-terminus, and the other being an established mouse model of prion disease

with deletions of residues 32-134 in the N-terminus. to explore further the N-terminus’s role in prion neurotoxicity.

a. Transgenic F35 Knock-Out Mice

This knock-out model has a modified prion protein that is truncated at the N-terminus between residues 32 - 134.
Transgenic F35 mice are a common mouse model in prion disease studies and have been used to characterize the
functions of each domain of the prion protein. Studies characterizing F35 mice showed them to develop ataxia,
tremors, hunched backs, and weight loss, with death occurring by around 80 days (Shmerling et al., 1998; Li et al.,
2007). Hemizygous F35 mice with one wild type PrP allele do not develop clinical symptoms (Shmerling et al., 1998).
Multiple studies investigating deletions in the N-terminus have determined that deletions could increase prion
susceptibility, induce spontaneous neurodegeneration, and/or maintain prion propagation and transmission (Fischer et

al., 1996; Schmerling et al., 1998; Flechsig et al., 2000; Baumann et al., 2007; Li et al., 2007; Solomon et al., 2010).

b. Transgenic 93N Knock-In Mice

The transgenic mouse model has an amino acid substitution of Q93N, with amino acid Q substituted for amino
acid N at residue 93 in the N-terminus of the prion protein and N-linked glycans. Despite spontaneous
neurodegeneration, formation of spongiform tissue, and astrogliosis in the hippocampus, no known prion protein
aggregates have been observed in central nervous system tissue (Sigurdson Lab, Personal Communication,
unpublished data). These findings suggest that prion protein aggregates may not be required to induce neurotoxicity

and supports previous suggestions that the N-terminus is a neurotoxic effector of the prion protein.
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Peripheral Neuropathy

L Peripheral Nerve: Structure & Function

The peripheral nervous system consists of nerves and ganglia outside the brain and spinal cord. A nerve consists
of the central endoneurium containing individual nerve fibers (neuronal axon + Schwann cell) and endoneurial blood
vessels, that is bounded by a perineurial sheath and an epineurium of connective tissue. Nerves may contain a mixture
of sensory nerve fibers and motor nerve fibers or only one type of fiber. Sensory nerve fibers, also known as primary
afferent nerve fibers, relay nociceptive (painful) and nonpainful thermal and tactile stimuli from peripheral limbs and
organs to the spinal cord and brain. Motor nerve fibers, or efferent nerve fibers, conduct impulses from the central
nervous system towards the muscles to cause movement. Each peripheral nerve fiber consists of a neuron with a

neuronal body (soma) and axon, plus a Schwann cells that may wrap the axons to form an insulating myelin sheath.

The myelin sheath facilitates electrical transmission down the peripheral nerve by decreasing capacitance and
increasing electrical resistance along the axonal membrane. Because electrical impulses cannot depolarize segments
of the axon that are surrounded by myelin sheaths, the impulses depolarize the exposed membrane at the nodes
between myelin sheaths and proceed to jump from node to node (Morell and Quarrles, 1999). In the peripheral nervous
system, myelin is formed around axons of diameters > 1pm (Taveggia, 2016). Myelin growth and axonal growth
occur in tandem throughout nerve maturation. The ratio of the myelin sheath to the diameter of the axon remains
constant across all axon sizes to optimize nerve conduction velocity. The optimal ratio of the axonal diameter to the
myelinated fiber diameter (axon + myelin), or the g-ratio, is 0.6 in the peripheral nervous system (Chomiak and Hu.,

2009; Barry et al., 2012).

G-ratios that differ from the optimal g-ratio value suggest peripheral nerve disease. Smaller g-ratio values could
result from axonal diameter shrinkage or thicker myelination. Axonal diameter shrinkage is associated with slowing
of nerve conduction velocity and has been shown to occur in rat models of chronic diabetic neuropathy (Gasser and
Grundfest, 1939; Rushton, 1951; Sima et al., 1983; Jakobsen et al., 1983). Thicker myelination of small axons or
tomacula has been reported in diseases such as autosomal recessive hypermyelinating neuropathy and peripheral
myelin protein (Pmp22) deficient mouse models (Sabatelli et al., 1994; Adikofer et al., 1995). Larger g-ratio values

relative to the optimal g-ratio value could arise from thinner myelin or axonal swelling. Thinner myelination occurs
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in demyelinating polyneuropathies (Morelli et al., 2017). Axonal bulging has been reported in transgenic prion disease

mouse models such as Tg(PG14) mice (Jeffrey et al., 2009).

The nodes of Ranvier are the gaps between adjacent Schwann cells and, if present, their myelin sheaths that are
the only segments along the axon through which ion flow across the neuronal membrane occurs. Because myelinated
axons allow for the action potential to jump from one node of Ranvier to another and span internodal distances,
myelinated nerve fibers have faster nerve conduction velocities than unmyelinated nerve fibers (Ranvier, 1871).
Conduction velocity of nerves increase as internodal distance increases, length of nodes increases, and the density of
sodium channels at nodes of Ranvier increases (Waxman, 1975; Brill et al.,, 1977). In pathologies in which
demyelination occurs, subsequent remyelination of the nerve fiber leads to shorter lengths of nodes of Ranvier and

consequently, slower nerve conduction velocity (Villalon et al., 2018).

The structure of the synapse includes the synaptic cleft, synaptic terminals, and receptors on the preganglionic
neuron and the postganglionic neuron. The synaptic terminals of peripheral neurons release neurotransmitters that
cross the synaptic cleft to another receiving neuron’s presynaptic terminals (Pavelka and Roth, 2010). Pathologies of
the synapse can occur if exocytosis of neurotransmitters from the presynaptic terminal do not occur or if receptors of

the postsynaptic terminals cannot bind or respond to neurotransmitters.

11 Overview of Peripheral Neuropathy

Pathologies of the peripheral nerves are known as peripheral neuropathies (PN). Peripheral neuropathies are
frequently associated with neurodegenerative or metabolic disorders such as Alzheimer’s disease, Parkinson’s
disease, human immunodeficiency virus (HIV), ALS, MS, diabetes, and obesity (Reichling and Levine, 2010).
Because peripheral neuropathies affect many populations with pre-existing neurodegenerative disorders, around 20
million people in the United States alone suffer from some form of peripheral neuropathy (National Institute of
Neurological Disorders and Stroke, 2018). Pathologies of sensory nerves and motor nerves occur when structures
such as myelin sheaths, axons, and synaptic terminals are damaged, either by external stimuli or other
neurodegenerative diseases. Damaged sensory nerves and motor nerves can fail to produce or release
neurotransmitters, demyelinate or die, which can result in loss of sensation, aberrant sensorimotor coordination and
inappropriate reaction to painful and nonpainful mechanical and thermal stimuli. More than 100 different types of

peripheral neuropathies have been described and there are diverse clinical presentations.
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11l Types of Peripheral Neuropathy & Common Phenotypes

a. Sensory neuropathy

Sensory neuropathies are peripheral neuropathies in which afferent nerves are impaired in either structure or
function. In peripheral neuropathies, small and large sensory nerve fibers may become demyelinated, fail to release

neurotransmitters or die.

Small sensory fibers, namely unmyelinated C-fibers and thinly myelinated Ad-fibers respond to nociceptive
thermal stimuli. Their primary neurotransmitters/hormones are substance P and glutamate. In the present study I have
focused on small sensory fibers in the cornea and foot skin of the F35 and 93N mouse models. Studies using mouse
models of diabetic peripheral neuropathy show that loss of nerve occupancy in the cornea and the foot skin is a
hallmark of peripheral neuropathy. Common behavioral phenotypes of small sensory fiber pathology include thermal
hyperalgesia and thermal hypoalgesia. Thermal hyperalgesia is hypersensitivity to painful thermal stimuli and is
typical of early stages of peripheral neuropathy. Conversely, thermal hypoalgesia is hyposensitivity to painful thermal
stimuli and is typical of later stages of peripheral neuropathy due to retraction or distal degeneration of the nerve fibers

(Jensen and Finnerup, 2014).

Large myelinated sensory fibers respond to mechanical stimuli. Their primary neurotransmitter is acetylcholine.
Approximately 23% to 48% of nerve fibers in the rat sciatic nerve are sensory nerve fibers (Schmalbruch, 1986).
Pathologies of large sensory fibers produce phenotypes reflecting abnormal sensing of tactile stimuli, such as tactile
allodynia and tactile hypoalgesia. Tactile allodynia is hypersensitivity to innocuous mechanical stimuli, whereas

tactile hypoalgesia is hyposensitivity to mechanical stimuli (Jensen and Finnerup, 2014).

b. Motor neuropathy
Motor neuropathy describes peripheral neuropathies in which efferent nerves are impaired in either structure or
function. In motor neuropathies, small and large motor nerve fibers may become demyelinated, fail to release

neurotransmitters or die.

Dysfunction of large motor neurons in the sciatic nerve can lead to motor nerve conduction velocity (MNCV)
slowing. MNCYV slowing can be due to changes in myelin g-ratio caused by shrinking axonal diameter,
demyelination of large fibers, or thicker myelination of the axon (Villalon et al., 2018). Other potential causes of

MNCYV slowing are changes in internodal distance, decrease in myelinated fiber density, or inability to release or

14



produce neurotransmitters (Waxman, 1975; Brill et al., 1977; Kambiz et al., 2015). As MNCYV slowing is a hallmark

of large fiber peripheral neuropathy, measuring MNCYV is a standard procedure in evaluating peripheral neuropathy.

Motor neuropathy can also contribute to loss of coordination. A common procedure in peripheral neuropathy
studies to test overall sensorimotor coordination using the rotarod behavioral assay. The merit of performing the
rotarod assay is to ascertain that experimental animals do not have inhibited movements that would prevent them from

performing other behavioral assays that identify peripheral neuropathic phenotypes.

1. Peripheral Neuropathy in Prion Disease

While prion disease is considered a disease of the central nervous system, the peripheral nervous system aids in
mutant protein propagation by acting as the primary pathway for prion CNS neuroinvasion (Crozet et al., 2007, Aguzzi
et al., 2003) and is thus exposed to the neurotoxic properties of prions. Although prion disease-associated peripheral
neuropathy has not be extensively documented in domesticated animals, studies with CJD patients report clinical
symptoms of peripheral neuropathy, such as numbness and tingling in the extremities, as well as structural evidence
of motor neuron disease, axonal disease, and axonal-demyelinating neuropathy (Neufield et al., 1992; Niewiadomska
et al., 2002; Wang et al., 2018). In these studies, loss of sensation did not usually accompany axonal-demyelinating
polyneuropathy in CJD patients. In a study of familial prion disease, a nonsense mutation, Y163X (which truncates
the C-terminus such that the GPI membrane-anchoring tail does not exist) was reported to cause early-onset length-
dependent sensory axonal peripheral neuropathy (Mead et al., 2014). Peripheral neuropathy in patients with the Y163X
mutation presented much earlier than central nervous system neurodegeneration. Despite this clinical evidence,
peripheral neuropathy has not been widely studied in experimental mouse models of prion disease. Peripheral
neuropathy in mouse models of prion disease has been reported in both knockout and transgenic mice as a chronic
demyelinating polyneuropathy. For example, in a study of PrP knockout mice, null mice experienced demyelinating
polyneuropathy in the absence of host-encoded prion protein (Bremer et al., 2010). In a study with transgenic PrP
mice, demyelinating neuropathy was reported in transgenic mice overexpressing host-encoded prion protein derived

from Syrian hamsters (Westaway et al., 1994).

Specific Aims

In this study, I have characterized the peripheral neuropathic phenotype of F35 mice (a knock-out model of

prion disease) and 93N mice (a novel knock-in model of prion disease) using various behavioral assays,
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electrophysiology, and histology.

To test for motor neuropathy, I measured motor nerve conduction velocity in the sciatic nerves of F35 and 93N
mice and compared them to MNCV of control mice. To identify potential causes of MNCV slowing, I evaluated
multiple indices of large myelinated fiber structure such as g-ratio, total number of myelinated fibers per sciatic nerve,

mean axonal diameter and overall size-frequency distribution of axonal caliber in each mouse model.

To test for sensory neuropathy, I evaluated paw withdrawal behaviors in response to noxious thermal stimuli
and mechanical stimuli using the thermal nociception test and von Frey filament testing, respectively. To ensure that
paw withdrawal behaviors are not hindered by sensorimotor coordination deficits, I performed rotarod testing to assess
motor coordination of F35 and 93N mice. To determine if potential sensory nerve dysfunction corresponds to nerve

structural deficits, I analyzed nerve occupancy of small sensory fibers in the cornea and foot skin.

My key findings were that both F35 mice and 93N mice showed significant dysfunction in small sensory fibers
and large motor fibers, with large sensory fiber dysfunction only in 93N males. Small sensory fiber and large motor
fiber dysfunction did not show corresponding loss of nerve fiber density in the foot skin or the sciatic nerve,
respectively. However, large fibers in the sciatic nerve showed shrinkage of mean axonal diameter. While only the g-
ratio of F35 mice was significantly lower than that of control mice, exploratory post-hoc analysis of only male mice
showed that F35 and 93N male mice had significantly lower g-ratios than control mice. Overall, these findings suggest
that peripheral neuropathy in N-terminus-modified F35 and 93N mice may result from axonal dystrophy and may be

sex-specific in the novel 93N model.

METHODS

Animals

Three strains of mice were provided by Dr. Christina Sigurdson, DVM, PhD, of the Department of Pathology
at UCSD School of Medicine. Control mice provided were three wild-type C57BL/6NJ males, denoted in this study
as C57 mice. The two prion disease mouse models that were compared were F35/BL6 x KO mice, abbreviated as F35
mice, and 93N x 93N mice, abbreviated as 93N mice. The F35 group had two female mice and four male mice. The
93N mice had four female mice and three male mice. Mice were weighed weekly, and terminal weights were collected

at the end of eight weeks prior to tissue collection.
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Behavioral Tests

All behavioral tests performed to test large fiber and small fiber function were performed at baseline, four weeks, and
terminal eight weeks. For von Frey filament testing, rotarod, and thermal nociception testing, animals were coded and

randomized to perform double-blinded trials.

L Large Fiber Function

a. Von Frey Filament Testing

To measure sensitivity to mechanical stimuli and assess large fiber function, von Frey filament testing was used.
Von Frey filaments had a range of grams of force from 0.16 gram to 6.0 grams (filaments 3.22 (0.16 g), 3.61 (0.4
2), 3.84 (0.6 g), 4.08 (1.0 g), 4.31 (2.0 g), 4.56 (4.0 g), and 4.74 (6.0 g)) (Best Priced Products, White Plains, New
York). Mice were placed upon a self-constructed, mesh metal panel upon a stand inside of glass beakers as restraint

chambers and left to acclimate for a minimum of fifteen minutes prior to testing.

Testing began with starting filament 3.84. Filaments were applied at the plantar surface of each mouse paw and
were pressed into the paw five times, once per second, for a total of five seconds. The filament should never leave the
plantar surface of the paw during testing unless the mouse reacts. Mice should not be tested while they are urinating,
grooming, or rearing. During testing, mice were observed for hind paw withdrawal response, such as flinching,
withdrawing the paw, and or licking the paw. Both left and right paws were tested. All mice should be tested on one
paw prior to testing on the other paw. 50% paw withdrawal thresholds of force (in grams) were calculated using a von

Frey calculator and used in statistical analysis.

b. Motor Nerve Conduction Velocity (MNCV)

To measure function of sensory and motor nerves in large nerve fibers, motor nerve conduction velocity tests
were conducted. Animals were first placed in an anesthesia induction chamber. Then, anesthesia was administered to
animals as a mixture of 2.5 to 4 ppm of isoflurane with oxygen. Once anesthetized, animals were placed upon a heated
metal pad warmed by a water heater. The set up of the anesthesia chamber with the isoflurane regulator and delivery
system connected with the heated metal pad and water heater was from Braintree Scientific Inc. (Braintree Scientific

Inc., Cat #: EZ-7150).
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To monitor individual animals’ temperatures, a thermistor probe attached to a temperature controller was inserted
into the mice’s anuses (Yellow Springs Instruments model 73ATC). Mice were then covered with a Kimwipe to
prevent exposure to excess heat and were heated with a mobile hand lamp until their body temperatures were to 37°C.

Individual animal temperatures and anesthetic dosages were monitored so that the nerve was consistently at 37°C.

To measure the MNCV of each animal, platinum tipped sub-dermal needle electrodes were used: a grounding
electrode, two recording electrodes, and one stimulating electrode (Grass Technologies, Cat #: F-E2). The grounding
electrode was placed in the scruff of the neck, the two recording electrodes were placed on either side of the second
and third digits of the paw, and the stimulating electrode alternated between the Achilles heel and the notch of the hip.
Only the left side of each animal was measured. Three pairs of alternating measurements between the tendon of the
Achilles heel and the notch of the hip were taken. The difference between the H waves or M waves are calculated for
each of the three pairs of measurements to derive three measurements of latencies. The length between each animal’s
Achilles heel and the notch of the hip were measured using a caliper. To calculate the MNCV, the length between the
heel and the notch is divided by the median latency of the three pairs of calculations derived from the H waves or M

waves (shown by the equation below).

MNCV (%)

_ length of heel to notch (mm)

median latency (msec)

11 Small Fiber Function

a. Thermal Response Testing
To measure the temperature at which the mice react to gradually increasing thermal stimuli, thermal response
testing was conducted on both paws of each mouse, using thermal nociception testing device (UARD, San Diego,

CA).

The machine was calibrated before each round of mice to ensure that the temperature gradually increased at a rate
of one degree per second to activate heat-sensitive C-fibers (Yeomans, Proudfit, 1996). Temperatures at 0, 5, 10, 15,
and 20 seconds were recorded. Calibration was performed for each set of mice prior to acclimation period, at a

minimum of three times per testing day. The calibration curve derived was a linear function showing the relationship
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between time and temperature of the Hargreaves apparatus. Plotted temperature was the average of the temperature of

the three calibration periods.
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Figure 1. Linear calibration curve for thermal nociception test. Time and temperature have a directly proportional

relationship. The polynomial equation depicting the relationship between time and temperature is y = -0.0008x> —
0.0028x2 + 1.5775x + 30.002.

Mice were placed atop the glass sheet of the thermal box that separated their paws from the heat source. Glass
beakers were used as restraint chambers. Mice were acclimated to the thermal box fifteen minutes prior to the test.

During acclimation, the testing apparatus was warmed to 30°C.

During testing, the heat source was placed underneath the plantar region of the paw and gradually increased
temperature over time. The temperature at which mice produced a paw withdrawal response (licking the paw,
flinching, or raising the paw) was monitored and recorded for four repetitions of the test. Both hindpaws of each
animal were tested. The median temperature of the last three trials was used in statistical analysis. If an animal urinated

at any point during testing, urination was wiped from the animal’s hindpaws, from the glass beaker, and the glass
sheet to avoid issues with heat transfer.
b. Rotorod Testing

To test sensorimotor coordination to ensure that the diseased mice can perform paw withdrawal response-based
tests and do not have impaired coordination, rotorod testing was performed in conjunction to thermal response testing

and von Frey filament testing, using the Rotarod machine (Rotarod, Stoelting Co.). For mice, rotating rods were 1.25
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inches in diameter. Mice were placed on an increasingly rapidly rotating rod and were monitored on how long they
could keep their balance on the rotating rod. Prior to the test, the animals performed a test run to acclimate to the
rotating rods. Plates underneath the mice that sensed the weight of the mice stopped the test when all animals fell from

the rod. The rate, time, and distance at which they ran were recorded.

Histological Analyses

Tissue collection of eyes, foot skin, sciatic nerve, and DRGs was performed at the end of eight weeks. For analysis
of corneal images, axonal caliber, and foot skins, animal tissues were coded and randomized to perform double-blinded

analysis.

L Corneal confocal microscopy

Corneal confocal microscopy was used to analyze nerve structure and quantify nerve density in the cornea. The
two layers of the cornea that were analyzed were the sub-basal nerve plexus (SBNP) and the stroma layer. Confocal
microscopy was performed by using the Heidelberg Retina Tomograph 3 (HRT 3 with Rostock Cornea Module) and
Heidelberg Eye Explorer (Heidelberg Engineering Inc., Franklin, MA, USA). Animals were anesthetized in an
induction chamber at 2.5 ppm with isoflurane and monitored for breathing. While under anesthesia, animals were
strapped upon a platform with an isoflurane breathing mask and positioned to expose an eye to the laser. Lubricant
eye gel was applied to exposed eyes to prevent dryness. The laser was positioned at the middle of the cornea of each
mouse and the depth was repositioned to start at the beginning of the SBNP layer. Upon positioning the laser, the laser
camera captured volumetric sets of images from the SBNP layer into the stromal layer. Both eyes of each animal were

captured by the machine and subsequently analyzed.

Analysis of corneal images was performed using program ImageJ (Image Processing Analysis in Java, National
Institutes of Health). Five images of the SBNP layer and ten images of the stromal layer were analyzed. With Image
J software, nerves in each image were traced using a tracing pad and an electronic pen. Visible nerves that were traced
were bright white lines against a black and gray background (Fig. 2). Bright white cell bodies, wrinkles, scars, and
signs of infection (white blotches against a black and gray background) were not counted. Nerve density of corneal

images were quantified in number of pixels.
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Figure 2. (a) Corneal confocal microscopy image in the sub-basal nerve plexus (SBNP) layer. Nerves
are thin, white lines against dark background. Note lack of white cell bodies in the SBNP layer. (b)
Nerve density quantification in pixels. Nerves were traced using ImageJ software.
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Figure 3. (a) Corneal confocal microscopy image in the stromal layer. Nerves are thick, white lines
against dark background. Note presence of white cell bodies in the stroma layer. (b) Nerve density
quantification using ImagelJ software. Nerves were traced and quantified in pixels.

1L Foot skin microscopy

Plantar skin was collected from both the left and right paw of each mouse. Each piece of tissue was laid flat upon
perforated pieces of plastic to allow for greater exposure of tissues to fixatives. Upon placing tissues on the plastic,
each tissue was placed in scintillation vials of 10 mL of 4% buffered paraformaldehyde and were fixed overnight at

4°C.

The following day, tissues were rinsed three times with 10 to 20 mL of 0.1 M sodium phosphate buffer (1:1
dilution of water to 0.2 M sodium phosphate buffer). During each round of rinsing, tissues were swirled around in

scintillation vials. After rinsing, tissues were stored in 0.1 M sodium phosphate buffer at 4°C.

Embedding of foot skins required the following materials: an embedding cassette, a lead pencil, forceps, paraffin
and a paraffin processor. Mice foot skins were embedded in blocks of 4% paraffin. Blocks were cut in sections of six
micrometers using a rotary microtome and two sections of six micrometers were placed onto slides which were stained
using PGP9.5. Both sections of each slide were analyzed for overall staining consistency and structure of the foot

skins. Foot skins that included numerous oil glands, hair, tears in the dermis, overlapping sections or indentations
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would be considered foot skins of lower quality and would be less likely to be considered a candidate for analysis.

One foot skin was chosen for each slide to be counted and was marked with an arrow.

Analysis and quantification of nerves in the foot skin were performed under 40x magnification using a light
microscope. Intraepidermal nerve fibers (IENFs) and subepidermal nerve plexus (SNP) fibers were quantified for each
foot skin sample. Parts of the foot skin that included oil glands, hair, tears, or indentations were skipped and noted in

sketches of the foot skin.

The length of the foot skin was calculated using a light microscope under 20x magnification, Scionlmage
software, and a tracing pad with an electronic pen. Using the length in millimeters calculated with Scionlmage, the

nerve density was calculated:

nerves # of IENF counted
IENF nerve density ( ) =

mm length of nerve

. nerves # of SNP counted
SNP nerve density ( ) =

mm length of nerve

11l Axonal caliber and myelin sheath area analysis

To visualize and measure large motor and sensory nerve fibers, the left sciatic nerve was first fixed in resin blocks
using 2.5% glutaraldehyde. Resin blocks of sciatic nerve were cut using a microtome to sections that were 6um thick.
Sections were placed onto glass slides and stained with p-Phenylenediamine (PPD). Of the sections, cross sections

that were chosen did not have artifacts such as folds or tears and had most even staining.

Sciatic nerves were imaged using the program Image-Pro Premier and light microscopy at 60x magnification.

Sciatic nerves were chosen were free of artifacts such as distortions, stretched axons, crushed axons.

Axonal caliber was measured using Scionlmage and myelin sheath area and g-ratio were measured using an in-
lab created program named MarvoQuant (Adobe Photoshop 4, Adobe Inc., California, USA). Nerve cross sections
that were counted in the program had intact myelin sheaths and were circular or oval in shape. The nerves should not
have any artifacts such as tears or Schwann cell nuclei or appear stretched, crushed, or distorted in any fashion. To

calculate the g-ratio, the following calculation was used:
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Figure 4. Graphic depiction of a myelinated axon. D = diameter of whole myelinated axon; d =
diameter of axon only.

V. Statistical analysis
All statistical analyses used one-way ANOV A with Dunnett’s test and were calculated using Graphpad Prism

v7 technology. Graphs were made using Excel or GraphPad Prism v7 technology.

RESULTS

Barbering and Fighting Behaviors

Prion disease mice showed extensive barbering behavior, leading to baldness, dermatitis, and in one case, severe
injury of the left flank. This behavior may have affected results of behavioral testing such as thermal nociception
testing, von Frey filament testing, rotorod testing, and MNCYV testing. Thermal testing, von Frey filament testing,
and rotorod testing depend upon pain responses and motor coordination, which could have been affected by pain
from barbering. MNCV data for the mouse with severe injury of the left flank may have also been affected by
potential damage to the sciatic nerve. Male control mice also showed fighting behavior that resulted in scarring of
the cornea, which could have affected the quantification of corneal nerves. Any animals with severe barbering or

fighting behaviors were placed in separate cages to minimize further injuries to themselves and other cage mates.

24



General Health
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Figure 5. (A) Terminal body weight and (B) rotorod testing of general sensorimotor function. All data are mean +
SEM. Control animals are C57BI1/6J mice (N=3), and experimental groups are F35 (N=6) and 93N (N=7). Statistical
comparisons of prion mice models C57B1/6 mice (N=3), and experimental groups are F35 (N=6) and 93N (N=7).
Statistical comparisons of prion mice models C57B1/6J to F35 and C57B1/6J to 93N were performed by ordinary
one-way ANOVA with post-hoc Dunnett test (p>0.05).
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All mice were weighed to assess overall health (Fig. 5SA). In comparing terminal body weights of the two
prion mouse models to that of the control group, both F35 (27.5 + 3.1 g) and 93N (26.6 + 1.4 g) mice weights were

comparable to that of control mice (28.3 + 4.5 g).

To assess if prion mice had enough sensorimotor coordination to participate in behavioral testing, rotorod
behavioral testing was performed (Fig. 5B). F35 mice and 93N mice show sensorimotor skills comparable to that of
controls. Both prion disease mouse model groups show similar rates (F35 mean + SEM = 6.1 + 0.5 m/sec, 93N mean
+ SEM = 5.9 + 0.6 m/sec) to control mice (C57B1/6J mean + SEM = 5.6 + 0.6 m/sec). While prion disease mice still
had behavioral characteristics such as tremors and ataxia, results of rotarod testing illustrates that F35 mice and 93N
mice did not show deficits in sensorimotor function that would inhibit other behavioral tests. Because no differences
in sensorimotor function among the groups were found, behavioral tests such as thermal testing and tactile testing,
which involve paw withdrawal responses, will not be obfuscated by the prion mice’s abilities to withdraw their paws
and that they are still healthy enough to participate in the behavioral tests. Any deficits found in behavioral tests can

then be attributed to peripheral neuropathy, not to impaired sensorimotor coordination in disease models.
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Small Fiber Function
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Figure 6. Latency of paw withdrawal response to thermal stimuli. Data are mean + SEM. Control group are
C57BIl/6J (N=3). Experimental groups are F35 mice (N=6) and 93N mice (N=7). Statistical comparison of C57Bl/6]
to F35 and C57B1/6J to 93N was performed by ordinary one-way ANOVA test with post-hoc Dunnett test (*=
p<0.05; ***=p<0.001). Statistical comparison between male and female mice within F35 and 93N groups were
performed by unpaired student t-tests (p>0.05).

Both F35 (7.30 + 0.38 sec) and 93N (6.00 + 0.39 sec) mice showed significantly (p<0.05 and p<0.001, respectively)
longer paw withdrawal latencies in response to thermal stimuli, compared to control mice (3.85 + 0.76 sec). While
F35 mice showed slightly higher latencies than that of 93N mice, the response latencies of both groups were

comparable to one another.

Male and female mice within groups F35 and 93N did not show differences in paw withdrawal latencies. In the F35
group, female F35 (40.92 + 1.48 sec) and male F35 mice (39.66 + 0.23 sec) had similar paw withdrawal latencies.
Likewise, in the 93N group, female 93N (38.49 + 0.47 sec) and male 93N mice (39.39 + 0.84 sec) showed

comparable paw withdrawal latencies.
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Small Fiber Structure
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Figure 7. Small fiber density in left mouse foot skin and mouse eyes. (A) Light micrograph of
mouse foot skin. Profiles of intraepidermal nerve fibers (IENF: arrows) and sub-epidermal nerve
plexus (SNP: circled). (B) SNP and (C) IENF density per millimeter length of mouse foot skin.
(D) Confocal micrograph of sub-basal nerve plexus (SBNP) and (E) stromal layer of mouse
cornea. Profiles of SBNP and stromal nerves are denoted with white arrows. (F) SBNP and (G)
stromal nerve fiber density of mouse eye, in pixels. All data are mean + SEM. Statistical
comparison of F35 (N=6) and 93N (N=7) groups against C57B1/6J (N=3) was performed by

28



(Figure 7. Continued) ordinary one-way ANOVA with post-hoc Dunnett test (p>0.05). Statistical
comparison of male and female mice within F35 and 93N groups performed by multiple unpaired
student t-tests (p>0.05).

To analyze the connection between small sensory nerve function and small fiber structure and nerve density
in the paw, sensory nerves were also quantified in paw skin (Fig. 7A and 7B). Foot skin nerve densities of sub-
epidermal nerve plexus (SNP) and intraepidermal nerve fibers (IENF) showed no significant differences between the
control group and both prion disease models. Both F35 mice SNP nerve density (34.94 + 5.37 nerves/mm) and IENF
nerve density (17.70 + 2.15 nerves/mm) were virtually the same as that of the C57B1/6J mice (SNP density = 32.59
+ 12.77 nerves/mm; IENF density = 17.07 + 5.00 nerves/mm). 93N mice showed similar SNP and IENF nerve
density counts to both F35 mice and control mice, as well (93N SNP density = 36.28 + 4.65 nerves/mm; 93N IENF

density = 17.72 + 1.93 nerves/mm.

To determine whether retention of sensory nerve densities was systemic, sensory nerves were also
quantified in the cornea (Fig. 7C and 7D). As with sensory nerve density in foot skins, 93N mice and F35 mice
showed no significant differences in corneal nerve density of nerves in either the sub-basal nerve plexus or stromal
layers compared to controls. 93N mice had a mean nerve density in the SBNP of 784.14 pixels + 140.95 pixels
compared to that of F35 mice (468.30 pixels + 95.62 pixels) and C57Bl/6]J control mice (392.07 pixels + 123.77
pixels). In the stroma, 93N mice had a mean nerve density of 797.74 pixels + 134.55 pixels compared to F35 mice
stromal nerve density of 515.22 pixels + 83.78 pixels. Both F35 mice and 93N mice had lower trends of stromal

nerve density compared to control mice (939.43 pixels + 285.82 pixels) (Fig. 7D).

Lack of significant deficits in both SBNP and stromal nerve densities between the prion disease mouse
models and the control group indicates an absence of significant structural abnormalities in small sensory nerves of
F35 and 93N mice, despite significant deficits in comparable peripheral sensory nerve functions such thermal
nociception (Fig. 6). To explore if large motor nerve fiber function was affected in both prion disease mouse

models, we performed von Frey filament testing and motor nerve conduction velocity (MNCV) testing.
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Large Fiber Function
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Figure 8. (A) Measurement of paw withdrawal response to tactile stimuli. 50% PWT is the paw withdrawal
threshold, after which the mice withdraw their paws from the tactile stimuli 50% of the time (measured in grams).
Data are mean + SEM. Control animals are C57B1/6] mice (N=3). Experimental groups were F35 mice (N=6) and
93N mice (N=7). Statistical comparison of C57B1/6J to F35 and C57Bl/6J to 93N was performed by ordinary one-
way ANOVA with post-hoc Dunnett test (p>0.05). Statistical comparisons of male to female in F35 and 93N groups
were performed by multiple unpaired student t-tests. ****=p<0.0001. (B) Motor nerve conduction velocity (MNCV)
measurements of left flank, measured in m/sec. Data are mean + SEM. Control animals are C57Bl/6J mice (N=3).
Experimental groups were F35 mice (N=6) and 93N mice (N=7). Statistical comparisons of male to female in F35
and 93N groups were performed by multiple unpaired student t-tests (p>0.05). Statistical comparison of F35 mice
and 93N mice to controls was performed by ordinary one-way ANOVA with post-hoc Dunnett test. *= p<0.05.
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Von Frey filament testing was performed to measure sensitivity to mechanical stimuli. Compared to the
control C57Bl/6J group (0.30 + 0.13 g), F35 mice did not show significant difference in paw withdrawal threshold
(0.25+ 0.13 g). As a whole, the 93N group was also comparable to controls (0.65 + 0.22 g). 93N females did not
show any significant difference in paw withdrawal threshold (0.92 + 0.25 g) compared to the control group.
However, 93N males showed a significantly (p<0.0001) higher paw withdrawal threshold compared to 93N females
indicating sexual dimorphism in paw withdrawal response to tactile stimuli. Sexual dimorphic patterns were absent

in the F35 group.

While large fiber responses to mechanical stimuli were similar among prion disease mouse models and
control groups, both F35 mice and 93N mice showed significant (p<0.05, p<0.05) slowing of motor nerve
conduction velocity (MNCV) compared to the control group. While control mice had a mean MNCV of 50.8 + 4.4
m/sec, F35 mice and 93N mice had mean MNCVs of 35.3 +7.0 m/sec and 37.2 + 2.8 m/sec, respectively. Both prion
disease mouse models showed similar MNCV measurements. Sexual dimorphic patterns were absent in both F35

and 93N groups.

To explore a structural correlate to large fiber MNCV slowing noted in both mouse models of prion disease

(Fig. 8B), we measured axonal of large myelinated nerve fibers in the sciatic nerve.
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Figure 9. (A-C) Light micrographs of control, F35, and 93N mouse sciatic nerves, respectively, at
60x. A=axon. Note differences in thickness of myelination between control mice and prion disease
mice. (D) Axonal size-frequency distribution, (E) mean axon diameter (MAD) density, (F) mean
axonal density of large nerve fibers, (G) and g-ratio in mice sciatic nerves, with corresponding
inset graphs of male mice in each group. All data are mean + SEM. Control mice are C57B1/6]
mice (N=3). Statistical comparison of F35 mice (N=6) and 93N mice (N=7) against C57B1/6J
controls was performed by ordinary one-way ANOVA with post-hoc Dunnett test (*= p<0.05; **=
p<0.01; ***= p<0.001; **** = p<0.0001). Statistical comparison between male and female mice
within F35 and 93N groups was performed by multiple unpaired student t-tests. (p>0.05).
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Figure 9. Continued. (A-D)
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Figure 9. Continued. (E-G)
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Large Fiber Structure

Axonal size was grouped into three descriptive size categories: “small fibers” to denote axonal calibers between
1 um and 5 pm; “medium fibers” to denote axonal calibers between 6 um and 12 um; and “large fibers” to denote
axonal calibers between 13 pm and 20 um (Fig. 9D). Overall, the axonal size-frequency distribution of all groups
was heavily skewed toward small axon calibers, peaking at axonal diameter of 3 um. No groups had axonal calibers

above 13 pum in diameter.

Of the small fibers, both F35 mice (31.6 + 1.7 axons) and 93N mice (24.5 + 1.9 axons) showed significantly
higher frequencies of 3 pm axons compared to that of control mice (19.1 + 1.3 axons) (p<0.0001, p<0.01,
respectively). 93N mice (24.3 + 1.9 axons) also showed a significantly higher frequency (p<0.0001) of 2 pm axons
compared to that of control mice (16.3 + 2.0 axons). While F35 mice showed no significant differences in the
frequency of 2 um axons compared to control mice, F35 mice (26.2 + 1.3 axons) did show a significantly higher
frequency (p<0.001) of 4 um axons than did control mice (19.1 + 1.7 axons). Prion disease mice showed no

significant differences compared to control mice in their frequencies of axonal calibers of 1 pm and 5 um.

Overall, both F35 mice (1232.3 + 134.3 axons) and 93N mice (1144.4 + 145.2 axons) showed no significant
deficits in mean axonal density of large myelinated fibers within their sciatic nerves compared to control mice
(1545.7 + 117.5 axons) (Fig. 9E). However, both prion disease mouse models also showed significantly reduced
mean axonal diameter (F35=3.3 + 0.1 pum, p<0.01; 93N =3.3 + 0.2 um, p<0.01) compared to control mice (4.1 +

0.1 um) (Fig. 9F).

To analyze myelination of prion disease mice compared to that of control mice, g-ratio analysis was performed
(Fig. 9G). Only the F35 group (0.62 + 0.01) showed significantly lower g-ratio (p<0.05) than control mice (0.67 +

0.01) upon first analysis. 93N mice (0.64 + 0.01) showed a mean g-ratio comparable to that of control mice.

Because sexual dimorphism of peripheral neuropathic phenotypes was seen in von Frey filament testing results
of 93N male mice, post-hoc statistical analysis of all male mice was performed on mean axonal diameter data, large
myelinated fiber data, and g-ratio data. While there were no significant differences in the total number of large
myelinated fibers between the prion disease mice models (F35 = 1216. 0 + 190.9 axons, 93N = 976.7 + 89.9 axons)
and control mice (1545.7 + 117.5 axons) (Fig. 9E insert), the mean axonal diameters of both 93N males (2.9 + 0.2
pm, p<0.001) and F35 males (3.3 + 0.1 pm, p<0.01) were significantly smaller than that of control mice (4.1 + 0.1
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um) (Fig. 9F inset). G-ratio post-hoc analysis comparing all male mice among each group showed both F35 males
(0.63 + 0.01, p<0.05) and 93N males (0.63 + 0.01, p<0.05) had significantly lower G-ratios compared to control

males (0.67 + 0.01) (Fig. 9G inset).

DISCUSSION

Peripheral Neuropathy in Prion Disease

Spongiform encephalopathy and attendant CNS dysfunction have long been the major focus of
investigations of prion diseases. However, sciatic nerves of CJD patients and transgenic prion mouse models show
deposits of mutant prion proteins, and it is now well recognized that peripheral nerves are established routes of

neuroinvasion and mutant protein propagation (Crozet et al., 2007; Favereaux et al., 2004; Aguzzi et al., 2003).

Peripheral neuropathy in patients with prion disease affects both sensory and motor nerves. A recent
autopsy study reported that 50% of a group of patients with sporadic or familial prion disease had axonal
polyneuropathy or demyelinating polyneuropathy that correlated to antemortem reports of loss of sensation in hands
and feet (Wang et al., 2018). In studies of patients with CJD caused by E200K mutation, nearly all patients showed
some form of peripheral neuropathology such as motor neuron disease, axonal-demyelinating neuropathy and axonal

disease, despite lack of peripheral neuropathic symptoms (Neufield et al., 1992; Niewiadomska et al., 2002).

Peripheral neuropathy in herd animals has not been studied extensively, but studies report that prion protein
deposition occurs in peripheral nerves of BSE-affected cattle (Okada et al., 2012). Transgenic mouse models of
prion disease also exhibit prion protein deposition in peripheral nerves (Crozet et al., 2007). Experimental models of
peripheral neuropathy in prion disease show that mice with complete ablation of both Prnp alleles are prone to
developing peripheral neuropathy. Conversely, transgenic mouse models of prion disease that overexpress wild-type
prion protein also exhibit demyelinating neuropathy (Westaway et al., 1994). Despite these findings, little else is

known of peripheral neuropathy in experimental models of prion disease.

Our Models of Prion Disease

The F35 knock-out mouse model has a deletion of residues A32-134 within the N-terminus of the host-
encoded prion protein. Transgenic F35 knock-out mice are one of many common mouse models of prion diseases in

which segments of residues within the N-terminus are deleted to discover their function within the prion protein
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(Fischer et al., 1996; Shmerling et al., 1998; Li et al., 2007). While studies have documented neurodegenerative
symptoms in the central nervous system such as cerebellar ataxia, no studies have documented peripheral

neuropathy in transgenic F35 mice.

The 93N mouse model has a point substitution modification on the N-terminus and can aid in discovering
the function of each domain of the native prion protein and its neurotoxic pathway. Ongoing research has shown
normal CNS development of prion mouse models with modified C-terminals that contrasts with marked
encephalopathy in mice with modified N-terminuses, either by deletion of part of the N-terminus or a substitution
mutation (Sigurdson Lab, Personal Communication, unpublished data). These results further support the hypothesis
that N-terminus of the prion protein is the neurotoxic domain of the prion protein (Wu et al., 2017; Yoshikawa et al.,

2008). No known peripheral neuropathic symptoms have been characterized in 93N mice prior to this thesis.

Large Fiber Motor Neuropathy

Measuring motor nerve conduction velocity (MNCV) of large motor fibers in the sciatic nerve is a standard
procedure in studies of peripheral neuropathy. Impairment of MNCV was seen in both F35 and 93N mice and in
both sexes within each model. Large fiber conduction velocity is conventionally considered to be determined by
axonal diameter, myelin thickness and intermodal distance (Waxman, 1980) although the membrane biophysics of
action potential propagation at the node of Ranvier can also contribute in the absence of structural pathology (Wu et
al., 2012). To determine whether impaired MNCV was associated with structural pathology, we quantified the total
number of large nerve fibers, mean axonal diameter and axonal size-frequency distribution in the sciatic nerve.
There was no statistically significant difference in the number of large nerve fibers per sciatic nerve, indicating that
there was not selective fiber loss. However, both prion disease models showed significantly smaller mean axonal
diameters than control mice and axonal-size frequency distributions were skewed toward much smaller axonal
calibers. In the absence of fiber loss, this shift could reflect either impaired maturation of fibers or atrophy of
mature fibers. Measurements of axonal diameter at earlier time points would allow discrimination of these two

possibilities.

To explore if our experimental prion disease models had undergone axonal shrinkage, we calculated the g-
ratio of axons in the sciatic nerve. The g-ratio represents the ratio between the diameter of an axon and the diameter

of the entire myelinated fiber (axon+myelin). The optimal g-ratio for maximum nerve conduction velocity is
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approximately 0.60 in the peripheral nervous system (Chomiak and Hu, 2009). G-ratios that vary from 0.60 are
associated with neurodegenerative disease (Fields, 2008). In the case of impaired maturation of fibers, one would
predict axonal shrinkage with compensatory myelin thickening to preserve an optimal g-ratio of 0.6. However, g-
ratio calculations showed that F35 mice had lower g-ratio values than control mice, while 93N mice showed
comparable g-ratio values to control mice. Upon exploratory post-hoc analysis of only male mice, both F35 and 93N
male mice showed significantly lower g-ratio values compared to those of control mice. Lower g-ratios can be
attributed to thickening of the myelin sheath or shrinkage of axonal diameter without concurrent thinning of myelin.
As mean axonal diameter is significantly smaller in F35 and 93N mice than in control mice, shrinkage of axonal
diameter without myelin thinning appears to be more likely than thickening of the myelin sheath. The axon caliber
size-frequency distribution also supports the potential for axonal shrinkage, as both F35 and 93N axon-caliber size-
frequency curves are skewed toward smaller axonal calibers. Axonal atrophy with concurrent slowing of MNCV
has been reported in rat and mouse models of diabetic neuropathy (Anders et al., 1983; Yagihashi et al., 1999;
Zochodne et al., 2004). Recall that axonal neuropathy has also been reported in patients with CJD alongside
demyelinating polyneuropathy (Neufield et al., 1992). To confirm that lower g-ratios are due to axonal shrinkage

and not due to thickening myelin sheaths, mean area of myelin sheaths should be quantified.

It is notable that most studies document demyelinating polyneuropathy as the prevailing form of peripheral
neuropathy in prion disease patients and mouse models (Westaway et al., 1994; Niewiadomska et al., 2002). Native
prion protein regulates axonal myelination and its ablation leads to symptoms of chronic demyelinating
polyneuropathy (Bremer et al., 2010). Alterations and mutations of the native protein may therefore disrupt
myelination. Levels of myelin basic protein in the central nervous system are severely decreased in 93N mice
compared to wild-type mice, supporting the idea that myelination is affected (Dr. Sigurdson’s Lab, Personal
Communication, unpublished data). As the mutant prion invades the central nervous system via the peripheral
nervous system (Glatzel et al., 2004), future experiments should investigate levels of myelin basic protein in the
PNS. Additionally, as Schwann cells communicate with axons during axonal injury to perform myelination, further

research should investigate for potential Schwann cell pathologies in the sciatic nerve (Taveggia, 2016).
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Large Fiber Sensory Dysfunction & Sexual Dimorphism

To determine if large sensory fiber dysfunction may occur in conjunction with MNCV slowing and axonal
shrinkage, I performed von Frey filament testing on the F35 and 93N mice. von Frey filament testing specifically
assesses large sensory fiber function via behavioral nocifensive responses to mechanical stimuli by quantifying the
paw withdrawal response threshold (Chaplan et al. 1994; Deuis et al., 2017). von Frey filament testing can identify
the presence of increased sensitivity to normally non-noxious pressures (tactile allodynia) or loss of sensitivity to
normally noxious stimuli (hypoalgesia). Results of von Frey filament testing indicated that F35 and 93N mice
showed no significant deficits in large sensory nerve fiber function. However, after performing an exploratory post-
hoc statistical analysis between female and male mice, 93N male mice showed significantly higher paw withdrawal
thresholds compared to 93N female mice. This is indicative of hypoalgesia - decreased sensitivity to mechanical
stimuli. This sexual dimorphism in large sensory fiber dysfunction was specific to the 93N group. Tissue-specific
sexual dimorphism has been observed in other neurodegenerative diseases. In clinical studies of Alzheimer’s
disease, affected men and women showed neurodegeneration in different areas of the hippocampus (Martinez-Pinilla
et al., 2016). Transgenic mouse models of Alzheimer’s disease have also recently been shown to have brain region-

and sex-specific mitochondrial dysfunction (Djordjevic et al., 2017).

Reduced mean axonal diameter and the skewed distribution of axonal caliber towards smaller fibers in F35
and 93N mice may contribute to large fiber sensory dysfunction in 93N male mice. To confirm that reduced mean
axonal diameter impacts large sensory fiber function, sensory NCV should also be determined. Potential slowing of
sensory NCV could explain hypoalgesia as action potentials from afferent nerves may not be carried quickly enough
to the spinal cord to produce a response to mechanical stimuli. However, it should be noted that reduced mean
axonal diameter was observed in the sciatic nerve of both male and female F35 and 93N mice, whereas loss of
mechanical sensation was restricted to male 93N mice. Sexual dimorphism in neuropathic symptoms has been
reported in a clinical study, in which men have an earlier age of onset of neuropathic symptoms compared to female
counterparts (Aaberg et al., 2008). As tactile hypoalgesia is associated with later stages of peripheral neuropathy,
male mice with earlier onset of peripheral neuropathic symptoms may also experience late stage-associated

symptoms much earlier than female counterparts.
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No marked sensorimotor coordination deficits that would impact behavioral assays

We performed rotarod testing to assess sensorimotor coordination and determine whether prion mice were
sufficiently coordinated to participate in behavioral assays during which they are required to lift their paws. Neither
93N nor F35 mice showed sensorimotor coordination deficits compared to control mice. This contrasts with a prior
study that reported sensorimotor coordination deficits in Prnp-null mouse models of prion disease (Nazor et. al.,

2007).

While cerebellar ataxia is a hallmark of prion disease in affected patients and some mouse models, even the
smallest variation in mutations of the prion protein can lead to vastly different symptoms and disease progression of
prion disease (Jackson et al., 2013). For example, two transgenic mouse models of Gerstmann-Straussler-Scheinker
syndrome exhibited variations in prion disease presentation and progression Yang et al. (2009). Even homozygous
null mouse models of prion disease are shown to have differences in pathology and disease progression (Weissmann
and Flechsig, 2003). In our present study, the mutant prion protein in 93N mice is a result of a point mutation on the
N-terminus of the native prion protein, while the truncated prion mutant in F35 mice is the result of a deletion at the
N-terminus between amino acids 32 to 134. The absence of marked sensorimotor coordination deficits is thus
consistent with the occurrence of unique behavioral phenotypes amongst different prion disease mouse models.
Previous literature studying disease progression in homozygous transgenic F35 mice showed that prion disease in
these mice reached its terminal stage around eighty-three days (Li et al., 2007). Neurodegenerative presentations
such as cerebellar ataxia were reversed with over-expression of native prions. The age of our heterozygous F35 mice
exceeded that of the animals in this study by forty days, yet our F35 mice still showed no marked deficits in
coordination. This suggests rescue from severe disease via expression of a native prion allele in our heterozygous
F35 mice. While disease progression of 93N mice has not been characterized, ongoing studies indicate that 93N
mice maintain normal behavior and physiology but exhibit a steep decline in coordination and overall weight with
age, with death at approximately five hundred days of age (Sigurdson Lab, Personal Communication, unpublished
data). Our experimental 93N mice were much younger and thus were likely spared from more severe prion disease

phenotype.

It is notable that we did not detect sensorimotor dysfunction in either the F35 or 93N mouse models of

prion disease using the rotarod test. The rotarod test has been used in many mouse models of neurodegenerative
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diseases to assess general sensorimotor coordination, including diabetic neuropathy, Alzheimer’s disease,
Parkinson’s disease, and Huntington’s disease (Jolivalt et al., 2016; Fleming et al., 2013; Taylor et al., 2011; Pallier
et al., 2009). Models of neurodegenerative diseases with marked motor deficits, such as Parkinson’s disease and
Huntington’s disease, show some sensorimotor impairment with rotarod testing, although results vary because
rotarod testing may not measure subtle motor impairments (Fleming et al., 2013; Campos et al., 2013; Pallier et al.,
2009). Predicted motor impairments of our prion disease mice are potentially similar to those of Parkinson’s disease
models, as cerebellar ataxia causes deficits in fine motor movement and gait, rather than impaired overall
coordination. This notion is further supported by research in mice with cerebellar lesions, which show that subtle
motor defects are not detectable by the rotarod assay (Stroobants et al., 2013). In models of peripheral neuropathy

and neurodegenerative diseases, mice usually show no motor deficits (Chen et al., 2014; Schindowski et al., 2006).

Small fiber sensory dysfunction without change in small fiber structure

The Hargraves thermal nociception test has been widely used to assess function of small sensory nerve
fibers via measuring sensitivity to noxious heat stimuli in animal models of peripheral neuropathy (Cheah et al.,
2017; Hargreaves et al., 1988). The presence of thermal hyperalgesia is a common biomarker for early peripheral
neuropathy and suggests inappropriate function of unmyelinated C-fibers (Kramer et al., 2004). Conversely, thermal
hypoalgesia is a biomarker of late-term peripheral neuropathy and usually corresponds to decreased density of
intraepidermal nerve fibers (IENF) that results in loss of sensation (Beiswenger et al., 2008). Animal models of
neurodegenerative disease that experience denervation of foot skin as disease progresses include models of diabetic
neuropathy (Beiswenger et al. 2008). I am not aware of any prior study that has measured paw thermal response
latencies or IENF density in animal models of prion disease. However, there is accumulation and deposition of
scrapie protein surrounding small nerve fibers in the foot skin prior to onset of clinical symptoms in transgenic
hamster models of CJD, such as loss of sensation in the paws (Thomzig et al., 2007). We also used corneal confocal
microscopy (CCM) to measure corneal nerve density in both the sub-basal nerve plexus and the stromal layers of the
cornea (Chen et al., 2014). As the cornea is innervated by small C-fibers, utilizing CCM as a technique in
identifying corneal denervation can aid in the diagnosis and early detection of small fiber peripheral neuropathy

(Oliverira-Soto and Efron, 2001; Quattrini et. al., 2007; Papanas et al., 2013).
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Both prion disease mouse models showed higher response latencies in response to thermal stimuli
compared to control mice. Higher response latencies indicate decreased sensitivity to thermal stimuli, indicating the
presence of thermal hypoalgesia. Despite small fiber sensory dysfunction, neither the foot skin nor the cornea of
93N and F35 mice showed deficits in small nerve fiber density compared to control mice. Prior descriptions of late
onset peripheral neuropathy in five different knock-out strains and knock-in models of prion disease did not quantify
small fiber (Wulf et al., 2017). This impairment of sensory function without change in small fiber structure indicates
a dissociation between small nerve fiber function and nerve fiber density. While nerve function and structure deficits
are assumed to directly correlate, thermal nociception does not necessarily occur in conjunction with small sensory
nerve fiber loss and vice versa (Shun et al., 2004; Kennedy et al., 1996). For example, in one prior study, a decrease
in intraepidermal nerve fiber density in the foot skin of diabetic mice occurred much later than onset of thermal
hypoalgesia (Beiswenger et al., 2008). Moreover, studies that analyzed corneal nerve density in animal models with
peripheral neuropathy have even reported brief increases in nerve density prior to a dramatic decrease in nerve fiber
density as disease progresses (Chen et al., 2014). The deficits in small fiber function of the F35 mice and 93N mice

are unlikely to be due to loss of nerve density per se.

Future experiments should investigate small C-fiber structural parameters analogous to those of large
fibers. While nerve fiber density loss may contribute to thermal hypoalgesia, loss of thermal sensation may also be
related to structural or functional Schwann cell abnormalities, decrease in axon caliber, or decreased sensory NCV.
This approach is analogous to my previous large fiber structural analyses in the sciatic nerve. Electron microscopy
can be used to analyze Schwann cells that surround small unmyelinated C-fibers to form Remak bundles. Analysis
of Remak bundle structures can determine if Schwann cells proliferation is stunted or if a significant difference
between the number Remak bundles per sciatic nerve in each group exists. Analysis of axonal caliber of small fibers
can also determine if axonal shrinkage is occurring and contributes to small fiber NCV slowing, as observed in large

efferent fibers.

Prion Protein Deposition and Neuropathy

Despite causing extensive peripheral and central nervous system dysfunction, a particularly interesting
aspect of the 93N mouse model is the complete absence of protein aggregates, which appears to contradict the most

widely held theory in prion research, in which protein aggregates are required for prion neurotoxicity. Indeed,
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protein aggregates caused by misfolded proteins are especially common in most neurodegenerative disorders
including, but not limited to, Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, and ALS (Ross and
Poirier, 2004; Norrby, 2011; Marciniuk et al., 2013). However, as the 93N model shows no presence of protein
aggregates in any tissue yet analyzed (Sigurdson Lab, Personal Communication, unpublished data), prion aggregates
do not seem to contribute to the neurotoxic mechanism in either the central nervous system or the peripheral nervous

system.

There may be some precedence for disassociation of protein deposition from neurotoxicity in other
neurodegenerative diseases. For example, amyloid beta plaque deposits, a biomarker of Alzheimer’s disease, do not
differ in concentration between aging, non-demented elderly patients and dementia patients, despite claims that
amyloid beta plaque leads to neuronal loss (Davis et al., 1999; Price et al., 2009). Therefore, amyloid beta plaques
appear to be a part of normal aging, rather than the main Alzheimer’s neurotoxic pathway. One may argue that
without the hallmark protein aggregates, the prion disease modeled by the 93N mice cannot be considered a
proteinopathy or a prion disease. Nonetheless, the 93N model represents an acquired prion disease as its disease

state is caused by a mutant protein that leads to spongiform encephalopathy in the brain.

Sexual Dimorphism in Neurodegenerative Diseases

Sexual dimorphism in neurodegenerative diseases is characterized as sex differences in onset, clinical
presentations, progression, and functional and structural abnormalities of the nervous system in neurodegenerative
diseases. As such, sexual differences in neurological functions and structures presents a unique challenge in treating
nervous system disorders and must be fully understood and explored to determine optimal treatment options and
predicting disease progression for the estimated 1 billion individuals suffering from a form of neurodegenerative
disorder (World Health Organization Reports, 2018). Brain tissues such as the hippocampus, the amygdala, and the
cortex have shown sexual dimorphism in structure, responses to environmental stressors, and levels of
neurotransmitters (Cahill, 2006; Yanguas-Casas, 2017). In neurodegenerative diseases such as Alzheimer’s disease,
neuronal density and the mitochondrial response to oxidative stress differs between sexes and brain regions in both
humans and transgenic mouse models (Martinez-Pinilla et al., 2016; Djordjevic et al., 2017). Mouse models of diabetic

neuropathy also show sexual differences in clinical presentations of neuropathic symptoms (O’Brien et al., 2017;
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Pesaresi et al., 2018). Understanding sexual dimorphism in brain structure and function may explain seemingly

random ranges in clinical symptoms, onset, and disease progression in neurodegenerative diseases.

In prion disease, sexual dimorphism in disease incubation time has been reported, although sexual dimorphic
patterns are highly specific and only appear in certain combinations of mouse model and prion strain (Akhtar et al.,
2011). The study by Akhtar et al. reveal significant sex differences in C57B1/6 and FVB/NHsd mouse models in
particular, in which female mice had shorter prion protein incubation times than those of male mice. Curiously, in
BSE strains adapted for the mouse models, male mice showed shorter incubations times compared to female mice.
Despite these differences in incubation time, levels of scrapie protein and histological features in brain tissue did not

appear to differ between the sexes of any strain or for any mouse model.

Summary & Future Studies

Both F35 and 93N prion disease mouse models show evidence of axonal neuropathy. In characterizing their
respective peripheral neuropathic symptoms, both F35 mice and 93N mice showed significant large motor
dysfunction and small sensory fiber dysfunction without changes in total fiber density of either large fibers or small
fibers. In large fibers, motor dysfunction in F35 and 93N mice was associated with reduced mean axonal diameter of

myelinated fibers and axonal size-frequency distributions skewed towards smaller axonal calibers.

To complete analysis of small fiber function, I propose measuring mean sensory nerve conduction velocity
for each group and, in conjunction, measuring levels of substance P and glutamate and their respective receptors to
identify potential causes of small fiber dysfunction in the presence of normal nerve density. Additionally, I propose
analyzing small fiber structures such as Remak bundles and their respective Schwann cells in the sciatic nerve using

electron microscopy.

Future experiments examining aspects of myelination should also be implemented. Quantifying levels of
MBP and myelin sheath area could confirm if changes in myelin have occurred alongside axonal atrophy and
supplement lower g-ratio values in F35 and 93N mouse models. Measurements of internodal distance should also be

performed to establish whether internodal differences contribute to MNCV slowing.

Supplemental revisions for this study should include more animals added to the study, especially female

controls to further investigate the sexual dimorphic large myelinated fiber dysfunction in the 93N model.
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Supplemental experiments to confirm prion disease in these mice models such as multiple rotarod testing over a
duration of time to assess learning capacity or memory tests should also be performed. To further investigate the
potential for the N-terminus of the prion protein as the main neurotoxic fragment, a similar study can be performed

to compare N-terminus modified prion models and C-terminus modified prion models.

Ultimately, future studies may use F35 and 93N mice to assess efficacy of potential therapeutics that are
currently being developed, such as anti-PrP antibodies (Burchell and Panegyres, 2016) and drugs that promote

formation of new neurons from stem cells (Gage and Temple, 2013; McIntyre et al., 2017).
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