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Abstract

Fatal familial insomnia (FFI) and sporadic fatal insomnia (sFI), or thalamic form of sporadic Creutzfeldt–
Jakob disease MM2 (sCJDMM2T), are prion diseases originally named and characterized in 1992 and
1999, respectively. FFI is genetically determined and linked to a D178N mutation coupled with the M129
genotype in the prion protein gene (PRNP) at chromosome20. sFI is a phenocopyofFFI and likely its sporadic
form. Both diseases are primarily characterized by progressive sleep impairment, disturbances of autonomic
nervous system, and motor signs associated with severe loss of nerve cells in medial thalamic nuclei. Both
diseases harbor an abnormal disease-associated prion protein isoform, resistant to proteases with relativemass
of 19 kDa identified as resPrPTSE type 2. To date at least 70 kindreds affected by FFI with 198 members and
18 unrelated carriers along with 25 typical cases of sFI have been published. The D178N-129M mutation is
thought to cause FFI by destabilizing the mutated prion protein and facilitating its conversion to PrPTSE. The
thalamus is the brain region first affected. A similar mechanism triggered spontaneously may underlie sFI.

FATAL FAMILIAL INSOMNIA

History

Severe thalamic atrophy as a distinct clinical and
pathologic entity has been reported from at least 1939
(Stern, 1939). In his review Jakob-Creutzfeldt Disease in
1968,Kirschbaumintroduced the thalamic subgroupcom-
prising five previously published cases (Stern, 1939;
Poursines et al., 1953; Schulman, 1956; Garcin et al.,
1962, 1963; McMenemey et al., 1965). In 1975 and
1983, Martin and colleagues proposed a classification of
Thalamic degenerations or Thalamic dementias in three
groups according to whether the thalamic degeneration
is: (1) associatedwithminimal or no extrathalamic pathol-
ogy; (2) a component of multiple system atrophy; or (3)
associated with significant amounts of gliosis and

spongiform degeneration in the cerebral cortex and, there-
fore, belonging to the group of transmissible spongiform
encephalopathies or prion diseases (Martin, 1975;
Martin et al., 1983; see Manetto et al., 1992; Petersen
et al., 1992; Parchi et al., 1999a for review).

In 1986, Lugaresi et al. reported in detail and named
Fatal Familial Insomnia (FFI), an inherited condition
characterized by severe and progressive sleep impair-
ment, dysautonomia, and motor signs associated with
severe atrophy of the anterior and medial dorsal thalamic
nuclei. The proband, a 53-year-old man, experienced a
progressive reduction of nocturnal sleep associated with
progressive dysfunction of the autonomic system with
pyrexia, diaphoresis, and sphincter dysfunction over sev-
eral months. Nocturnal sleep became disturbed by
increasing movements and enacted dreams. Motor signs

*Correspondence to: Dr. Pierluigi Gambetti, CaseWestern ReserveUniversity, Institute of Pathology, 2085Adelbert Road, 4th floor,
room 419, Cleveland OH 44106, United States. E-mail: pxg13@case.edu

†“To Professor Elio Lugaresi, the mentor who critically shapedmy early professional life, the collaborator who initiated all this work
and a precious friend throughout” Pierluigi.

Handbook of Clinical Neurology, Vol. 153 (3rd series)
Human Prion Diseases
M. Pocchiari and J. Manson, Editors
https://doi.org/10.1016/B978-0-444-63945-5.00015-5
Copyright © 2018 Elsevier B.V. All rights reserved

https://doi.org/10.1016/B978-0-444-63945-5.00015-5


with tremor, dysarthria, clumsy gait, and myoclonus
became more pronounced and memory deficit ensued.
The patient progressed into stupor, became comatose,
and expired 9 months after clinical onset.

Electroencephalographic (EEG) and polysomno-
graphic (PSG) studies revealed that wakefulness alter-
nated with periods of desynchronization of electric
activity with features of the abnormal rapid eye move-
ment (REM) stage, which corresponded to the dreaming
episodes. Physiologic EEG patterns of sleep, like spin-
dles, K complexes, and delta activity, were not observed,
nor were periodic or pseudoperiodic slow-wave activi-
ties characteristic of Creutzfeldt–Jakob disease (CJD)
seen. Neurovegetative tests were consistent with auto-
nomic failure, while the assessment of the neuroendo-
crine system revealed that, although capable of
responding to stimuli, it failed to maintain normal hor-
mone levels, which were low and showed no circadian
rhythms. No cognitive impairment was revealed in neu-
ropsychologic testing, even 7 months after disease onset.
The patient did not respond to various pharmacologic
attempts to improve his sleep disorder. Remarkably,
while the barbiturate Pentothal and diazepam, a benzodi-
azepine, had no effect, the benzodiazepine receptor
antagonist flumazenil could reverse the stupor state
of the patient and establish a better-organized EEG
background activity, albeit temporarily (Whitwam and
Amrein, 1995). Clinical and EEG findings obtained from
the proband were confirmed in four affected relatives.

Neuropathologic examination carried out on the pro-
band and one of his sisters revealed 80–96% loss of large
neurons in the anterior and medial dorsal thalamic nuclei
with reactive astrogliosis. Possible atrophy was also
noted in the inferior olivary nucleus. No spongiform
degeneration nor other significant lesions were detected
(Lugaresi et al., 1986).

In the same year as Lugaresi and colleagues, Little
and coworkers (1986) reported a kindred malady under
the label of Familial myoclonic dementia masquerading
as Creutzfeldt-Jakob disease, also characterized by a
thalamic pathology very similar to that described by
Lugaresi et al. and lacking significant spongiform degen-
eration. Although several patients had cognitive impair-
ment and motor signs, 6 of the 7 patients examined also
had either somnolence or insomnia. The failure to dem-
onstrate the presence of abnormal, disease-related prion
protein (PrPTSE) in tissue and to transmit the disease to
primates, alongwith the lack of spongiform degeneration
and of EEG signs, led to the exclusion of the diagnosis of
familial CJD (fCJD) and to the addition of this kindred to
the group of thalamic dementias (Martin, 1975; seeKong
et al., 2004, for review).

The study of additional cases from the original kin-
dred published by Lugaresi and coworkers, which had

longer disease durations, revealed the presence of foci
of typical spongiform degeneration. This observation
led to the demonstration in 1992 that FFI is linked to
the substitution of the 178 aspartic acid for asparagine
(D178N mutation) in the PrP gene and it harbors PrPTSE.
These findings conclusively established FFI as a new
phenotype in familial human prion diseases (Manetto
et al., 1992; Medori et al., 1992b).

Concomitantly, a study from another group reported
linkage of the D178N mutation to a CJD-like phenotype
(fCJDD178N) (Goldfarb et al., 1991, 1992a; Brown et al.,
1992). This finding, that implied the linkage of the
D178N mutation to two distinct phenotypes, FFI and
CJD, stimulated a second genetic study. Analyses of sev-
eral FFI and CJD-like affected families demonstrated
that the methionine (M)-valine (V) polymorphism, a
common feature of codon 129 of the human PrP gene,
was the switch that determined the two phenotypes
linked to the D178N mutation. Thus, the coupling of
the D178N mutated codon with codon 129M results in
FFI, while the CJD phenotype requires coupling with
codon 129V (Goldfarb et al., 1992b). Furthermore, the
obligated presence of codons 129M and 129V on the
mutated alleles in FFI and fCJDD178N, respectively, com-
bined with the presence of either 129M or 129V in nor-
mal alleles resulted in the presence of two genetically
distinct subsets of patients in both diseases: the
129MM and 129VV homozygotes in FFI and
fCJDD178N, respectively, and the 129MV heterozygotes
in both diseases (Goldfarb et al., 1992b). It was shown
that duration of the clinical disease, as well as other clin-
ical and histopathologic features, differs between homo-
zygous and heterozygous patient populations in FFI
(Goldfarb et al., 1992b; Parchi et al., 1995; Gambetti
et al., 2003a, b; Pocchiari et al., 2004; Cortelli et al.,
2014; Krasnianski et al., 2014; Llorens et al., 2017).

Definition

FFI is a genetically determined prion disease linked to the
D178N pathogenic mutation coupled with the polymor-
phic M codon at position 129 (Goldfarb et al., 1992b;
Medori et al., 1992b). FFI typically presents between
the ages of 40 and 60 and has a variable duration of sev-
eral months to a few years. Decreased and disturbed sleep
with somnolence, demonstrated either clinically or via
sleep studies, and dysfunction of the autonomic system,
later accompanied by motor and eventually cognitive
signs, are typical clinical features. The thalamus appears
to be the earliest and most severely affected brain struc-
ture, since it shows decreased metabolism by positron
emission tomography (PET) even in the preclinical stage,
and severe atrophy is invariably observed at autopsy
examination. Clinical and histopathologic features may
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vary between 129 homozygous (MM) and heterozygous
(MV) patients. No treatment is currently available.

Epidemiology

To date, at least 70 kindreds, 18 unrelated carriers
with no available pedigree, and 198 kindred members
are known to carry the D178N-129M allele linked to
FFI worldwide (Table 15.1). Overall, considering also
the unrelated carriers as kindreds, 26 kindreds were
reported in China, 16 in Germany, 12 in Spain, eight
in Italy, six in France, five in the United States, three
in Japan and Australia, and two in the United Kingdom
and South Korea. Austria related one kindred, as well
as Brazil, Canada, Macedonia, and the Netherlands.
These data seem to indicate that, considering their pop-
ulation size, Germany and Spain have the highest prev-
alence of FFI.

It is noteworthy that a 2004 review (Kong et al.,
2004) reported 24 kindreds of FFI and six unrelated car-
riers for a total of 57 individuals which originated from
10 countries. Fourteen years later the number of FFI kin-
dreds and unrelated carriers has almost tripled and the
countries of origin of these cases have risen to 15.
The relatively high prevalence of FFI in countries such
as Germany and Spain along with the finding that over
half of the FFI kindreds worldwide reside in Western
Europe raise the issue of the mutational events leading
to this relatively high prevalence of FFI. Two studies
address this issue. In a study of 38 FFI subjects from
Spain, Germany, and Italy, Rodríguez-Martínez and col-
leagues (2008) detected two independent mutational
events shared by all the subjects. In contrast, in two other
studies Dagvadorj et al. (2002) and Lee and Goldfarb
(2008), upon analyses of subjects belonging to 13 FFI
and fCJDD178N families, and two unrelated D178N-
129V carriers from several European countries, Canada
and the United States, reported that the D178Nmutation
originated independently in each kindred and unrelated
carrier examined.

Clinical features

DEMOGRAPHICS

FFI typically presents between the fourth and sixth
decade of life, most often between the ages of 51 and
60 years (Table 15.2) (Pocchiari et al., 2004; Sikorska
and Liberski, 2012). Although PrP codon 129 genotype
has not been shown to affect age at disease onset
(Gambetti et al., 2003a), it influences survival time,
which overall typically is slightly longer than 1 year,
ranging from 8 to 72 months with a mean duration of
15.6 � 2.2 months (Pocchiari et al., 2004; Sikorska
and Liberski, 2012). However, in 129MM homozygous

patients disease duration is shorter (mean ¼ 11 �
4 months) compared to 129MV heterozygotes (mean
¼ 23� 19months) (Gambetti et al., 2003a). The reported
shorter survival times in China and Japan (8.2 and
10.6 months respectively) compared to Western coun-
tries, despite greater utilization of life-prolonging care,
are likely to be related to the prevalence of the
129MM genotype in Asian countries (Gao et al., 2011;
Nagoshi et al., 2011; Chen et al., 2013).

SIGNS AND SYMPTOMS

The clinical presentation of FFI is also affected by
the PrP genotype at the polymorphic codon 129
(Table 15.3). In 129 homozygotes, the earliest symptoms
are usually sleep and vegetative disturbances, compared
to heterozygotes that typically also show visual symp-
toms and ataxia (Krasnianski et al., 2014). Throughout
the disease course homozygotes tend to havemore prom-
inent insomnia, myoclonus, autonomic dysfunction,
spatial disorientation, hallucinations, and weight loss
(Gambetti et al., 2003a; Krasnianski et al., 2014) while
heterozygotes are more likely to demonstrate ataxia,
dysarthria, seizures, and bulbar symptoms. Even gait
characteristics appear to be affected by codon 129 geno-
type since homozygotes demonstrate a cautious gait with
difficulties in turning and tandem gait whereas heterozy-
gotes experience worsening of equilibrium with latero/
retropulsion (Cortelli et al., 2014).

Overall, the clinical phenomenology of FFI can be
divided into three categories: (1) sleep disorder; (2) auto-
nomic symptoms; and (3) classic prion disease symptoms.
Disruption of sleep is generally an early symptom, espe-
cially in 129MM patients, and often includes progressive
reduction of sleep time and quality of sleep with relative
preservation of light or low-stage sleep (Guaraldi et al.,
2011; Sikorska and Liberski, 2012). Severe and persistent
insomnia is associated with motor overactivation, and
sympathetic activation that results in episodes of dream
enactment that often consist of stereotyped movements
of daily activities that can be recalled upon awakening.
These episodes, which have been defined as agrypnia
excitata with oneiric stupor, are longer and nearly contin-
uous compared to other REM sleep behavior disorders,
which are generally shorter and episodic. Importantly,
symptoms related to sleep must be elicited as they may
not be reported spontaneously by the patient and/or family.

Autonomic symptoms are a classic finding of FFI
and include hypertension, tachycardia, hyperhidrosis,
hyperpyrexia, impotence, lacrimation, and salivation
(Gambetti et al., 2003a; Sikorska and Liberski, 2012).
Psychiatric symptoms are common (87% of patients) in
FFI and may also be due to autonomic dysfunction given
persistent elevated plasma catecholamine and cortisol
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Table 15.1

Published fatal familial insomnia (FFI) kindreds, confirmed members, and unrelated

carriers, listed by country of residence

Publicationa Kindredb Membersc Country

Silburn et al. (1996)d 1 8 Australia
McLean et al. (1997)d 1 �4
Chang et al. (2011)e 1 1
Almer et al. (1999) 1 4 Austria
Pedroso et al. (2013)f 1 1 Brazil
Spacey et al. (2004)g 1 2 Canada
Yu et al. (2007) 1 9 China
Shi et al. (2010) 1 11
Zhang et al. (2010) 1 2
Shi et al. (2012) 6 (2) 10
Peng et al. (2015) 1 2
Sun et al. (2015) 1 1
Lu et al. (2017) 1 3
Wu et al. (2017) 3 (1) 7
Sun et al. (2017) 1 2
Chen et al. (2018) 4 (3) �6
Julien et al. (1990) 1 �5 France
Colombier et al. (1997) 1 2
Marcaud et al. (2003) 1 1
Dauvilliers et al. (2004) 1 1
Dimitri et al. (2006) (1) 0
Haïk et al. (2008) 1 1
Kretzschmar et al. (1998) 4 (4) 4 Germany
Harder et al. (1999)h 1 �9
B€ar et al. (2002) (1) 0
Wermke et al. (2006) 1 1
Thomas et al. (2006) (1) 0
Friedrich et al. (2008) (1) 0
Synofzik et al. (2009) 1 2
Frob€ose et al. (2012) 1 1
Rupprecht et al. (2013) 1 1
Lugaresi et al. (1986)i 1 �35 Italy
Medori et al. (1992a)i 1 2
Parchi et al. (1995)i (1) 0
Cortelli et al. (1997)i 1 1
Padovani et al. (1998) 1 2
Rossi et al. (1998) 1 1
Raggi et al. (2009) 1 1
Baldin et al. (2009)j,k 1 1
Nagayama et al. (1996) (1) 0 Japan
Taniwaki et al. (2000) 1 2
Saitoh et al. (2010) 1 2
Guerreiro et al. (2009) 1 1 Macedonia
Choi et al. (2009) (1) 0 South Korea
Lee et al. (2014) 1 3
Tabernero et al. (2000) 1 2 Spain
Zarranz et al. (2005a) �7 �14
Gistau et al. (2006) 1 2
Iriarte et al. (2007) 1 2
Oliveros et al. (2009) (1) 0
Casas-Mendez et al. (2011) 1 3
Jansen et al. (2011)l 1 1 Netherlands
Will et al. (1998) 2 2 United Kingdom
Little et al. (1986)m 1 �7 United States
Petersen et al. (1992)m 1 2



levels (Portaluppi et al., 1994).Hallucinations are reported
in over half of patients and are often associated with
personality change, depression, anxiety, aggressiveness,
disinhibition, and listlessness (Krasnianski et al., 2014).

Dysautonomia may be related to sympathetic overac-
tivity as no pressor response is seen in patients who
are given intravenous norepinephrine. FFI patients also
experience little to no sedative effect and catechol-
amines remain elevated when they are given clonidine
(Cortelli et al., 1991). Patients likely succumb to met-
abolic exhaustion given that motor activity is increased
by 80% and 24-hour energy expenditure is elevated by
60% (Plazzi et al., 1997).

Classic symptoms of CJD are also observed in FFI,
albeit they usually occur later in the disease course
(Sikorska and Liberski, 2012). The cognitive impairment
reported by FFI patients differs from that of classic
dementia often observed in other prion diseases since
it consists of an alteration in level of alertness and vigi-
lance. It includes early impairment in attention, working
memory, impaired temporal ordering of events, and the
aforementioned progressive dream-like state (Gallassi
et al., 1996), features that are not typically seen in other
cortical or subcortical dementias. Pyramidal symptoms
may include brisk tendon reflexes and Babinski’s sign
(Gambetti et al., 2003a). Gait disorders tend to present
about 5 months into the disease and can occur with dys-
arthria (Sikorska and Liberski, 2012; Cortelli et al.,
2014). Visual symptoms and myoclonus also occur as
they do in CJD, but generally later in the disease course
(Krasnianski et al., 2014).

To help assist with the diagnosis, Krasnianski and
colleagues (2014) have developed an algorithm for diag-
nosing FFI. Patients with suspected FFI must have an
organic sleep disturbance that is either clinically apparent
or observed via PSG. They must also display at least
two “CJD-like symptoms/signs,” including psychiatric

Table 15.1

Continued

Publicationa Kindredb Membersc Country

Bosque et al. (1992)k 1 3
Brown et al. (1998)m 1 �3
Schenkein and Montagna (2006) 1 5

aFor practical reasons only the first detailed description of the kindred is reported.
bIn parentheses mutation carrier with no FFI pedigree (unrelated carrier).
cKindred members with confirmed D178N-129M mutation and/or neuropathologic features of FFI.
dIrish–Danish and Irish descent, respectively.
eImmigrated from Vietnam.
fPortuguese descent.
gChinese descent.
hKindred comprised of three branches identified as A, B, C with �3, �5, and 1 subjects, respectively.
iFFI-1 (with French members, (Rancurel et al., 1994)), FFI-2, FFI-10, FFI-3, respectively.
jImmigrated from Morocco.
kD178N allele with 24-bp deletion.
lImmigrated from Egypt.
mBritish, German, and English descent, respectively.

Table generated from retrievable data including publications and personal communications with authors.

Table 15.2

Clinical characteristics of fatal familial insomnia

Age at onset (years) Mean ¼ 46 (range 18–74)
Disease duration
(months)

Mean ¼ 16 (range 8–72)

Common symptoms Sleep disturbance, disorientation,
cognitive impairment, weight
loss, ataxia, autonomic
symptoms, visual disturbances

Polysomnogram Reduction in sleep spindles,
K-complexes, slow-wave sleep,
REM sleep, and total sleep time

Electroencephalogram Rarely demonstrate periodic sharp-
wave complexes

CSF biomarkers 14-3-3 and tau are typically
negative, RT-QuIC is positive in
more than 80% of cases

Brain MRI Hyperintensity on diffusion-
weighted imaging is typically
absent, but has been reported in
some cases

Brain FDG-PET/
SPECT

Early thalamic hypometabolism/
hypoperfusion that may spread
to other areas of the brain as the
disease progresses

CSF, cerebrospinal fluid; FDG-PET, fluorodeoxyglucose positron

emission tomography;MRI, magnetic resonance imaging; REM, rapid

eye movement; RT-QuIC, real-time quaking-induced conversion;

SPECT, single-photon emission computed tomography.
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symptoms (e.g., visual hallucinations, personality change,
depression, anxiety, aggressiveness, disinhibition, and
listlessness), ataxia, visual changes, myoclonus, and cog-
nitive impairment. Thirdly, suspected patients must dem-
onstrate at least one “relatively disease-specific symptom/
sign” such as weight loss of at least 10 kg over 6 months,
vegetative symptoms (aka autonomic symptoms) (e.g.,
hyperhidrosis, hypertension, tachycardia, obstipation,
and hyperthermia), and husky voice. Diagnostic criteria
for FFI are listed in Table 15.4.

DIFFERENTIAL DIAGNOSIS

DiagnosingFFI clinically can be difficult due to its relative
clinical heterogeneity. Obtaining a family history and
focusing on sleep symptoms of related family members
are helpful since the identification of the PrP gene
D178N-129M can provide diagnosis at an early stage of
the disease. From a purely clinical perspective, the pres-
ence of the agrypnia excitata syndrome can mimic delir-
ium tremens and Morvan’s fibrillary chorea (Montagna

et al., 2003). The autonomic dysfunction can be severe
enough to cause other conditions like posterior reversible
encephalopathy syndrome that may mask the underlying
cause (Frob€ose et al., 2014). Additionally, other genetic
prion diseases may sometimes resemble FFI (Appleby
et al., 2010). As with any rapidly progressive neurodegen-
erative condition, reversible causes like N-methyl-D-
aspartate receptor encephalitis should be considered
(Marques et al., 2014). Prominent symptoms of distur-
bance of consciousness and visual hallucinationsmay sug-
gest a diagnosis of dementia with Lewy bodies. FFI may
also be initially misdiagnosed as a psychiatric disorder
(e.g., posttraumatic stress disorder or primary psychosis)
due to prominent early psychiatric symptoms.

Diagnosis tests

In addition to the demonstration of the disease causing
PrP gene allele D178N-129M, which would definitively
establish the diagnosis, three tests – PSG, brain imaging,

Table 15.3

Clinical disease progression of fatal familial insomnia

Codon 129 polymorphism Disease stage Typical symptoms

MM Mild Sleep disturbances and autonomic symptoms
Moderate Bulbar and visual symptoms, cognitive impairment, hallucinations
Severe Ataxia, dysarthria, myoclonus, pyramidal symptoms

MV Mild Sleep disturbances, visual changes, ataxia
Moderate Bulbar symptoms, cognitive impairment, autonomic symptoms
Severe Myoclonus, hallucinations, dysarthria, pyramidal symptoms

Table 15.4

Diagnostic criteria for fatal familial insomnia (FFI)

Definitive diagnosis Presence of D178N-129M mutation in a symptomatic patient
Probable clinical diagnosis A. Organic sleep disturbance, either clinically or via polysomnogram

B. At least two “prion-like” signs/symptoms:
a. Psychiatric symptoms such as personality change, anxiety, depression, aggressiveness,

disinhibition, or hallucinations
b. Ataxia
c. Visual symptoms
d. Myoclonus
e. Cognitive changes

C. At least one FFI-specific symptom
a. Weight loss of > 10 kg over 6-month duration
b. Autonomic symptoms such as tachycardia, hypertension, hyperthermia, or hyperhidrosis
c. Husky voice

Suggestive diagnostic tests A. Loss of sleep architecture on polysomnogram
B. Hypometabolism/hypoperfusion in the thalami on brain FDG-PET or SPECT scan
C. Positive RT-QuIC in CSF or olfactory epithelium in patients with FFI phenotype

CSF, cerebrospinal fluid; FDG-PET, fluorodeoxyglucose positron emission tomography; RT-QuIC, real-time quaking-induced conversion;

SPECT, single-photon emission computed tomography.
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and the test commonly performed in cerebrospinal fluid
(CSF), named real-time quaking-induced conversion
(RT-QuIC) – are especially helpful in the clinical diagno-
sis of FFI.

POLYSOMNOGRAPHY AND

ELECTROENCEPHALOGRAPHY

PSG is often helpful from the early stages of the clinical
disease, even in the absence of overt clinical signs of
insomnia, and should be considered in the presence of
other signs even when insomnia is not reported
(Cortelli et al., 2006). PSG typically shows progressive
deterioration of sleep architecture, including reduction
in sleep spindles, K complexes, and total sleep time
(Montagna et al., 2003). Slow-wave sleep is usually
affected first, followed by reduction of REM sleep.
The 129MVgenotype patients generally have less severe
sleep findings (Gambetti et al., 2003a). No PSG alter-
ations have been found in asymptomatic mutation carriers
(Ferrillo et al., 2001). Periodic sharp-wave complexes
(PSWCs), which are included in the diagnostic criteria
for sporadic CJD (sCJD), often are not observed in FFI
(Kovacs et al., 2005; Chen et al., 2013; Chen et al., 2018).
EEGs typically demonstrate generalized slowing that may
include scattered PSWCs in patients with myoclonus and
prolonged disease duration (Gambetti et al., 2003a).

CEREBROSPINAL FLUID MARKERS

Of the CSF biomarkers used in the diagnosis of prion
diseases, like 14-3-3, S100b, neuron-specific enolase,
and tau, the recently introduced RT-QuIC, which is based
on the direct detection of PrPTSE, has emerged as the
most powerful and reliable test. In a study of 12 FFI
subjects, CSF RT-QuIC was positive in 83% of cases

(Sano et al., 2013) although in a later study by
Franceschini et al. (Franceschini et al., 2017), 2/2 FFI
cases demonstrated negative RT-QuIC results. FFI also
demonstrated the longest RT-QuIC lag time indicating
low amount or rate of conversion of normal PrP to
PrPTSE compared to fCJD and sCJD (Cramm et al.,
2015). RT-QuIC can also detect prion-seeding activity
in the olfactory mucosa of FFI patients (Redaelli et al.,
2017). Other commonly used CSF tests in prion disease,
such as 14-3-3 and tau, demonstrate very low sensitivity
(Ladogana et al., 2009; Chen et al., 2018).

NEUROIMAGING

Brainmagnetic resonance imaging (MRI) is often unhelp-
ful in the diagnosis of FFI. Twelve cases of FFI were all
reported negative (Chen et al., 2013), while MRI-positive
FFI cases remain isolated observations (Ortega-Cubero
et al., 2013; Takada et al., 2017; Chen et al., 2018). Other
neuroimaging modalities, such as fluorodeoxyglucose
FDG-PET) and single-photon emission computed tomog-
raphy (SPECT) are very valuable in FFI. FDG-PET has
demonstrated significant decreased metabolism in the
thalamus and cingulate cortex in very early stages of the
disease (Cortelli et al., 1997; Mastrianni et al., 1999;
Harder et al., 2004; Ortega-Cubero et al., 2013; Prieto
et al., 2015) (Fig. 15.1). Hypometabolism spreads to other
brain regions as the disease progresses. FFI 129MV
patients show more widespread hypometabolism
(Gambetti et al., 2003a). SPECT imaging has also demon-
strated a dramatic decrease in dopamine and serotonin
transporters in the thalamic and hypothalamic region in
2 FFI patients (Kl€oppel et al., 2002).

In a study conducted by Cortelli and colleagues
(2006), prospective brain FDG-PET scans and PSGs

Fig. 15.1. Positron emission tomography image of brain regional metabolism determined with fluorodeoxyglucose (FDG-PET).

(A) Control; (B) Fatal familial insomnia patient. Arrows demarcate hypometabolism (denoted by exclusive presence of yellow

color) in the thalamus typically observed in fatal familial insomnia at early stages. Lighter colors (e.g., yellow) in brain FDG-

PET scans represent hypometabolism.
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were conducted on known FFI mutation carriers, non-
mutation carriers from the same family, and controls.
In 1 of the 4 mutation carriers who became symptomatic
during the study, focal thalamic hypometabolism was
detected on an FDG-PET scan performed 13 months
prior to symptom onset (Fig. 15.2A). Although the mac-
rostructure of sleepwas normal at this time, spectral anal-
ysis detected reduction of the sigma band on EEG that is
associated with corticothalamic synchronization. These
two findings in a presymptomatic FFI mutation carrier
provide strong evidence that disease pathology starts in
the thalamus. The results of this study also suggest that
brain FDG-PET and spectral analysis of EEG in asymp-
tomatic mutation carriers may be used as a biomarker to
assist with predicting age at disease onset as well as to
assess response to potential treatments.

THERAPEUTICS

As with all human prion diseases, there is no currently
available treatment or cure. FFI is further complicated
by the fact that its symptoms are difficult to treat.
FFI responds poorly to typical symptomatic treatment
of insomnia such as sedatives and benzodiazepines
(Julien et al., 1998; Will et al., 1998). There is one case
report of improved sleep with the use of the melatoner-
gic antidepressant agomelatine (Frob€ose et al., 2012).
There is also an ongoing preventative trial using doxy-
cycline 100 mg/day in patients carrying the FFI muta-
tion, the results of which will not be known for some
time (Forloni et al., 2015). Mounting evidence indicates
that treatment efficacy is likely to be directly related to
how early in the course of the disease the treatment is

Fig. 15.2. Serial fluorodeoxyglucose positron emission tomography of regional cerebral metabolism of glucose (rCMRglu) and

quantitative autopsy determinations of protease-resistant prion protein (resPrPTSE) in fatal familial insomnia (FFI)-affected sub-

jects. (A) rCMRglu in indicated brain regions of a FFI mutation carrier at 65, 32, 13 months before and 7 and 10 months after the

clinical onset of FFI; each dot along the curve represents a relative value; numbers in x-axis indicate days before and after clinical
onset, which is identified by 0 at the intersection with the y-axis; numbers in y-axis refer to metabolic values; values below the

x-axis are significantly decreased. Arrow: thalamic hypometabolism detected 13 months before the clinical onset. (B) Relative

amounts of resPrPTSE in indicated regions related to disease durations of 7–33 months in 9 FFI subjects. Both (A) and (B) sets

of data point to the thalamus as the site of early resPrPTSE accumulation and where resPrPTSE steady state is attained, while

resPrPTSE accumulation is late in the cerebral cortex reaching significant levels, presumably needed to cause spongiform degen-

eration, only after long disease duration (see Parchi et al., 1995;Cortelli et al., 2006 for details). Statistics: thalamus: not significant;

caudate: short vs. long duration p < 0.01; limbic cortex: short vs. intermediate and vs. long p < 0.01–0.001; neocortex all three

durations p < 0.001–0.0001 (Student’s t-test). (Modified from Cortelli P, Perani D, Montagna P, et al. (2006) Pre-symptomatic

diagnosis in fatal familial insomnia: serial neurophysiological and 18FDG-PET studies. Brain 129: 668–675, with permission from

Oxford University Press and from Parchi P, Castellani R, Cortelli P, et al. (1995) Regional distribution of protease-resistant prion

protein in fatal familial insomnia. Ann Neurol 38: 21–29, with permission from John Wiley.)
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started. It is encouraging that the PET study by Cortelli
et al. (2006) and the diagnosis by olfactory mucosa
examination by Redaelli et al. (2017) raise the possibil-
ity of preclinical diagnosis in FFI. If a treatment
becomes available, FFI could potentially be treated pre-
ventively before any clinical signs become detectable.

Neuropathology

There is wide consensus that the neuropathologic fea-
tures of FFI are well characterized and consistent in
the majority of cases (Manetto et al., 1992; Parchi
et al., 1995; Reder et al., 1995; Almer et al., 1999;
Llorens et al., 2016, 2017). However, especially in
129MV heterozygous patients, the histopathology may
be more widespread regarding the atrophy of thalamic
nuclei and spongiform degeneration (Parchi et al.,
1995; Zarranz et al., 2005b; Llorens et al., 2017). It is cur-
rently unclear whether these histopathologic variations
are linked to 129MV heterozygosity, to disease duration
(which is longer on average than it is in 129MM homo-
zygous patients), or to both (Goldfarb et al., 1992b;
Manetto et al., 1992; Parchi et al., 1995, 2000a). It is
likely that the 129MV heterozygosity plays a role in
this setting since the presence of valine may destabilize
the phenotype, as is the case in sCJD patients with
129MV genotype and PrPTSE type 2 (Parchi et al., 2009).

In subjects with short disease duration (approximately
� 10 months), the essential lesion is severe loss of neu-
rons (up to 80–90%) with prominent astrogliosis but no

spongiform degeneration affecting anterior (A) and
medial dorsal (MD) nuclei of the thalamus, along
with variable astrogliosis and neuronal depletion in the
inferior olive (Fig. 15.3A). Occasionally, mild focal
spongiform degeneration in the entorhinal cortex and
subiculum may be present (Little et al., 1986; Manetto
et al., 1992; Parchi et al., 1995; Reder et al., 1995;
Almer et al., 1999; Llorens et al., 2017). With longer dis-
ease duration, neuronal loss and gliosis with no spongi-
form degeneration may expand to other thalamic nuclei,
most often to ventral lateral and pulvinar nuclei, while
increasing spongiform degeneration and gliosis are
found in the cerebral cortex, eventually affecting all lobes
and occasionally the neostriatum. In at least 2 heterozy-
gous cases, spongiform degeneration is made of large
and often confluent vacuoles similar to those observed
in sCJD associated with 129MM homozygosity and
PrPTSE type 2 (sCJDMM2) (Fig. 15.4B) (Manetto
et al., 1992; Kretzschmar et al., 1998; Parchi et al.,
1999b). Cerebellar atrophy with loss of Purkinje cells
and astrogliosis associated with the presence of
“torpedo” formations may also be observed (Manetto
et al., 1992; Parchi et al., 1995; Almer et al., 1999).

Immunohistochemistry for PrP is often negative, espe-
cially in A andMD thalamic nuclei. However, even in the
absence of spongiformdegeneration, theremay be areas of
punctate immunostaining and presence of small polymor-
phic deposits (Fig. 15.4A). In the presence of spongiform
degeneration, the immunostaining is granular and occa-
sionally perivacuolar, but definitely different from the

Fig. 15.3. Microphotographs of mediodorsal thalamic nucleus in fatal familial insomnia (FFI), normal control, and sporadic fatal

insomnia (sFI). Severe neuronal depletion with reactive astrogliosis with no appreciable spongiform degeneration is demonstrated

in FFI (A) and sFI (C) compared with the control (B). Reactive astrogliosis is more noticeable in sFI than in FFI. Arrow: abnormal

neuron. (A–C) Hematoxylin and eosin.
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immune staining pattern of sCJDMM2, despite the simi-
larity of the spongiform degeneration type in the two dis-
eases (Fig. 15.4C). Prominent patchy or strip-like PrP
immunostaining pattern in the cerebellar cortex has been
observed in at least 2 cases (Almer et al., 1999; Zarranz
et al., 2005b). Apoptosis, microglial activation, and
inflammatory response, especially in severely affected
thalamic nuclei, also contribute to the histopathologic fea-
tures (Dorandeu et al., 1998; Llorens et al., 2016).

The homogeneity and specificity of the FFI histo-
pathologic phenotype, comprising thalamic atrophy
associated with variable but generally limited or no
spongiform degeneration, have been challenged.
McLean et al. (1997) and Zarranz et al. (2005a, b) have
briefly described 2 subjects carrying a reliably proven
D178N, 129MM genotype, who show widespread
spongiform degeneration but apparently lack thalamic
atrophy. Conversely, severe thalamic atrophy, although
accompanied by co-localized spongiform degeneration,
has been observed in 2 cases carrying the glutamic acid-
to-lysine mutation at codon 200 (E200K) associated with
129MM genotype (Chapman et al., 1994; Taratuto
et al., 2002). Clinically, both E200K subjects had insom-
nia, and the PSG recording obtained in 1 case was indis-
tinguishable from the PSG described in FFI (Chapman
et al., 1994; Taratuto et al., 2002). Remarkably, however,
immunoblotting and N-terminus amino acid sequenc-
ing by Taratuto and collaborators (2002) definitively
determined the presence of proteinase K (PK)-resistant
PrPTSE (resPrPTSE) type 1 in one of the E200K, 129MM
cases, while resPrPTSE in FFI is consistently type 2;
see also General characteristics, below. Unfortunately,
none of these analyses were performed for the other
two D178N, 129MM cases mentioned above nor for
the other E200K, 129MM case (Chapman et al.,

1994; McLean et al., 1997; Zarranz et al., 2005b).
The rarity of these atypical cases raises the possibility
that the D178N-129M and E200K-129M pathogenic
alleles are occasionally associated with cases that
escape the typical phenotype associated with these
two mutations to adopt, at least partially, the phenotype
of the other mutated genotype (see also Pathogenetic
hypothesis, below). Furthermore, in a clinical study
of 7 symptomatic carriers of the D178N mutation
MM homozygous at codon 129, Chen et al. (Chen
et al., 2018) stated that four carriers “were more likely
the CJD phenotype”. However, they reported that all 7
patients had sleep disturbances and autonomic symp-
toms, and that the two tested cases had both positive,
apparently FFI-like, polysomnography while none
had an EEG typical of CJD and one only had a CJD
typical MRI. Additionally, speculations on alternative
phenotypes of FFI should be cautious when the case
studied lacks of PSG analysis and autopsy (Guerreiro
et al., 2009). As previously stated, definitive disease
phenotype determination requires at least a polysomno-
graphic recording and autopsy examination since tha-
lamic atrophy is often undetectable by MRI and CT
imaging.

The proposal that FFI and fCJDD178N are “extremes of
a spectrum rather than discrete and separate entities”
ignores a large body of evidence, based on direct PrPTSE

studies, experimental transmission, and modeling, that
supports the distinct strain properties of the PrPTSE species
associated with FFI and fCJDD178N (Monari et al., 1994;
Petersen et al., 1996; Telling et al., 1996; McLean et al.,
1997; Parchi et al., 2000b; Apetri et al., 2005; Zarranz
et al., 2005b; Guerreiro et al., 2009; Lee et al., 2010;
Chiesa et al., 2016; Chen et al., 2018; see also
Structure, below).

Fig. 15.4. Microphotographs of fatal familial insomnia cerebral cortex. (A) PrP immunostaining of the molecular and external

granular layers in an area with no spongiform degeneration showing small irregular aggregates. (B) Spongiform degeneration with

large clustered vacuoles in cerebral cortex similar to that of sporadic Creutzfeldt–Jakob disease MM2 but associated with a dif-

ferent PrP immunostaining pattern, made of granular deposits occasionally surrounding vacuoles (C). (A and C) Antibody to PrP

3F4; (B) Hematoxylin and eosin.
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Disease-associated prion protein

GENERAL CHARACTERISTICS

The abnormal prion protein, PrPTSE, associated with FFI
is type 2B. According to the classification originally pro-
posed by Parchi et al. (1996, 1997, 1999b), most human
PrPTSE species can be separated into two groups identi-
fied as types 1 and 2, based on the electrophoretic relative
mass of the unglycosylated form generated following
digestion of total PrP with PK to detect resPrPTSE.
In resPrPTSE type 2, the relative mass of the unglycosy-
lated form is approximately 19 kDa while the matching
resPrPTSE type 1 has a relative mass of approximately
21 kDa. The letter B identifies the ratio of the three
resPrPTSE glycoforms, which includes diglycosylated,
monoglycosylated, and unglycosylated conformers
(Parchi et al., 1997). In FFI the glycoform ratio is dom-
inated by the diglycosylated isoform, while the unglyco-
sylated is the least represented (Monari et al., 1994;
Parchi et al., 1995).

Currently PrPTSE types 1 and 2 are viewed as two fam-
ilies of prion strains segregated by their distinct confor-
mations (Monari et al., 1994; Parchi et al., 2000b; Safar
et al., 2015). Indeed, PrPTSE types 1 and 2 are consis-
tently associated with distinct disease phenotypes
(Gambetti et al., 2003a, 2011). The typing of the PrPTSE

associated with FFI has been further confirmed by amino
acid sequencing of resPrPTSE (performed in heterozygotes
because of the inadequate amount of resPrPTSE for purifi-
cation in homozygotes), which has shown that the
resPrPTSE N-terminus is at residue serine 97 as expected,
given the electrophoretic mobility of 19 kDa of resPrPTSE

type 2 (Parchi et al., 2000b). Furthermore, the N-terminus
of the FFI-associated resPrPTSE is minimally ragged com-
pared to the PrPTSE harbored in sCJD with 129 MV het-
erozygosis and PrPTSE type 2 (sCJDMV2). This finding
indicates that PrPTSE in FFI is more homogeneous than
in the matching sCJD subtype, allowing a more precise
cleavage by PK (Parchi et al., 2000b).

RESPRPTSE
AMOUNT AND DISTRIBUTION

The amount and distribution of resPrPTSE in FFI, as
determined by quantitative immunoblotting of tissue
extracts from various brain regions, exhibit a character-
istic profile shared with sporadic fatal insomnia (sFI)
and distinct from that of sCJD subtypes (Fig. 15.5)
(Parchi et al., 2000a). The amount of resPrPTSE is also
directly related to disease duration (Fig. 15.2B) (Parchi
et al., 1995, 1999a, 2000a). Up to 8 months duration,
resPrPTSE is undetectable in the neocortex and barely
detectable elsewhere with the relatively largest amount
located in entorhinal cortex (Parchi et al., 1995;
Padovani et al., 1998). At 10 months from onset,
resPrPTSE can be demonstrated in the neocortex, where

it progressively increases until it reaches the highest
levels of all other brain regions (Parchi et al., 1995). Nev-
ertheless, even in the case with the longest duration
examined in the study by Parchi and coworkers (1995)
(33 months), resPrPTSE amounts in the frontal cortex
and MD thalamic nucleus, respectively, remain over 6
and 20 times smaller than the matching amounts in
sCJDMM1, the archetype of sCJD that is associated with
129MM homozygosity and PrPTSE type 1.

The low amounts of resPrPTSE are consistent with the
finding that in FFI (and fCJDD178N), unlike other PrP
gene mutations where the normal or wild-type PrP
(PrPC) is also converted to resPrPTSE, all of the PrPTSE,
including detergent-insoluble and PK-resistant fractions,
originates exclusively from the mutated allele in both
129 homozygous and heterozygous forms (Chen et al.,
1997). Furthermore, only approximately 17% or less of
total D178N mutated PrP (PrPD178N) is converted to
resPrPTSE (Chen et al., 1997; Llorens et al., 2016). How-
ever, the amount of the detergent-insoluble and
PK-sensitive component of total PrPTSE has not been rig-
orously assessed in FFI. Furthermore, presence of small
amounts of PrP oligomers has been recently reported in
the thalamus (Llorens et al., 2016).

STRUCTURE

Riek et al. (1998) have shown that in PrPC aspartic acid at
position 178 (D178) is linked by hydrogen bonds to the
side chains of residues arginine 164 (R164) on one side,
and to the side chains of tyrosine 128 (Y128) on the
other; the latter is sequentially adjacent to the M129V
polymorphic site. This strategic location raises the possi-
bility that the D178N mutation selectively affects the
entire hydrogen bonding network of the region in ways
that differ according to the residue, M or V, in position
129. This chain of eventswould impose onPrPTSE distinct
conformations in FFI and fCJDD178N (Riek et al., 1998).

This hypothesis has been supported and expanded in
subsequent studies (see van der Kamp and Daggett,
2009, for review). Apetri and colleagues (2005) have
shown in recombinant PrP (recPrP) that the presence
of the D178N mutation facilitates conformational con-
version to oligomeric b-sheet-rich forms and that
D178Nmutated amyloid fibrils formed in vitro by recPrP
differ in the secondary structure from the fibrils formed
bywild-type recPrP. Furthermore, the conversion to olig-
omeric b-sheet-rich forms is faster in the D178N-129M
recPrP than in the D178N-129V isoform while the
M129V polymorphism has no effect on the conversion
of wild-type recPrP (Apetri et al., 2005). The destabiliz-
ing effect of the D178N mutation inducing confor-
mational conversion has been attributed to various
events, such as abolition of the salt bridges between
D178 and R164, interference with the adjacent disulfide
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bond, and weakening of the hydrogen bond with Y128
(Swietnicki et al., 1998; Alonso et al., 2001).

More recently, significant conformational variations
among recPrP isoforms, including wild-type, D178N-
129M, and D178N-129V, were further confirmed by
structure determinations on crystal structures of human
recPrPD178N and on PrPD177N,128M and PrPD177N,128V

obtained from transgenic (Tg) mice carrying the corre-
sponding haplotypes (Lee et al., 2010; Tapella et al.,
2013). These studies further support the notion that, owing
to its strategic location, the D178N mutation lowers the
stability, alters the structure, and favors the aggregation
of PrP by a process that is influenced by the M129V
polymorphism and results in two sets of structures
linked to 129M and 129V, respectively. Although based
largely on in vitro data, this notion is in agreement with
the segregation of FFI and fCJDD178N into two distinct
phenotypes based on clinical neuropathologic and
PrPTSE features (Goldfarb et al., 1992b).

Experimental animal transmission
and in vitro amplification

EXPERIMENTAL ANIMAL TRANSMISSION

After several failed attempts (Little et al., 1986; Brown
et al., 1994, 1995), FFI was successfully transmitted to
wild-type mice (Tateishi et al., 1995) and to Tg mice
(Collinge et al., 1995), although in the second study no

PrPTSE was demonstrated despite the presence of spongi-
form degeneration in the cortex and white matter. In 1996,
Telling et al. transmitted a number of FFI cases, including
homozygotes (129MM) and heterozygotes (129MV) as
well as homozygotes affected by fCJDE200K-129M. Trans-
mission of fCJDD178N-129V, the fCJD phenotype that
shares the D178N mutation with FFI, failed probably
because of the inoculum-host V to M heterogeneity at
the 129 residue. Hosts in this study were PrP murine/
human chimeric Tg mice in which the murine 96-167
PrP amino acid sequence was replaced by the match-
ing human sequence containing the 129M residue
(Tg(MHu2M) mice) (Telling et al., 1994).

Subsequently, another human/murine chimera was
also inoculated with similar results (Korth et al., 2003).
Three of the four FFI cases tested, including two FFI-
129MM and one -129MV, transmitted the disease fol-
lowing inoculation of frontal cortex and thalamus, but
not of cerebellum homogenates (Telling et al., 1996).
Furthermore, the incubation period was reduced by
30–50% from first to second passage (Korth et al.,
2003). Histopathology and PrPTSE distribution markedly
differed in FFI and fCJDE200K-inoculated mice. Further-
more, Tgmice challengedwith FFI and fCJDE200K repro-
duced PrPTSE type 2 and type 1, respectively, despite the
lack in these mice of the genetic mutations (D178N and
E200K) linked to the two diseases. This remarkable find-
ing provided the first substantial evidence that all the
information to reproduce the specific conformation of

Fig. 15.5. Regional brain distribution of protease-resistant prion protein (resPrPTSE) in fatal familial insomnia (FFI), sporadic fatal

insomnia (sFI) and sporadic Creutzfeldt–Jakob disease (sCJD) MM2 (sCJDMM2). (A) Comparative analysis of resPrPTSE distribu-

tion in FFI and sFI reveals a similar profile with consistently higher resPrPTSE amounts in sFI than in FFI. Standard deviations are

much higher in the cerebral cortex of the FFI and sFI due to the disease duration impact on resPrPTSE deposition. (B) The profile of

sCJDMM2, of which sFI is considered a variant, shows a different profile with 10–20 times higher amounts of resPrPTSE. Data are

presented in arbitrary units (mean� standard deviation) as percentage of the highest value obtained by densitometry in FFI subjects

(see Parchi et al., 2000a, for details). Crbl, cerebellum; EC, entorhinal cortex; FC, frontal cortex; Hi, CA1 region of hippocampus;

LC, locus coeruleus;ME(Pv), medulla (periventricular gray);OC, occipital cortex; PAG, midbrain periventricular gray; PC, parietal
cortex; Str, neostriatum (caudatus and putamen); TC, temporal cortex; Thal, thalamus (mediodorsal nucleus). (Modified from

Parchi P, Capellari S, Gambetti P (2000a) Intracerebral distribution of the abnormal isoform of the prion protein in sporadic

Creutzfeldt–Jakob disease and fatal insomnia. Microsc Res Tech 50: 16–25, with permission from John Wiley.)
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PrPTSE or prion strain, as is the case with PrPTSE types 1
and 2, is encrypted in the PrPTSE itself, which may be
reproduced with no genetic intervention. More recently,
transmission of a 27-month duration FFI-129MV case to
wild-type mice has been described (Sasaki et al., 2005).

IN VITRO AMPLIFICATION

PrP amplification is commonly achieved using protein
misfolding cyclic amplification (PMCA) technology
(Saborio et al., 2001). PMCA can efficiently replicate,
and increase exponentially, even minute amounts of
PrPTSE, commonly referred to as seed, through the con-
version to PrPTSE of PrPC provided as substrate. Barria
et al. (2014) first amplified PrPTSE from FFI brains,
reproducing the PrPTSE type 2 pattern as in FFI. Ampli-
fication of the murine PrPTSE homologue, harboring the
D177N mutation coupled with either a 128M or 128V
residue (murine homologues of human D178N-129M
or -129V) using murine PrPTSE as seed has been reported
by Bouybayoune et al. (2015), while recently Redaelli
et al. (2017) introduced a novel clinical diagnostic test
for FFI by using PMCA (as well as RT-QuIC) to amplify
PrPTSE from FFI autopsy tissue as well as from olfactory
mucosa harvested from live patients (see Chapter 19).
Unseeded PMCA to verify the spontaneous misfolding
of mutant recombinant PrP produced contrasting results
depending on the use of murine vs human (mutant)
recPrP (Noble et al., 2015; Elezgarai et al., 2017).

Cell models

Lehmann and Harris (1996) first used metabolic labeling
to model FFI in Chinese hamster ovary cells, following
transfection of the D177N-128M murine PrP construct
(as well as other mutated PrP constructs). Approximately
80% of the murine D177N-128Mmutated PrPwas found
to be detergent-insoluble and 15% PK-resistant. Further-
more, the mutated PrP remained associated with the
cell plasma membrane following cleavage of the glyco-
sylphosphatidylinositol anchor linking PrP to the mem-
brane, a defining feature of PrPTSE (Caughey et al.,
1989; Borchelt et al., 1990). Although variations were
found among the various mutant models examined,
PrPTSE type 2, as well as the glycoform ratio character-
istic of FFI, were not reproduced.

Different findings were reported by Petersen and
coworkers (1996) in a similar study of mutated PrP in
human neuroblastoma cells M-17 transfected with a
construct harboring the D178N-129M or D178N-129V
haplotype modeling FFI and fCJDD178N, respectively.
Mutated PrP harboring either one of the two 129 M or
V residue was progressively reduced during processing
through the secretory pathway in a way that was
inversely related to the degree of glycosylation. This out-
come resulted in preferential underrepresentation of the

unglycosylated form that barely reached the cell surface
and was more prominent in the FFI cell model than in the
fCJDD178N one. This explains the underrepresentation of
the unglycosylated form in PK-resistant PrP from FFI
and fCJDD178N and suggests that it occurs before the
PrP to PrPTSE conversion. No PK-resistant or abnormally
membrane-bound mutated PrPs were found.

Impaired transport and delivery to the surface were
also observed in a morphologic study of cultured cells
using D177N-128M mutated PrP chimeric with the
insertion of green fluorescence protein (Ivanova
et al., 2001).

In a series of studies Ma, Lindquist, and collaborators
(Ma and Lindquist, 2001, 2002; Ma et al., 2002) have
examined metabolic processing, including the role of
the quality control system and proteosomal degradation
of wild-type and D177N mutated PrP species in murine
NT-2 neuroblastoma cells and COS (monkey kidney)
cells. The D177N mutation was found to increase
misfolding and instability of mutated PrP, which was
routed through the quality control system, transported
to the cytosol, and degraded in the proteasome. Inhibition
of proteosomal degradation resulted in accumulation of
mutated resPrPTSE in the cytosol, which was cytotoxic
(Ma et al., 2002). Retrotranslocation of mutated PrP
and formation of PrPTSE with ensuing cytosolic toxicity
have been strongly challenged in several similar
investigations (Drisaldi et al., 2003; Roucou et al., 2003;
Fioriti et al., 2005; Ashok and Hegde, 2009). Fioriti and
colleagues (2005) proposed the alternative pathway where
misfolded PrPD177N (and othermutated PrP) is trafficked to
the Golgi apparatus and directed to the endosome-
lysosome compartment where conversion to PrPTSE may
occur. As expected, mistargeting of PrPD177N resulted in
its underrepresentation at the cell surface that was more
prominent in the D177N-128V than in D177N-128M
mutated PrP (Fioriti et al., 2005).

Complex effects of D177N-128M PrP on cell metabo-
lism have also been reported by Massignan et al. (2010).

Animal models

Three murine models of FFI have been generated.
Jackson et al. (2009), using a knock-in approach, intro-
duced the D177N mutation (the murine homologue for
the human D178N), along with two M substitutions at
positions 108 and 111 of the amino acid sequence, for
the stated purpose of rendering the carriers resistant to
laboratory pre-existing infectious prions and generating
a site recognized by the potent antibody to PrP 3F4.
Mutated PrP (but not PrP from appropriate controls)
was recovered in lower amounts and showed underrep-
resentation of the unglycosylated isoform, similar to
human FFI and cell models, and appeared to be trafficked
through the secretory pathway (Petersen et al., 1996).
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FFI mice showed behavioral and body temperature pat-
terns consistent with sleep deprivation after 6 months of
age, but life expectancy was not shortened. Generalized
brain atrophy associated with neuronal loss and astro-
gliosis in the thalamus and cerebellum was reported in
12–20-month-old mice, while PrP immunohisto-
chemistry was negative. A small amount of resPrPTSE

was detected in 24-month-old mice. Following passage
of brain homogenates from affected animals, mice from
different lines showed clinical and neuropathologic
abnormalities, but presence of resPrPTSE was never
observed.

Overall the Tg mouse generated in this study seem-
ingly expresses FFI-like mutated PrP with characteristics
similar to those of D178N/D177N mutated PrP gen-
erated in cell models. However, the validity of this Tg
mouse as a model of FFI is questionable on the following
grounds: (1) presence of two other substitutions in the
construct; (2) lack of morphometric analyses to demon-
strate preferential thalamic pathology; (3) absence of
convincing evidence supporting resPrPTSE presence;
and (4) failure of disease transmission.

The Tg mice developed by Bouybayoune et al.
(Bouybayoune et al., 2015; Chiesa et al., 2016) express
murine D177N-128M (TgFFI) or -128V PrP (TgCJD)
with or without an epitope tag for the 3F4 antibody.
The unglycosylated isoform was underrepresented in
both PrPFFI and PrPCJD, which also were insoluble
and mildly resistant to PK. Following PK digestion,
the resPrPTSE was type 2 in both mutated PrP species,
matching FFI PrPTSE but not the PrPTSE associated with
fCJDD178N. Clinically, sleep was reduced and disrupted
in FFImice in away that was reminiscent of sleep impair-
ment of FFI, while TgCJD mice had a different sleep
pattern, characterized by partial preservation of the
sleep–wake cycle (Dossena et al., 2008). Motor and cog-
nitive impairments were also observed. Imaging and his-
topathology of TgFFI revealed thalamic and cerebellar
atrophy, and deposition of PK-resistant PrP was reported
by immunostaining; ultrastructural anomalies of the
Golgi apparatus with a distinct pattern of PrP accumula-
tion were observed in TgFFI, whereas analysis of TgCJD
revealed that the mutant protein was retained mostly in
the endoplasmic reticulum. Transmission attempts to a
variety of mice, as well as in vitro replication with
PMCA, failed to reveal prion infectivity. In conclusion,
clinical and electrophysiologic parameters define
the TgFFI mouse developed by Bouybayoune and
colleagues as a good model for the FFI sleep disorder.
However, immunoblotting, neuropathologic, and immu-
nohistochemical studies do not convey convincing
similarity with human FFI. The wide use of the 12B2
antibody, highly reactive to PrPTSE type 1 but not type
2 present in FFI, also is unclear.

Watts et al. (2016) have generated Tg mice lines
expressing bank vole PrP (BvPrP) with isoleucine at
polymorphic codon 109 (BvPrPI109) harboring the
D178N mutation (along with Tg lines expressing other
mutated or wild-type BvPrPI109). All these Tg mice
spontaneously developed a prion disease. Although
Tg D178N mice yielded less mutated BvPrP due to a
more rapid turnover, they became symptomatic earlier.
In symptomatic animals, PK digestion of the D178N
mutated BvPrP generated an �8 kDa fragment, which
likely resulted from a C-terminal cleavage. However,
the �8 kDa fragment appears to be nonspecific since
a similar fragment was recovered from Tg-expressing
wild-type BvPrP, as well as other mutated BvPrP. His-
topathologic and PrP immunohistochemical features of
Tg D178N mice differed from those observed in Tg
mice expressing wild-type BvPrP, but had no resem-
blance to FFI lesions in type or distribution. Upon
inoculation, the D178N mutated PrP transmitted a sim-
ilar prion disease in a variety of mice expressing
mutated and wild-type BvPrP, as well as mouse PrP.
No clinical data are reported. These data indicate
that, in contrast to the previous FFI models, the FFI
Bv mouse does not reproduce any of the characteristics
of FFI, but it does generate a D178N mutated PrP that
is PK-resistant, as well as highly pathogenic and
infectious. Finally, an FFI model using Tg Drosophila
melanogaster expressing hamster or mouse PrP
carrying the equivalent of human D178N mutation
recently developed generated a neurotoxic phenotype
(Thackray et al., 2017).

Considerations on etiology and pathogenesis

Data from PrP molecular structure, cell metabolism,
and processing of the D178N mutant protein indicate
that the D178N exchange is well positioned to impact
the structural stability of mutated PrP. The instability
results in rapid turnover of D178N PrP that brings about
an abnormal distribution of D178N PrP within the cell
and its underrepresentation at the cell surface, which is
likely to be its critical destination (Petersen et al., 1996;
Harris, 1999; Ma and Lindquist, 2001; Linden et al.,
2008). Within this scenario, it is conceivable that with
time mutant PrP adopts a prion-like conformation that
escapes detection or breakdown by protein homeostasis
mechanisms and initiates templated conversion of non-
prion-like mutated PrP, triggering the prion disease
(Dubnikov and Cohen, 2017). The initial adoption of
the prion-like conformation must be common and con-
sistent given the high penetrance of the D178N muta-
tion and the relative uniformity of the FFI phenotype
(Minikel et al., 2016). It seems unlikely that the
D178N PrP is pathogenic before adopting the prion-like
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conformation since, if this were the case, mutation car-
riers would display at least some sign of illness, a notion
which is not supported by current data (Ferrillo et al.,
2001; Cortelli et al., 2006).

Whether this initial conversion is widespread or ini-
tially impacts only a specific brain region is not known.
However, data obtained from two sets of studies,
although basic, allow a few considerations. The first
study deals with the longitudinal evaluation of brain
regional metabolism by FDG-PET in FFI mutation car-
riers from the presymptomatic to the terminal stage of
the disease (Fig. 15.2A) (Cortelli et al., 2006). In the sec-
ond study the amount and distribution of resPrPTSE were
analyzed at autopsy in FFI-affected subjects with differ-
ent disease durations ranging from 7 to 33 months
(Fig. 15.2B) (Parchi et al., 1995, 2000a). Combined,
the data obtained from these two studies point to the thal-
amus as the first brain region impacted by the disease
process, likely because it is the site of initial of PrPTSE

formation or where PrPTSE is more toxic. Indeed, the
thalamus is the first region showing FDG-PET hypome-
tabolism at least 13 months before clinical onset of the
disease and virtually the only brain structure affected
in short-duration cases (Fig. 15.2) (Parchi et al., 1995;
Cortelli et al., 2006).

FDG-PET data indicate that, after clinical onset, the
disease process spreads rapidly but orderly, involving
basal ganglia, limbic cortex, and neocortex, while con-
tinuing to progress rapidly in the thalamus, which
exhibits the most severe hypometabolism. Pairing
FDG-PET data with postmortem analysis of resPrPTSE

relative amounts related to disease duration indicates a
steady state of resPrPTSE in thalamus, a progressive
increase possibly reaching a plateau in basal ganglia
and limbic cortex, and a late appearance along with
apparently continuing increase in cerebral neocortex
(Fig. 15.2) (Parchi et al., 1995, 2000a). Furthermore,
in the cerebral cortex, spongiform degeneration seems
to be directly related to the amount of resPrPTSE.

These sets of data leave several questions unan-
swered. For example, PrPTSE, although in small
amounts, might cause functional (not structural) unde-
tectable damage to critical cell populations, such as the
brainstem. Such outcomes could explain the limited
brain lesions at death in cases with short disease dura-
tion. How these data fit the hypothesis that prion prop-
agation and toxicity stages are uncoupled and that
neurotoxic and propagating PrPTSE species are distinct
is unclear (Sandberg et al., 2011). Although quantitative
data indicate that in FFI resPrPTSE reaches a plateau in
the thalamus, they suggest that, at least in the cortex,
metabolic and structural damage occur while propaga-
tion is still ongoing. Should this be the case, propaga-
tion and toxic phases would be concurrent rather than
uncoupled.

SPORADIC FATAL INSOMNIA

Introduction

Sporadic Fatal Insomnia (sFI) shares many clinical and
histopathologic features with FFI, to such an extent that
it may be defined as a FFI phenocopy, hence its sporadic
form. However, the sFI clinical and histopathologic phe-
notype appears to be more variable than that of the FFI
variant linked to the 129 homozygous genotype. This
outcome is predictable since the specific FFI mutation
D178N is likely to impose more constraints on the initial
spontaneous conversion to a prion-like conformation of
the mutated PrP compared to the presumably idiopathic
conversion and subsequent selection process of wild-
type PrP (Collinge and Clarke, 2007; Collinge, 2010;
Li et al., 2010; Imberdis and Harris, 2016). Although
the phenotypic similarities to FFI outweigh the features
shared with any of the sCJD subtypes, also after experi-
mental transmission (Mastrianni et al., 1999; Krasnianski
et al., 2014), sFI is often referred to as the thalamic form
of sCJDMM2 (Moda et al., 2012; Parchi and Saverioni,
2012; Hayashi et al., 2015; Iwasaki, 2017).

Epidemiology

Thirty-two individual cases of sFI, examined at autopsy
and proven to harbor PrPTSE, have been reported world-
wide to date. Japan contributed 13 cases, the United
States 12, Italy 4, Spain 2, and the United Kingdom 1.
In all but 1 case, the presence of resPrPTSE was also
proven by Western blot, which showed resPrPTSE type
2 in 29 cases and type 1 and type 1+2 in 1 case each.
Based on type, degree, and distribution of tissue
lesions along with the resPrPTSE features, sFI-affected
subjects have been segregated as typical and atypical
(Table 15.5).

The 25 cases classified as typical showed a consis-
tently severe thalamic and olivary atrophy, while spongi-
form degeneration varied widely in severity and could be
lacking. resPrPTSE type 2 was reported in all cases but 1,
where presence of PrPTSEwas demonstrated by immuno-
histochemistry (Scaravilli et al., 2000). Grau-Rivera et al.
(2016) and Hamaguchi et al. (2005) and their colleagues
defined two of their cases as a mix of sCJDMM2-
thalamic (sCJDMM2T) and -cortical (sCJDMM2C)
forms, essentially based on the presence of widespread
spongiform degeneration similar to that of sCJDMM2
(Table 15.5, Hamaguchi et al., case 3, 2005; Grau-
Rivera et al., 2016). Eleven of the typical cases were from
the United States, 9 from Japan, 3 from Italy, and 1 from
Spain and the United Kingdom.

Seven cases were defined as atypical for several rea-
sons, including: (1) inadequate evidence supporting the
predominance of the thalamic and olivary atrophy with
presence of resPrPTSE predominantly of type 1 in 1 case
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Table 15.5

Published cases of sFI listed in order of disease duration with semiquantitative estimates of tissue lesions and segregated into typical and atypical formsa

Reference (case #)
Course
(months)

Spongiform degeneration Neuronal depletion and astrogliosis PrPTSE

NeoCort. NeoStriat. Cerebel. NeoCort. NeoStriat. Cerebel. Med.Thal. N. Olive IHC

Typical
Cracco et al. (2017) (2) 12 0 0 0 0 1 2.5 3.5 3.5 0
Hamaguchi et al. (2005) (8) 13 0 NA NA NA 2 1.5 3 3 0
Hamaguchi et al. (2005),f (3) 14 3 NA NA NA 2 1.5 3 3 3
Parchi et al. (1999a) (2) 15 1 0 0 0 0 1e 3 3 0
Parchi et al. (1999a) (4) 15 1 0 0 0.5 0 0.5e 2.5 2.5 0
Mastrianni et al. (1999) 16 0 0 0 NA 1.5 2 3 3 NA
Hayashi et al. (2015) 16 1 NA 0 0 0 1 3 3 1
Parchi et al. (1999a) (5) 17 1 0 0 0.5 0 0.5e 3 2 1.5
Parchi et al. (1999a) (1) 18 1 0 0 0.5 0.5 2e 3 3 1.5
Moody et al. (2011) 22 2 1 1 2 1 1 3 3 3
Parchi et al. (1999a) (3) 24 1 0 0 0.5 0.5 1e 3 3 2
Capellari et al. (2008) 24 2 0 0 NA NA NA 3 3 NA
Grau-Rivera et al. (2016)f 24 2 0 0 NA NA 2 3 3 2
Hamaguchi et al. (2005) (7) 25 2 NA NA NA 2 1.5 3 3 2
Cracco et al. (2017) (1) 25 1 1 0 0.5 0.5 1 3.5 3.5 2
Cracco et al. (2017) (3) 25 1 0 0 0 1 2 3.5 2.5 1.5
Moda et al. (2012) (2) 26 2.5 NA 1 2 2 2 3 3 3
Scaravilli et al. (2000)h 27 0 0 0 2 2 2 3 3 2
Moda et al. (2012) (1) 28 2 NA 2 2 NA 2 3 3 1.5
Hamaguchi et al. (2005) (4) 30 2 NA NA NA 2 1.5 3 3 2
Iwasaki et al. (2006) (21) 30 3c NA 2 1 NA 2 3 3 3
Iwasaki et al. (2006) (22) 32 3d NA 2 1 NA 2 3 3 3
Blase et al. (2014) 35 2.5 NA NA 1 NA NA 3 3 2
Kawasaki et al. (1997)i 53 2.5 2 0 2b 2 2 3 3 0
Yamashita et al. (2001)j 73 2 0 0 2 2 1 4 3 2.5



Atypicalk Atypical neuropathologic features
Iwasaki et al. (2017)g 5 SD with “moderate” neuronal loss and reactive astrogliosis in medial thalamus. resPrPTSE type 1–2 with 1>2
Priano et al. (2009) 10 Status post intraventricular catheter insertion; severe neuronal loss also in neostriatum; resPrPTSE type 1
Mehta et al. (2008) 18 Severe cerebellar atrophy
Fernández-Vega et al. (2015) 27 Inadequate documentation of predominant thalamic-olivary neuronal loss and astrogliosis without SD
Piao et al. (2005) 29 SD with relative preservation of neurons in mediodorsal thalamic nucleus
Hirose et al. (2006) 30 Significant parenchymal rarefaction with macrophage presence in “medial thalamic nucleus”
Saito et al. (2011)f 32 “Severe” parenchymal rarefaction with macrophage proliferation in “medial thalamus”

aSemiquantitative estimates are based on the interpretation of descriptions and/or microphotographs provided in the individual publications.
bBallooned neurons.
cFine vacuoles.
dMixed large and small vacuoles.
eTorpedoes.
f,gDefined as sCJDMM2-cortical+thalamic-type and sCJDMM1+MM2 cortical with thalamic-type mixed form, respectively, in the original publications.
hSouth African subject diagnosed in the United Kingdom.
iHamaguchi et al., case 5, 2005.
jHamaguchi et al., case 6, 2005.
kCases not used because considered atypical or not adequately documented.

SD and atrophy grading: 0 ¼ none; 1 ¼ minimal; 2 ¼ mild or focal; 3 ¼ severe or widespread; 4 ¼ individual affected nuclei no longer recognizable because of very severe atrophy.

Cerebel: cerebellum; IHC: immunostaining/immunohistochemistry;Med.Thal.N: medial thalamic nuclei; NA: not applicable; NeoCort: neocortex; NeoStriat: neostriatum; PrPTSE: abnormal prion protein;

resPrPTSE: portion of abnormal prion protein resistant to proteinase K digestion; SD: spongiform degeneration.



(Piao et al., 2005; Fernández-Vega et al., 2015; Iwasaki
et al., 2017); (2) occurrence of potentially causative other
pathologies along with resPrPTSE type 1 (Priano et al.,
2009); (3) co-occurrence of severe cerebellar atrophy
of undetermined cause (Mehta et al., 2008); and (4)
atypical thalamic atrophy with presence of macrophages
(Hirose et al., 2006; Saito et al., 2011) (Table 15.5).
Western blot analysis demonstrated the presence of type
2 resPrPTSE in 5 cases, while type 1 and type 1+2
resPrPTSE were found in 2 cases. Four cases were from
Japan, and 1 each from Italy, Spain, and the United States.

The National Prion Disease Pathology Surveillance
Center acquired 33 cases of sFI (21 unpublished) from
1997 to date, which would account for 0.9% of all
cases of sporadic human prion diseases (http://case.
edu/med/pathology/centers/npdpsc/pdf/web-table.pdf;
reviewed on 16 Feb. 2018).

Clinical features

SIGNS AND SYMPTOMS

Many symptoms of sFI overlap with those observed in
FFI.Most patients present with cognitive decline and/or
ataxia (42%), while 29% have insomnia at presentation
(Puoti et al., 2012) (Table 15.6). At later stages, cogni-
tive impairment, ataxia, insomnia and/or psychiatric

symptoms, and myoclonus are common. Similar to
FFI, many patients experience psychomotor hyperac-
tivity and autonomic dysfunction (Sikorska and
Liberski, 2012). Despite its name, insomnia has not
been a prominent symptom in many cases of sFI unless
it is specifically investigated with the patient and family
members (Moda et al., 2012). Symptoms observed in
atypical parkinsonian syndromes, such as oculomotor
symptoms, dyskinesia, and parkinsonism, are often pre-
sent in sFI at presentation (Parchi et al., 1999b; Cracco
et al., 2017).

DIFFERENTIAL DIAGNOSIS

The differential diagnosis of sFI is similar to that of FFI.
Treatable etiologies such as autoimmune encephalitis
and paraneoplastic syndromes should always be consid-
ered (Mehta et al., 2008; Marques et al., 2014). Atypical
movement disorders such as progressive supranuclear
palsy and spinocerebellar degeneration should also be
considered in addition to degenerative dementias like
frontotemporal lobar degeneration and Alzheimer’s dis-
ease (Hamaguchi et al., 2005; Hirose et al., 2006;
Hayashi et al., 2016). We propose diagnostic clinical cri-
teria in Table 15.7.

Table 15.6

Clinical characteristics of sporadic fatal insomnia

Age at onset (years) Mean ¼ 46 (range ¼ 13–74)
Disease duration
(months)

Mean ¼ 24 (10–73)

Common symptoms Sleep disturbance, cognitive
impairment, psychiatric
symptoms, ataxia, myoclonus

Polysomnogram Reduction in sleep spindles,
K-complexes, slow-wave sleep,
REM sleep, and total sleep time

Electroencephalogram Generalized slowing without
periodic sharp-wave complexes

CSF biomarkers 14-3-3 and tau are usually negative,
RT-QuIC is positive in about half
of cases

Brain MRI Hyperintensity on diffusion-
weighted imaging typically
absent, but has been reported in
some cases

Brain FDG-PET/
SPECT

Early thalamic hypometabolism or
hypoperfusion that may spread
to other areas of the brain as
disease progresses

CSF, cerebrospinal fluid; FDG-PET, fluorodeoxyglucose positron

emission tomography;MRI, magnetic resonance imaging; REM, rapid

eye movement; RT-QuIC, real-time quaking-induced conversion;

SPECT, single-photon emission computed tomography.

Table 15.7

Proposed clinical criteria for sporadic fatal insomnia (must

meet A through D)

A. Symptoms (mustmeet
1 through 3)

1. Cognitive impairment
2. Sleep disturbance and/or

psychiatric symptoms
3. Two or more typical CJD

symptoms:
(a) Ataxia or dysarthria
(b) Visual changes
(c) Pyramidal symptoms
(d) Extrapyramidal

symptoms
(e) Myoclonus

B. Diagnostic test results
(one or more)

1. Reduced sleep architecture
(e.g., sleep spindles,
K-complexes) on
polysomnogram

2. Thalamic hypometabolism
on brain FDG-PET

3. Thalamic hypoperfusion on
brain SPECT

C. Lack of alternative
etiology

D. Negative for PRNP
mutation

CJD, Creutzfeldt–Jakob disease; FDG-PET, fluorodeoxyglucose pos-

itron emission tomography; SPECT, single-photon emission computed

tomography.
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Diagnostic tests

POLYSOMNOGRAPHY AND

ELECTROENCEPHALOGRAPHY

PSG and EEG features in sFI mimic those observed in
FFI. PSG recordings are generally indistinguishable in
the two diseases, which are characterized by the reduc-
tion of sleep-related EEG activities like K complexes
and sleep spindles (Gambetti et al., 2003a). Importantly,
all 8 sFI cases with PSG data reported in the literature
demonstrated findings similar to FFI (Scaravilli et al.,
2000; Capellari et al., 2008; Priano et al., 2009; Puoti
et al., 2012; Grau-Rivera et al., 2016; Megelin et al.,
2017). EEGs demonstrate nonspecific slowing without
the PSWCs seen in CJD (Parchi et al., 1999b).

CSF MARKERS

Elevated 14-3-3 protein levels are rarely found in sFI
(Hamaguchi et al., 2005). The sensitivity of 14-3-3 with
tau in sFI is about 8% (Puoti et al., 2012).RT-QuIChas been
positive in four of eight reported sFI cases (Foutz et al.,
2017; Lattanzio et al., 2017; Franceschini et al., 2017).

NEUROIMAGING

Similar to FFI, typical sCJD MRI findings are not often
observed in sFI (Hamaguchi et al., 2005). Diffusion-
weighted imaging hyperintensity has been reported in
8% of cases in one study (Puoti et al., 2012), while some
cases exhibited cortical and cerebellar atrophy (Mehta
et al., 2008). Brain FDG-PET and SPECT imaging typ-
ically show hypometabolism or hypoperfusion in the
thalami and cerebral cortex (Hamaguchi et al., 2005;
Hayashi et al., 2015).

Neuropathology

TYPICAL CASES

A review of the 32 cases published since the first report in
1997 indicates that currently the histopathologic diagno-
sis of sFI typically rests on four basic features: (1) severe
depletion of neurons accompanied by marked astroglial
reaction in thalamic nuclei, especially the anterior,
medial dorsal, and pulvinar, with no associated spongi-
form degeneration; (2) variable atrophy of the inferior
olives; (3) presence of PrPTSE of type 2A; and (4) exclu-
sion of pathogenic mutations in the PrP gene
(Table 15.5). The thalamic atrophy consists of profound
loss of neurons with robust astroglial reaction
(Fig. 15.3C). The severity of the neuronal depopulation
in the absence of spongiform degeneration in the thala-
mus distinguishes sFI from the generally mild neuronal
loss with spongiform degeneration often observed in

sCJD subtypes. Furthermore, the neuropil of the affected
thalamic nuclei, neuronal depletion and reactive gliosis
notwithstanding, is remarkably well preserved and com-
pact, possibly because of relative preservation of cross-
ing fibers as in FFI (Lugaresi et al., 1986). Besides
lacking spongiform degeneration, atrophic thalamic
nuclei should neither show conspicuous rarefaction nor
contain a significant number of macrophages. The neu-
ronal depletion and astrogliosis of the inferior olive are
more variable and moderate atrophy has been reported
(cases 4 and 5 of Parchi et al., 1999a; case 3 of Cracco
et al., 2017).

Spongiform degeneration is not a required compo-
nent but is observed to a variable extent in the majority
of the cases (21 of 25 typical cases). It most often affects
the cerebral neocortex and entorhinal cortex and is fre-
quently formed by large and confluent vacuoles like
those associated with sCJDMM2 (Fig. 15.6A) (Grau-
Rivera et al., 2016). However, spongiform degeneration
made of fine vacuoles has also been occasionally
reported (Moody et al., 2011). To a lesser degree, spon-
giform degeneration may be found in the molecular
layer of the cerebellum and in the neostriatum. Bal-
looned neurons have also been observed (Kawasaki
et al., 1997).

The proof of PrPTSE presence is critical since non-
prion conditions mimicking sFI and FFI have been
reported under the label of thalamic dementias
(Petersen et al., 1992; Kovacs et al., 2013). In 18 of
the 23 typical sFI cases in which it was tested, PrPTSE

presence was demonstrated by immunohistochemistry.
Positive PrP immunostaining is favored by the presence
of spongiform degeneration. In locations free of spongi-
form degeneration, PrP immunostaining may be incon-
spicuous, limited to a few foci often in subpial cortical
regions forming a punctate or synaptic pattern with occa-
sional presence of small polymorphic aggregates similar
to those observed in FFI (Fig. 15.4A) (Moda et al., 2012;
Blase et al., 2014). In the presence of spongiform degen-
eration, the immunostaining pattern mimics that of
sCJDMM2 and exhibits perivacuolar deposition and
aggregate formation, as well as plaque-like pattern in
the cerebellum (Fig. 15.6B) (Parchi et al., 1999a;
Blase et al., 2014). The staining pattern is punctate or
“synaptic” in the presence of spongiform degeneration
with fine vacuoles. Both atrophic thalamic nuclei and
inferior olives immunostain weakly or not at all. Immu-
nostains for activated astrocytes and microglia are also
positive (Moda et al., 2012). The review of the 25 typical
cases of various disease duration seems to support a
direct relation between severity of spongiform degener-
ation and disease duration (Table 15.5).

Two cases harboring typical thalamic and olivary
pathology have been labeled by the authors as mixed
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form of sFI (identified as sCJDMM2T) and sCJDMM2
(identified as sCJDMM2C) based on the presence of
abundant spongiform degeneration (Hamaguchi et al.,
case 3, 2005; Grau-Rivera et al., 2016). Grau-Rivera
and colleagues (2016) refer to the spongiform degen-
eration in their descriptions and illustrations as
focal, Hamaguchi and colleagues (2005) as marked.
A “mixed sCJDMM2C-T” case is also mentioned by
Parchi et al. (2009). However, presence of “moderate,”
“significant,” and “severe” spongiform degeneration
has been reported in several sFI cases considered to be
typical (Parchi et al., 1999a; Moda et al., 2012; Blase
et al., 2014). Validation of an sFI variant based on
the extent of spongiform degeneration seems premature
without quantitative assessment of spongiform dege-
neration or rigorous comparative studies of PrPTSE

characteristics in typical and mixed sFI variants (also
see below).

Disease-associated prion protein

GENERAL CHARACTERISTICS

The resPrPTSE conformer associated with sFI is com-
monly defined as type 2A, where the 2 indicates the elec-
trophoretic relativemass of 19 kDa of the unglycosylated
resPrPTSE form, and A identifies a ratio of the three
PrPTSE glycoforms distinguished by overrepresentation
of the monoglycosylated form (Parchi et al., 1997;
Cracco et al., 2017). The amount of resPrPTSE in sFI
can be very low, requiring efficient electrophoretic
and immunoblotting procedures. Studies of resPrPTSE

amounts and brain distribution reveal great similarity
with FFI (Fig. 15.5A) (Parchi et al., 2000a). The cerebral
neocortices (occipital cortex excluded), entorhinal cor-
tex, and hypothalamus are regions that yield relatively

higher amounts, the MD and A thalamic nuclei show
intermediate amounts, while the occipital cortex and cer-
ebellum display the lowest (Parchi et al., 1999a, 2000a).
Avery large recovery of resPrPTSE from the thalamus has
also been reported (Mastrianni et al., 1999). On ordinary
immunoblotting, resPrPTSE differs in sFI and FFI only in
the glycoform ratio that in FFI is characterized by over-
representation of the diglycosylated form (ratio B)
(Parchi et al., 1999a).

DISTINCTIVE FEATURES

The well-established finding that sFI and sCJDMM2
share the 129MM genotype and PrPTSE type, but have
quite different disease phenotypes, challenges the
hypothesis that the pairing of 129 genotype and PrPTSE

type is the determinant of PrPTSE conformational pro-
perties or strain, which then shapes the phenotype in
sporadic prion diseases (Parchi et al., 1999b; Gambetti
et al., 2003a, 2011). A detailed comparative study
employing several conformational tests has demon-
strated major variations between sFI and sCJDMM2
PrPTSE species, affecting almost exclusively the
detergent-insoluble but PK-sensitive component of total
PrPTSE (Cracco et al., 2017). Properties of this compo-
nent, including glycoform ratios, two-dimensional elec-
trophoretic profiles, and aggregation patterns, differ in
the two diseases (Fig. 15.7). In contrast, the higher stabil-
ity in sFI was the only significant variation between the
two diseases uncovered for resPrPTSE (Cracco et al.,
2017), but not by Cescatti et al. (Cescatti et al., 2016);
however, the latter authors were unable to detect signif-
icant conformational diversity even between PrPTSE

associated to sCJDMM1 and sCJDMM2 by confor-
mational stability assay while PrPTSE type 1 and 2

Fig. 15.6. Microphotographs of sporadic fatal insomnia (sFI) cerebral cortex. (A) Considerable spongiform degeneration with

large, clustered vacuoles, which strongly immunostain with an antibody to PrP (B); both spongiform degeneration and immunos-

taining pattern are similar to those of sporadic Creutzfeldt–Jakob disease MM2. (A) Hematoxylin and eosin; (B) Antibody to

PrP 3F4.
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diversity has been confirmed by various methods in sev-
eral studies (Cali et al., 2009; Pirisinu et al., 2010; Kim et
al., 2011; Safar et al., 2015). Combined, all these findings
support the notion that sFI and sCJDMM2 harbor distinct
prion strains even though they share the 129 genotype
and PrPTSE type, and that the diversity resides predomi-
nantly in the PK-sensitive component of PrPTSE. Similar
conclusions were reached in another study, although
using different procedures (Saverioni et al., 2013).

Experimental animal transmission and
in vitro amplification

EXPERIMENTAL ANIMAL TRANSMISSION

Mastrianni et al. (1999) and Korth and colleagues (2003)
have transmitted sFI and FFI to two lines of Tg chimeric
mice expressing themurine PrP harboring the human PrP
96-167 sequence either intact or following the insertion
of mouse PrP residues 165Vand 167 glutamine (167Q).
A third Tg line expressing human PrP129M was also
used. All Tg mice of the first line became symptom-
atic 180 and 221 days after being inoculated with sFI
thalamus and cerebral cortex extracts, respectively
(Mastrianni et al., 1999). Spongiform degeneration and
reactive astrogliosis were most prominent in the thala-
mus and deep cerebral neocortex (Mastrianni et al.,
1999). On histoblots, resPrPTSE was observed mostly
in the thalamus, and immunoblots demonstrated
resPrPTSE type 2 (Mastrianni et al., 1999; Korth et al.,
2003). Furthermore, all these findings matched those
obtained from the same Tg lines following inoculation
with FFI brain extracts (Telling et al., 1996; Korth
et al., 2003). Remarkably, comparative analysis of the

incubation among the different Tg lines following
inoculation of brain extracts from several human prion
diseases showed that FFI and sFI maintained the same
pattern of incubation periods, which diverged from
those of sporadic prion diseases, including sCJDMM2
(Korth et al., 2003). Combined, these findings indicate
that prion strains associated with sFI and FFI are similar
and differ from the sCJDMM2 strain (Mastrianni et al.,
1999; Korth et al., 2003).

A knock-in murine/human chimeric mouse expressing
human PrP with mouse PrP residues at the C-terminus
(region 215–231) was used by Taguchi et al. (2003) to
transmit sFI (identified as MM2-T-sCJD), using frontal
cortex extracts from 2 sFI cases along with additional
subtypes of sporadic and familial prion diseases. After
386–575-day incubation periods, 3 of the 11 sFI inocu-
lated Tg mice exhibited widespread punctate or granular
PrPTSE deposits codistributed with spongiform degenera-
tion that were shared by Tg mice challenged with other
prion disease tissues. However, sFI-inoculated mice,
unlike other mice, harbored typical resPrPTSE type 2.

Moda and coworkers (2012) have used the intracere-
bral and intraperitoneal route combined to inoculate
cerebral cortex extracts from their case 2 of sFI (identi-
fied as MM2-thalamic sCJD) (Table 15.5) and one of
sCJDMM2 (MM2-cortical sCJD) to gene-targeted Tg
mice expressing human PrP-129M. Major variations
emerged between sFI- and sCJDMM2-challenged Tg
mice: sFI-mice developed neurologic signs 535 days
after inoculation with a 93% attack rate and succumbed
at 557 days, whereas sCJDMM2-mice remained asymp-
tomatic up to 650 days post inoculation. Furthermore,
while no pathology nor PrPTSE was demonstrated in

Fig. 15.7. One- and two-dimensional (1-D and 2-D) immunoblots of full-length total PrPTSE immunoprecipitated from sporadic

Creutzfeldt–Jakob disease MM2 (sCJDMM2) and sporadic fatal insomnia (sFI). (A) The 1-D immunoblot shows high-molecular-

weight bands (arrows) especially prominent in sCJDMM2 preparations, in addition to the three typical PrPTSE glycoforms (*) that

differ in the two diseases. (B) In 2-D immunoblots, spots corresponding to the high-molecular-weight PrPTSE components are

dramatically represented in sCJDMM2 and barely detectable in sFI (arrows); glycoform ratios, number of spots, and isoelectric

points differ between sCJDMM2 and sFI total PrPTSE (see Cracco et al., 2017, for details). Immunoprecipitation was carried out

upon sodium phosphotungstate precipitation with the antibody 8B4 to PrP N-terminus (Li et al., 2000). (Modified from Cracco L,

Notari S, Cali I, et al. (2017) Novel strain properties distinguishing sporadic prion diseases sharing prion protein genotype and

prion type. Sci Rep 7: 38280.)
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the sCJDMM2-mice, the sFI-mice showed spongiform
degeneration with punctate and coarse PrPTSE deposition
in hippocampus and neocortex, and harbored PrPTSE

type 2. These transmission data reiterate the distinction
between the prion strains underling sFI and sCJDMM2.

IN VITRO AMPLIFICATION

No published data have been found.

Pathogenetic hypothesis

In inherited diseases, the presence of pathogenic muta-
tions establishes a firm etiology that helps understand
the pathogenic events leading to the disease phenotype.
In sporadic diseases, the process is much more challeng-
ing, as data on the “spontaneous” initial formation of
PrPTSE are limited. Current hypotheses on formation
and selection of pathogenic prion strains posit the initial
formation of a spectrum of conformers, which then
undergo a selection leading to the predominance of a sin-
gle strain (Collinge, 2010; Weissmann et al., 2011;
Makarava et al., 2016). However, the selection process
may occasionally vary, allowing the selection of a rarer
strain (Collinge and Clarke, 2007; Collinge, 2010;
Surewicz and Apostol, 2011; Gambetti, 2013). In spo-
radic prion diseases affecting 129MM homozygotes,
approximately 86% of the cases are exclusively or pre-
dominantly associated with PrPTSE type 1 and develop
an sCJDMM1 phenotype, while the remaining 14% of
cases harboring PrPTSE type 2 segregate as approximately
12% sCJDMM2 and 1–2% sFI (Collins et al., 2006;
Cracco et al., 2017) (unpublished data). Applying notions
of strain formation to sporadic human prion diseases, it has
been speculated that the 129MMgenotype strongly favors
selection of the PrPTSE type 1 conformer while type 2
would be the result of a variant selection. It is conceivable
that the PrPTSE type 2 selection leads to the common emer-
gence of PrPTSE of the sCJDMM2 strain and rarely to the
PrPTSE strain linked to sFI, which must bear considerable
similarities with the FFI strain (Cracco et al., 2017). This
scenario might help explain the rarity and distinctive fea-
tures of sFI compared to other sporadic prion diseases.

CONCLUSIONS AND FUTURE
DEVELOPMENTS

FFI and sFI have well-established genetic, clinical, and
histopathologic features. Basic biochemical characteristics
of the mutated PrP and of the disease-associated PrP
(PrPTSE), including propensity to transmit experimentally
and the features of the transmitted disease, have also been
examined. However, FFI and sFI, as with other neurode-
generative diseases, suffer from the lack of an accurate

animal model and an effective treatment. Accurate disease
modeling is critical to determine the mode and locale of
onset and propagation of the disease process at the molec-
ular level. As for treatment, a first step is the development
of noninvasive diagnostic tests that are reliable even at the
early and possibly presymptomatic stages of the disease. It
is conceivable that current diagnostic tests based on ampli-
fication of molecular amounts of PrPTSE in peripheral
tissues and body fluids (Moda et al., 2014; Concha-
Marambio et al., 2016; Bongianni et al., 2017; Orrú
et al., 2017), along with PET or SPECT, could be further
refined and made widely acceptable. Treatments, which
have been tested experimentally with limited success
and new ones being developed, are likely to bemore effec-
tive in stopping the disease process if applied at early or
preclinical disease stages, as demonstrated experimentally
following intraperitoneal infection (Sigurdsson et al.,
2003). The development of more effective drugs com-
bined with routine early diagnosis might deliver effective
treatments to prion and other neurodegenerative diseases
in the not too distant future.

ACKNOWLEDGMENTS

We are grateful to Drs. Mark Cohen (National Prion Dis-
ease Pathology Surveillance Center (NPDPSC), Case
WesternReserveUniversity, United States), PietroCortelli
(University of Bologna, Italy), Xiao-Ping Dong (Chinese
Center for Disease Control and Prevention, China), Jorge
Iriarte (University of Navarra, Spain), Yi Li (Shandong
University, China), Piero Parchi (University of Bologna,
Italy), and Robert G. Will (University of Edinburgh,
United Kingdom) for their invaluable cooperation. We
also thankDr. IgnazioCali (CaseWesternReserveUniver-
sity, United States) and the NPDPSC (Case Western
Reserve University, United States), especially
mses. Katie Glisic, Diane Kofskey, Miriam Warren, and
Mr. Aaron Foutz provided skillful technical assistance.

This review was supported by National Institutes of
Health Grants R01 NS083687 and P01 AI106705, and
The Charles S. Britton Fund (to PG).

REFERENCES

Almer G, Hainfellner JA, Brucke T et al. (1999). Fatal familial

insomnia: a new Austrian family. Brain 122: 5–16.
Alonso DO, DeArmond SJ, Cohen FE et al. (2001). Mapping

the early steps in the pH-induced conformational conver-

sion of the prion protein. Proc Natl Acad Sci U S A 98:
2985–2989.

Apetri AC, Vanik DL, SurewiczWK (2005). Polymorphism at

residue 129 modulates the conformational conversion of

the D178N variant of human prion protein 90–231.

Biochemistry 44: 15880–15888.

292 L. CRACCO ET AL.

http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0010
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0010
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0015
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0015
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0015
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0015
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0020
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0020
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0020
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0020


Appleby BS, Appleby KK, Hall RC et al. (2010). D178N,

129Val and N171S, 129Val genotype in a family with

Creutzfeldt–Jakob disease. Dement Geriatr Cogn Disord

30: 424–431.
Ashok A, Hegde RS (2009). Selective processing and metab-

olism of disease-causing mutant prion proteins. PLoS

Pathog 5: e1000479.
Baldin E, Capellari S, Provini F et al. (2009). A case of fatal

familial insomnia in Africa. J Neurol 256: 1778–1779.
B€ar KJ, H€ager F, Nenadic I et al. (2002). Serial positron emis-

sion tomographic findings in an atypical presentation of

fatal familial insomnia. Arch Neurol 59: 1815–1818.
Barria MA, Peden AH, Knight RS et al. (2014). Amplification

of PrPSc from fatal familial insomnia brain tissue using

wild-type human PrPC brain substrate. Prion 8: 113.
Blase JL, Cracco L, Schonberger LB et al. (2014). Sporadic

fatal insomnia in an adolescent. Pediatrics 133: e766–770.
Bongianni M, Orru C, Groveman BR et al. (2017). Diagnosis

of human prion disease using real-time quaking-induced

conversion testing of olfactory mucosa and cerebrospinal

fluid samples. JAMA Neurol 74: 155–162.
Borchelt DR, Scott M, Taraboulos A et al. (1990). Scrapie and

cellular prion proteins differ in their kinetics of synthesis

and topology in cultured cells. J Cell Biol 110: 743–752.
Bosque PJ, Vnencak-Jones CL, Johnson MD et al. (1992).

A PrP gene codon 178 base substitution and a 24-bp inter-

stitial deletion in familial Creutzfeldt–Jakob disease.

Neurology 42: 1864–1870.
Bouybayoune I, Mantovani S, Del Gallo F et al. (2015).

Transgenic fatal familial insomnia mice indicate prion

infectivity-independent mechanisms of pathogenesis and

phenotypic expression of disease. PLoSPathog11: e1004796.
Brown P, Goldfarb LG, Kovanen J et al. (1992). Phenotypic

characteristics of familial Creutzfeldt–Jakob disease asso-

ciated with the codon 178Asn PRNPmutation. Ann Neurol

31: 282–285.
Brown P,Gibbs Jr CJ, Rodgers-Johnson P et al. (1994). Human

spongiform encephalopathy: the National Institutes of

Health series of 300 cases of experimentally transmitted

disease. Ann Neurol 35: 513–529.
Brown P, Kenney K, Little B et al. (1995). Intracerebral distri-

bution of infectious amyloid protein in spongiform enceph-

alopathy. Ann Neurol 38: 245–253.
Brown P, Cervenakova L, Powers JM (1998). FFI cases from

the United States, Australia, and Japan. Brain Pathol 8:
567–570.

Cali I, Castellani R, Alshekhlee A et al. (2009). Co-existence

of scrapie prion protein types 1 and 2 in sporadic

Creutzfeldt-Jakob disease: its effect on the phenotype

and prion-type characteristics. Brain 132: 2643–2658.
Capellari S, Parchi P, Cortelli P et al. (2008). Sporadic fatal

insomnia in a fatal familial insomnia pedigree.

Neurology 70: 884–885.
Casas-Mendez LF, LujanM,Vigil L et al. (2011). Biot’s breath-

ing in a woman with fatal familial insomnia: is there a role

for noninvasive ventilation? J Clin Sleep Med 7: 89–91.
Caughey B, Race RE, Ernst D et al. (1989). Prion protein bio-

synthesis in scrapie-infected and uninfected neuroblastoma

cells. J Virol 63: 175–181.

Cescatti M, Saverioni D, Capellari S et al. (2016). Analysis of

conformational stability of abnormal prion protein aggre-

gates across the spectrum of Creutzfeldt-Jakob disease

prions. J Virol 90: 6244–6254.
Chang FC, Berman Y, Buckland ME et al. (2011). Genetic

prion disease-associated myelodysplasia and SIADH in

siblings. Eur J Neurol 18: e149–150.
Chapman J, Ben-Israel J, GoldhammerY et al. (1994). The risk

of developing Creutzfeldt–Jakob disease in subjects with

the PRNP gene codon 200 point mutation. Neurology 44:
1683–1686.

Chen SG, Parchi P, Brown P et al. (1997). Allelic origin of the

abnormal prion protein isoform in familial prion diseases.

Nat Med 3: 1009–1015.
Chen C,Wang JC, Shi Q et al. (2013). Analyses of the survival

time and the influencing factors of chinese patients with

prion diseases based on the surveillance data from 2008-

2011. PLoS One 8: e62553.
Chen S, He S, Shi XH et al. (2018). The clinical features in

Chinese patients with PRNP D178N mutation. Acta Neurol

Scand. PMID: 29569252. https://doi.org/10.1111/ane.12924.
Chiesa R, Restelli E, Comerio L et al. (2016). Transgenic mice

recapitulate the phenotypic heterogeneity of genetic prion

diseases without developing prion infectivity: role of intra-

cellular PrP retention in neurotoxicity. Prion 10: 93–102.
Choi BY, Kim SY, Seo SY et al. (2009). Mutations at codons

178, 200-129, and 232 contributed to the inherited prion

diseases in Korean patients. BMC Infect Dis 9: 132.
Collinge J (2010). Medicine. Prion strain mutation and selec-

tion Science 328: 1111–1112.
Collinge J, Clarke AR (2007). A general model of prion strains

and their pathogenicity. Science 318: 930–936.
Collinge J, PalmerMS, Sidle KC et al. (1995). Transmission of

fatal familial insomnia to laboratory animals. Lancet 346:
569–570.

Collins SJ, Sanchez-Juan P, Masters CL et al. (2006).

Determinants of diagnostic investigation sensitivities

across the clinical spectrum of sporadic Creutzfeldt–

Jakob disease. Brain 129: 2278–2287.
Colombier C, Geraud G, Delisle MB et al. (1997). Fatal famil-

ial insomnia: phenotypic changes determined by polymor-

phism of the codon 129. Rev Neurol (Paris) 153: 239–243.
Concha-Marambio L, Pritzkow S, Moda F et al. (2016).

Detection of prions in blood from patients with variant

Creutzfeldt–Jakob disease. Sci Transl Med 8: 370ra183.
Cortelli P, Parchi P, Contin M et al. (1991). Cardiovascular

dysautonomia in fatal familial insomnia. Clin Auton Res

1: 15–21.
Cortelli P, Perani D, Parchi P et al. (1997). Cerebral metabo-

lism in fatal familial insomnia: relation to duration, neuro-

pathology, and distribution of protease-resistant prion

protein. Neurology 49: 126–133.
Cortelli P, Perani D, Montagna P et al. (2006). Pre-

symptomatic diagnosis in fatal familial insomnia: serial

neurophysiological and 18FDG-PET studies. Brain 129:
668–675.

Cortelli P, Fabbri M, Calandra-Buonaura G et al. (2014). Gait

disorders in fatal familial insomnia. Mov Disord 29:
420–424.

FATAL FAMILIAL INSOMNIA AND SPORADIC FATAL INSOMNIA 293

http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0025
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0025
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0025
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0025
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0030
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0030
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0030
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0035
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0035
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0045
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0045
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0045
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0050
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0050
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0055
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0055
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0055
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0055
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0060
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0060
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0060
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0065
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0065
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0065
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0065
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0070
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0070
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0070
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0070
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0075
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0075
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0075
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0075
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf5080
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf5080
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf5080
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf5080
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0080
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0080
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0080
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0085
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0085
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0085
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9040
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0090
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0090
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0090
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0095
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0095
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0095
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0100
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0100
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0100
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9035
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9035
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9035
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf9035
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0105
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0105
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0105
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0110
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0110
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0110
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0110
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0115
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0115
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0115
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0120
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0120
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0120
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0120
https://doi.org/10.1111/ane.12924
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0125
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0125
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0125
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0125
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0130
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0130
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0130
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0135
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0135
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0140
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0140
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0145
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0145
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0145
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0150
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0150
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0150
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0150
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0155
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0155
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0155
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0160
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0160
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0160
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0165
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0165
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0165
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0170
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0170
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0170
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0170
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0175
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0175
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0175
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0175
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0180
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0180
http://refhub.elsevier.com/B978-0-444-63945-5.00015-5/rf0180


Cracco L, Notari S, Cali I et al. (2017). Novel strain properties

distinguishing sporadic prion diseases sharing prion protein

genotype and prion type. Sci Rep 7: 38280.
Cramm M, Schmitz M, Karch A et al. (2015). Characteristic

CSF prion seeding efficiency in humans with prion dis-

eases. Mol Neurobiol 51: 396–405.
Dagvadorj A, Petersen RB, Lee HS et al. (2002). Spontaneous

mutations in the prion protein gene causing transmissible

spongiform encephalopathy. Ann Neurol 52: 355–359.
Dauvilliers Y, Cervena K, Carlander B et al. (2004).

Dissociation in circadian rhythms in a pseudohypersomnia

form of fatal familial insomnia. Neurology 63: 2416–2418.
Dimitri D, Jehel L,DurrA et al. (2006). Fatal familial insomnia

presenting as psychosis in an 18-year-old man. Neurology

67: 363–364.
Dorandeu A, Wingertsmann L, Chretien F et al. (1998).

Neuronal apoptosis in fatal familial insomnia. Brain

Pathol 8: 531–537.
Dossena S, Imeri L, Mangieri M et al. (2008). Mutant prion

protein expression causes motor and memory deficits and

abnormal sleep patterns in a transgenic mouse model.

Neuron 60: 598–609.
Drisaldi B, Stewart RS, Adles C et al. (2003). Mutant PrP is

delayed in its exit from the endoplasmic reticulum, but nei-

ther wild-type nor mutant PrP undergoes retrotranslocation

prior to proteasomal degradation. J Biol Chem 278:
21732–21743.

DubnikovT,CohenE (2017).Theemerging rolesof earlyprotein

folding events in the secretory pathway in the development

of neurodegenerative maladies. Front Neurosci 11: 48.
Elezgarai SR, Fernandez-Borges N, Erana H et al. (2017).

Generation of a new infectious recombinant prion: a model

to understand Gerstmann-Straussler-Scheinker syndrome.

Sci Rep 7: 9584.
Fernández-Vega I, Ruiz-Ojeda J, Juste RA et al. (2015).

Coexistence of mixed phenotype Creutzfeldt–Jakob dis-

ease, Lewy body disease and argyrophilic grain disease

plus histological features of possible Alzheimer’s disease: a

multi-protein disorder in an autopsy case. Neuropathology

35: 56–63.
Ferrillo F, Plazzi G, Nobili L et al. (2001). Absence of

sleep EEG markers in fatal familial insomnia healthy

carriers: a spectral analysis study. Clin Neurophysiol

112: 1888–1892.
Fioriti L, Dossena S, Stewart LR et al. (2005). Cytosolic prion

protein (PrP) is not toxic in N2a cells and primary neurons

expressing pathogenic PrP mutations. J Biol Chem 280:
11320–11328.

Forloni G, Tettamanti M, Lucca U et al. (2015). Preventive

study in subjects at risk of fatal familial insomnia: innova-

tive approach to rare diseases. Prion 9: 75–79.
Foutz A, Appleby BS, Hamlin C et al. (2017). Diagnostic and

prognostic value of human prion detection in cerebrospinal

fluid. Ann Neurol 81: 79–92.
Franceschini A, Baiardi S, Hughson AG et al. (2017).

High diagnostic value of second generation CSF RT-

QuIC across the wide spectrum of CJD prions. Sci Rep

7: 10655. PMID: 28878311. https://doi.org/10.1038/

s41598-017-10922-w.

Friedrich M, K€orte R, Portero C et al. (2008). Fatal familial

insomnia – a rare differential diagnosis in dementia.

Fortschr Neurol Psychiatr 76: 36–40.
Frob€ose T, Slawik H, Schreiner R et al. (2012). Agomelatine

improves sleep in a patient with fatal familial insomnia.

Pharmacopsychiatry 45: 34–36.
Frob€ose T, F€orstl H, F€orschler A (2014). Fatal familial

insomnia (FFI) complicated by posterior reversible

encephalopathy syndrome (PRES). Clin Neuroradiol 24:
289–291.

Gallassi R, Morreale A, Montagna P et al. (1996). Fatal famil-

ial insomnia: behavioral and cognitive features. Neurology

46: 935–939.
Gambetti P (2013). Creationism and evolutionism in prions.

Am J Pathol 182: 623–627.
Gambetti P, KongQ, ZouWet al. (2003a). Sporadic and famil-

ial CJD: classification and characterisation. Br Med Bull

66: 213–239.
Gambetti P, Parchi P, Chen SG (2003b). Hereditary

Creutzfeldt–Jakob disease and fatal familial insomnia.

Clin Lab Med 23: 43–64.
Gambetti P, Cali I, Notari S et al. (2011). Molecular biology

and pathology of prion strains in sporadic human prion dis-

eases. Acta Neuropathol 121: 79–90.
Gao C, Shi Q, Tian C et al. (2011). The epidemiological, clin-

ical, and laboratory features of sporadic Creutzfeldt–Jakob

disease patients in China: surveillance data from 2006 to

2010. PLoS One 6: e24231.
Garcin R, Brion S, Khochneviss A (1962). Le syndrome de

Creutzfeldt–Jakob et les syndromes cortico-stri�es du prese-
nium. Rev Neurol 106: 506.

Garcin R, Brion S, Khochneviss A (1963). Le syndrome de

Creutzfeldt–Jakob et les syndromes cortico-stri�es du prese-
nium (à l’occasion de 5 observations anatomo-cliniques).

Rev Neurol 109: 419.
Gistau VS, Pintor L, Matrai S et al. (2006). Fatal familial

insomnia. Psychosomatics 47: 527–528.
Goldfarb LG, Haltia M, Brown P et al. (1991). New mutation

in scrapie amyloid precursor gene (at codon 178) in Finnish

Creutzfeldt–Jakob kindred. Lancet 337: 425.
Goldfarb LG, Brown P, Haltia M et al. (1992a). Creutzfeldt–

Jakob disease cosegregates with the codon 178Asn PRNP

mutation in families of European origin. Ann Neurol 31:
274–281.

Goldfarb LG, Petersen RB, Tabaton M et al. (1992b). Fatal

familial insomnia and familial Creutzfeldt–Jakob disease:

disease phenotype determined by a DNA polymorphism.

Science 258: 806–808.
Grau-Rivera O, Sánchez-Valle R, Bargalló N et al. (2016).
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