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Dedication

This book is dedicated to the memory of D. Carleton Gajdusek (1923-2008), one of the
greatest scientists of the twentieth and twenty-first centuries who first discovered kuru for
the Western medicine and paid attention to prion diseases in men, at his time known as slow
virus disorders. I was privileged to work for him as his postdoc (1986-1989) and many
years after this time. He was not only a great scientist but also a fascinating person and a
compulsive talker of utmost interesting stories. If he were alive, I would have asked him to
write on kuru not myself; as he did in the past in my other book (Gajdusek D.C. Transmissible
brain amyloidoses of the brain. In: Light and Electron Microscopic Neuropathology of
Slow Virus Disorders. Ed. P.P. Liberski, CRC Press, Boca Raton, 1993: 1-31). The last
time I met him was at the kuru meeting (“The end of kuru: 50 years of research into an
extraordinary disease” organized by John Collinge and Michael P. Alpers).

\|

D.C. Gajdusek and I in Paris, 2008.




Preface to the Series

Experimental life sciences have two basic foundations: concepts and tools. The Neuromethods
series focuses on the tools and techniques unique to the investigation of the nervous system
and excitable cells. It will not, however, shortchange the concept side of things as care has
been taken to integrate these tools within the context of the concepts and questions under
investigation. In this way, the series is unique in that it not only collects protocols but also
includes theoretical background information and critiques which led to the methods and
their development. Thus it gives the reader a better understanding of the origin of the
techniques and their potential future development. The Newuromethods publishing program
strikes a balance between recent and exciting developments like those concerning new
animal models of disease, imaging, in vivo methods, and more established techniques,
including, for example, immunocytochemistry and electrophysiological technologies. New
trainees in neurosciences still need a sound footing in these older methods in order to apply
a critical approach to their results.

Under the guidance of its founders, Alan Boulton and Glen Baker, the Newuromethods
series has been a success since its first volume published through Humana Press in 1985.
The series continues to flourish through many changes over the years. It is now published
under the umbrella of Springer Protocols. While methods involving brain research have
changed a lot since the series started, the publishing environment and technology have
changed even more radically. Neuromethods has the distinct layout and style of the Springer
Protocols program, designed specifically for readability and ease of reference in a laboratory
setting.

The careful application of methods is potentially the most important step in the process
of scientific inquiry. In the past, new methodologies led the way in developing new
disciplines in the biological and medical sciences. For example, Physiology emerged out of
Anatomy in the nineteenth century by harnessing new methods based on the newly
discovered phenomenon of electricity. Nowadays, the relationships between disciplines and
methods are more complex. Methods are now widely shared between disciplines and
research areas. New developments in electronic publishing make it possible for scientists
that encounter new methods to quickly find sources of information electronically. The
design of individual volumes and chapters in this series takes this new access technology
into account. Springer Protocols makes it possible to download single protocols separately.
In addition, Springer makes its print-on-demand technology available globally. A print copy
can therefore be acquired quickly and for a competitive price anywhere in the world.

Saskatoon, Canadn Wolfgang Walz
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Preface

Prion diseases represent one of the most exciting and intriguing fields in biomedical
sciences, with three Nobel Prizes awarded so far—D. Carleton Gajdusek in 1976, Stanley
B. Prusiner in 1997, who coined the term “prion” in 1982 [1], and Kurt Wuthrich in
2002. I became interested in the prion field in 1977, when I read an article, entitled
“Epidemiology of Creutzfeldt-Jakob disease in England and Wales,” by Walter
B. Matthews, in the Journal of Neurology Neurosurgery and Psychiatry [2], where for the
first time I was confronted by “scrapie,” a term previously unknown to me. On
immediately searching this key word, I found the Nobel Lecture by Gajdusek [3]. At
that time, I was a student with an interest in electron microscopy, which I began to learn
from Prof. Michal Karasek (1937-2009), Dr. Iwona Giryn (deceased 2011), and Dr.
Barbara Mirecka (deceased 1992). My skills were expanded through a British Council
Fellowship at the MRC and AFRC Neuropathogenesis Unit, under Dr. Peter Gibson.
These research training experiences paved the way to a Fogarty Fellowship in the
Laboratory of Central Nervous System Studies, under the direction of D. Carleton
Gajdusek, a Nobel laureate, and Dr. C. J. Gibbs Jr., at the National Institute of
Neurological Disorders and Stroke, of the National Institutes of Health. I developed
and printed there 17,000 electron micrographs. Professionally, this period was the most
exhilarating time of my life.

The proposal of this book came as a little surprise from Wolfgang Walz, the Editor
of this series at Springer. I then approached several of my expert colleagues and we
started to write. Based on my professional experience, this book is somewhat biased
toward morphological approaches. Chapters by Diane Ritchie and James Ironside, by
Martin Jeftrey and Gilian McGovern, and by Frank Bastian and me provide in-depth
coverage of different aspects of neuropathology, immunohistochemistry, electron
microscopy, and immune-gold electron microscopy of prion diseases. These colleagues
are the best in the world in this research area. It is noteworthy that a substantial
portion of the book is devoted to electron microscopy, which has become merely a
shadow of the importance it played in the biomedical sciences when I started my
career, now being replaced by molecular biology.

The next section provides the reader with detailed information about the clinical
description of prion disecases and the detection of prion protein and biomarkers,
written by Richard Knight; Byron Caughey, Christina D. Orru, Bradley R. Groveman,
Matilde Bongianni, Andrew G. Hughson, Lynne D. Raymond, Matteo Manca, Allison
Kraus, Gregory J. Raymond, Michele Fiorini, Maurizio Pocchiari, and Gianluigi
Zanusso; Elizaveta Katorcha and Ilya Baskakov; and Joanna Gawinecka, Matthias
Schmitz, and Inga Zerr.

Separate chapters cover kuru. Among the authors, two were privileged to see real
kuru—Shirley Lindenbaum and David Asher. The chapter by Pedro Piccardo and Luisa
Gregori provides a broad overview of prion research in nonhuman primates. This chapter
is unique as higher primates such as chimpanzees are no longer used in experimental
research. There are not many in the world, who studied kuru in its natural environment.
For me, I could study only one of the last kuru brains.
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X Preface

Finally, we return to molecular biology, which is now the ultimate answer to any
scientific question, in contrast to what Gajdusek used to say: “Molecular biology became
molecular technology and because of this is no longer a science.” To this group belong the
exquisite chapters by Giuseppe Legname on synthetic prions, Abigail Diack and Jean
Manson, and Glenn C. Telling and Julie Moreno on transgenic mouse models of prion
disease. I am more than happy to include their chapters.

Last but not least, I would like to thank Michael Alpers for his invaluable discussions of
kuru, Ewa Skarzynska for her enormous help in handling the multiple tasks associated with
this book, and Anna Rakovsky, from Springer Verlag, for her unending patience.

This work was supported in part by National Science Centre Poland, grant no UMO-
2012/04/M/NZ4,/00232.

Lodz, Poland Pawel P. Liberski
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Chapter 1

Kuru: Introduction to Prion Diseases

Pawet P. Liberski and Agata Gajos

Abstract

Kuru, the first human transmissible spongiform encephalopathy, was transmitted to chimpanzees in the
D. Carleton Gajdusek (1923-2008) laboratory. In this review, we briefly summarize the history of this
seminal discovery along with its epidemiology, clinical picture, neuropathology, and molecular genetics.
The discovery of kuru opened new windows into the realms of human medicine, and was instrumental in
the later transmission of Creutzfeldt-Jakob disease and Gerstmann-Striussler-Scheinker disease, as well as
the relevance that bovine spongiform encephalopathy had for transmission to humans. The transmission
of kuru was one of the greatest contributions to biomedical sciences of the twentieth century.

Key words Kuru, Prion diseases, Neuropathology, D. Carleton Gajdusek

1 Introduction

Kuru is a disease that is linked forever with the name ot D. Carleton
Gajdusek, who initiated the study of “prion diseases” in humans
[1-11]. The disease was first reported in Western medicine by
D. Carleton Gajdusek and Vincent Zigas in 1957 [12, 13].

Kuru was the first human prion disease transmitted to chim-
panzees, classified as a transmissible spongiform encephalopathy
(TSE), said to be caused by a slow virus. The recognition of kuru
as transmissible (i.e., infectious) [14-18], a form of Creutzfeldt-
Jakob disease (CJD) [19] which was transmitted by cannibalism
(see Lindenbaum, this volume), provides the example of a disease
caused by a novel class of pathogens. Kuru earned a Nobel Prize
for D. Carleton Gajdusek in 1976 for “for [...] discoveries concern-
ing new mechanisms for the origin and dissemination of infections
diseases,” followed by the award of a second Nobel Prize to
Stanley B. Prusiner in 1997, for “his discovery of Prions—na new
biological principle of infection.” Kuru was linked indirectly to a
third Nobel Prize when Kurt Wiithrich who determined the
structure of the prion protein [20]. As Gajdusek stressed for the

Pawel P. Liberski (ed.), Prion Diseases, Neuromethods, vol. 129,
DOI 10.1007/978-1-4939-7211-1_1, © Springer Science+Business Media LLC 2017
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2 Pawet P. Liberski and Agata Gajos

last time in his life at the Royal Society meeting on kuru [21], the
solving of the kuru riddle contributed to developing ideas of
molecular casting and to further understanding of such diverse
areas as dermatoglypes and osmium shadowing in electron micros-
copy. Recently, kuru research had an impact on the concepts of
nucleation-polymerization, and has led to a concept of “conforma-
tional disorders” [22-24] or prionoids [25].

2 Background and Ethnographic Setting

“Kuru” in the Fore language of Papua New Guinea means to
tremble from fear or cold [13, 26-39]: “The natives of almost all of
the Fore hamlets have stated that it has been present for a ‘long time’;
but they soon modify to mean that in vecent years it has become an
increasingly seveve problem and that in the early youth of our oldest
informants there was no kuru at all” [13].

Kuru was restricted to people belonging to the Fore linguistic
group in Papua New Guinea’s Eastern Highlands and neighbor-
ing linguistic groups (Auiana, Awa, Usurufa, Kanite, Keiagana,
Iate, Kamano, Gimi; Figs. 1 and 2). Those groups with which
kuru-affected peoples did not intermarry, such as the Anga
(Kukukuku), separated from the Fore by Lamari River, and the
remote lagaria, Kamano, and Auiana people, were not affected.
Zigas and Gajdusek [40, 41 ] noticed that when Fore of Kasarai in
the South Fore moved temporarily to live with the Yar people and
settled there for about a decade, they still had cases of kuru. It
seems that kuru first was said to appear at, or shortly after, the
turn of the twentieth century [42-44] in Uwami village (a fact
that was denied by Uwami informants—[45]; the other places
were also mentioned: Kasokana in 1922, Kamila and Wanikanto in
1923) and spread from there to Awande in the North Fore where
the Uwami had social contacts. Within 20 years it had spread fur-
ther into Kasokana (in 1922, according to Lindenbaum [44]) and
to Miarasa villages of North Fore, and a decade later it had reached
the South Fore at Wanikanto and Kamira villages. The slow march
of kuru was inconsistent with a contemporary genetic hypothesis
of Bennett et al. [46, 47 ], but it was consistent with a slow infec-
tious disease.

Kuru became endemic in all villages which it entered, and
became hyperendemic in the South Fore region. All native infor-
mants stressed the relatively recent origin of kuru. Interestingly,
when kuru first appeared, its symptoms were considered poetically
by Fore to be similar to “the swaying of casuarinas tree” and kuru
was labeled cassowary disease to stress the similarity between casso-
wary quills and “waving casuarinas fronds.”



Kuru: Introduction to Prion Diseases 3

Fig. 1 Members of Fore tribe. Courtesy of late D. Carleton Gajdusek; code dcg-57-ng-335
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Fig. 2 The prevalence of kuru by linguistic group. Courtesy of late D. Carleton Gajdusek



4 Pawet P. Liberski and Agata Gajos

3 Cannibalism

“We are often asked when and how we first came upon the idea that
cannibalism was involved in the spread of disease. It is useless to specu-
late about the origin of this idea; I know of few Europeans who did not
arrvive at such a conjecture.” “With a the disappearance of kuru from
the youngest age-group in 1964, and then progressively from older
age-group, cannibalism of those who died of kuru was established as
the unique means of dissemination of disease—involving the contam-
ination particularly of woman and childven, who prefeventially par-
ticipated in mourning rvites and the associated cannibalism.
Transmission being interrupted by the cessation of cannibalism dur-
ing the 1950s, no one born since then has developed kurn” [29].
Alpers presented this idea in 1967 at the International Academy of
Pathology, Washington [28, 48].

Ritualistic endocannibalism (eating relatives as part of a mourn-
ing ritual in contrast to eating enemies, i.e., exocannibalism) was
practiced not only in the kuru area but in many surrounding
Eastern Highland groups in which kuru never developed [49-54].
“When a body was considered for human consumption, none of it was
discarded except the bitter gall bladder. In the deceased’s old sugar-
cane garden, maternal kin dismembeved the corpse with a bamboo
knife and stone axe. They first vemoved hands and feet, then cut open
the arms and legs to strip the muscles. Opening the chest and belly, they
avoided rupturing the gall bladder, whose bitter content would ruin
the meat. After seveving the head, they fractured the skull to remove
the brain. Meat, viscera, and brain werve all eaten. Marrow was
sucked from cracked bones, and sometimes the pulverized bones them-
selves were cooked and eaten with green vegetables. In North Fore but
not in the South, the corpse was buvied for several dmys, then exhumed
and eaten when the flesh had vipened’ and the maggots could be
cooked as o sepavate delicacy” [49].

The first Europeans who entered the kuru area were the Ashton
brothers, around 1934, and Ted Ubank, a gold prospector, in
1936 [45, 49]. In the late 1930s and 1940s, many gold miners,
Protestant missionaries, and government officials became familiar
with the presence of endocannibalism of Eastern Highland.
However, missionaries and government officials tried to stop can-
nibalism and the government imprisoned some who participated in
it. Early in 1951 and 1953, kuru was observed by the anthropolo-
gists Ronald and Catherine Berndt [49], and the first mention of
kuru (skin-yguria in Pidgin) was included in reports of patrol offi-
cers in 1953. Zigas was told about kuru in 1955, and he was joined
by D. C. Gajdusek 2 years later. I asked Gajdusek in the 2000s
when the hypothesis of cannibalism as a vehicle to spread kuru was
first envisaged. His response was that “even completely dvunk would
come to the conclusion that a disease endemic amony cannibals must
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be spread through eating corpses.” For instance, in a letter dated 15
March 1957 to Smadel, Gajdusek reported a case of kuru “in the
center of tribal groups of cannibals” [ ... who feeding the children
the body of kuru case” [29]. Gajdusek said this some 50 years after
the discovery of kuru. In a letter Smadel wrote to Morris in 1957
[29], he said, “Gajdusek is now amony cannibals studying a most
important new disease with neurological manifestations.” The first
to investigate and formally publish the hypothesis that kuru spreads
through cannibalism were Glasse and Lindenbaum [54-56].

In 1962 and 1963 [57, 58] Glasse sent reports of their field-
work reports to John Gunther, the Director of New Guinea
Department of Public Health, which provided evidence that kuru
was of recent origin, and an account of the data they were gather-
ing about consumption of the dead, with its apparent association
with cannibalism. They reported their findings at a kuru workshop
in Adelaide in 1962, and in 1963 they spoke about the cannibalism
hypothesis to a group of scientists who visited them in the South
Fore. Their hypothesis was published in 1967 [56] and 1968 [54].
They also wrote about it in 1993 [55]. Lindenbaum discussed the
hypothesis again in later publications [49, 52, 53]. However,
although Gajdusek said that the hypothesis of cannibalism was
taken for granted, it is also true that in his Nobel Prize lecture he
said that kuru spread by “conjunctival, nasal and skin contamina-
tion with highly infectious brain tissue”; thus at that time Gajdusek
was still skeptical about the cannibalism hypothesis which he
regarded as exotic. Robert Glasse quoted this “as the only mention
of cannibalism he found in our publishing writing.” Some authors
even denied the very existence of cannibalism [59] but the denial
clearly belongs to another mythology. Cannibalism among the
Fore had ended long ago, although a court case elsewhere in Papua
New Guinea was reported in 1978 [44].

During the last 50 years, the number of kuru cases has steadily
declined, with the youngest patients becoming progressively older,
and the disease is now extinct. However, we cannot be sure that a
limited number of cases with incubation period in excess of 50
years may appear in the future.

Among the Fore, kuru was believed to result from sorcery
[49]. The victim was said to have been chosen because of some
real or imaginary fault [41, 60]. To cause kuru, a would-be sor-
cerer would need to obtain a part of the victim’s body (nail clip-
pings, hair) or excreta, particularly feces- or urine-soaked
vegetation, saliva, blood, or partially consumed food, such as peel-
ings from sweet potato eaten by the victim, or clothing. These
were packed with leaves and made into a “kuru bundle” and placed
partially submerged in swampy land. Subsequently, the sorcerer
shook the package daily until the tremor characteristic of kuru was
induced in his victim. As a result, the kin of a kuru victim attempted
to identify and subsequently kill (“tukabu”) a suspected sorcerer
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if they could not bribe or intimidate him to release a victim from
the kuru spell [49].

Divination rituals helped to identify a sorcerer. One method
was to collect water for the kuru victim from different sources; if
one “induced” vomiting, it was considered to identity the sorcer-
er’s residence. Another method was to place hair clippings from a
kuru victim in a bamboo cylinder, and a freshly killed possum in
another cylinder. Calling the name of a suspected sorcerer while
shaking the cylinders, a member of the victim’s family placed the
possum-containing cylinder into a fire. The sorcerer was identified
if the liver of the possum, believed to be the residence of his soul,
remained uncooked. Still another involved the roasting of small
rats, in separate bamboo cylinders, each one having been given the
name of a hamlet or village in which the suspected sorcerer lived.
Careful inspection of the rat’s viscera helped to identify the
sorcerer.

Killing a sorcerer—ztukabu (or tokabu)—was a ritualistic form
of'vendetta called sangguma in Tok Pisin; it included crushing with
stones the bones of the neck, arm, and thigh, as well as the loins,
biting the trachea, and grinding the genitalia with stones and clubs.
Most cases ascribed to Tukabu were sudden deaths associated with
disease such as a stroke. Tukabu allegations were frequent, but
physical assassinations were rare.

4 Kuru Etiology: The Insight into a Novel Class of Pathogens

Although on epidemiological grounds the etiology of kuru was
thought to be infectious, patients had no meningoencephalitic
signs or symptoms (fever, seizures, or coma), no cerebrospinal
fluid pleocytosis or elevated protein level, and, on autopsy, no
perivascular cuffings or other signs of inflammatory brain pathol-
ogy. However, even before seeing the disease, Gajdusek knew that
kuru was an “encephalitis-like disease” based on reports sent by
Dr. Zigas to Dr. John Gunther, then Assistant Adminstrator of
the Trust Territory [29]. Zigas wrote to Gunther that kuru was
“a probably new form of encephalitis” [...] “started with fever, som-
nolence, muscular pain and weakness, headache [...] vertigo [...]
mask-like fuces, flexed arms and wrists, unsteady walk, ocular disor-
ders such as diplopia, strabismus, nystagmus, tremor of fingers and
hands.” Neither environmental [61-63] nor then available genetic
studies [27, 64—72] provided any clues. Moreover, all attempts to
transmit kuru to small laboratory animals, or to isolate any micro-
organism including a virus, using tissue cultures or embryonated
hen’s eggs, were successful. In other wide-ranging investigations,
such as exhaustive genetic analyses, the search for nutritional
deficiencies or environmental toxins did not result in a tenable
hypothesis [62, 63].
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On July 21, 1959, while in New Guinea, Gajdusek received a
letter from the American veterinarian, William Hadlow, at the
Rocky Mountain Laboratory in Hamilton, Montana [35, 73-77],
which pointed out the analogies between kuru and scrapie, a slow
neurodegenerative disease of sheep and goats known to be endemic
in the United Kingdom since the eighteenth century [78] and
experimentally transmitted to goats in 1936 [79, 80]. Having seen
photographs of kuru plaques at a Wellcome Medical Museum exhi-
bition in London, he enclosed a copy of a letter pointing to this
similarity to the editor of Lancet [73, 76]. Hadlow based his obser-
vations not merely on the presence of amyloid plaques, but mainly
because of the presence of vacuolated neurons:

“Ive been impressed with the overall resemblance of kuru, and an
obscure degenerative disorder of sheep called scrapie [...] The lesions
in the goat seem to be remarkably like those described for Kurn. [...]
All this suggests to me that an experimental approach similar to that
adopted for scrapie might prove to be extremely fruitful in the case of
kurn. [...] because Ive been greatly impressed by the intviguing
implication, I've submitted a letter to The Lancet.”

Gajdusek commented on this in 1981: “Much more compelling
Sor us than popular speculations about cannibalism was Dr. William
Hadlow suggestion, in 1959 that scrapie, and infectious chronic dis-
ease of sheep and goats, was clinically and pathologically similar to
kurn. (29 When we become aware in this way that viruses could
produce a chronic neuwrological disease, we obviously pursued this lead
experimentally with animal models. If kurn were infectious, it was
obvious to us that cannibalism would be implicated as a mode of
transmission; the veal question, however was whether it was infections
in such a way that standard indices of infectivity were inadequate.”

A similar observation was made by veterinary neuropatholo-
gist Innes [81] during his visit to the Gajdusek laboratory [82,
Gajdusek—telephone conversation, 2008 ]. Hadlow, in his recollec-
tion of that seminal observation, had pointed out intracellular vacu-
oles as those neuropathological changes that attracted his attention
some 40 years ago [83, 84]. Such intracellular vacuoles in scrapie
were first described by Besnoit and his colleagues in 1898 [79]. Dr.
Gajdusek replied that “/As you may have been able to gather from our
articles on kuru, we ave pursuing the matter of possible infectious etiol-
ogy extensively—I am, in fact, a virologist by training. However, we
have thus far had poor luck with inoculation experiments and the pos-
sibility of doing morve extensive inoculation works has, until now, been
small. We are, however, proceeding accordingly at the present time and
frozen and fresh material ave being injected into o number of ani-
mal hosts during this years work on kurn. In your note to LANCET,
which I am deeply grateful to you for bringing to my attention, I note
that you have probably not seen our extensive pathological description
of kurn which includes some features which were little stressed in the
report you bave gquoted],” and took up Hadlow’s recommendation
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to hold small laboratory rodents and (especially) apes and monkeys
for longer periods of observation than had thus far been carried out.
He also renewed attempts to obtain optimal tissue for inoculation
from rapidly autopsied kuru patients (letter from D. C. Gajdusek
dated August 6th, 1959).

In 1961, Gajdusck presented a lecture at the Xth Pacific
Science Congress in Honolulu entitled “Kuru: an appraisal of
five years of investigation. With a discussion of the still undiscard-
able possibility of infectious agent” in which he said: “In spite of
all the genetic evidence, both the pathological picture and the epide-
miological peculiarvities of the disease persistently suggest that some
yet-overlooked, chronic, slowly progressive, microbial infection may
be involved in kuru pathogenesis. Similar suspicion prevails in our
current etiological thinking about a number of less exotic and less
rare chronic, progressive degenerative diseases of the central nervous
system in man. Thus, [...], amyotrophic lateral sclerosis, Schilder
disease, leukoencephalitis, Koshevnikoffs epilepsy syndrome in the
Soviet Union, the Jakob-Creutzfeldt syndvomes, acute and chronic
cerebellitis, and even many forms of Parkinsonism, especially the
Parkinsonism dementia encountered amony the Chamorro popula-
tion in Guam, continue to suggest the possibility that in man there
may be infections analogous to the slow infections of the nervous sys-
tem of animals which were intensively studied by Bjorn Sigurdsson,
the Icelandic investigator who formulated the concept of ‘slow virus
infections.”” This contention preceded the discovery of kuru trans-
missibility by more than 4 years [85]. Parenthetically, many of
the diseases mentioned by Gajdusek are now grouped together
under the umbrella of “protein conformational disorders” [22,
24, 86, 87]. Finally, in 1965, in a monograph “Slow, Latent and
Temperate Virus Infections” which resulted from a meeting con-
vened in 1964, Gibbs and Gajdusek [88] wrote in an addendum,
“although several of the inoculated primates died of acute infec-
tion during the period of observation, [...] none has developed signs
sugyestive of chronic neurvological disease until the recent onset in
two chimpanzees. The first of these, inoculated 20 months previously
with a suspension of frozem brain material from a kuru patient,
has developed progressive incapacitating cevebellar signs with ataxin
and tremor; the second, similarly inoculated with a suspension of
brain material from another kuru patient, has developed, 21 months
after inoculation, slight wasting lassitude, and some tremor which
appeared to be progressive. Whether these syndromes arve spontancous
or velated to the inoculation remains to be determined.”

5 Epidemiology of Kuru: A Strong Support of the Cannibalism Theory

Kuru incidence increased in the 1940s and 1950s [12, 18, 89-92]
and approached a mortality rate in some villages of 35,/1000
among a population of some 12,000 Fore people [82, 93]. This
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mortality rate distorted certain populational parameters: in the
South Fore, the female:male ratio was 1:1.67 in contrast to 1:1
ratio in unaffected Kamano people. This ratio increased to 1:2 to
even 1:3 among South Fore. Gajdusek even calculated the female
deficit in the population to be 1676 persons [36]. The almost total
absence of kuru cases in South Fore among children born after
1954, and the rising of age of kuru cases year by year, suggested
that transmission of kuru to children had stopped in the late 1950s
[94-96] when cannibalism ceased to be practiced among the Fore
people. Also, brothers with kuru tend to die at the same age, which
suggested that they were infected at similar age but not at the same
time. The assumption that affected brothers were infected with
kuru at the same age led to a calculation of minimal age of expo-
sure for males to be in a range of 1-6 years, with a mean incubation
period of 3-6 years, and the maximum incubation period of 10-14
years [42].

Alpers and Gajdusek wrote a year before the transmission of
kuru was published [89], “The still baffling, unvesolved problem of
the etiology of kuru in the New Guinea Highlands has caused as to
wonder whether or not any or many of the unusual features of its
epidemiological pattern and its clinical course may not be chany-
ing with time, or even alteving drastically under the impact of
extensive rapid cultural change, the rvesult of ever increasing
invoads of civilization upon the culture of the Fore people.” This
was indeed the case. The comparison of total number of deaths
from kuru in the period 1961-1963 and 1957-1959 showed a
23% reduction, and among children, 57% reduction, and the
kuru mortality rates dropped from 7.64 to 5.58 deaths per thou-
sand. These alterations were not uniform, the North Fore reduc-
tion exceeded the South Fore reduction, and it is worth recalling
that South Fore kuru deaths accounted for 60% of the total. This
trend continued until the disappearance of kuru epidemic in
2009 [97].

The almost “formal” proof that kuru was indeed transmitted
by cannibalism was provided by Klitzman et al. [98] who studied
clusters of kuru patients who participated in a limited number of
kuru feasts in 1940s and 1950s. Three clusters were identified, one
of which will be recalled here. Two brothers, Ob and Kasis from
the North Fore village of Awande, developed signs and symptoms
of kuru in 1975, 21 or 27 years after the latest or the earlier expo-
sure, respectively. They participated in 2 feasts for kuru victims. In
those feasts, the close relatives were the major mourners who
actively participated in the consumption of the dead.

Of interest, Klitzman et al. [98] noticed that taking into con-
sideration the fact that Fore women participated in numerous kuru
feasts, it is strange that any of them survived into the 1970s.
Modern molecular genetics explained this fact in terms of the
codon 129 polymorphism of the PRNP gene. In the younger
patients, homozygotes 129MtMet predominate; the latter finding is
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reminiscent of variant CJD (vCJD) [99], and suggests the increased
susceptibility of 129Met Met individuals, with a shorter incubation
period than other PRNP codon 129 genotypes.

6 Transmission Experiments

6.1 Early Stage (I)

The transmission of kuru to chimpanzees won a Nobel Prize for
Gajdusek in 1976 [14, 16, 37, 38, 85, 100-105]. The list of
nonprimate host range for kuru transmission is given in Table 1.
Table 2 contains the list of nonhuman primates to which kuru was
transmitted over the years. They include Rhesus monkeys [106],
marmosets [107], and gibbon and sooty mangabey monkeys
[108]. Detailed description of experimental kuru in 41 chimpan-
zees was published in 1973 [2]. The incubation period varied from
11 to 39 months (the average 23 months for the first passage; 12
months for the second passage; 13 months for the third passage
and the same for the fourth passage) and the clinical course was
divided into three stages:

(a) Prodromal period characterized by earliest alterations in behavior:
animals became inactive, sometimes “extremely dirty” and
submissive. “Vicious and aggressive animals became passive and
withdvew from competition with their novmal cagemates, allow-
ing smaller chimpanzees to tease and take food from them [...]
periods of sullen apathy weve often interrupted by outbursts of
furious screaming.”

Table 1
Nonprimate host range for kuru transmission; incubation period in months

Species Incubation period (months)
Goat (Capra hircus) (104)+
Guinea pig (Cavia porcellus) (27)
Opossum ( Didelphis marsupiolis) (22+)
Domestic cat (Felis domesticus) (59)
Gerbil (Meriones unguiculatus) (24)+
Hamster (Mesocricetus anratus) (28)
Mous (Mus musculus) 225
Ferret (Musteln putorius) 18-70.5
Mink (Mustela vison) 45
Sheep (Ovis aries) (63)+

Number in parenthesis—number of months elapsed since the inoculation, during which
the animals remained asymptomatic
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Table 2
A host range of the primates susceptible for kuru

Species Incubation period (months)
Apes
Chimpanzee (Pan troglodytes) 10-82
Gibbon (Hylobates lnr) +(10)
New world monkeys
Capuchin (Cebus albifrons) 10-92
Capuchin (Cebus apelin) 11-71
Spider (Ateles geoffroyi) 10-85.5
Marmoset (Saguinus sp) 1176
Wolly ( Lagothrix lagotriche) 38
Old world monkeys
African Green ( Cercopithecus aethiops) 18
Baboon (Papio anubis) (130)
Bonnet (Macaca radinte) 19-27
Bushbaby ( Galago senegalensis) (120)

Cynomolgus macaque (Macaca fascicularis) 16

Patas (Erythrocebus patas patas) (136)
Pigtailed macaque (Macaca nemestrina) 70
Rhesus (Macaca mulatto) 15-102
Sooty mangabey ( Cercocebus atys) +(2)
Talapoin ( Cecopithecus talapin) (1+)

(b) Period of minimal disabilities characterized by minor motor
dysfunction: animals did not want to go outside cages, “to run
or to climb.” They were slow and fell with forced movements;
the movements were “like [...] in slow-motion cinema.”

The onset of this stage was characterized by difficulties exhibited
when a chimp tried to rise from a supine position; gait became ataxic
but animals still could sit. The gait of chimpanzees is quadrupedal,
“knuckle walking”, where animals placed hands on the ground not
with palms but with knuckles and this pattern is preserved, but
the gait itself is grossly ataxic and dysmetric. Truncal titubation,
so characteristic for human kuru, is present since stage II. Passive
muscle tone is increased and flexion contractures may develop if an
animal lives long enough. Severe coarse tremor is seen, choreiform
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6.3 Late Stage (1ll)

movements are observed, and the negligence develops. Difficulties
in seeing, lateral nystagmus, and intermittent left strabismus were
seen. “Babinsky” sign was occasionally observed.

Characterized by severe neurological deficits: the animals could
not rise by themselves from a supine position, they could not sit
but placed themselves in one position, and decubitus ulcers were
common. They ate inedible objects. A severe startled response
comprising flexion of all extremities accompanied by violent coarse
trembling of all limbs was a characteristic finding. “Silly smiles, with
grimacing, were prominent. Fixed and pained faces and slow, clumsy,
voluntary motion [... | were prominent.”

Kuru neuropathology in chimpanzees was described by late
Beck and Daniel [109-115]. The neuropathological picture was
practically identical to that of natural kuru except for the absence
of amyloid plaques. In the cerebral cortex, the spongiform change
and intraneuronal vacuoles were the most prominent lesions,
accompanied by a severe astrocytic gliosis. Binucleated neurons
were prominent; the same type of neuronal lesions were also seen
in the spider monkey [116].

7 Clinical Manifestations

“I was still very youny when I saw [kuru] and even after we treated
it theve was no belp. Everyone was fulling apart. [ Kuru victims] were
aware there was no curve and that they would die. It wasn’t just one
person that this sickness came to—there were about three in a house
line and then after they died theve would be another three. It was ...
ongoing... there were many deaths. Once a [person] ... was affected
by kurn [their ] family would think that the clan had poisoned [them |
and they would start ... shooting at each other and that made it
worse. It was chaos! (Tanrnbi)” [117].

Kuru is an invariably fatal cerebellar ataxia accompanied by
tremor, choreiform, and athetoid movements [18, 28, 32, 35, 48,
78, 117-126]. In contrast to the neuropathological picture, neu-
rological signs and symptoms are highly uniform. Dementia, typi-
cal for most subtypes of sporadic CJD (see Knight—this volume),
was reported to be barely noticeable, and if it was present, then it
appeared only late, during the evolution of the illness. However, in
the most recent study, dementia was definitely observed [78]. In
contrast, kuru patients often displayed emotional alterations,
including inappropriate euphoria and compulsive laughter (the
journalistic notorious “laughing death” or “laughing disease”), or
apprehension and depression. Kuru is divided into three clinical
stages: ambulant, sedentary, and terminal (the Pidgin expressions,
wokabaut yet, i.e., is still walking; sindaun pinis, i.c., is able only to
sit; and slip pinis, i.e., is unable to sit up) [118, 127]. The duration
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Fig. 3 Early stage of kuru in a victim who is supported by sticks. Courtesy of late D. Carleton Gajdusek; code:
dcg-57-ng-359

of kuru, as measured from the onset of prodromal signs and symp-
toms until death was about 12 months (3-23 months) [118, 127]
and 10-25 months in a recent study [78].

There is an ill-defined prodromal period (kuru laik i-kamp
naun, i.e., “kuru is about to begin”) characterized by the presence
of headache and limb pains, frequently in the joints; knees and
ankles came first, followed by elbows and wrists; sometimes, inter-
phalangeal joints were first affected, and abdominal pains and loss
of weight. This period lasted approximately a few months. Fever
and other signs of infectious disease are never seen, but the patient’s
general feeling was reported as reminiscent of that accompanying
acute respiratory infection. Some patients even said that they
expected a cough to come and when it did not they began to fear
incoming kuru.

The prodromal period is followed by the “ambulant stage,” the
end of which is defined when the patient is unable to walk without
a stick (Fig. 3). The patients were psychologically supported by a
community of kin; one of the very important signs of this was the
search for a sorcerer who, as already mentioned, they believed
caused kuru. This period is characterized by the onset of subtle
signs of gait unsteadiness that are usually only self-diagnosed, but
which over a period of a month or so progress to severe astasia and
ataxia. Incoordination of the trunk muscles and lower limbs fol-
lowed. As patients were well aware that kuru heralded death in
about a year, they became withdrawn and quiet. A fine “shivering”



14

Pawet P. Liberski and Agata Gajos

tremor, starting in the trunk, amplified by cold and associated with
“goose flesh,” is often followed by titubation and other types of
abnormal movements. Attempts to maintain balance resulted in
clawing of the toes and curling of the feet; this “clawing response”
is regarded by Collinge et al. [78] as pathognomonic of kuru.
Plantar reflex is always flexor, while clonus, in particular ankle clo-
nus but also patellar clonus, is a hallmark of the clinical picture.
However, clonus may be present for only a limited period of time.
The ankle clonus was in most cases the most enhanced, but patellar
clonus and clonus of fingers and toes were also readily elicited.

In the early stages ataxia could be demonstrated only when the
patient stood on one leg; the Romberg sign was almost always
negative (2 of 34 kuru cases in Alpers series [127]), but with the
progression of disease, ataxia became marked and the Romberg
sign became positive; indeed, the patient cannot stand with his or
her feet close together. Ataxia in the upper limbs followed that in
the lower limbs; dysmetria was usually the first sign of the upper
limb ataxia. Intention tremor was found in 19 of 34 cases in Alpers
series in the first stage of kuru but was constantly present in the
second stage. Dysarthria appeared early. Resting tremor is a cardi-
nal sign of kuru. According to Alpers “[it is] difficult to describe
and analyze. It appears to include the following components: a shiver-
iy component, an ataxic component, and, in the latter stages and
certain cases only, the extrapyramidal component. A fine shivering-
ltke tremor may be present from the onset of disease [ ... [ it is potenti-
ated by cold and thus may not be found in the heat of the day; o
sudden drop in temperature not sufficient to make others shiver will
induce it in kuru patients. As ataxia increases a more obvious ataxic
component is added and the shaking movements become wilder and
more grotesque.” The major component in kuru kinetic tremor is
the ataxic one: it is enhanced by the muscular activity, and when
the patient becomes motionless, it subsides. “It often seemed to be
triggered by minor movement, an adjustment of posture, stretching
out the avm in greeting, or even a sudden turning of the eyes.” Patients
learn how to control the tremor. A child was trembling violently.
Zigas and Gajdusek [40, 41] found that tremor could be almost
completely alleviated when the child lay curled into a flexed, fetal
position in the mother’s lap.

Photophobia was frequently observed [78]. A horizontal con-
vergent strabismus is a typical sign, especially in younger patients;
nystagmus was common; in the terminal stage, typically it was a
pendular nystagmus, but the papillary responses were preserved.
Facial hemispasm and supranuclear facial palsies were also common.

The second “sedentary” stage begins when the patient is
unable to walk without constant support and ends when he or she
is unable to sit without it. “The gait was, by definition non-existent.
However, if a patient was ‘walked’ between two assistants a carica-
tuve of walking was produced, with marked truncal instability,
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weakness at bips and knees and heavy leaning on one or other assistant
Sfor support; but steps conld be taken, and weve characterized by jerky
Sflinging, at times decomposed movements, which led to a high-
steppage, stamping gait.” Postural instability, severe ataxia, tremor,
and dysarthria progress endlessly through this stage. Deep reflexes
may be increased, but the plantar reflex is still flexor. “Jerky” ocular
movements were characteristic. Opsoclonus, a chaotic saccades in
any direction following voluntary conjugate movements of the
eyes, was occasionally noticed. Zigas and Gajdusek [40, 41]
reported a peculiar, jerking, clonic movements of the eyelids and
eyebrows in patients confined to the dark indoors of huts and then
transported outdoors to the light. Two cases of 34 showed signs of
dystonia.

In the third stage, the patient is bedridden and incontinent
(Fig. 4), with dysphasia and primitive reflexes, and eventually suc-
cumbs in a state of advanced starvation. “The patient at the begin-
ning of the third stage usually spent the day supported in the arms of

Fig. 4 The female kuru patient dying in the terminal stage. Courtesy of late D.
Carleton Gajdusek



16

Pawet P. Liberski and Agata Gajos

Fig. 5 Dystonic postures in a female affected with kuru. Courtesy of late D.
Carleton Gajdusek; code: dcg-57-ng-346A

a close relative.” Extraocular movements were either jerky or, to the
contrary, slow and rigid. Deep reflexes were exaggerated, but
Babinsky sign was never noticed. Generalized muscle wasting
became evident and fasciculation, spontaneous, or evoked by tap-
ping, was seen. Some symptoms of dementia were also observed.
Even in terminal stages, they tried to accommodate the request of
the examiner, even when they could move only the head and the
eye. A strong grasp reflex occurred as well as fixed dystonic pos-
tures (Fig. 5), athetosis, and chorea. In one case “almost constant
small involuntary movements, involving mouth, face, neck, and
hands” were seen.

Terminally, “the patient lies movibund inside ber hut surrounded
by a constant group of attending velatives. [... ] She barely moves and
is weak and wasted. Her pressure soves may have spread widely to
become huge rotting wuicers which attract a swarm of flies. She is
unable to speak. The jaws are clenched and have to be forced open in
ovder to put food or fluid in. [...] Despite her mute and immobile
state she can make clear signs of recognition with her eyes and may
even attempt to smile.”
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It is worth mentioning the incredibly strong support given by
Fore to dying kinsmen. “The family members live with the dying
patient, siblings sleep closely huddled to their brother or sister in decu-
bitus, pavents sleep with their Kuru-incapacitated child cuddled to
them and o husband will patiently lie beside her terminal, uncom-
municative, incontinent, foul smelling wife” [41].

8 Neuropathology

The first systematic examination of kuru neuropathology (12 cases)
was published by Klatzo et al. in 1959 [128, 129]. Macroscopically
the brain is normal (Fig. 6). Neuronal alterations he described
were totally nonspecific in nature, but nonetheless sufficient to
draw a parallel between kuru and Creutzfeldt-Jakob disease.
Neurons were shrunken and hyperchromatic or pale, with dis-
persion of Nissl substance or containing intracytoplasmic vacuoles
similar to those already described in scrapie. In the striatum, some
neurons were vacuolated to such a degree that they looked “moth-
caten.” Neuronophagia was observed. A few binucleated neurons
were visible and torpedo formation was noticed in the Purkinje cell
layer, along with empty baskets that marked the presence of degen-
erated Purkinje cells (Fig. 7). In the medulla, neurons of the ves-
tibular nuclei and the lateral cuneatus were frequently affected; the
spinal nucleus of the trigeminal nerve and nuclei of VIth and VIIth,
and motor nucleus of the VIth cranial nerves were affected less
frequently, while nuclei of the XIIth cranial nerve, the dorsal
nucleus of Xth cranial nerve, and nucleus ambiguous were rela-
tively spared. In the cerebral cortex, the deeper layers were affected
more than the superficial layers, and neurons in the hippocampal

Fig. 6 Macroscopic section of the kuru brain [141]
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Fig. 8 Confocal laser microscopy image of kuru plaques surrounded by numerous neuritis

formation were normal. In the cerebellum, the paleocerebellar
structure (vermis and flocculonodular lobe) was most severely
affected, and spinal cord pathology was most severe in the cortico-
spinal and spinocerebellar tracts. Astro- and microglial prolifera-
tion was widespread; the latter formed rosettes and appeared as rod
or amoeboid types or as macrophages (gitter cells). Myelin degra-
dation was observed in 10 of 12 cases. Interestingly, the signifi-
cance of vacuolar changes was not appreciated by Klatzo et al.
[128, 129], but “small spongy spaces” were noted in 7 of 13 cases
studied by Beck and Daniel [111-115].

The most striking neuropathologic feature of kuru was the pres-
ence of numerous amyloid plaques (Figs. 8,9, 10 and 11). In a first
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Fig. 10 Kuru plaques stained immunohistochemically with antibodies against PrP

Fig. 11 Kuru plaques stained immunohistochemically with antibodies against PrP
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Fig. 12 A kuru plaque stained with Alcian blue

description of a 50-year-old female patient Yabaiotu, Klatzo stated,
“Numerous round or asteroid bodies are present, which ave brightly
anisotropic in polarized light. These probably vepresent neurofibvillary
degeneration of Purkinge cells” [29]. They were found in 6 of 12
cases studied by Klatzo et al. [128, 129], and in “about three-quar-
ters” of the 13 cases studied by Beck and Daniel [111, 115]; they
became known as “kuru plaques” [130-136].

These measured 20—60 pm in diameter, were round or oval, and
consisted of a dark-stained core with delicate radiating periphery
surrounded by a pale “halo.” Kuru plaques were most numerous
in the granular cell layer of the cerebellum, basal ganglia, thala-
mus, and cerebral cortex in that order of frequency. Kuru plaques
are metachromatic and stain with PAS, Alcian blue (Fig. 12), and
Congo red, and a proportion of them are weakly argentophilic
when impregnated according to Belschowsky or von Braunmiihl
techniques. Of historical interest, another unique disease reported
by Seitelberger [137] as “A peculiar heveditary disease of the central
nervous system in a family from lower Austrin” (germ. Eigenartige
familiar-hereditare Krankenheit des Zentralnervensystems in einer
niederoosterreichen Sippe) was mentioned by Neuman et al. [138]
who was thus the first person to suggest a similarity between kuru
and GSS. Indeed, the latter was transmitted to nonhuman primates
in 1981 [139]. In a letter of Klatzo to Gajdusek in 1957, Klatzo
stated, “It seems to be definitely o new conditions without anything
similar described in the literature. The closest condition I can think of
18 that described by Jakob and Creutzfeldt” [29].

Renewed interest in kuru pathology has been provoked by the
appearance of a novel form of CJD, variant CJD, characterized by
numerous amyloid plaques, including “florid” or “daisy” plaques—
a kuru plaque surrounded by a rim of spongiform vacuoles [136].
To this end, a few papers reevaluating historic material have been
published [140]. We [141] studied by PrP-immunohistochemistry
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the case of a young male kuru victim of the name Kupenota from
the South Fore region whose brain tissue had transmitted disease
to chimpanzees, and McLean et al. [142, 143] examined a series of
11 archived cases of kuru. In contrast to the classical studies
described above, all papers stressed the presence of typical spongi-
form change present in deep layers (III-V) of the cingulate,
occipital, enthorrinal, and insular cortices, and in the subiculum.
Spongiform change was also observed in the putamen and caudate,
and some putaminal neurons contained intraneuronal vacuoles.
Spongiform change was prominent in the molecular layer of the
cerebellum, in periaqueductal gray matter, basal pontis, central
tegmental area, and inferior olivary nucleus. The spinal cord
showed only minimal spongiform change.

There are no ultrastructural observations on kuru in humans,
except those reported in a paper by Peat and Field [144] who
described “intracytoplasmic dense barred structures,” otherwise
normal structures [145], and Field et al. [146], who described the
typical ultrastructure of the kuru plaques and “herring-bone”
structures, again as the normal structure of the neuron or Hirano
bodies [147]. In kuru in chimpanzees, Lampert et al. [148] and
Beck et al. [116] found severe confluent spongiform change cor-
responded to typical membrane-bound vacuoles. Neurites showed
dystrophic changes. Our studies on formalin-fixed paraffin-
embedded kuru specimens reversed to electron microscopy
revealed typical plaques composed of amyloid fibrils (Fig. 13).

Fig. 13 A kuru plaque retrieved from paraffin-embedded block. Original magnifi-
cation, ca 3000x
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Fig. 14 Numerous PrP deposits on neuronal processes. Immunohistochemistry
with usage of 3F4 antibody

Immunohistochemical studies revealed that misfolded PrPs
was present not only as kuru plaques but also in synaptic and peri-
neuronal sites (Fig. 14) [133, 141], and in the spinal cord the
substantin gelatinosa was particularly affected, as in iatrogenic CJD
cases following peripheral inoculation [149]. Brandner et al. [150]
studied one very recent case of kuru and basically confirmed the
findings of Hainfellner et al. [ 141]. The latter case has been neuro-
pathologically compared with known subtypes of CJD and it seems
the most similar to type 3 129 MV of CJD of the Collinge et al.
[151] classification or type 2 CJD of the Parchi et al. [152] classi-
fication. Of note, immunocytochemistry with 12F10 antibodies
revealed a stronger signal than that using 3F4 anti-PrP antibodies
[142]. No positive results were obtained by staining a tonsil biopsy
with anti-PrP antibodies [153].

9 Genetics and Molecular Biology of Kuru

Even after 40 years, the summary of the genetics of kuru written
by Michael P. Alpers [89] is still valid: “iz was recognized that a
strong familial association of disease does not necessarily prove that
the cause is genetic. Furthermore, it was hard to see how a disease so
prevalent and at the same time so lethal counld have become estab-
lished in the population by purvely genetic means, unless theve was
some immense associated heterozygote advantage.” At the begin-
ning, it was demonstrated that two kuru cases were 129Met Met
[154]. Further studies found that individuals of 129V¢ Y and
129MetVal genotype were susceptible to kuru, but those of 129Met
Met genotype were overrepresented in the younger age group while
those of 1294 Vel 129Met Val ere overrepresented in much older
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age group [54, 99, 155-158]. In contrast, those people who
survived the epidemic were characterized by almost the total
absence of 129M<t Mt homozygotes. The more recent case studies
by Lantos et al. [159], McLean et al. [143], and us [141] were all
129MetMet homozygotes. Recent genome-wide studies confirmed a
strong association of kuru with a SNP localized within the codon
129 but also with two other SNPs localized within genes RARB
(the gene encoding retinoic acid receptor beta) and STMN2 (the
gene encoding SCG10) [155].

The practice of endocannibalism underlying the kuru epidemic
created a selective pressure on the prion protein genotype [160,
161]. As in CJD, homozygosity at codon 129 (129MetMet o 129Vl
Valy s overrepresented in kuru [54, 99, 155-158]. Furthermore,
Mead et al. [156, 157] found that among Fore women over 50
years of age, there is a remarkable overrepresentation of heterozy-
gosity (129MetVal) at codon 129, which is consistent with the inter-
pretation that 129M<tVal makes an individual resistant to TSE agents
and that such a resistance was selected by cannibalistic rites.
Another protective polymorphism G127 V located in a highly con-
served region of PrP was discovered by the Collinge’s group [162,
163]. This 127% was not found in any of kuru patients. Because of
this 129Met Vil heterozygote advantage, it has been suggested that
the heterozygous genotype at codon 129 has been sustained by a
widespread ancient practice of human cannibalism [164].
Furthermore, there is a hypothesis that extinction of Neanthertals
who coexisted with Homo sapiens some 45,000-30,000 years ago
is connected to the appearance of “kuru-like” epidemics spread by
cannibalism [165, 166]. Collinge et al. [123] suggested that the
survival advantage of the PRNP 129M<tMet heterozygotes provides
a basis for a selection pressure not only in Fore but also in those
human populations that practiced cannibalism. Of note this was
preconceived by Alpers and Gajdusek in 1965: “In order to explain
the combination of high incidence and high lethality, which at first
Hlance might seem to entively rule out o genetic cause unless theve was
an immense heterozygote advantage, we postulated that environmen-
tal change, of velatively vecent ovigin, has given a lethal expression to
a previously benign gene mutation established in the Fore population
as a genetic polymorphism” [ 89].

The molecular strain typing of kuru cases was performed by
the Collinge’s group [167, 168]. This typing is based on the elec-
trophoretic mobility of de-, mono-, and diglycosylated bands of
PrP* following digestion with proteinase K [151]. The four major
types of PrP% were found. The human PrP* type 1 and 4 occur
only in individuals of the codon 129M<tM<t of the PR NP gene; type
3 is seen in individuals with at least one Val at this codon and type
2 occurs in all codon 129 variants. There is another classification
based on only 2 PrP% types [152], and the agreement between
supporters of either classification has not yet been achieved. The
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kuru specimens revealed type 2 (PrPMecMet) op 3 (129Val Val) PrPSe
patterns and the glycoform ratio was similar to that of sporadic
CJD but not typical for vCJD [169-171]. In primates inoculated
with kuru and sCJD VV2 and sCJD MV 2 K| the “b” pattern of
pathology, i.c., coarser vacuoles situated in the subcortical struc-
tures and in deeper layers of the cerebral cortex, was observed.
PrP%¢ consisted of doublet of 20 and 21 kDa. The latter notion is
supported by the fact of a similar transmission rate of kuru to trans-
genic mice lacking mouse PrP gene but expressing human PrP
129" Vel gene [167, 168]. In contrast, kuru was reported as not
transmissible to normal wild-type mice but it was later shown that
it transmits to CD-1 mice with unique clinical and neuropatho-
logical patterns in infected animals [172]. Of interest, the robust
presence of PrP% in follicular dendritic cells in the spleen suggests
a possibility of the spreading of the kuru agent via the bloodstream.
Collectively, those data suggest that kuru is unique and different
from either sporadic CJD or variant CJD.

10 Conclusions and Speculations

Kuru, an extinct exotic disease transmitted by cannibalism in Papua
New Guinea, still impacts on many aspects of neurodegeneration
research. First, it shows that a human neurodegenerative disease
can result from an infection with an infectious agent, once called a
“slow virus” [104]. This discovery opened a window into the new
class of human diseases that included Creutzfeldt-Jakob disease,
Gerstmann-Striussler-Scheinker disease, and, recently, fatal familial
insomnia. Parenthetically, CJD was said to be a possible analogue
on kuru based on nonspecific neuropathological findings, but
Gerstmann-Striussler-Scheinker disease was similarly identified
because of the presence of numerous amyloid plaques not unlike
kuru plaques. The kuru plaque became a link to Alzheimer disease
and, as Gajdusek suggested [23], all amyloidoses share a common
pathogenetic mechanism—processing of a normal protein into an
amyloid deposit [173-175]. This event underlies all “conforma-
tional disorders,” including pathogenetically novel classes of neu-
rodegenerations like o-synucleinopathies, tauopathies, and
expanded triplet disorders. In his last paper, Gajdusek [21] wrote
that kuru opened new vistas like molecular casting, osmium shad-
ing of electron microscopy, formation of prion-like infectious
nucleants, and stalagmite and stalactite.
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Chapter 2

Anthropological Methods Used in Kuru Research

Shirley Lindenbaum

Abstract

This historical account of the methods used by anthropologists studying kuru from 1961 to 2010 illus-
trates the identity of anthropology as both a humanist and natural science. To understand and analyze
complex historical processes anthropologists employ both interpretive and explanatory research methods.
This chapter documents the emergence of medical anthropology as a subfield in anthropology, changes
that have taken place in the collaborative relations between anthropology and medicine, and importance
of the political context in Papua New Guinea, all of which have had an impact on the research methods of
anthropologists and medical investigators. Fore forms of health care have also changed as local therapists
adopt some aspects of biomedicine while retaining a belief that sorcerers cause illness and death, a theory
that supports their own methods of investigation.

Key words Anthropology, Humanism, Natural science, Medical anthropology, History, Kuru, Papua
New Guinea

1 Introduction

In 1964 the distinguished anthropologist Eric Wolf described
anthropology as the most scientific of the humanities, and the most
humanist of the sciences, an assessment that holds true for a disci-
pline that has emerged from a century of ethnographic and theo-
retical work. As a natural science, Wolf noted that anthropology is
concerned with the organization and function of matter; as a
humanistic discipline it is concerned with the organization and
function of mind. Anthropologists thus mediate between human
biology and ecology on the one hand, and the study of human
understanding on the other. As both observers and participants in
the internal dialogues of informants, anthropology is less subject
matter than a bond between subject matters, and the anthropolo-
gist translates from one realm to the other [1].

Anthropologists who specialize in cultural anthropology, and
who form the majority, are likely to have studied physical anthro-
pology, archaeology, and linguistics, the hallmark of the “four-field”
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approach in American anthropology. The breadth of training in
human biology and social life, and the range of cultures past and
present, equips them to make general statements about the human
condition, as well as to understand human differences and human
possibilities. Wary of Western “objective” research instruments,
the anthropological search for meaning places them closer to his-
tory, which also explores phenomena as unique, and seeks to inter-
pret them. The charge to generalize and to theorize, however,
situates anthropology equally in the social sciences [2].

Anthropologists choose research methods appropriate for the
topic and the question. Their methods include recording genealo-
gies and mapping households and gardens. They collect data on
particular issues using statistical samples, and provide more descrip-
tive accounts on such matters as rituals, myths, gender, sexuality,
health and illness, and use of plants. The most widely recognized
form of anthropological research, called fieldwork, involves observ-
ing, documenting, and participating in day-to-day community life,
to the degree that this is possible. This method of anthropological
research applies equally to observing and examining the cultural
beliefs and practices of the many actors encountered in the con-
temporary world. The archives provide a rich source for historical
and comparative material.

Current research often requires understanding the worldwide
networks of places linked to many field sites, although the anthro-
pologist does not necessarily reside in all of them. Anthropologists
record their observations and findings in notebooks and laptops.
They use tape recorders, cameras, and video equipment, and keep
a daily diary to record the sequence of events, and for personal
reflections. With the help of interpreters they record and translate
interviews, and ideally become fluent speakers of local languages.
Those who work in Papua New Guinea speak Melanesian pidgin,
allowing them to communicate across many linguistic boundaries.
While living with people in their own communities for long peri-
ods of time, initial research usually lasts for at least a year, followed
in many cases by one or more return visits lasting for shorter peri-
ods. Many anthropologists now communicate by cell phone with
village friends and former research assistants, and sometimes by
e-mail with those who have access to computers.

In recent years static accounts of social arrangements and cul-
tural beliefs have been displaced by an appreciation of dynamic
change. Anthropologists have moved away from an interest in the
uniqueness and diversity of local cultures toward the study of
regional organizations and historical processes. They look increas-
ingly at the cultural formations of urban areas and nation states,
and at transnational and global processes. The tribes and peasants
of the world are seen to be responding to the variety of global
institutions, ideas, and diseases that shape the experience of per-
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sonal and collective life. Anthropologists often become advocates
for indigenous people, a commitment that grows organically from
an anthropology that gives voice to those whose opinions are rarely
heard. As the world changes, analytical frameworks are updated,
and most departments now teach a course in the history of anthro-
pological theory. A number of subfields have also emerged.
Ecological anthropologists, for example, study relationships among
humans, animals, and their biophysical environments. Medical
anthropologists study how health and illnesses are shaped, experi-
enced, and understood in the context of global, historical, and
political forces. They engage also with issues in biomedicine, once
called Western medicine. As a product of the West, biomedicine,
like all forms of medical knowledge and practice, takes form in a
particular historical, social, and cultural context. Its assumed uni-
versalism is thus questioned.

Anthropologists are trained to interrogate their own cultural
assumptions and biases. They are also aware that their own pres-
ence can influence the processes they seek to observe. The
American Anthropological Association (www.aaanet.org) pro-
vides a Code of Ethics for the conduct expected of anthropolo-
gists as they undertake their research, as well as information
about the range of subfields and associated journals sponsored
by the Association.

The story of anthropological research methods that follows
draws attention to two “phases” of research associated with kuru.
The first describes the topics, questions, and methods that Robert
Glasse and I employed from 1961 to 1963, and those I used dur-
ing a number of short field trips between 1970 and 2008. The
second describes the topics, questions, and methods used by the
anthropologist Jerome Whitfield from 1996 to 2010.

2 Phase One

Early medical investigations of kuru were hampered by the lack of
information about Fore social life, especially kinship. In 1961,
Robert Glasse and I were sent to collect this data, supported by a
grant from the Department of Genetics, Adelaide University. We
chose to live in Wanitabe, a South Fore community in the Eastern
Highlands, which had the highest reported incidence of the dis-
ease. Our focus on Fore kinship led us to question the genetic
hypothesis current at the time. We had been charged to collect
“pedigrees,” not “genealogies,” the latter an anthropological term
that acknowledges notions of relatedness that are subject to his-
torical and cultural construction. Our genealogies showed that
many of the supposedly closely related kuru victims were not
closely related biologically, but were kin in what we would call a
social sense.
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The process of acquiring and assembling genealogical informa-
tion occupied much of our time during the first months in the
field. We began by recording information from what we deter-
mined to be the largest locally recognized group of people at
Wanitabe to form a distinct political and spatial entity, which we
called a parish. This population of 350 people in 1962 was com-
posed of 7 patrilineal lineages, which the Fore called lounei, or
lines, and which were considered to be united by notions of patri-
lineal descent. The Fore lack of concern for strict descent reckon-
ing, however, was manifest in the linguistic distinctions they made
about Wanitabe co-residents, who were defined as mago kina,
ground source people, or original residents (k/gina suffix = peo-
ple), tubagina, people who gather, that is, immigrants, and aguya
gina, those who have been beaten, or war refugees. Immigrants
and refugees were welcomed as long as they demonstrated loyalty
and observed their new social obligations. In time, the newcomers
were said to possess “one blood” and a common ancestry, convey-
ing the idea that those who reside and act together, and eat food
grown on the same land, share bodily substance. Descent was a
symbol of unity for a coalition of people with shared social and
political interests.

In addition, childless couples could adopt an infant from
another lineage family, and kinship could be “created” or “gener-
ated” in food-sharing ceremonies with people who had no recog-
nized consanguineal ties. Held in the early afternoon, a time of day
called the kagi-nei (nei suffix = the), the new kin were referred to
as kagi-sa-kina, ceremonially created or “fictional” kin. Such flex-
ibility in kinship definition meant that lines of cleavage could
undermine unity, finding expression in accusations of sorcery and
the emigration of lineage groups settling in distant locations. These
two features, fictional kinship and population mobility, had rele-
vance for the distribution of a disease thought to be based on a
close breeding unit and a simple genetic factor.

Our genealogies recorded kinship two generations above the
adult male being interviewed (the characteristic depth of Fore kin-
ship memory), the informant’s marriages, as well as those of his
siblings and all their descendants, including infant deaths. We also
interviewed women, but adult women often came from other local
groups at the time of marriage, and although they had their own
kin networks, they were unable to provide extensive knowledge of
the relationships we were investigating. Robert and I first recorded
the information in 1961 and 1962, and I brought them up to date
in 1993 and 1996. Our genealogies recorded a wide range of data:
male and female kuru deaths, male deaths from warfare, other
deaths and their causes defined by the Fore, the exodus of women
at the time of marriage and of men for employment, as well as reli-
gious affiliation (Open Bible, Seventh Day Adventist, Salvation
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Army, or no affiliation). Additional information included the form
of marriage from the male point of view: matrilateral cross cousins
(mother’s brother’s daughter) the preferred form, more distant
maternal cousins, and those said to be unrelated, as well as chil-
dren’s level of education. To make reading easier, the genealogies
were color-coded.

The genealogy provided here (Fig. 1) is a simplified version of
page 6 of 70 pages for Wanitabe parish. MANOVA, identified in
line one as our main informant in this case was about 70 years old
in 1961. The genealogy illustrates the gendered and generational
impact of the epidemic. In-filled circles represent female kuru
deaths, triangles represent men. Cannibalism ended in 1960, and
no one born since that time has come down with the disease. The
last case of kuru occurred in 2009, but as this genealogy shows, the
epidemic was waning in 1996, and the population was increasing.
Fewer men were dying during warfare, a significant cause of death
still present in Manova’s generation, with brothers inheriting the
wives. A government clinic was now providing health care that
included vaccinations for infants. All the children in the third gen-
eration were attending primary school, grades two to six, and only
one child had died, one of Manova’s great grand-daughters. The
note in the right margin indicates that further information about
this particular genealogy could be found on page 7.

Fore genecalogical knowledge, like that of most Eastern
Highlanders, is shallow. Hearing about my genealogical enquiries
in 1996, some men from outside Wanitabe asked for their grandfa-
ther’s names to bestow on their children. One interesting feature
of our focus on where wives came from meant that we could pro-
vide a statistical estimate of the degree to which marriages were
endogamous (marriage within Wanitabe) or exogamous (outside
Wanitabe). Arrows in Fig. 1 show the exodus of women at mar-
riage. The genealogy reveals the high frequency of endogamous
marriage on the one hand, and the wide dispersion of exogamous
marriage on the other, evidence of a high rate of gene flow within
and between Wanitabe and other local groups, as well as a multi-
tude of channels for interacting with many other groups [3].

The process of taking genealogies often attracted a small group
of interested male participants (the women were busy working in
the gardens). The men helped to document, and sometimes cor-
rect, the detailed data we were recording, which was enriched by
spontaneous accounts of local politics and military victories over
aggressive neighbors, as well as insight into local values, such as the
way the hunting abilities of certain men made them attractive to
women, or the psychodynamics of gender formation, when as
youths they overcame the pain, terrors, and hardships of male ini-
tiation. These long genealogy-recording sessions proved to be a
rich source of unsolicited ethnographic and historical information
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on many seemingly unrelated topics, and illustrate the often indi-
rect anthropological method of collecting and interpreting data.

In addition to gaining an understanding of local concepts of
kinship and marriage, our early investigations focused on kuru.
We were surprised when people at Wanitabe said that kuru was a
new disease, and that they could remember the first cases of the
disease in their own and in neighboring communities. With sev-
eral Fore research assistants we spent several weeks visiting Fore
hamlets from the south to the north, and into the borderlands of
the neighboring Keiagana, a different linguistic and cultural
group, gathering accounts of “first sightings.” We conducted
interviews in Melanesian pidgin, our research assistants providing
translations of Fore and other local languages. These oral histories
showed that the Fore understood kuru to be of recent origin.
Their stories depicted an epidemic that had spread within recent
memory, emerging on the North Fore border around the turn of
the century, and then spreading south along a traceable route
until it reached Wanitabe and further south in the early 1930s [4].
This finding was a second challenge to the Mendelian model of
genetics, which assumed that the disease was of remote evolution-
ary origin, and that it ought to have been in epidemiological equi-
librium. However, as John Mathews, a medical investigator
studying kuru, observed, the disease was too common and too
fatal to be a purely genetic disorder, unless the hypothetical kuru
gene was maintained at high frequency by a mechanism of bal-
anced polymorphism. There was no evidence to support this latter
suggestion [5]. Mathew’s speculation would be shown to be rel-
evant in the later identification of a human prion protein gene
imposing strong balancing selection on the Fore population dur-
ing the kuru epidemic.

The people we interviewed also said that those who died of
kuru had been consumed. Before we began fieldwork we had read
anthropological accounts of cannibalism in the Eastern Highlands,
particularly among the Fore [6]. We collected more detailed infor-
mation about the Fore practice and learned that all body parts were
caten, except the gallbladder, which was considered too bitter.
Significantly, not all Fore were cannibals. Some elderly men rarely
ate human flesh, but small children residing with their mothers ate
what their mothers gave them. Youths who were initiated around
the age of 9 or 10 moved to the men’s house, where they began to
observe the cultural practices and dietary regimes that defined
masculinity. Consuming the dead was considered appropriate for
adult women and small children, but not adult men, who feared
the pollution and physical depletion associated with eating a corpse,
especially that of a woman. Body parts were not distributed ran-
domly, but were consumed by particular kin. We compiled tables
to illustrate the different customary rights, defined by kinship, to
consume a male or a female corpse [3].
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In 1957, Carleton Gajdusek and Vincent Zigas had published
two articles in which they referred to kuru as a disease new to
Western medicine [7, 8]. The articles noted the high incidence of
kuru in certain families and hamlets, its localization to the Fore and
adjacent peoples with whom they intermarried, and the predilec-
tion for children and adult women. This epidemiological data
seemed to match Fore rules for human consumption. Robert wrote
about this in our 1962 and 1963 fieldwork reports to John
Gunther, the Director of Public Health, the institute that had
funded our second year of research [9, 10]. In 1967 Robert then
presented the case for cannibalism to the Division of Anthropology
at the New York Academy of Sciences [11].

Our reports were initially viewed with skepticism by many
medical investigators and some anthropologists. John Mathews,
however, embraced and further investigated our findings. His
mathematical analysis of our genealogies [ 12] confirmed that kuru
was of limited time depth, and that the genetic theory proposed by
the geneticists was probably wrong. In 1968 Robert and I joined
Mathews in a publication that would reach a wider medical audi-
ence [13]. This paper showed that the cannibalism hypothesis was
supported by a wealth of epidemiological and ethnographic data
consistent with Fore stories about named individuals who had
taken part in mortuary feasts, and who had themselves died of
kuru, and predicted what was likely to happen if the cannibalism
theory was true.

A key focus of medical anthropology concerns the ways in
which local populations experience, understand, and respond to
illness and death, and the historical context in which this occurs.
The late 1950s and early 1960s were crisis years for the Fore. The
marital histories of Wanitabe men that we recorded in 1962 showed
that they had contracted 76 marriages, or one-and-a-half per man.
Two marriages had ended in divorce, and 45 with the death of the
wife, 40 of them from kuru [4]. At that time, the motherless
nuclear family was a common domestic unit.

When we first arrived in the South Fore in 1961, however, we
were surprised by the absence of kuru victims. We learned that
between April and August 1961, over 70 kuru victims had recently
walked or were carried to Uvai, a community of Gimi-speaking
peoples on the other side of the Yani river, where a Gimi therapist
was said to be providing a cure for kuru. With our interpreters and
a small team of Fore men carrying our equipment and food sup-
plies, we followed the path of the pilgrims to Uvai. For over a week
we observed and interviewed the patients and their relatives, as
well as the Gimi therapist and his assistants, and then returned to
Wanitabe traveling slowly through Fore villages where we
interviewed returned patients who were still alive. In the following
months, the Gimi therapist and his assistants visited the South Fore
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to provide follow-up treatments, which we witnessed and photo-
graphed. Forest medicines and bloodletting sessions were used
again, but the therapist now alluded to the identity of the sorcerer,
ambiguously suggesting his place of residence.

As kuru victims continued to die, however, the Fore were
aware that they faced a demographic emergency, the dimensions of
which they grasped clearly. From November 1962 to the end of
March 1963, they held public meetings in different parishes to
demand the outlawing of kuru sorcery, and to repair the sexual
imbalance that was affecting daily life. Speakers declared that sor-
cerers had exceeded all moral boundaries, ignoring the limits they
placed on their own behaviors during warfare. The ritualized meet-
ings, a Fore method for investigating and stamping out the disease,
provided a forum for reviewing mutual suspicions and hostilities,
and a public arena for confession, expressions of self-denigration,
and a concern that the colonial administration would consider
them to be the guilty actors. To the often-expressed fear of extinc-
tion from the loss of women’s reproductive powers, they now
added the fear of internal disruption so great that the bonds that
had long held them together were themselves endangered. Robert
and I attended and recorded the meetings, and discussed them
later with several speakers who came to our field house to register
their own views [4].

In the 1960s anthropologists renewed an interest in the anal-
ysis of myths, rituals, and symbolism. Victor Turner’s accounts of
the ritual response to severe misfortune among the Ndembu in
Africa provided comparative material for analyzing these Fore
rituals in which common values were similarly stressed, as were
the confessions of guilt by those who felt they had broken some
norm governing the intercourse of the living with the dead,
allowing individuals to purge themselves of rebellious wishes and
emotions [14].

In short field trips between 1970 and 2008, I continued to
document economic, political, and social changes taking place in
the South Fore, particularly after Independence in 1975, showing
how the changes had affected the way Fore now spoke about the
epidemic and its causation. A particular challenge was how to
explain the decline and apparent disappearance of the disease that
had once endangered their survival. By the 1990s most people said
that kuru had decreased with the arrival of Christianity, the school,
and the market, a set of coherences that seemed causal, and that
kuru would disappear when the last of the generation of elders had
died, taking with them knowledge of the sorcery that had caused
the epidemic. The Fore did not assume, as many scholars have sup-
posed, that all belief in sorcery and witchcraft would end with
“modernization” and modern science. This has not been the case
in Papua New Guinea or elsewhere in the world [15]. The Fore
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still thought that kuru sorcerers caused kuru, but had turned to
more profitable ventures, and they described a new form of sorcery
coming to them from their Gimi neighbors. They were correct,
however, in their historical observation that “modernity” had a
place in ridding them of kuru. As a result of their encounters with
the messengers of modernity, the missionaries and colonial admin-
istrators, who spoke out against cannibalism, which they viewed as
a perversion and legal offense, the Fore gradually gave up the prac-
tice. At that time, the Fore, the missionaries, and government offi-
cers saw no relationship between kuru and the consumption of
deceased relatives, but all three had unwittingly halted the trans-
mission of the disease. New therapists had also begun to displace
the local practitioners who had once provided cures for kuru. This
new generation treated gonorrhea, syphilis, chlamydia, cancer, and
AIDS, and they continued to use medicines from forest plants and
trees, their identity no longer revealed in dreams, but in visions
sent by God. Some of them took their medicines to be tested in
biomedical institutes. In their view, the efficacy of their treatments
did not depend on biomedical assessment, but on the foundations
of Fore knowledge: visible proof, the power of spirits beings, and
the authority of a Christian God.

As we see, the Fore now have access to two forms of medicine,
which are not seen as incompatible, one based on their own under-
standings of the natural world, the anatomical self, and the world
of social and spiritual relations, and the other on biomedical treat-
ments provided by the local government clinic. Ethnographic
accounts of health care elsewhere in the world provide similar
reports of the integration of these two therapeutic modes.

3 Phase Two

The second phase of anthropological research takes place in a his-
torical context in which the relationship between medicine and
anthropology had changed. Kuru research in Phase Two is also
carried out in a new political environment, following Papua New
Guinea Independence in 1975.

Anthropological research in Phase One had begun during the
1960s, before medical anthropology was a recognized field of
anthropological study. The Society for Medical Anthropology was
formed in 1972, and its impact was not apparent until the 1980s,
when the AIDS epidemic began to draw many anthropologists to
study health and illness. In 1988, the Wenner Gren Foundation
sponsored a conference to examine the historical development of
medical anthropology, and to consider the directions in which it
was headed [16]. By 2001, the Society for Medical Anthropology
had become second largest Section (0f 40 Sections) in the American
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Anthropological Association. Medical anthropology is now taught
in many departments of anthropology. Anthropologists also teach
in medical schools, and some are members of multidisciplinary
research teams, as kuru research Phase Two illustrates.

With the appearance of bovine spongiform encephalopathy
(BSE) in the United Kingdom in 1986, and the identification of
variant Creutzfeldt-Jakob disease, the kuru epidemic had acquired
a new global relevance. The (MRC) Prion Institute in London
established a research outpost at Waisa, a South Fore community,
about an hour’s walk from Wanitabe, where the Papua New Guinea
Institute of Medical Research, under the direction of Michael
Alpers, had a research base. The Institute’s old research house at
Waisa was refurbished and made liveable, equipped with solar
power for lighting and recharging batteries. A small laboratory for
the fractionation and freezing of blood samples was built and fully
equipped with lighting, water supplies, a hand-powered centrifuge,
and a —40 °C freezer. A specially adapted Land Rover to support
the project was shipped from the United Kingdom, and a helicop-
ter landing pad area was cleared for the use of charter helicopters
when road conditions were hazardous or impractical. The Institute
of Medicine in Goroka (IMR) provided the project with office
space and administrative support. John Collinge, the Director of
the London Prion Unit, made annual visits, and other members of
the Unit occasionally visited the field site.

The Unit’s scientific objectives were “to identify and study all
the remaining kuru patients, and document the maximum inocula-
tion periods; to provide further data for accurate epidemiological
modeling of the kuru epidemic to estimate key epidemic parame-
ters and traditional beliefs of the aetiology of kuru by interviewing
surviving participants and other members of the Fore community;
to study the clinical features of the current kuru patients and to
compare clinical and other diagnostic features with other human
prion diseases, notably iatrogenic and variant CJD; to investigate
any evidence of maternal or other routes of kuru transmission; to
identify genetic susceptibility factors to kuru by study of recent
patients and archived samples, long-term survivors of multiple
feast exposures and the normal Fore and adjacent (exposed and
unexposed) populations; to study the peripheral pathogenesis of
kuru and tissue distribution of infectivity; and investigate the pos-
sibility of sub-clinical prion infection by analysis of autopsy tissues
from patients and elderly exposed, but clinically unaffected indi-
viduals” [17]. Jerome Whitfield, an anthropologist with a Diploma
in Nursing and a background in emergency and tropical medicine,
was recruited to assist in carrying out many of the program’s social
and scientific objectives.

Whitfield arrived in Papua New Guinea in 1996 to begin
research on the anthropological and medical dimensions of this
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multidisciplinary project. With a local field staff of 14 young men,
he lived and worked in the South Fore for 7 years, and then visited
for a further seven. To update and keep track of the epidemic, ten
“kuru reporters” in the field team were responsible for identitying
kuru cases in their home locations. Whitfield and several team
members then visited the family, and with the family’s consent,
Whitfield examined the patient, took a case history, and made a
neurological examination, which was filmed and sent to Alpers and
Collinge for verification. If they were available, Alpers or Collinge
would visit the patient. This method of surveillance documented
all cases of kuru from 1996 to 2010; one local reporter continued
to provide information until 2012, when the project ended.

Six months into fieldwork, Whitfield began to collect blood
samples. Sometimes assisted by IMR nursing staff, Jerome and the
team collected blood samples from 3322 individuals in the kuru-
affected region, and another 984 from surrounding linguistic
groups (Gimi, Keiagana, Kanite, Yagaria, Yate, Kamano, Auyana,
Awa, and Usurufa). Where blood sampling was of little benefit to
the health of participants, they introduced malaria and anemia
screening, and with the results in hand, Whitfield and the team
returned to the village to treat those with malaria and anemia.
Genealogical information associated with each blood sample, such
as language group, place of birth, and ancestral group names, was
recorded. In some cases the genealogies resulted only in the names
of parents and children; in others, the information included the
names of grandparents or occasionally great-grandparents and
their children. Adoptions were recorded when this was common
knowledge, as well as the names of second and third wives, or hus-
bands. Fore age estimates were calculated based on a chronology
of'local events; non-Fore age estimates for other populations in the
Eastern Highlands, taken from government census data, were less
complete. Genealogical data associated with blood samples in pop-
ulations not affected by kuru consisted mostly of father’s name,
mother’s name, village, and language group. Initially logged in
field books, the data are now digitalized, allowing the information
to be linked readily to the blood donor. The field books were also
copied and entered into the Prion Unit database [18].

This body of data contributed to a number of important medi-
cal findings. In 2003, some elderly women known to have con-
sumed deceased kin were shown to have a distinct genetic type of
prion protein gene (heterozygous at position 129), which provided
protection against kuru as a result of exposure to the prion infec-
tious agent, in keeping with balancing selection. Global patterns of
diversity in the same gene suggest that European populations show
similar, but older, evidence of selection and survival advantage as a
result of presumed endocannibalism and prion-related epidemics
in the past [19]. In 2009, with data from a larger sample of the
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Eastern Highlands® material, the medical investigators located a
novel variant of the prion protein gene (at position 127), again in
elderly women survivors of the epidemic, which was also a power-
ful acquired prion-disease resistance factor [20]. And in June 2015,
the Unit reported that the amino acid change that occurs at codon
127 (127 V), replacing a glycine with a valine, had a different and
more powerful effect than the substitution at codon 129 (129 M).
Transgenic mice with the codon 127 mutation were completely
resistant to kuru and Creutzfeldt-Jakob disease (CJD). The selec-
tion of a single genetic change which occurred during the kuru
epidemic is said to provide a striking example of Darwinian evolu-
tion in humans. While the collapse of the Fore population was
prevented by the cessation of endocannibalism in the late 1950s,
this new data suggested that if transmission had continued, the
epicenter of the affected region in the South Fore might have been
repopulated with kuru-resistant individuals in a population genetic
response to the epidemic [21].

With the earlier anthropological hypothesis that kuru was
transmitted by cannibalism now accepted, Whitfield was charged
with providing further information about Fore mortuary prac-
tices that might have relevance for the changing epidemiological
patterns of the disease. This ethnographic research had one novel
methodological addition: two Fore members of the research
team initially interviewed their own family members about the
beliefs and practices of mortuary cannibalism in order to test the
teasibility of the study. With this established, unstructured inter-
views were followed by larger group discussions with many of
the team members’ elders. The members of the team had not
undergone initiation, where this information would have been
transmitted, and thus had no knowledge of beliefs and practices
that had ended in the 1960s, and like their elders, they now con-
sidered themselves to be Christians. As the elders confirmed,
information about mortuary cannibalism had been kept secret
from the younger generation and from most outsiders.
Conducted in the Fore language, the interviews were translated
into pidgin and back again into Fore, to ensure the accuracy of
translation.

Spreading out from Waisa, Whitfield and several team mem-
bers interviewed 65 men and 11 women in 20 different villages,
the gender imbalance reflecting the death of women as a result of
kuru. Although adult males did not participate in eating the dead,
the elders had participated in, or had witnessed, mortuary feasts as
children. The interviews focused on concepts and behaviors associ-
ated with body, the soul, and the mourners, the three dimensions
identified in Robert Hertz’ legendary contribution to the socio-
logical study of death, first published in 1907 [22]. This provided a
template for Whitfield’s analysis of traditional mortuary ceremonies
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among the Fore and in nearby Eastern Highland populations where
cannibalism had once been practiced [23].

Postcolonial Papua New Guinea in the late 1990s, with its
heightened sense of nationalism, presented a difficult political
environment for the Prion Unit’s investigations. Sensitive to
these conditions, Whitfield had been charged with establishing
and maintaining contact with local communities, continuing a
legacy of the reciprocal interactions and obligations established
earlier by anthropologists and medical investigators, which had
consisted mainly of gifts and support to individuals and families.
(My fieldwork obligations during the 1990s also expanded to
include contributions to an education fund to pay school fees for
South Fore children, and toward construction of a new elemen-
tary school at Wanitabe.)

With his medical qualifications Whitfield could assist in pro-
viding health care to communities in the project. This support,
of necessity, differed from the “community medicine” adopted
elsewhere in the Eastern Highlands, in which epidemiological
studies could identify the causative factors in illness and death,
such as the consumption of contaminated pork during local fes-
tivals that resulted in a form of food poisoning called enteritis
necroticans (pig-bel in pidgin). The epidemiologist could then
work to alter dietary behaviors to prevent occurrence of the dis-
ease, and to introduce economic development (such as smoke
houses) to sustain the change [24]. The behaviors causing kuru,
however, had already changed, the epidemic was ending, and
the Prion Unit wished to undertake research that could promise
no apparent future benefit. Instead, responding to local requests
for assistance, the Unit provided the local health center with
medicines when clinic supplies ran out, evacuated patients by
car or helicopter to the hospital in Goroka, and, in collabora-
tion with Save the Children Fund, initiated a village birth atten-
dant program. The field team, led by Whitfield, also held medical
clinics in remote areas, and provided malaria and anemia screen-
ing and treatment in low-lying villages affected by malaria,
assisted at times by nursing staff from the Institute of Medicine.
Outside funding was gained to provide water supplies for the
local marketplace, and in a number of villages, for the construc-
tion of primary schools. When the last kuru autopsy took place
in 2003 (carried out by an Eastern Highlander), and with the
agreement and cooperation of the extended family, a compensa-
tion payment was made for the future education of the family’s
children. The “End of Kuru” conference, held in London in
2007, was attended by 15 Papua New Guineans, 12 of them
Fore. Several of them provided testimonies of their own memo-
ries and experience [25].
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4 Discussion
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Chapter 3

Nonhuman Primates in Research on Transmissible
Spongiform Encephalopathies

David M. Asher, Pedro Piccardo, and Luisa Gregori

Abstract

Nonhuman primates played an important role in early studies of the human transmissible spongiform
encephalopathies (TSEs): kuru, Creutzfeldt-Jakob disease (CJD), and similar degenerative diseases of the
nervous system. The high cost of procuring and maintaining nonhuman primates and growing public
resistance have discouraged their use for TSE research in recent years. Invasive research with chimpanzees
has effectively ended in the USA. A few situations remain, however, in which laboratory primates offer
advantages for biomedical research on TSEs: (1) transmission attempts when etiology and host range of a
human disease are not yet known or when more accessible tests to detect an infectious agent are either
unavailable or not feasible; (2) studies of pathogenesis using monkeys instead of rodents may be more
directly relevant to a human TSE; and (3) preparation of certain biological reference materials, such as
blood or tissues infected with a human-derived TSE agent, might require a species of animal genetically
close to humans because of antigenically similar prion proteins.

Key words Transmissible spongiform encephalopathy (TSE), Prion, Creutzfeldt-Jakob disease
(CJD), Monkey, Macaque, Chimpanzee, Squirrel monkey, Pathogenesis, Biological reference
material

1 Use of Nonhuman Primates to Demonstrate Transmissibility of Human
Diseases

William Hadlow presciently observed that the human progressive
neurological disease kuru [1] resembled ovine scrapie [2]—a con-
tagious disease with a very long silent incubation period, at the
time experimentally transmitted only from sick to healthy sheep
and to a closely related species, goats. Hadlow’s observation imme-
diately suggested two important requirements for future attempts
to transmit kuru experimentally: human materials should be

Disclaimer: The authors’ contributions to this chapter are informal communications representing our own
best judgment that do not bind or obligate the US FDA.
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injected into animals as closely related to humans as possible and
long incubation periods were to be expected. Stimulated by
Hadlow’s observation, D. Carleton Gajdusek and colleagues
injected nonhuman primates with brain suspensions from kuru
patients in 1963, several inoculated chimpanzees became ill 2 years
later [3] with a relentlessly progressive illness recapitulating many
clinical and histopathological features of kuru [4]. Primates of
other species later proved susceptible to kuru as well [5]. The suc-
cessful experimental transmission of kuru immediately suggested
that other human neurological diseases might also be transmissi-
ble. Within 2 years, brain suspension from a case of sporadic CJD
had transmitted a similar spongiform encephalopathy to chimpan-
zees [6], later to monkeys, and eventually to nonprimate animals
[7]. From that time until now, only kuru, CJD, and its variants and
similar spongiform encephalopathies, like the Gerstmann-
Striussler-Scheinker syndrome, have been experimentally transmit-
ted to nonhuman primates [8, 9].

It might be argued in retrospect that the infectious nature of the
transmissible spongiform encephalopathies (TSEs) could have been
demonstrated without recourse to terminal studies in primates,
because other animals were later found to be susceptible, albeit less
consistently [8, 9]; however, as early as the first third of the twenti-
eth century, chimpanzees and monkeys were used to establish an
infectious etiology and to study pathogenesis of several transmissible
illnesses of humans—yellow fever [10-12] and poliomyelitis [13]
come to mind—so that by the mid-twentieth century nonhuman
primate models had long been considered a normal part of the sci-
entific armamentarium to investigate human infectious diseases. In
any case, the remarkable similarities between clinical and histopatho-
logical manifestations of human kuru and CJD to the diseases trans-
mitted to chimpanzees quickly quelled doubts that the human
spongiform encephalopathies were infections and accelerated
research on the diseases and their mysterious self-replicating agents,
and that research eventually led to derivation of transgenic mice sus-
ceptible to human TSE agents [ 14, 15] that have generally replaced
primates in the study of TSEs. (Certain cell lines susceptible to infec-
tion with a few strains of TSE agent have also been used to study
characteristics of the agents [16] but have not yet detected the
agents in tissues of naturally infected humans or animals.)
Nonetheless, until better models are developed, attempts to transmit
infection to primates might be justified under some circumstances to
study TSEs and other human diseases of unknown etiology.

Another appropriate use of nonhuman primates to detect
human TSE agents might be to investigate some situations in
which iatrogenic infection is suspected, because primates accom-
modate the large volumes of inoculum often needed to detect very
small amounts of infectivity present in body fluids or tissues. As an
example, detecting CJD agent in only one ot 76 lots of reconstituted
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lyophilized cadaveric human pituitary growth hormone employed
more than 200 squirrel monkeys inoculated by the intracranial
(IC) and by other routes and then maintained for more than
5 years as an infectivity assay [17]; the study would have required
a huge number of CJD-susceptible transgenic mice (not yet avail-
able at the time) simply to accommodate the volumes of hormone
tested without assurance that even susceptible mice would have
survived long enough to express recognizable disease after infec-
tion with the tiny amount of CJD agent present.

Primates might also be used to test special inocula otherwise
difficult to assay in small laboratory animals or in TSE-susceptible
cell cultures (still lacking for most human TSE agents). For exam-
ple, the experimental transmission of CJD by IC implantation into
a chimpanzee of an electrode contaminated during epilepsy sur-
gery [18] would have been very difficult in smaller animals.
Another recent example of the unique contribution to research by
TSE infectivity assays in primates was an effort to determine a
dose-response relationship for transfusion-transmitted CJD (the
probable amount of infectivity in human blood needed to transmit
an infection to a recipient exposed by transfusion [19]); that esti-
mate was derived from reanalysis of data in a much earlier summary
report of nonhuman primates’ inoculated IC with suspensions of
brain tissue from patients with CJD [8].

Regarding the species of nonhuman primate most suitable to
detect human TSE agents, although chimpanzees were the earliest
species studied [3, 6] and were more consistently susceptible to
infection than other species (Table 1), squirrel monkeys proved
almost as sensitive to infection with both kuru and CJD agents as
chimpanzees (Table 2) [8, 9] and remain the most accessible non-
human primate to study TSEs, now that chimpanzees are no lon-
ger to be used for invasive research. (Indeed, after 1985 no new
chimpanzees were introduced into TSE research by the NIH.)

However, the advantages of squirrel monkeys for detecting
TSE agents transmissible to humans should not be overstated; for
example, squirrel monkeys were less sensitive to infection with the
agent of bovine spongiform encephalopathy (BSE) and had much
longer incubation periods than did TgBo transgenic mice that
express bovine prion protein (PrP) [20].

There are also regulatory impediments to TSE research with
nonhuman primates. Squirrel monkeys (and their “parts and deriv-
atives”) are currently listed in Appendix II of the Convention on
International Trade in Endangered Species of Wild Fauna and
Fauna [21]; CITES Appendix-II animals are “ ... not necessarily
now threatened with extinction ... [but] may become so unless
trade is closely controlled.” CITES permits the international ship-
ment of such animals but only with an export certificate. National
authorities determine the criteria for granting export certificates
for CITES Appendix-II species and may impose even stricter
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Table 2
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Comparison of transmissions from brain tissues of patients with three histopathologically confirmed
TSEs to two nonhuman primate species (adapted from [9])

Disease Cases Animals AST (SD) Range of survival
Chimpanzee CJD 31 36 27 (21) 11-76
1 1 17
Kuru 10 17 33 (15) 20-84
Squirrel monkey CJD 168 223 28 (16) 11-166
2 3 23 (1) 20-22
Kuru 10 15 25 (9) 8-38

The comparison was limited to animals inoculated IC with 1-20% suspensions of brain tissue from confirmed cases of
disease. All forms of CJD were included, though most had sporadic CJD. AST, average survival time in months (mo);
SD, standard deviation; CJD, Creutzfeldt-Jakob disease; GSS, Gerstmann-Striussler-Scheinker syndrome

requirements (for example, the US Department of the Interior
currently prohibits the export of their tissues and even extracts of
tissues). Chimpanzees, seriously threatened with extinction in the
wild, are listed in CITES Appendix-1, prohibiting international
trade under almost all circumstances.

2 Use of Nonhuman Primates to Study the Pathogenesis of TSEs

Humans are phylogenetically closer to other primates than to
rodents. Pathogenesis of TSEs in conventional or transgenic
rodents, although informative, does not always faithfully recapitu-
late all aspects of human infections with similar TSE agents; conse-
quently, there are situations in which the similarity of nonhuman
primates to humans allows experimental studies more directly rel-
evant to pathogenesis of human TSEs than studies in rodents
would be. For example, the feeding of infected brains to squirrel
monkeys transmitted typical kuru and CJD [22], confirming the
plausibility of an oral route of exposure by which humans acquired
kuru and most vCJD infections. The same study also transmitted
scrapie—never implicated as likely source of a human TSE—to
squirrel monkeys, serving to warn that, at least under some experi-
mental circumstances, the oral route was effective and a “species
barrier” failed to protect a primate against scrapie infection. Recent
studies by Comoy et al. confirmed transmission of natural sheep
scrapie to a cynomolgus macaque that became ill 10 years after
intracerebral inoculation of brain extract [23]. Marsh et al. showed
that squirrel monkeys infected by the IC route with brain homog-
enate from a mule deer with chronic wasting disease (CWD) devel-
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oped TSE approximately 30 months post-infection [24]. Race and
colleagues [ 14] tested two primate species and two routes of inoc-
ulation (IC and oral) to study the susceptibility of primates to
CWD, finding that most squirrel monkeys developed TSE but only
following long incubation periods. However, cynomolgus
macaques (Old World monkeys evolutionarily closer to humans
than are New World squirrel monkeys) showed no signs of disease
6 years post-inoculation. (Results of a recent study—unpublished
but publicly presented [Czub S et al. Prion 2017, Edinburgh, May
2017 ]-showed that macaques were infected by the oral route with
muscle of overtly healthy deer incubating CWD). These studies
highlight the importance of using animal models with long life
spans but also indicate that experimental susceptibility of monkeys
to a TSE does not necessarily predict human susceptibility. It is
important to note that, in spite of the fact that food-borne expo-
sures to scrapie and CWD agents transmitted disease to monkeys,
no epidemiological evidence suggests that humans have actually
been infected with either agent [25-27].

Recent comparative studies of TSEs in different species of mon-
key help to understand variable and constant features of TSE histo-
pathology—including variability in properties of the abnormal form
of PrP associated with TSEs, variously designated scrapie-type prion
protein (PrP%), protease-resistant PrP (PrPr), disease-associated
PrP (PrPP), or TSE-associated PrP (PrP™F) [28, 29]—the term
used here. There can be no doubt that animals must express normal
“cellular” PrP (PrP°) to be infected with TSE agents [30] and that
mutations in the PrP-encoding gene are linked to the autosomal
dominant expression of familial human TSEs [31]. However, the
role of PrP™¥ in pathogenesis of TSEs is not yet fully understood
and its role in etiology—proposed by the widely accepted “prion
hypothesis” to be the self-replicating pathogenic agent itself [32 ]—
remains controversial [16].

Studies in monkeys have helped to elucidate some aspects of
the role that PrP™E may play in pathogenesis of TSEs. For example,
brains of cynomolgus monkeys infected with the BSE agent had
amyloid plaques composed of PrPTE resembling those in human
vCJD [33], while brains of squirrel monkeys with experimental
BSE did not [34, 35]. Brains of both simian species contained dit-
fuse deposits of abnormal PrP™E. Those differences suggest that,
because they were not a constant feature of TSEs in monkeys, amy-
loid plaques cannot be essential to pathogenesis of BSE. (Plaques
have also not been described in brains of cattle with “classical” BSE
[36]). On the other hand, because diffuse parenchymal deposits
composed of PrP™E are consistently present in the brain in TSEs,
they can be considered to be an important feature of disease.

Differences in the molecular mass and relative abundance of
isoforms of PrPTE (resulting from differences in amounts of digly-
cosylated, monoglycosylated, and nonglycosylated PrP remaining
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Fig. 1 Comparison of PrP™E extracted from brains with TSEs originating from
BSE. Western blots with brain homogenates from a bovine infected with BSE
(lane 1), a human with vCJD (lane 2), a cynomolgus macaque experimentally
infected with macaque-adapted vCJD agent (lane 3), and a squirrel monkey
experimentally infected with BSE agent from an affected cow (lane 4). Brain
homogenates were treated with 100 pg/mL proteinase K for 1 hat 37 °C. Molecular
masses in kDa are indicated on the left. The blot was probed with a mixture of
two monoclonal antibodies to PrP: 6D11 and 3F4. (Antibody 6D11 stained bovine
and macaque PrP- and 3F4 stained human and squirrel monkey PrP.) The non-
glycosylated band (lowest mass) of PrP™SE extracted from a case of human vCJD
in lane 2 appears to have a mass smaller than those of the PrP™E in the other
three lanes. While PrP in lanes 1, 2, and 4 shows an increased abundance of the
diglycosylated form often associated with BSE-derived infections [37], the PrP in
lane 3 (macaque with vCJD) does not

after PK digestion) are sometimes asserted to be stable properties of
infections with the BSE agent [37], suggesting that the origin of a
TSE can be reliably deduced from its PrP “glycoform.” However,
glycoforms of PrP™E extracted from brains of humans and animals
with TSEs presumed to have originated from BSE may be more
variable than commonly thought (Fig. 1) [20, 33, 35]. Indeed,
results of studies in transgenic mice expressing mutant PrP gener-
ated by targeted genes suggested that some PrP™F caused no TSE
at all, even though the mice were highly susceptible to infection
with several TSE agent strains [38]. Interestingly, other researchers
found substantial amounts of TSE infectivity in brains lacking any
detectable PrP™SE [39, 40]. Recent studies using in vitro protein
amplification systems to enhance detection of PrP™E showed infec-
tivity in peripheral tissues of cattle terminally ill with natural BSE
but no detectable PrP™SE [41]. Data obtained from the inoculations
of brain tissue suspensions from 300 human cases into nonhuman
primates showed the highest transmission rates from iatrogenic and
sporadic cases and lower transmission rates from familial TSEs [8].

Recent studies showed that squirrel monkeys infected with
BSE agent developed a typical spongiform encephalopathy
resembling vCJD with severe spongiform degeneration, gliosis,
and large amounts of diffuse PrP™E deposited in multiple areas
of the brain [35]; affected animals also accumulated large
amounts of other proteins thought to be important in neurode-
generation (i.e., hyperphosphorylated tau protein [p-tau] and
a-synuclein) suggesting a dose-dependent toxicity triggered by
PrP™E [34] (Fig. 2). However, none of the squirrel monkeys
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A —D BSE: Squirrel Monkey. Cerebral cortex. 40x magnification.
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E-H vCID: Cynomolgus Monkey. Cerebral cortex. 40x magnification.

A,E — HE stain  B,F — anti-GFAP (rabbit polyclonal) C,G —anti-PrP (6H4 mAb)  D,H — anti-phosphorylated tau protein (AT8 mAb)

Fig. 2 Comparison of histopathology and immunohistochemistry in brains from monkeys of two species with
two experimental TSEs. Upper row. cerebral cortex of a squirrel monkey inoculated intracerebrally with a
suspension of brain from a cow with the classical form of bovine spongiform encephalopathy 34 months ear-
lier shows (a) severe spongiform degeneration, (b) astrogliosis, (¢) widespread accumulation of PrP in the
neuropil, and (d) hyperphophorylated tau protein. Lower row: cerebral cortex of a cynomolgus macaque inocu-
lated intravenously and intraperitoneally with a macaque-adapted vCJD brain suspension 30 months earlier
shows (e) spongiform degeneration, (f) astrogliosis, (g) coarse and pericellular PrP deposits in the neuropil, and
(h) isolated deposits of hyperphosphorylated tau. (a, ) hematoxylin and eosin stain; (b, f) immunostain for
glial-fibrillary acidic protein (rabbit polyclonal antibody to GFAP); (¢, g) immunostain for prion protein (mouse
monoclonal antibody 6H4); (d, h) immunostain for hyperphosphorylated tau protein (mouse monoclonal anti-
body AT8). The original magnification of all images was 40x

with TSE and complex protein aggregates contained the amy-
loid-f8 (A-f3) or apolipoprotein-E typical of Alzheimer disease, so
the phenomenon does not involve indiscriminately all proteins
important in neurodegeneration. The colocalization with PrPTSE
of other proteins found in neurodegenerative suggests that mis-
folded PrP probably induces selective posttranslational modifica-
tions in p-tau and a-synuclein. This hypothesis is strengthened
by reports that the amino-terminal and repeat regions of tau
protein interact with the octapeptide-repeat region of PrP to
generate heterologous protein aggregates [42], and that
a-synuclein induces formation of tau fibrils—each molecule syn-
ergistically increasing polymerization of the other [43]. In con-
trast, cynomolgus monkeys infected with the agent of vCJD,
while developing cortical vacuolation, gliosis, and abundant
accumulations of PrP™E in brain, accumulated only small
amounts of p-tau. Thus, the role of “secondary” proteins in the
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pathogenesis of TSEs and replication of the infectious agents
remains to be determined.

The extremely long incubation periods in some experimental
TSEs of primates [ 14, 23, 24 ] resemble those of naturally acquired
human TSEs, which occasionally exceed 35 years in iatrogenic
CJD [44] and 50 years in kuru [45]. At first glance, primate mod-
els of TSEs with very long incubation periods appear too cumber-
some to warrant further investigation; however, because of their
similarity to human TSEs, they might provide an opportunity to
improve understanding of pathogenesis occurring during the silent
incubation period of a TSE and even—eventually—to test candi-
date prophylactic and therapeutic interventions.

Taken together, these results suggest that, although the central
importance of PrP in susceptibility to TSEs and some features of
illness is clear, the role of PrP™F in neurodegeneration, replication
of the essential infectious molecule, and transmission of TSEs
between individuals is not yet fully understood. Studies with non-
human primates may contribute to solving some puzzles remain-
ing in pathogenesis of TSEs.

3 Primates as a Source of Biological Reference Materials (Candidate Biological
Standards)

Nonhuman primates might serve another purpose in applied TSE
research: providing well-characterized biological reference materi-
als with “ ... defined biological activity ... ensuring the reliability of
in vitro biological diagnostic procedures used for diagnosis of dis-
eases and treatment monitoring” [46]. WHO and national
authorities sometimes develop biological reference materials or
standards for infectious diseases, assemblages of many identical ali-
quots of the same pedigreed, well-characterized and carefully
stored materials offered as measurement standards to calibrate
working stocks and to compare performance characteristics (sensi-
tivity, limits of detection, and predictive values) for different diag-
nostic and donor screening tests, among other uses. Such reference
materials, when used to validate and evaluate tests for “conven-
tional” human infections, have most often been derived from
human blood or other tissues containing the infectious agents of
concern or antibodies to them. For TSEs, the WHO supported the
preparation and worldwide distribution of samples of brain suspen-
sions from patients with well-documented sporadic or variant CJD
as candidate biological reference materials suitable to evaluate tests
detecting infectivity and PrP™SE [47]; reference brain suspensions,
however, are mainly useful to evaluate assays intended for use with
brain-derived materials—postmortem or biopsy samples.
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Brain suspensions do not fill an important need: a reference
material for naturally TSE-infected human blood. First, blood is the
biological sample most commonly used in clinical practice to diag-
nose systemic human infections. Second, blood is of special impor-
tance for improving the control of human TSEs, because transfusions
have transmitted vCJD. Red blood cell concentrates from three
blood donors latently infected with vCJD transmitted infection to
four transfusion recipients in the UK [48]; three developed clinical
vCJD [49], while a fourth—dying of unrelated causes—had accu-
mulations of PrP™E in spleen and a lymph node [50]. A coagulation
factor derived from pooled human plasma, containing at least one
donation from a donor who later developed vCJD, was implicated
in a fifth iatrogenic transmission, also in the UK [51]. Although
there is a theoretical risk that sporadic CJD might also be transmit-
ted by transfusion, surveillance over many years failed to find evi-
dence of TSE in any recipient of components from blood of US
donors who later became ill with sporadic CJD [52]. A recent
report that two recipients of plasma-derived coagulation factors
were diagnosed with sporadic CJD, while concerning, may repre-
sent a chance occurrence [53].

The US FDA and other national authorities that evaluate various
diagnostic and donor screening tests have long encouraged develop-
ment of antemortem TSE tests and have even proposed schemes for
eventually validating such tests [53, 54]. Useful assays must reliably
discriminate between samples from known infected and uninfected
individuals. While vC]D brain preparations have been used to “spike”
blood as a crude surrogate blood reference material—spiked blood
employed at an early stage to validate the performance of candidate
blood-based tests for TSEs—there is a concern that properties of
infectivity and PrP™F in brain might differ from those in blood.
Review of UK transfusion-transmitted vCJD case reports and experi-
mental studies with blood from sheep with BSE and scrapie trans-
fused into normal sheep [ 55 ] suggest that concentrations of infectivity
in blood of humans and animals with TSEs, while sufficient to trans-
mit infection, are likely to be very low [56 |—perhaps a million times
lower than in brain. For those reasons, it would be desirable to have
reference materials composed of blood from naturally infected
humans in addition to human brain reference materials.

Blood from patients with well-documented CJD, including
vCJD, has not been collected in volumes suitable to serve as refer-
ence materials, and blood will probably never become available
from overtly healthy people silently incubating vCJD—the group
for which a blood-based antemortem test would be most useful.
Therefore, as noted, blood of TSE-infected animals has been pro-
posed as a surrogate reference material. To date, all research tests
to identify animals or humans silently incubating TSEs have
attempted to detect the small amounts of PrP™E thought to be
present in blood. Blood of TSE-infected rodents can provide
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“proof of principle” by demonstrating that a candidate antemor-
tem blood-based test method shows promise; however, rodent
PrP™E differs antigenically from human PrP™* and may not pro-
vide a suitable surrogate control analyte for a test that detects
PrP™E in human blood. The PrP in monkey blood, on the other
hand, is (like many other proteins) antigenically very close to its
human analog, and the reagents used to test human blood are
likely to react with PrP in monkey blood.

To assist test developers and prepare for eventual evaluation of
antemortem blood-based tests, FDA investigators recently pre-
pared large volumes of blood components from cynomolgus
macaques during both the asymptomatic incubation period and
overt illness of experimental vCJD (Fig. 3) [57]. Earlier studies
found both infectivity and PrP™¥ (detected by the sensitive albeit
laborious protein misfolding cyclic amplification [PMCA] tech-
nique [58]) in blood of cynomolgus macaques infected with vCJD
agent [59], providing proof of concept.

Macaque monkeys were inoculated intravenously and intra-
peritoneally with a suspension of vCJD-infected macaque brain (a
gift from J-P Deslys and colleagues [60]) (Fig. 3); the monkeys
became ill with typical signs of TSE about 2 years later (range
23-27 months). Blood was collected from infected monkeys
monthly throughout the incubation period and illness, and from
control uninfected monkeys less often. Blood was anticoagulated
and separated into components: plasma, bufty coat (nucleated
cells), and red blood cells (RBC). Multiple aliquots were stored

, . Overtly ill
| Asymptomatic 5 |<_ 2and>5 —
23 and 27 months months

b '

Macaque-adapted I Blood collections

vCIDbrain [ "ttrrerrrere e essnnsssnanannnnannnannnannnanunannannnnnnnans )
suspensions
(1 ml1V +2 ml IP)

’j Mouse bioassays

Transfusions into
macagques

£l
'

Fig. 3 Schematic representation of a protocol for developing biological reference materials from blood of
macaques with experimental vCJD. Blood was collected from control and vCJD-infected macaques at intervals
after infection and separated into components. Samples of buffy coat and plasma were assayed for infectivity
by injection into vCJD-susceptible mice and aliquots of whole blood were transfused into macaques (in prog-
ress). Plasma was used in tests to detect PrPTsE [57]

PrPTSE detection
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frozen at —80 °C. The materials have been provided to qualified
assay developers and might eventually serve as reference panels to
help validate and control the quality of TSE diagnostic tests and
screening tests for donors of blood or tissues.

4 Conclusions

While small animals and in vitro assays have reduced the reliance
on nonhuman primates in the study of TSEs, we remain convinced
that a need remains for a limited number of monkeys in certain
critical studies and to generate reference materials relevant to
human diseases.
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Chapter 4

Clinical Features and Diagnosis of Human Prion Diseases

Richard Knight

Abstract

Human prion diseases are rare fatal neurodegenerative conditions that occur as sporadic, inherited, and
acquired disorders. Despite clinico-pathological variations, there are common clinical features and charac-
teristic neuropathological changes accompanied by the accumulation of a disease-associated form of the
prion protein in the brain (and, in variant, CJD also in lymphoid tissues). While neuropathological exami-
nation of the brain is required for an absolutely definite diagnosis, probable or highly probable clinical
diagnosis is possible in the majority of cases.

In this chapter, the clinical assessment of human prion disease is reviewed with emphasis on the role
of clinical features and relevant clinical investigations in their diagnosis.

Key words Human prion disease, CJD, Clinical features, Clinical diagnosis, Diagnostic tests, MRI,
CSF proteins: EEG, Genetic tests

1 Introduction

Prion diseases (or transmissible spongiform encephalopathies,
TSEs) are a group of rare, animal and human, neurodegenerative
diseases affecting the central nervous system (CNS) (listed else-
where in this book). While varying in many characteristics, these
diseases have common neuropathological changes and a common
molecular underpinning involving a post-translational conforma-
tional change in a normal host-encoded protein: prion protein
(described in the neuropathology chapter). This chapter is con-
cerned with the human prion diseases and these are generally clas-
sified according to causation: sporadic (of unknown cause),
iatrogenic, and acquired; there are further subdivisions based on
actiology and other factors (Table 1).

Sporadic Creutzfeldt-Jakob disease (sCJD) is the commonest form
of human prion disease. It has been subdivided according to clinico-
pathological features, molecular characteristics, and genetic analysis.
Tatrogenic CJD (iCJD) has resulted most commonly from the surgical
use of cadaveric derived dura mater tissue and human pituitary hormones
[2]. Kuru was an important human disease but limited to a specific
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Table 1
Human prion diseases

Main classification

Major type Subtypes Cause
Sporadic Sporadic CJD Unknown
VPSPr
Genetic Genetic CJD PR NP mutation
GSS syndrome PR NP mutation
FFI PR NP mutation
Tatrogenic Cadaveric derived pituitary ~ As indicated
hormones
Cadaveric derived dura mater As indicated
grafts
Neurosurgery/EEG depth  As indicated
electrodes
Corneal transplant As indicated
Acquired Kuru Ritual mourning cannibalism

Primary variant CJD

Secondary variant CJD

BSE dietary contamination

Blood and blood products

Subclassification of sporadic CJD

sCGJD Subtype % Of cases (Approx) Some general clinical features
129 genotype, Protein type Note: There are also pathological features
. . that characterize each subtype—not given
C: Cortical; T: Thalamic yp g
here

MM I 67 Cognitive, ataxic, visual, ~4-month
duration, periodic EEG common

MV I 3 Broadly similar to MM I

VV I 3 No visual problems, ~15-month duration,
no periodic EEG

MMII C 2 Progressive dementia. Duration ~16
months. No periodic EEG

MMIIT 2 Usually insomnia, psychomotor
hyperactivity. Duration ~15 months. No
periodic EEG

MV II 9 Duration ~17 months. Usually no periodic
EEG

VV II 14 Duration ~15 months. Usually no periodic
EEG

Data as reported in Parchi et al. 1999 [1]
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geographical area in Papua New Guinea and related to a particular
transmission via ritualistic mourning cannibalism [3]. Variant CJD
(vCJD) arose as a zoonosis via the contamination of human food with
material from BSE (bovine spongiform encephalopathy) cattle and has
been transmitted secondarily (human to human) via blood and blood
products [4-6]. Genetic prion disease (gPD) arises from pathogenic
mutations of PRNP, the human prion protein gene [7]. The termino-
logical archacology of these diseases is still visible in the modern classifi-
cation system. The original terms were essentially eponymous
(Creutzfeldt-Jakob  disease;  Gerstmann-Striussler-Scheinker — syn-
drome), then descriptive (fatal familial insomnia, transmissible spongi-
form encephalopathies), and then molecular (prion disease) with
actiological qualifiers (sporadic; acquired; genetic). In recent years,
other prion diseases have been described, such as variably protease-sen-
sitive prionopathy (VPSPr), that have uncertain relationships to the
existing categories, but which may essentially be part of the sCJD spec-
trum [8, 9]. Variant CJD has become, thankfully, a very rare disease
indeed with, at December 2015, no known living cases in the world and
only one new case of vCJD identified within the UK during the preced-
ing 4 years (2011-2015) [10].

However, a recent study examining large numbers of
archived appendix samples removed between the years of 2000
and 2012 estimated the prevalence of subclinical vCJD infec-
tion at 1 in 2000 of the UK population [11]. In addition, there
are uncertainties over the range of incubation periods in human
dietary-related vCJD and the effect of the PRNP codon-129
polymorphism on this. Further clinical cases of vCJD are,
therefore, expected, although estimates suggest a relatively low
number [12].

While absolutely definitive diagnosis requires neuropathologi-
cal examination of the brain (usually at autopsy but occasionally via
brain biopsy), a probable or even highly probable clinical diagnosis
is possible in the majority of cases.

The clinical diagnostic approach is reviewed below.

2 Methods

The diagnosis of prion disease uses the standard methods of neu-
rological clinical practice. There are validated diagnostic criteria
that are widely used by many disease surveillance systems through-
out the world (Table 2).

Clinical diagnosis rests on three broad steps:

1. Recognition of the possibility of a prion disease.
2. Exclusion of other possible diagnoses.

3. Diagnostic test results supportive of the diagnosis
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Table 2
Human prion diseases: diagnosis criteria

a SPORADIC CID

DEFINITE:

Neuropathologically/
immunocytochemically confirmed

PROBABLE:

1.2.1 T+2ofII+1II

OR

.22 T+2of I+1V

OR

1.2.3 Possible + positive 14-3-3
POSSIBLE:

[+ 2 of I + duration < 2 years

b IATROGENIC CID

DEFINITE

Definite CJD with a recognised iatrogenic risk
factor

PROBABLE
Progressive predominant cercbellar
syndrome in human pituitary
hormone recipients
Probable CJD with recognised
iatrogenic risk factor (sce box)

POSSIBLE
Possible CID with a recognised risk factor

II

I
IV

Rapidly progressive dementia

A Myoclonus

B Visual or cerebellar problems

C Pyramidal or extrapyramidal features
D Akinetic mutism

Typical EEG

High signal in caudate/putamen on MRI
brain scan

RELEVANT EXPOSURE RISKS FOR
THE CLASSIFICATION AS
IATROGENIC CJD

The relevance of any exposure to disease
causation must take into account the timing
of the exposure in relation to disease onset

Treatment with human pituitary growth
hormone, human pituitary gonadotrophin or
human dura mater graft.

Corneal graft in which the corneal donor
has been classified as definite or probable
human prion discasc.

Exposure to neurosurgical instruments
previously used in a case of definite or
probable human prion discase.

This list is provisional as previously
unrecognised mechanisms of human prion
disease may occur

(continued)
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Table 2 (continued)

¢ GENETIC PRION DISEASE

DEFINITE

Definite TSE + definite or probable
TSE in 1% degree relative

Definite TSE with a recognised pathogenic
PRNP mutation

PROBABLE

Progressive neuropsychiatric disorder +
definite or probable TSE in 1**degree relative

Progressive neuropsychiatric disorder +
recognisedv pathogenic PRNP mutation

d vCiID
I A Progressive neuropsychiatric disorder
DEFINITE B Duration of illness > 6 months
C Routine invesitgations do not suggest an

1A and neuropathological alternative diagnosis

fi j £vCID D No history of potential iatrogenic exposure
CONIENARINCOLY E No evidence of a familial form of TSE
PROBABLE I A I:arly: psyclnqtn‘c symptoms® .
B Persistent painful sensory symptoms
4.2.1 land4/5of Il and IIIA C Ataxia p
d 11IB D Myoclonus or chorea or dystonia
e E Dementia

422 lTand IVA

III A EEG does not show the typical appearance
of sporadic CID® in the early stages of illness

POSSIBLE B Bilateral pulvinar high signal on MRI scan

I 3lld 4!15 Of ]I 3I'Id I]I A IV A Positive tonsil blUpS}
2.1 Recognition Recognition is based on two considerations: any knowledge of a
of the Possibility relevant particular risk factor for prion disease and the clinical fea-
of a Prion Disease tures of the case.
2.1.1 Risk Factors The important factors that indicate a particular risk of developing

prion disease are the following:

1. A family history of prion disease (gPD): Most specifically, the
known possession of a recognized PR NP pathogenic mutation
following preclinical testing of an individual.
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2.1.2  Clinical Features

2. A past exposure to a recognized risk factor (such as a cadaveric
derived human dura mater graft or cadaveric derived human
pituitary hormone).

3. Receipt of a blood transfusion or blood product from a vCJD
blood donor.

There may be other particular risk factors (such as a known
accidental exposure to potentially contaminated surgical instru-
ments) but these are rare [2]. Some known risk factors such as age
(for sCJD), living in the UK (for vCJD), or PRNP codon 129
genotype are too general to be of particular relevance in suspecting
a prion disease in general (though they may be helpful in consider-
ing the likelihood of a particular diagnosis).

Although there is significant clinical heterogeneity in human prion
disease, there are some core features. Firstly, these diseases are pri-
marily brain diseases that present with cerebral symptoms and signs
with a progressive (indeed ultimately fatal) course. Secondly, cog-
nitive dysfunction, cerebellar ataxia, and involuntary movements
(especially myoclonus) are common features [13].

In addition, in prion diseases, there are generally no systemic
abnormalities (such as pyrexia) unless these relate to secondary
complications (such as pneumonia).

It is important, however, to recognize that the clinical presen-
tation of prion diseases is generally nonspecific and, in the initial
stages, the differential diagnosis may well be wide. The particular
presentation and overall clinical course vary according to the par-
ticular prion disease; a general summary is given in Table 3.

The clinical features of vCJD are relatively uniform as are those
of hGH-related iCJD; those of sCJD and gPD are potentially quite
varied [7, 14-16]. It is important to note that the clinical presenta-
tion of some gPD can be very similar to, or even indistinguishable
from, that of sCJD and a family history may be absent in up to 40%
of gPD cases [7].

A detailed review of the clinical features of gPD is beyond the
scope of this chapter but is available in published studies [7].

A significant majority of cases of sCJD present as a rapidly pro-
gressive, multifocal, encephalopathy, with dementia, cerebellar
ataxia, and myoclonus as prominent features [ 16]. This typical, rap-
idly progressive, form generally results in an akinetic mute state and
death, after an illness duration of usually only a few weeks to a few
months. A significant minority of individuals present with an isolated
progressive impairment (typically visual or cerebellar) before pro-
gressing on to a more general encephalopathic illness [17, 18].
There are other variations and the clinic-pathological heterogeneity
of sCJD has been studied in some detail with attempts made to sub-
classify the disease in terms of correlations between the clinic-patho-
logical features, the prion protein type, and the PRNP-codon 129
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Human prion diseases: presenting & overall clinical features

Disease Typical presentation General features

Sporadic CJD Rapidly progressive encephalopathy Dementia, ataxia, myoclonus,
(cognitive and cerebellar features) terminal akinetic mutism

Variant CJD Psychiatric/behavioral features +/— Psychiatric features, dementia,
unpleasant/painful sensory symptoms sensory symptoms,

Iatrogenic human growth
hormone CJD

Other iatrogenic CJD

Genetic prion disease

involuntary movements
(chorea, dystonia,
myoclonus)

Typically cerebellar ataxia. Tremor may be Progressive cerebellar
present syndrome, tremor,
myoclonus, pyramidal
signs. Cognitive
impairment usually in later

stages
Essentially as sCJD Essentially as sCJD
Variable, dependent at least in part on Dementia and ataxia common
relevant PR NP mutation. May present features. Variable,
in similar manner to sCJD dependent at least in part
on relevant PRNP
mutation

genotype (Table 1) [1]. These subclassifications have utility in con-
sidering the diagnosis in particular cases, but the distinctions are not
always clear-cut and there are individual cases that do not altogether
fit these defined categories. The clinico-pathological-molecular sub-
classification of sCJD, with its partial dependence on pathological
prion protein type, is further complicated by the fact that more than
one prion protein type can be found in one brain. An attempt to
include this molecular phenomenon has led to a more complex clas-
sification system that is of uncertain practical clinical diagnostic util-
ity [19]. It is uncertain as to whether diseases such as VPSPr are
distinct entities or essentially part of the sporadic CJD spectrum.
There are relatively few data on the clinical characteristics of VPSPr
and, as data have accumulated, the phenotypic spectrum has broad-
ened in a way that makes a clear-cut distinction from sCJD difficult
[8,9].

Variant CJD tends to present with psychiatric or behavioral
disturbances and the emergence of more obviously neurological
features often delayed for a few months (a median of 6 months)
[20]. The presentation may, therefore, be very nonspecific; a
presentation of an agitated depression in a young person is clearly
not an uncommon clinical event and only exceptionally rarely
due to vCJD.
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2.2 Exclusion
of Other Possible
Diagnoses

2.3 Diagnostic Test
Results Supportive
of the Diagnosis

As mentioned above, the presentation of prion disease is often
fairly nonspecific. For example, a combination of ataxia and cogni-
tive impairment in a 55-year-old or a depressive illness in a
25-year-old has much likelier causes than a prion disease. In addi-
tion, as prion diseases are currently always fatal without disease-
modifying treatments, it is vitally important to consider and exclude
other possible diagnoses, especially potentially treatable ones. The
general differential diagnosis of prion disease is outside the scope
of this chapter; however the broad principles and methodology can
be stated.

1. Various inflammatory and infectious diseases may present in a
similar way. These are generally excluded by the absence of any
inflammatory markers or specific infection features (pyrexia,
raised peripheral white blood cell count, raised ESR or CRP,
CSF pleocytosis, certain MRI brain abnormalities, etc). Specific
infections may need consideration such as HIV. Immune
encephalopathies (nonmetastatic malignancy based or idio-
pathic) also need particular consideration as does cerebral
vasculitis.

2. Structural disease (including cerebral malignancy—primary or
secondary) needs consideration via cerebral imaging.

3. A number of other neurodegenerative diseases can present in
similar ways to prion diseases and one should always consider
these, including considering genetic testing for appropriate
possible genetic diseases.

In general, therefore, most cases of suspect prion disease will
require fairly comprehensive investigation including the
following:

1. Cerebral imaging: Typically cerebral CT initially and then
cerebral MRI.

2. A wide-ranging set of blood tests looking for possible inflam-
matory, infective, metabolic, and other causes.

3. Consideration of tests for non-CNS primary tumors (related to
secondary CNS tumors or nonmetastatic encephalopathy).

4. A lumbar puncture to obtain CSF to look for evidence of
inflammatory causes

There are several investigations that my provide support for a diag-
nosis of a prion disease: the cerebral MRI, the EEG, CSF nonspe-
cific protein testing, CSF RT-QulC testing, direct detection assay
on blood, tonsil biopsy, and PRNP genetic testing [21-27].
Recent reports suggest a role for other tests: urine testing and nasal
brushing [28, 29]. The detailed methodologies of these tests are
given in other chapters.
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Brain biopsy is the most definitive clinical test in life for prion
disease but carries obvious risk and, if confirmatory for prion
disease, does not lead to any specific therapy. It is, therefore, argu-
able that it should be limited to those cases in which there is impor-
tant diagnostic uncertainty and where there is a real possibility of
an alternative, treatable, diagnosis thereby being made.

The cerebral MRI has two important roles: the exclusion of other
possible diagnoses and providing support for a diagnosis of prion
disease; here, the latter is being considered. The basic points about
the cerebral MRI in prion disease are as follows:

1. In general, the relevant MR sequences used can be listed in the
following descending order in relation to sensitivity for prion
disease features: DWI, FLAIR, PD, and T2 [21, 30]. If the
most sensitive sequences have not been performed on an initial
scan that did not show any relevant abnormality, a repeat scan
should be performed with additional sequences included.

2. If the relevant changes are not seen on the initial scan, it is
worth repeating the MRI as changes may develop with illness
progression. It is difficult to give precise guidance on the inter-
vals between scans as most scans have been undertaken in the
course of clinical investigation, rather than in planned studies.
However, the tempo of the illness should be taken into account;
a repeat scan after a week or two might be reasonable in rapidly
progressing illnesses.

3. The relevant MR abnormalities are the following:
(a) Signal change in the putamen/caudate region, Fig. la.
(b) Signal change in the thalamic region, Fig. 1b.
(c) Signal change in the cerebral cortex, Fig. lc.

4. None of the MR abnormalities seen in prion diseases are abso-
lutely specific: they may be seen in other diseases and their

Fig. 1 MR images in human prion disease. (a) MR image (DWI) showing putamen/caudate hyperintensity in
sCJD. (b) MR image (FLAIR) showing posterior thalamic hyperintensity in vCJD (the “pulvinar sign”). (c) MR
image (DWI) showing areas of cortical hyperintensity in sCJD. MR image courtesy of Dr. David Summers,

Neuroradiology, Edinburgh
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2.3.2 The EEG

2.3.3 CSF Nonspecific
Protein Tests

significance always needs to be determined within the overall
clinical context.

5. The relevant MR abnormalities vary somewhat with different

diseases and disease subtypes [30].

This last point needs amplification. Firstly, there are key MRI

differences between sCJD and vCJD. Secondly, the frequency and
pattern of abnormality have been studied in the different subtypes
of sCJD.

1. In vCJD, the characteristic abnormality is the “pulvinar sign”

consisting of signal change in the pulvinar area of the thala-
mus. This area can show signal change in other forms of CJD
such as sCJD, but the pulvinar sign is defined by the relative
magnitude of signal change: in vCJD, it is greater in the pulvi-
nar region than elsewhere [22].

. In sporadic CJD, the frequency of abnormality and its distribu-

tion pattern do vary across the described clinico-pathological-
molecular subtypes, as has been described in detail by Meissner
et al. [30]. For example, in MMI sCJD, basal ganglia signal
hyperintensity is frequently seen with widespread cerebral cor-
tex involvement in around half of cases but with no hippocam-
pal and thalamic hyperintensity. In contradistinction, VVI cases
typically show cerebral cortex signal changes but without basal
ganglia or thalamic hyperintensity.

The EEG played an important role in the diagnosis of CJD before
the use of the cerebral MRI and CSF protein tests. However, it can
still be helpful despite the widespread introduction of these other
tests. The four key points are the following;:

1. In many, but not all, cases of sCJD, the EEG shows the loss of

normal background rhythms and the appearance of general-
ized, periodic, bi-, or triphasic complexes, Fig. 2 [31].

. These may appear ecarly in the disease course. If they are not

present initially, and the EEG is playing an important role in
the diagnostic process, then it is worth repeating the test at
around weekly intervals.

. The typical sCJD EEG appearance is, however, not specific: it

can be seen in a variety of clinical circumstances and its finding
needs to be considered in the overall clinical context.

. The typical periodic pattern is generally not seen in vCJD

although it has been reported in two cases at the terminal
stages of disease [32, 33].

The two proteins that have been most widely used in the diagnosis
of CJD are 14-3-3 and S100b [24]. Tau has also been used
[24, 34].
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Fig. 2 Characteristic periodic EEG discharges seen in sCJD

234 CSFRT-QuIC Test The CSF RT-QulIC test is of particular significance since it is based
on the detection of abnormal prion protein and, therefore, related
to the fundamental disease process, rather than being incidentally
useful (as is so for 14-3-3 and S100b). Interestingly, in its current
form, it is a highly sensitive test for sCJD but not for vC]JD. The
reported sensitivity and specificity for sCJD are 87% and 100%,
respectively [35].

2.3.5 DDA Blood Test This is another test based on the fundamental disease process, with
the aim of detecting abnormal prion protein in the blood [26].
The principal use of this test is in the diagnosis of vCJD. Its
reported sensitivity and specificity for a diagnosis of vCJD are 71%
and 100%, respectively.

2.3.6 Tonsil Biopsy Since, in vCJD, abnormal prion protein is found in lymphoid tissue
as well as in the CNS, tonsil biopsy has been used as a method of
confirming a diagnosis of vCJD [27]. Clearly, this is a method of
detecting the disease-related prion protein in tissue and so is the
most specific clinical test other than brain biopsy. However, it is of
utility in only vCJD and is a procedure that has potential morbid-
ity. Arguably, its principal use is in confirming the diagnosis of
vCJD in cases where the clinical picture is not entirely typical and /
or other tests, such as the cerebral MRI, have not helped.

2.3.7 PRNP Genetic PRNP genetic analysis has two roles: the detection of pathogenic
Testing mutations and the characterization of potentially important
polymorphisms.
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2.3.8 Urine Testing

2.3.9 Nasal Brushing

The detection of pathogenic mutations is a relatively straight-
forward process that can be undertaken using DNA extracted from
any relevant material (in the clinical context, usually blood). It is a
definitive test in the sense that it is capable of detecting relevant
mutations; however, the presence of a mutation does not, in itself,
prove that the individual has a prion disease: it proves that they are
at risk of the disease and clinical evaluation of their clinical state is
still required.

1. The characterization of any PRNP polymorphisms is not
directly diagnostically helpful, but it can be useful in consider-
ing which type of prion disease the patient has or in weighing
up the diagnostic possibilities when the clinical features or
other investigation results are atypical [1]. The polymorphism
of real significance is the 129 M /V polymorphism (although
an E219K polymorphism is of some importance for CJD in the
Japanese population) [35].

A recent publication has reported positive results in testing urine
from patients with vCJD but not sCJD (based on the protein mis-
folding cyclic amplification, PMCA, technique) [28].

Olfactory neurons are accessible through the nose and nasal brush-
ing can obtain neurons that are then analyzable for the presence of
abnormal prion protein. This has, therefore, been proposed as a
test for prion disease and one that directly confirms the disease
process, with disease-related prion protein being detected in neu-
ronal tissue [29].

3 Notes

1. While the clinical features of each type of human prion disease
are relatively uniform in most cases, there is significant varia-
tion in a minority of cases, especially in sCJD and genetic prion
disease. In unusual, progressive neuropsychiatric illness, prion
disease should be considered at some point.

2. In genetic prion disease, there may be no family history and a
variable clinical illness: PR NP genetic testing should always be
considered in progressive neuropsychiatric illness with no
alternative diagnosis and in apparently sporadic CJD.

3. Clinical diagnostic tests in human prion disease can be consid-
ered in two groups: (a) tests which are essentially nonspecific
and which need interpretation within the clinical context (cere-
bral MRI, EEG, CSF 14-3-3) and (b) tests whose abnormalities
relate to the fundamental prion pathology and thus should be
very highly specific (tonsil biopsy, direct detection assay blood
test, nasal brushing, PMCA urine testing, CSF RT-QulC).
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Chapter 5

Neuropathology, Inmunohistochemistry, and Biochemistry
in Human Prion Diseases

Diane L. Ritchie and James W. Ironside

Abstract

Human prion diseases are rare fatal neurodegenerative conditions that occur as sporadic, inherited, and
acquired disorders. All are defined by characteristic neuropathological changes and by the accumulation of
a disease-associated form of the prion protein in the brain. In variant CJD, prion protein also accumulates
in lymphoid tissues and in the peripheral nervous system. Examination of the brain in human prion diseases
is essential for a definite diagnosis and for disease surveillance.

In this chapter we bring over 20 years’ experience of research and diagnosis in human prion diseases
to provide detailed information on how to handle brain tissue from a case of human prion disease safely in
a laboratory. We also describe how to make the diagnosis of a human prion disease using histological and
biochemical techniques for the detection of disease-associated prion protein in the brain, and provide help-
ful notes for practical guidance and troubleshooting in the laboratory.

Key words Neuropathology, Brain, CJD, prion protein, Immunohistochemistry, Western blot, PET blot

1 Introduction

Prion diseases, formerly referred to as transmissible spongiform
encephalopathies (TSEs), are a group of rare and inevitably fatal
degenerative diseases of the central nervous system (CNS) that occur
in humans as well as a number of animal species (Table 1). These
diseases are characterized by their neuropathological changes, com-
prising varying degrees of spongiform change (vacuoles that occur in
the grey matter of the brain), neuronal loss, reactive proliferation of
astrocytes and microglia, and, in certain forms of the disease, forma-
tion of amyloid plaques (Fig. 1la—d). The central feature of prion dis-
eases involves the conformational change of a normal host-encoded
cellular protein, the prion protein (PrP¢), into a misfolded, highly
infectious and disease-specific form, termed PrP% [1]. The accumula-
tion and detection of PrP% within CNS tissues has become an impor-
tant diagnostic marker for prion diseases (Fig. le, f).

Pawel P. Liberski (ed.), Prion Diseases, Neuromethods, vol. 129,
DOI 10.1007/978-1-4939-7211-1_5, © Springer Science+Business Media LLC 2017
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Table 1

Prion diseases in animals and humans

Prion disease Natural host Etiology
e Sporadic Creutzfeldt-Jakob disease (sCJD)  Human Idiopathic
e Sporadic fatal insomnia Human
e Variably protease-sensitive prionopathy Human

(VPSPr)
e Familial CJD Human Familial
e  Gerstmann-Striussler-Scheinker Human
e Fatal familial insomnia Human
e Kuru Human Acquired
e Jatrogenic CJD (iCJD) Human
e Variant CJD (vCJD) Human

e Bovine spongiform encephalopathy (BSE)  Cattle

e Feline spongiform encephalopathy Cats (domestic and large)

e Exotic ungulate encephalopathy Nyala, Kudu etc., cats

e Scrapie Sheep and goats Probably
Classical acquired

Atypical or Nor98 scrapie

e Atypical BSE (H or L type) Cattle
e Transmissible mink encephalopathy Mink
e Chronic wasting disease Mule deer, white-tailed deer, and elk

Sporadic Creutzfeldt-Jakob disease (CJD) is the commonest
form of human prion disease, but rarer inherited forms and
acquired human prion diseases also occur [2, 3]. The infectious
nature of prion diseases distinguishes this group of disorders from
other more common protein misfolding neurodegenerative dis-
eases, such as Alzheimer’s disease and Parkinson’s disease. Although
rare, the transmissibility and in some forms the zoonotic potential
of prion diseases present a recognizable and continued risk to pub-
lic health, since no prophylaxis or treatment is available to date.
This is best demonstrated with the identification of variant
Creutzfeldt-Jakob disease (vCJD) resulting from human exposure
to the bovine spongiform encephalopathy (BSE) agent [4] and the
subsequent secondary human-to-human transmission of vCJD
infectivity via blood transfusion [5]. Although vCJD appears to be
in decline in the UK, with only one new case of vC]D identified
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Fig. 1 Pathological changes in human prion diseases. (a) microvacuolar degeneration in the frontal cortex of a
sporadic CJD case (H&E stain). (b) Status spongiosis accompanied by extensive neuronal loss and widespread
gliosis in a case of panencephalopathic CJD (H&E stain). (¢) Immunohistochemistry demonstrating intense
gliosis within the basal ganglia in a vCJD patient GFAP antibody. (d) Kuru-type amyloid plaques in the cerebel-
lum in a sporadic MV2 case. Immunohistochemistry for the prion protein in the (e) brain and (f) spleen of a
vCJD patient. 12F10 anti-PrP antibody

within the UK during the past 4 years [6] a recent study examining
large numbers of archived appendix samples removed between the
years of 2000 and 2012 estimated the prevalence of subclinical
vCJD infection at 1 in 2000 of the UK population [7].

With such estimates of subclinical vCJD infection in the UK pop-
ulation and the continued identification of new forms of human
prion disease, further developments in the specificity and sensitivity
of techniques in the identification and diagnosis of human prion dis-
eases remain of paramount importance, in order to limit further acci-
dental exposure to the infectious agent. A range of investigatory
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techniques are available for the confirmation of a diagnosis of human
prion disease, the vast majority of which rely on the detection and
characterization of PrP% in brain tissue. This chapter outlines in detail
protocols used for the immunohistochemical and Western blot analy-
sis of PrPS¢, which are used routinely in the diagnosis of human prion
diseases, and discusses the caveats of each technique.

2 Methods

2.1 Macroscopic
Pathology

2.1.1 Protocol 1:
Postmortem Examination

Definitive diagnosis of a human prion disease requires histological,
immunohistochemical, and biochemical examination of the brain.
This places a high priority on the need to preserve and investigate
fixed brain tissue and unfixed frozen brain tissue from autopsies car-
ried out on suspected cases of prion disease. Similar methods can be
used on brain biopsy specimens, but brain biopsy carries a risk of
contamination of neurosurgical instruments and is therefore usually
performed only if a potentially treatable alternative diagnosis has to
be excluded.

The postmortem removal and examination of the brain on a sus-
pected case of prion disease require a number of important health
and safety considerations. The infectious agent in prion diseases
shows a remarkable resilience to conventional decontamination
and disinfection protocols that successfully inactivate viruses and
bacteria [8, 9]. Therefore, autopsy and sampling of infected tissue
represent a potential risk of exposure to mortuary staff' and pathol-
ogists, with unfixed brain tissue carrying the highest levels of infec-
tivity. Robust protocols and guidance are in place for the
examination of suspected cases of prion disease in order to limit the
risks of exposure and contamination [10, 11].

1. Where possible, autopsies are performed in a dedicated “high-
risk” autopsy room or in a general autopsy room only when no
other autopsies are being carried out.

2. The use of personal protective equipment including cut-
resistant gloves, disposable aprons and gowns, protective foot-
wear, and a visor or helmet is essential when carrying out an
autopsy on a suspected case of prion disease in order to prevent
accidental exposure to prion-infected tissue through cuts or
through mucous membranes.

3. Single-use instruments should be used wherever possible and
disposed by incineration. However, some mortuary equipment
is not disposable, so establishing a set of dedicated instruments
for use only on suspected cases of prion disease is a suitable
alternative.

4. Equipment should be cleaned and decontaminated with appropri-
ate chemicals and physical reagents that reduce prion infectivity.



2.1.2  Protocol 2:
Macroscopic Examination
and Tissue Sampling

2.1.3  Protocol 3: Tissue
Fixation and Processing
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These include gravity-displacement autoclaving at 132 °C for
1 h, porous load autoclaving at 134-138 °C for 18—60 min, and
it suitable, treatment with 1 M sodium hydroxide (NaOH) for
1 h at room temperature [8, 9]. The use of sodium hypochlorite
solution at 20,000 ppm is also an effective method of prion
decontamination, but this must be used in a well-ventilated space.

Macroscopic pathology of the brain in cases of prion disease, par-
ticularly in cases of sporadic CJD (sCJD), is often unremarkable,
with the brain showing only age-related changes. However, there
are certain disease subtypes where macroscopic pathology is appar-
ent, such as those cases with extended disease durations where
severe cerebral and cerebellar atrophy may be observed. In the
most extreme cases, severe cerebral and cerebellar atrophy is
accompanied by secondary degeneration of the white matter of the
cerebral cortex, cerebellum, and brain stem and is sometimes
referred to as “panencephalopathic” CJD. As macroscopic exami-
nation of the brain often shows no obvious abnormalities, exten-
sive sampling of the brain is recommended for subsequent
examination of microscopic pathology.

1. Macroscopic examination and tissue sampling of unfixed prion-
infected tissue should be carried out in a Class 1 safety cabinet
in order to minimize potential laboratory contamination from
unfixed tissues containing high levels of prion infectivity.

2. For tissue sampling, the use of disposable gowns, cut-resistant
gloves, and eye protection is essential.

3. Consistent with autopsy (protocol 1), single-use instruments
(scalpel blades) are recommended. Following sampling, instru-
ments are sprayed with 1 M NaOH and placed in a sharp safe
for incineration.

4. Extensive sampling of the brain is recommended for neuro-
pathological examination as the severity and distribution of
microscopic pathology are often variable. As a minimum,
samples should be taken from all regions of the cerebral cor-
tex, the hippocampus, basal ganglia, thalamus, cerebellum,
and brain stem.

5. For biochemical detection of PrP% by Western blot analysis, an
approximate 5 mg sample of frontal cortex is a minimum require-
ment, but the freezing of samples (store at —80 °C) from multiple
regions of the cerebral and cerebellar hemisphere is desirable.

Like most histological samples, formaldehydes (usually 15% unbuf-
fered formalin) are suitable for the fixation of tissue samples from
cases of suspected prion disease. The infectious agent in prion dis-
eases can survive formaldehyde fixation, so autopsy tissue blocks
for processing into paraffin wax should be fixed in formalin fol-
lowed by immersing in 96% formic acid for 1 h, a step introduced
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2.2 Microscopic
Pathology

2.3 PrP Immuno
histochemistry

2.3.1 Protocol 5:
Pretreatment Protocols

to reduce the levels of prion infectivity [8]. This fixation protocol
is adapted for biopsy samples from patients with suspected prion
disease by reducing the treatment in formic acid to 30 min. Tissues
are reimmersed in fresh fixative prior to tissue processing. Formic
acid treatment of tissue samples has been shown to have no detri-
mental effect on tissue morphology or on antigen preservation.
Although infectivity is not completely abolished, this fixation pro-
tocol allows titers of infectivity to be sufficiently lowered that for-
mic acid-treated paraffin-embedded blocks may be cut in an open
laboratory, preferably using disposable microtome blades.

Prion diseases are characterized by their neuropathological changes
comprising spongiform change, neuronal loss, reactive prolifera-
tion of astrocytes and microglia, and, in certain forms of the
disease, formation of amyloid plaques [12]. All of these neuro-
pathological changes are observed using conventional histological
staining techniques, usually hematoxylin and eosin staining (H&E)
(Fig. la—c) [13]. While none of these pathological features alone
are specific for prion disease, their occurrence in defined regions of
the brain is characteristic of a prion disease. The distribution, pat-
tern, and severity of the pathological changes in human prion dis-
ease are often variable between different forms of the disease, but
can also show variability within a single brain. Spongiform vacuoles
can vary in size from 2 to 20 pm in diameter, consistent with the
microvacuolar type, to larger and often confluent vacuoles (Fig. 2a, b).
The formation of amyloid plaques is a feature of only some forms
of human prion disease (see Note 1).

Immunohistochemical detection of the prion protein continues to
be an indispensable tool in the diagnosis of human prion diseases
that allows the study of the pathogenesis of prion diseases at the
tissue level. In addition, the identification of different PrP% immu-
nostaining patterns in the brain, from the subtle synaptic/granular
and peri-neuronal deposits to the more intensely labeled perivacu-
olar and plaque-like accumulation, has contributed considerably to
the subclassification of human prion disease [12, 14] as well as
assisting in the identification of new prion diseases (Fig. 2¢, d).

The inclusion of a number of pretreatment steps is an essential part
in the immunohistochemical detection of the prion protein (PrP).
Like many antigens following fixation in formalin, a pretreatment
protocol is essential for the unmasking and exposing of PrP epit-
opes (see Note 2). An added complication in PrP immunostaining
is that normal (PrP¢) and disease-specific (PrP%) forms of the pro-
tein share the same primary structure. As a consequence, the
majority of anti-PrP antibodies are unable to discriminate between
PrP¢ and PrP%. Therefore, a number of pretreatment steps have
been introduced to optimize the detection of PrP% while minimiz-
ing or eliminating the detection of PrPC.
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Fig. 2 (a, b) Microscopic pathology in human prion diseases. (a) Microvacuolar spongiform change in the
frontal cortex in sporadic CJD MM1 subtype. (b) Confluent spongiform change in the frontal cortex in the sCJD
MM2 subtype. (c, d) Patterns of PrP accumulation following immunohistochemistry. (e) Granular and synaptic-
like pattern, which occurs as small aggregates in a relatively regular distribution in the neuropil. (d) Intense
perivacuolar accumulation around areas of confluent spongiform change. (e) Widespread deposits of PrPC in
the frontal cortex in Lewy body disease following PrP immunohistochemistry. (f) Negative PET blot from a cor-
responding tissue section in Lewy body disease. (g, h) Labeling of peripheral tissues in vCJD. (g) Faint labeling
of PrPSe within a lymphoid follicle in the tonsil following immunohistochemistry. (h) Intense labeling of PrP% in
several lymphoid follicles of the tonsil following PET blot analysis
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2.3.2  Protocol 6: PrP
Antibodies
and Immunohistochemistry

1. Like all histological and immunohistochemical techniques,
5 pm paraffin-embedded brain sections are deparaffinized in
xylene for 5 min followed by stepwise rehydration (5-min
incubations) in absolute alcohol, 74% industrial methylated
spirits, and 70% IMS prior to use.

2. An initial step of heat-induced epitope retrieval is an essential
component in all PrP immunohistochemical protocols. The
most effective and widely used method is hydrated autoclaving
at 121 °C for 10 min [15, 16] but hydrolytic autoclaving [17]
microwaving in citric acid buffer and pressure cooking of tissue
sections are also effective [18].

3. Epitope retrieval is commonly followed by immersion of tissue
sections in 96% formic acid for 5 min, a step that enhances PrP
immunostaining [15, 16, 19].

4. Treatment of tissue sections with proteinase K solution, at a
concentration of ~5 pg/mL for 5 min at room temperature,
has been included in the pretreatment protocol as a valuable
step in the digestion of PrP¢ [20] (see Note 3).

5. A further denaturing treatment with 4 M guanidine isothiocy-
nate (4 °C for 2 h) is also used, although less frequently, in
protocols for the detection of PrP% [16].

Pretreatment protocols are followed by incubation with antibodies
raised against the prion protein. A large number of PrP antibodies
are commercially available for use on formalin-fixed paraffin-
embedded tissue, each recognizing different epitopes on the
human prion protein (see Note 4). A variety of PrP immunolabel-
ing protocols are available using a wide range of commercial detec-
tion kits. The vast majority of these kits use amplification methods
combined with antigen retrieval protocols in order to increase the
sensitivity of the immunohistochemical assay and detect minute
amounts of PrP%. The PrP immunohistochemistry protocol used
by the National CJD Research & Surveillance Unit in the diagno-
sis of human prion disease uses a Novolink max polymer detection
system (Leica Biosystems, UK).

1. Following the pretreatment protocol (a combination of
hydrated autoclaving, formic acid treatment, and proteinase K
digestion), tissue sections are washed in Tris-buftered saline
(TBS) (50 mM Tris; 150 mM NaCL; pH 7.6).

2. Tissue sections are incubated in the primary monoclonal anti-
PrP antibodies 3F4, KG9, and 12F10 for 1 h at room tempera-
ture. It is recommended that the primary antibodies are diluted
in the primary antibody diluent (Leica Biosystems) which can
help reduce any background and nonspecific labeling issues.

3. Tissues are washed in TBS and immunolabeling completed
with the two-part Novolink max polymer detection system.
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The first step is the incubation of tissue sections in postprimary
block for 30 min at room temperature. Following washing in
TBS, tissue sections are incubated in the Novolink polymer for
30 min at room temperature and further washed in TBS.

4. PrP immunolabeling is visualized with 3,3’-diaminobenzidine

(DAB) (see Note 5).

The PET blot is a staining technique with the ability to discrimi-
nate between PrP¢ and PrP% while improving on the sensitivity of
immunohistochemistry in the detection of PrP% [21]. Therefore,
the PET blot proves particularly beneficial for use on tissues where
upregulation of normal PrP¢ or nonspecific labeling following
immunohistochemistry was problematic to the interpretation of
staining (Fig. 2e, f). In addition, the superior sensitivity of the PET
blot in the detection of PrP% is particularly useful on brain biopsy
tissues, where there are often limited morphological changes and
levels of PrP% may be lower than those of autopsy tissue. The PET
blot has also been useful in the detection of PrP% in peripheral tis-
sues from patients with vCJD, where levels in lymphoreticular tis-
sues are much lower than those of CNS tissue (Fig. 2g, h). The
PET blot combines several of the technical aspects of immunohis-
tochemistry with that of Western blot analysis.

1. 5 pm Formalin-fixed, paraffin-embedded tissue sections are
blotted onto prewetted nitrocellulose membrane and dried at
60 °C overnight.

2. Nitrocellulose membranes /tissue sections are deparatfinized in
xylene for 5 min followed by stepwise rehydration (5-min
incubations) in propan-1-ol (absolute, 95%, 85%, and 70%).
Sections are air-dried before immersing in Tris-buftfered saline,
0.05% Tween 20 (TBST) (10 mM TrissHCL pH 7.8, 100
mM NaCL, 0.05% Tween 20).

3. The superior adherence of tissue sections to the nitrocellulose
membrane allows a rigorous treatment with proteinase K solu-
tion. Proteinase Kis used at a concentration of ~25 pg/mL in
digestion buffer (10 mM Tris-HCL pH 7.8, 100 mM NaCL,
0.1% Brij) for ~18 h at 60 °C, thus ensuring the complete
digestion of PrP¢ within tissues leaving only the disease-associ-
ated form, PrPse,

4. The sensitivity of the PET blot is further enhanced by a dena-
turing treatment of tissue sections with 3 M guanidine thiocya-
nate for 10 min at room temperature.

5. Tissue sections are washed in TBST, and blocked in casein for
30 min before immersion in the anti-PrP antibodies for 2 h at
room temperature. Antibodies are diluted in casein (se¢ Note 6).
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2.5 Biochemistry
of the Human Prion
Protein

2.6 Western Blot
Analysis

6. Following the washing of tissue sections in TBST, immunola-
beling is completed using a Vectastain ABC amplification
detection system (Vector Laboratories).

7. Labeling is visualized using NBT/BCIP (5-bromo-4-chloro-
3-indolyl phosphate /nitroblue tetrazolium) and sections are
observed on a stereoscopic microscope.

Although a sensitive and specific technique in the detection of
PrPS, PET blot preparations lack the cellular detail obtained with
conventional immunohistochemistry techniques. This, combined
with the large volumes of antibodies required for immunostaining
and a longer protocol, has discouraged the use of the PET blot as
a routine diagnostic tool for human prion diseases. Furthermore,
in the examination of postmortem brain tissue from patients with
prion disease, levels of PrP% in the brain are normally sufficiently
high that any differences in the staining between immunohisto-
chemistry and the PET blot are difficult to determine.

The pathogenesis of prion diseases is associated with the conver-
sion of the normal cellular form of the protein (PrP¢) into the
abnormal and disease-associated form (PrP%). The mechanism or
mechanisms underlying this protein conversion are yet to be fully
resolved, but have been attributed to a seeded aggregation process,
during which the direct interaction of PrP¢ and PrP* results in the
refolding of the a-helical and coil structure of PrP¢ into the
B-pleated sheet-rich complex that characterizes PrPS [22]. This
change in conformation alters the physicochemical properties of
the prion protein. PrP% has a decreased solubility in nondenatur-
ing detergents and an increased resistance to protease treatment
with proteinase K when compared to PrP¢ [23]. When tissue
homogenates are digested with proteinase K, a proportion of the
PrPS present is truncated at the N-terminus (and, in some forms of
human prion disease, the C-terminus), producing a protease-
resistant core fragment commonly referred to as PrP™. The resis-
tance of PrP% to protease digestion forms the basis for its
biochemical detection by Western blot analysis. When tissue
homogenates are examined by Western blot using antibodies to
PrP, samples containing PrP% will be detected on the blot, even
after proteinase K digestion, while PrP¢ is completely digested into
peptides that are not resolved on the blot.

Western blot detection of PrP™ in CNS or peripheral tissues
obtained at autopsy or, more rarely, from biopsy tissue has become
an essential component in the diagnosis of human prion diseases.
The identification of several distinct types of PrP following
Western blot analysis, which are associated with different disease
phenotypes, is also valuable in the subclassification of human prion
diseases and forms the basis of molecular subtyping [24]. A variety
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of Western blot protocols are available [24-26], but a critical
element shared by all comprises tissue extraction, protease diges-
tion, and denaturation.

1. Tissue samples (~100 mg) are homogenized in sufficient

extraction buffer (20 mM Tris pH 7.4; 0.5% Nonident P-40;
0.5% sodium deoxycholate) to give a 10% (wt/vol) brain
homogenate.

. Insoluble material is pelleted by spinning at 2000 rpm for

5 min as 4 °C. The supernatant is removed and the remaining
pellet frozen at —20 °C.

. PrP€ is digested by adding proteinase K to the supernatant to

a final concentration of 50 pg/mL and incubates at 37°C for
1 h. The digestion is stopped with the addition of Petabloc to
1 mM. Proteinase K-treated extracts can be stored at —20 °C
until required.

. Proteinase K-treated samples are given a short vortex before

removing a 5 pL volume and adding to 5 pL of 4x NuPAGE
LDS sample buffer, supplemented with 10 pL of 1x extraction
buffer (see Note 7). After a brief vortex, samples are denatured
by boiling at 100 °C for 10 min before a brief'spin at 14,000 rpm.
Protein molecular weight markers are included in each run
(1 pL Magic Marker™ XP, 5 pL. Benchmark, 9 pL of 1x extrac-
tion buffer, 5 pLL of NuPAGE LDS sample buffer) (see Note 8).

. Centrifugal concentration is an optional step used for increased

sensitivity in the Western blot detection of PrP™. Following
proteinase K treatment, the sample is given a brief vortex
before centrifugation at 14,000 rpm for 1 h at 4 °C (see
Note 9). The supernatant is removed and the pellet resus-
pended in 5 pLL of 4x NuPAGE LDS sample bufter (Invitrogen)
supplemented with 15 pL of 1x extraction buffer (20 mM Tris
pH 7.4; 0.5% NP-40; 0.5% sodium deoxycholate). After a
short vortex, the sample is boiled at 100 °C for 10 min and
stored at —20 °C until required.

. Proteins are separated by running at 200 V (constant current)

for 55 min in 1x NuPAGE MES running buffer (se¢ Note 10).

. Proteins separated by SDS-PAGE gel electrophoresis are trans-

terred onto polyvinylidene difluoride (PVDF) membrane at 30
V (constant current) for 1 h using the NuPAGE transfer sys-
tem. Transfers are carried out in 1x NuPAGE transfer buffer.

. Membranes are rinsed in Tris-buffered saline and Tween 20

(TBST) (20 mM Tris HCL pH 7.4, 0.9% NaCL, 0.01% Tween
20) before incubating in 5% powdered milk /TBST for 45 min
at room temperature or overnight at 4 °C.
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2.6.4 Protocol 10:
Sodium Phosphotungstic
Acid (NaPTA) Precipitation

2. Membranes are washed (3 x 5 min) in TBST prior to incubat-
ing in the primary anti-PrP antibody, most commonly 3F4,
diluted in TBST for 1 h at room temperature.

3. After a further wash, immunolabeling is completed by incubat-
ing the membrane in an anti-mouse IgG-linked horseradish
peroxidise-conjugated secondary for 1 h at room temperature.

4. Immunodetection is carried out by incubating the membrane
with the chemiluminescent substrate ECL plus for 5 min (GE
Healthcare, UK).

5. Membranes are then exposed to Hyperfilm ECL for 30 s,
3 min, and 30 min before the films are developed in an auto-
matic film hyperprocessor. The glycoform ratio and mobility of
the unglycosylated band of samples under investigation are
directly compared to the diagnostic reference standards (see
Note 8).

The detection of PrP™ in tissue homogenates results in a char-
acteristic pattern of three bands following Western blotting that
correlate to the variable occupancy of two N-linked glycosylation
sites (asparagine 181 and 187) such that the N-terminally trun-
cated PrPr exists in three resolvable glycoforms (non-, mono-,
and diglycosylated fragments) in the 18-30 kDa molecular mass
range. Several distinct banding patterns of PrP™ have been identi-
fied in human prion diseases, based on ditferences observed in the
electrophoretic mobility (fragment size) and in the glycosylation
ratio (the relative abundance of the glycoforms). In relation to
variability in fragment size, two major cleavage sites have been
identified following proteinase K digestion resulting in differently
sized nonglycosylated protease-resistant core fragments; trunca-
tion to glycine 82 yields a 21 kDa nonglycosylated fragment
(termed type 1) whereas truncation at glycine 97 yields a 19 kDa
nonglycosylated fragment (termed type 2). For variation in the
glycoform ration, the suffix A is given to cases in which the mono-
or nonglycosylated fragment predominates such as those found in
sCJD cases, with the suffix B given to cases such as vCJD where the
diglycosylated band predominates. The most common typing pro-
tocol used in the diagnosis of human prion diseases and that used
by the NCJDRSU is based on that of Parchi et al. [27]. This pro-
tocol has evolved and continues to evolve to encompass all forms
of human prion disease and is shown in diagrammatic form in
Fig. 3a.

PrPS accumulates in peripheral tissues in some forms of human
prion disease, most notably in lymphoreticular tissues of vCJD
patients. However, levels of PrP% within peripheral tissues are
much lower than those detected in CNS tissues [28]. An increase
in Western blot sensitivity can be obtained by utilizing the semise-
lective precipitation of PrP% from sarkosyl-solubilized tissue by
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Fig. 3 Western blot analysis of PrP™ types in human prion disease. (a) Diagrammatic representation of the
major protease-resistant prion protein (PrP™) types found in human prion disease after proteinase K treatment
and Western blot analysis. (b) Western blot analysis of PrP™ in brain homogenate from a sCJD MM1 and vCJD
patient. These two different human prion diseases are routinely included in Western blot analysis of brain tis-
sue from cases with suspected human prion disease, serving as appropriate reference control for both frag-

ment mobility and glycoform ratio

sodium phosphotungstic acid (NaPTA) precipitation prior to pro-
teinase K treatment and Western blotting [29].

1.

Tissue samples (~60-70 mg) are placed in 2 mL Lysing matrix
D screw-capped tubes (Qbiogen) with sufficient lysis buffer
(50 mM Tris pH 7.4; 5 mM MgCl,; 2 mM CaCl2; 100 mM
NaCl; 0.5% N-laurosarcosine; 2% Nonident P-40) added to
give a 10% (wt/vol) tissue homogenate (see Note 11).

. Samples are placed in a Fastprep instrument and run for 45 s at

a speed of 65 ms~!. Samples are removed and placed at 4 °C for
5 min before a further two more runs in the Fastprep using this
procedure.

. Samples are then centrifuged at 7000 rpm for 5 min at 4 °C.

500 pL of the supernatant is removed for NaPTA analysis. Any
excess supernatant is stored at —80 °C.

. To the 500 pL sample add 500 pL of 2% (w/v) sarkosyl in

phosphate-buftered saline (PBS) pH 7.4 and incubate at 37 °C
for 10-30 min.

. Add 5 pL of 10 U/pL benzonase and 5 pLL of 0.2 M magne-

sium chloride (MgCl,) to the sample. After a brief vortex,
incubate the sample for a further 30 min at 37 °C.

. To the sample, add 81 pL of 4% (w/v) NaPTA stock solution

(4% NaPTA, 170 mM MgCl,) to give a final concentration of
0.32% (w/v) NaPTA. Vortex the sample and incubate at 37 °C
for 30 min.
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2.7 Ancillary
Techniques

in the Detection
of Human Prion
Disease

7. Centrifuge the sample at 14,000 rpm for 30 min at 37 °C and
discard the supernatant. Resuspended the pellet in 20 pL of
0.1% sarkosyl in PBS pH 7.4.

8. Protease digest the sample by adding 2 pLL of 550 pg/mL pro-
teinase K solution and incubating at 37 °C for 30 min.
Proteinase K digestion is stopped by adding 1 pL of 23 mM
Pefabloc.

9. Add 8 pL of 4x NuPAGE sample bufter to the sample and boil
tor 10 min at 100 °C.

10. Western blot analysis is completed using the electrophoresis
(protocol 9), transter (protocol 9), and immunolabeling (protocol
10) protocols described in Sect. 2.6.

The majority of protocols discussed thus far detect PrP* based on
its protease resistance in relation to PrP¢. However, an alternative
approach has been developed to detect PrP* based on the confor-
mational difference between PrP¢ and PrP%, known as
conformation-dependant immunoassay (CDI) [30]. In CDI, PrPs*
is detected on the basis of the binding of the anti-PrP antibody
3F4 to a PrP epitope that is concealed in PrP% but made accessible
by denaturation with the chaotrope guanidine hydrochloride. As
yet, CDI is not commonly used in the diagnosis of human prion
diseases.

Immunohistochemistry and Western blot analysis continue to
be the primary diagnostic tools in the diagnosis of human prion
disease. Although highly sensitive, these techniques are restricted
to use on brain tissue sampled at autopsy, or more rarely from
biopsy tissue in patients showing clinical signs of disease where
levels of prion infectivity are high. Current research in prion dis-
eases focuses on the development and application of'in vitro ampli-
fication assays with the aim of detecting very low levels of PrP
from biological fluids such as blood, urine, and cerebrospinal fluid
(CSF) in patients with suspected prion disease [31]. The principle
behind the in vitro assays is to mimic the replication of the mis-
folded, disease-associated protein by increasing the concentration
of PrP% in an accelerated manner prior to detection. Protein mis-
tolding cyclic amplification (PMCA) was the first amplification
assay to be described and its methodology has been modified and
forms the basis of other in vitro assays [32]. In PMCA, a sample
containing a seed (PrP%) is diluted into a substrate containing
excess PrPC. The seeded aggregation process associated with repli-
cation of PrP% is then accelerated by successive rounds of incuba-
tion and sonication prior to detection by Western blotting. In a
more recent development, the real-time quaking-induced conver-
sion (RT-QulIC) method monitors the conversion of recombinant
PrP (used as the seed) in real time using the fluorescent dye thio-
flavin T which binds to p-sheet structures [33]. In contrast to
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PMCA, RT-QulC substitutes shaking instead of sonication.
Although both PMCA and RT-QulC are not fully established in
the diagnosis of human prion diseases, RT-QulC in particular has
shown considerable promise as a clinical CSF diagnostic test [34].

Human prion diseases remain a rare group of neurodegenerative
disorders, but continue to have considerable public health implica-
tions as a result of their capacity for human-to-human transmission
[5]. Therefore, the accurate identification and laboratory diagnosis
of human prion diseases are essential. Although diagnosis of a
human prion disease can be made with a high degree of accuracy
based on the characteristic clinical phenotype, our extensive experi-
ence in the laboratory diagnosis of a human prion disease indicates
that a combined histological and biochemical approach is essential,
combined with adequate clinical and genetic data for clinicopatho-
logical correlation. Therefore, examination of the brain in known
and suspected cases of human prion disease is necessary. The
unique nature of the infectious agent in prion disease, specifically
the extreme resistance to conventional decontamination and disin-
fection methods, requires a number of robust protocols for the safe
laboratory handling of brain and other CNS tissues from cases of
suspected prion disease. These protocols are described in this chap-
ter and are based on the principles of containment and decontami-
nation. Most of the widely used techniques to diagnose human
prion diseases reply on the identification of protease-resistant prion
protein (PrP%), allowing it to be distinguished from the normal
cellular from of the prion protein (PrP¢), which is protease sensi-
tive. However, PrP¢ can be upregulated in certain disease states in
the human brain, e.g., hypoxia, so the use of the techniques we
describe to distinguish upregulated PrP¢ from PrPC is essential.
The development of a wide range of laboratory techniques to
specifically identity and amplify PrP% are in current research use;
these are beginning to be applied to human CSF samples and brain
tissue samples for diagnosis and we anticipate that these methods
will become more widespread in diagnostic use in the near future.

3 Notes

1. Several distinct morphologies of plaques have been described
in human prion diseases, the majority of which can be identi-
fied with tinctorial amyloid stains such as Congo red and thio-
flavin T in addition to H&E staining [35]. However, as all
plaques are composed of the aggregated and abnormal form of
the prion protein they are most easily identified following
immunohistochemistry for PrP.
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2.

Fixation helps to preserve cellular architecture and composi-
tion of cells in the tissue to allow them to withstand subse-
quent processing. However, formalin fixation results in the
cross-linking of protein molecules within tissues that can
“mask” protein epitopes corresponding to the targets of anti-
bodies used in immunohistochemistry. The PrP antigen is
masked during formalin fixation requiring a number of dena-
turing pretreatment protocols to expose the epitope [15, 16].

. Treatment of tissue sections with proteinase K solution has

proved to be particularly useful in the digestion of endogenous
PrP¢. However, concentrations and time of exposure must be
kept to a minimum to preserve tissue morphology. As a result,
the differentiation between PrP¢ and PrP can prove
problematic.

. In the immunohistochemical diagnosis of prion disease, it is

advisable to use a panel of anti-PrP antibodies, as the use of
antibodies with different epitopes within PrP can often result
in differences in the pattern and intensity of staining. This is
best demonstrated in cases of variable protease-sensitive prion-
opathy (VPSPr) where differential staining has been observed
between the monoclonal PrP antibodies 3F4, 12F10, KG9,
and 12F10, four of the most commonly used antibodies used
in the diagnosis of human prion diseases [36].

. Interpretation of PrP immunolabeling patterns can prove

problematic, most commonly due to the inability of the pri-
mary antibodies to discriminate between PrP¢ and PrPs. PrP¢
is often upregulated in other neurodegenerative conditions
such as Alzheimer’s disease and cerebral hypoxia [37, 38].
Also, levels of PrP¢ are likely to be higher in rapidly fixed brain
biopsy specimens than autopsy brain samples, as there is less
opportunity for degradation. It is unlikely that the concentra-
tion of proteinase K used in immunohistochemistry is suffi-
cient to degrade these high levels of PrP¢; therefore, a diffuse
labeling of PrP¢ may be present in these tissues. Under these
circumstances, it is crucial that the patterns of apparently posi-
tive immunolabeling should be differentiated from PrP*.

. Consistent with immunohistochemistry, it is advisable to use a

panel of anti-PrP antibodies in the PET blot analysis of PrPs.
It is important to include a tissue section in which the primary
antibody is omitted and replaced with blocking serum as an
appropriate negative control.

. The abundance of PrP can vary among samples. Loading the

sample under investigation at a range of volumes is recom-
mended, and including a lane of the sample prior to proteinase
digestion is helptul.
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Chapter 6

Subcellular and Molecular Changes Associated
with Abnormal PrP Accumulation in Brain and Viscera
of Classical and Atypical Prion Diseases

Martin Jeffrey and Gillian McGovern

Abstract

Immunogold electron microscopy has shown that the primary toxic effects on cells of disease-associated
prion protein (PrP!) accumulation are to be found on plasma membranes. The nature of the membrane
change is tissue and cell type specific. PrP¢ accumulation on neurites is associated with bizarre and unique
twisted or branched membrane invaginations that are sometimes coated and sometimes have a spiral twist.
Neuronal PrP¢ elicits submembrane ubiquitination by interaction with a presumptive transmembrane
ligand and this protein complex undergoes clathrin-mediated endocytosis. PrP¢ accumulation on plasma
membranes of glial cells causes membrane ruffling but on follicular dendritic cells of the lymphoid system
it causes dendritic process hyperplasia, while on adrenal chromatfin cells it causes the membrane to be rear-
ranged into linear palisades. PrP¢ interacts with different molecular partners on different cells suggesting
that these different morphological defects are caused by variable molecular interactions related to a scaf-
folding function of normal membrane PrP. The presence of a glycophosphoinositol (GPI) anchor is neces-
sary for membrane binding and pathology. The absence of a GPI anchor promotes release of PrP¢ into
interstitial fluid and, on interaction with extracellular matrix binding proteins, its accumulation in base-
ment membranes of blood vessels to form cerebral amyloid angiopathy. Membrane PrPY may be released
to the extracellular space to form amyloid fibrils or be internalized into the endolysosomal systems where
it is initially N-terminally truncated prior to complete degradation. These three subcellular locations of
PrP¢) plasma membranes, endolysosomes, and extracellular aggregates of PrP¢, are common to all classical
prion diseases and prion disease sources in man, sheep, cattle, and deer. However, atypical scrapie PrP may
be found on membranes of myelinated axons and in the inner mesaxon of oligodendroglial cells suggesting
that differing trafficking pathways for PrP? occur in atypical scrapie relative to classical prion diseases. While
PrPY is consistently associated with cellular lesions that most likely contribute to neurological deficits, it is
unlikely that PrP¢ colocalized lesions are, alone, the proximate cause of clinical discase. Other lesions such
as apoptosis that do not colocalize with PrP¢ may contribute to clinical disease progression and may be
associated indirectly with increasing PrP¢ accumulation. However, prion disease-infected tissues possess
other lesions, such as tubulovesicular bodies, that do not have clear association with PrP¢ and are of
unknown relationship to disease pathogenesis.

Key words Transmissible spongiform encephalopathy, Atypical scrapie, Prion disease, Immunogold
electron microscopy, Prion protein, Cell membranes, Tubulovesicular bodies, Cerebral amyloid angi-
opathy, Mesaxon, Lymphoid tissues, Adrenal, Brain, Follicular dendritic cell
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1 Introduction

The principal purpose of electron microscopy is to characterize the
nature of subcellular lesions seen by light microscopy. Uniquely
among prion research methodologies, immunogold electron
microscopy can be used to determine how the abnormal prion pro-
tein damages cells, and is particularly valuable for the study of nat-
urally occurring disease. In addition to transmissible spongiform
encephalopathy (TSE)-specific subcellular changes, immunogold
electron microscopy can also be used to demonstrate other mole-
cules that interact with abnormal prion protein.

Abnormal prion protein accumulations are found in nearly all
prion diseases and can be detected by immunohistochemical meth-
ods. Immunohistochemically detected, disease-associated prion pro-
tein (PrPY) consists of protease-resistant and protease-sensitive
fractions and extracellular whole-length and intracellularly truncated
PrP9 variants [1, 2]. In brain, cellular PrP? accumulations take a wide
range of morphological forms, and are associated with neurons, glia,
and endothelia [3, 4]. Electron microscopy can be used to resolve
these morphological forms to three subcellular locations: the greatest
majority of PrP? is localized to plasma membranes, other smaller frac-
tions are found in endolysosomes, and extracellular PrPY mainly occurs
as larger molecular aggregates often forming amyloid fibrils. In most
naturally occurring diseases of animals, extracellular PrP¢ is usually
relatively inconspicuous but may be prominent in some human
diseases.

2 Materials

2.1 Light Microscopy
Immunolabeling

of Resin-

Embedded Tissue

Sodium ethoxide: sodium hydroxide pellets (7 g), ethanol (100 mL).
6% Hydrogen peroxide in distilled water.
Formic acid (neat).

Phosphate-buffered saline (PBS) concentrate: Sodium chloride (80
g), potassium chloride (2 g), disodium hydrogen phosphate (11.5
g), potassium dihydrogen phosphate (2 g), distilled water (1 L).

PBS with Tween (PBST): PBS concentrate (100 mL), distilled
water (900 mL), Tween (2 mL).

Blocking buffer: 10% Normal serum in PBST.
1A8 PrP antibody [5] at a 1:2000 dilution in PBST.

Avidin-biotin complex (ABC) kit (Vector Laboratories Ltd,
Peterborough, UK), made as per kit instructions.

3’3-Diaminobenzidine tetrachloride (DAB).

Copper sulfate: Copper sulfate (4 g), sodium chloride (7.2 g), dis-
tilled water (1 L).
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2.2 Immunogold
Electron Microscopy
Procedure

2.3 Electron

Meyer’s hematoxylin.
0.1% Acid alcohol: Hydrochloric acid (1 mL) and ethanol (1 L).

0.05% Lithium carbonate: Lithium carbonate (0.5 g) and distilled
water (1 L).

Xylene.

DPX mounting reagent.

Sodium periodate (saturated in distilled water).

5 nm gold probe (secondary antibody): BBI gold IgG (BBI solu-
tions, Cardift, UK), 1:50 dilution in blocking buffer.

Boiled distilled water.
2% Hydrogen peroxide (in boiled distilled water).

Primary antibodies: PrP-1A8 at a 1:500 dilution [5], 1C5 ata 1:20
dilution [6], 523.7 at a 1:250 dilution (J. Langeveld, ID-
Lelystad, The Netherlands), and immunoglobulin G (IgG) at a
1:75 dilution (Zymed, Fisher Scientific UK Ltd, Loughborough).

Nanoprobes Goldenhance (Universal Biologicals, Cambridge,
UK): Prepared according to kit instructions.

Formic acid (filtered, neat).

Phosphate-buffered saline (PBS): Made from concentrate as
described above, and filtered.

Normal blocking serum: 5% Appropriate normal serum in PBS,
microfiltered and heat inactivated.

British biocell bufter (BBI): PBS (100 mL), appropriate normal
serum (2 mL), Tween (0.1 mL), bovine serum albumin (BSA)
(1 mL), sodium azide (0.1 mL) pH 8.2.

2.5% Glutaraldehyde (in PBS).

10% Uranyl acetate in boiled and filtered distilled water.

Micr oscopy_ Reynolds lead citrate: Lead nitrate (1.33 g), trisodium citrate (1.76
Counterstain g), boiled distilled (44 mL), sodium hydroxide (6 mL).
Procedure Boiled distilled water.

Sodium hydroxide pellets.
3 Methods
3.1 Light Microscopy ~ Resin Removal
Z?Z’eus’;zlabe”ng This part of the procedure is carried out using a stainless steel labeling tray.
Embedded Tissue 1. Sodium ethoxide is applied to slides for 10 min followed by

three washes in absolute ethanol to clear residual ethoxide.

2. Rinse in running water for 10 min.
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3.2 Immunogold
Electron Microscopy
Procedure

Pretreatment

1.

2.
3.
4.

Inhibit endogenous peroxidase by treating with hydrogen per-
oxide for 10 min.

Rinse in running water for 10 min.
Enhance antigenicity with formic acid for 5 min.

Rinse in running water for 10 min.

Immunolabeling

The following part of the procedure is carried out using a Sequenza
rack system (Shandon, Fisher Scientific UK Ltd, Loughborough,
UK).

1.

Apply 100 pL of PBST to slides for 2 h.

2. Blocking step: Incubate in blocking buffer for 60 min.

N O\ Ul W~

9.

. Primary antibody incubation: Incubate sections with appropri-

ate dilution of specific primary antibody in blocking buffer
overnight at 27 °C.

. Wash slides in PBST for 20 min.
. ABC amplification: Apply ABC reagents as per kit instructions.
. Wash slides in two changes of PBST for 10 min each.

. Remove slides from Sequenza rack and place in standard slide

rack.

. Place slide rack into a trough of fresh DAB visualization prod-

uct for 10 min (2 mL DAB, 200 mL PBST, and 200 pL hydro-
gen peroxide).

Rinse slides in four quick changes of PBST.

Counterstain

O NN N U Bk W N

. Immerse slides in copper sulfate for 10 min.

. Rinse in tap water.

. Immerse in filtered hematoxylin for 30 min.

. Rinse in tap water.

. Differentiate using acid alcohol for 2 s.

. Rinse in tap water.

. Color enhance using lithium carbonate for 10 s.

. Rinse in tap water.

Dehydrate in two changes of absolute ethanol, clear in xylene, and
mount in DPX.

65 nm sections are cut using a Leica EM UC6 ultramicrotome
(Leica Microsystems (UK) Ltd, Milton Keynes, UK) placed onto
gold grids (TAAB Laboratories Equipment Ltd, Reading, UK) and
allowed to dry in an airtight box. All steps of the immunolabeling
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Microscopy
Counterstain
Procedure
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procedure are performed at room temperature (unless otherwise
specified) on reagent droplets within a humid chamber.
Resin removal

1. The grid is floated (section side down) on a droplet of sodium
periodate for 60 min.

2. The grid is then passed through multiple drops of water for
15 min.

Pretreatment

1. Place grid on a droplet of hydrogen peroxide solution for 5 min.
2. The grid is rinsed in multiple drops of water for 15 min.
3. The grid is placed on a drop of formic acid for 5 min.
4. The grid is then rinsed in multiple drops of water for a further
15 min
Immunogold labeling
1. Blocking step: Place grid on a drop of blocking serum for
30 min.

2. Primary antibody incubation: Incubate grid with appropriate
dilution of specific primary antibody in BBI buftfer overnight at
27 °C.

3. Rinse grid on BBI bufter: pass through multiple drops for
60 min.

4. Immunogold incubation: Place grid onto a drop of BBI gold
IgG for 2 h.

5. Pass grid through multiple drops of water for 30 min.
6. Postfixation step: Apply glutaraldehyde for 10 min.

7. Wash grid in multiple drops of PBS for 10 min and then in
water for a further 10 min.

8. Gold amplification: Place the grid on a drop of Goldenhance
solution for 5 min.

9. The grid is then washed in multiple drops of water for a further

30 min.

Counterstain with uranyl acetate and lead citrate.

All steps of the staining procedure are performed at room tempera-
ture. Uranyl acetate staining is carried out in a humid chamber while
lead citrate is carried out in a chamber devoid of moisture. This is
achieved by placing sodium hydroxide pellets within the chamber.

1. Float grid section side down on the drops of uranyl acetate for
15 min.

2. Wash in water for 8 s. Blot grid on the edge of filter paper.
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3. Place grid onto a lead citrate drop for 10 min
4. Rinse grid in water for 30 s.

5. Touch dry grid on filter paper and dry carefully using hairdryer
(approximately 5-10 s).

4 Immunogold Electron Microscopy of the Nervous System

4.1 Nervous System:
Membrane

and Intracellular
Forms of PrP?

Most morphological types of PrP¢ accumulation observed upon
light microscopical examination of prion disease-infected brains,
such as diffuse punctuate (often called synaptic), peri-neuronal,
peri-glial, larger particulate, or coalescing foci, are each colocalized
to plasma membranes of neurites, neuronal perikarya, and glial
cells. Initial accumulations on membranes do not visibly alter the
structure of the membrane or the cytological appearance of the
parent cell or process. In agreement with cell biology studies [7],
the early localization of PrP“ on plasma membranes in the absence
of morphological change suggests that the misfolding of the nor-
mal cellular form of prion protein (PrP¢) takes place at this site and
that the conversion of PrP* into misfolded forms is favored when
misfolded and normal molecules are attached to the same mem-
brane [8]. The molecular form of the template is uncertain but
small oligomers appear to be more likely candidates than either
misfolded monomers or large aggregates, and the conversion most
likely takes place in raft domains of the membrane [9]. Although
the increasing abundance of misfolded forms of PrP may be
associated with increasing infectious titer, the correlation between
PrP? and titer is poor, and membrane-stabilized misfolding of PrP*
into misfolded and aggregated PrP? can occur without induction
of further new infectious prions [10, 11].

Sustained or intense membrane accumulations of PrP¢ are
associated with specific morphological changes. Dendrites, axon
terminals, and neuronal cell bodies may show bizarre plasma mem-
brane invaginations. Invaginations may be spiral or branched; they
often appear coated and are associated with an increase in the num-
ber of clathrin-coated pits and vesicles (Fig. la, b) (see [12] for
review). These membrane changes colocalize with both PrP¢ and
ubiquitin. Immunogold and morphometric analysis suggests that
PrP? and ubiquitin are topologically localized to different sides of
the membrane, respectively, the extracellular and intracellular faces
[13]. As PrP? is attached to the exterior of the membrane by its
glycophosphoinositol anchor (GPI) it cannot interact directly with
ubiquitin suggesting that ubiquitination and clathrin coating is
elicited via an intermediary transmembrane molecule(s) as also
suggested by cell culture studies [14]. Thus PrP¢ molecules or
oligomeric aggregates form protein complexes on membranes.
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Fig. 1 Membrane invaginations of neurites. (a) Natural sheep scrapie. Dendrite showing invaginations of the
plasma membrane. The invaginations (arrows) are branched with a submembrane coat. There are increased
numbers of coated vesicles/pits (arrowheads). Immunogold labeling for PrP? is associated with the invagina-
tions and coated pits. Inmunogold labeling—PrP. (b) Feline spongiform encephalopathy. Dendrite (D) and axon
terminal (Axt) showing spiral membrane invaginations (arrows) and increased coated pits (arrowheads). Uranyl
acetate/lead citrate counterstain. (¢) Murine scrapie model created by a synthetic PrP source, PrPS1o% (see
Jeffrey et al. [16]). Reactive astrocytic processes (As) are surrounded by immunogold labeling for PrPY. PrP4 is
located on membranes of ruffled and microfolded plasma membranes originating from these astrocytic pro-
cesses (arrows). Immunogold labeling—PrP. (a) Bar = 500 nm; (b) Bar = 500 nm; (¢) Bar = 500 nm

These immunogold data are consistent with the proposed role of
the normal cellular prion protein molecule (PrP¢) as a scaffolding
molecule involved in the assembly of multicomponent signaling
modules at the cell surface [15].

Ubiquitinated PrP4 membrane complexes are ultimately inter-
nalized to late endosomes, which form abnormal irregular fused
vesicular cisterns [13] and to lysosomes where they are truncated
[2, 17] and accumulate prior to complete digestion. Scrapie
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infection is associated with increased numbers of neuronal endoly-
sosomes and abnormal multivesicular bodies [13].

While PrP¢ may accumulate on the plasma membranes of glial
cells, these membrane PrP¢ accumulations are not associated with
invaginations. Prominent PrP¢ accumulation may occur on astro-
cyte plasma membranes where it is associated with intense polyp-
like microfolding or ruffling of the affected membrane (Fig. 1c¢),
[13]. Microglial cells recognize and respond rapidly to the appear-
ance of PrP¢ on the plasma membanes of neurites by inserting fine
strands of cytoplasm between PrP¢ labeled neurites. PrPY may be
transferred to these cytoplasmic fingers, but in contrast to astro-
cytes these microglial cells do not show membrane ruffling.
Ultimately microglial membrane and cytoplasmic PrP¢ is degraded
by lysosomes. This microglial response appears to be a general cel-
lular surveillance function of microglia [18] as the same features
are seen when GPI-anchored Af accumulates on neurite plasma
membranes [19]. Oligodendroglia do not appear to be involved in
PrP¢ amplification in classical TSEs or prion diseases, but under
some experimental conditions, rodent oligodendroglia can convert
PrP¢ into noninfectious disease-associated conformers of PrP4[10].

Ditferent proportions of different membrane and intracellular
lesions are found in animals expressing different PRNP genotypes
[20] and infected with different strains of scrapie. However, the dis-
tinctive membrane and endolysosomal changes described above are
common to all animal TSEs examined so far (see [12] for review)
and also to experimental rodent scrapie-like disease induced by intra-
cerebral or intraperitoneal inoculation with refolded recombinant or
synthetic PrP sources [16, 21]. Similar morphological defects of
membranes have been reported in sporadic CJD [22, 23] though
the colocalization of these lesions with PrP¢ by immunogold elec-
tron microscopy has not yet been tested. The same membrane
lesions are also found in a transgenic mouse in which susceptibility
to infection is confined to PrP<-expressing glia cells [24] showing
that GPI-anchored PrP¢ released from one cell readily reinserts into
adjacent uninfected cell membranes by a process known as GPI
anchor transfer [25]. Thus the presence of neuronal membrane-spe-
cific TSE lesions in a mouse expressing PrP¢ on glial cells alone shows
that endogenous PrP¢ expression is not necessary for these lesions to
form [24]. In contrast, membrane invaginations are absent from a
mouse model in which PrP is engineered to lack the GPI anchor
suggesting that anchoring to the membrane is necessary to allow
PrP¢ to interact with other membrane proteins [26]. The stereotypi-
cal nature of the membrane changes in all classical TSEs raises the
possibility that they are a nonspecific response to the presence of
aggregated protein at the cell membrane. However, when the
Alzheimer’s disease-associated peptide Ap is attached to membranes
with a GPI anchor, these specific membrane changes are absent
although A plaque formation is enhanced [19]. Thus PrP! interacts
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4.2 Nervous System:
Extracellular Amyloid
and the Role

of the GPI Anchor

in a specific and apparently unique way with membranes to cause
neuritic invaginations and glial membrane ruffling.

PrP? released from membranes into the extracellular space forms
aggregates and short fibrils that are visible by electron microscopy.
Where abundant fibrils are present, they organize into bundles and
eventually form amyloid plaques that can be seen at light microscopy.
Amyloid plaques are infrequent or absent in most naturally occurring
animal TSEs [27], with the exception of a rare atypical bovine TSE
known as bovine amyloidotic spongiform encephalopathy [28].
Similarly, amyloid plaques are restricted to particular categories of
human prion diseases including variant Creutzfeldt-Jakob disease
(vCJD), kuru, and in 10-15% of sporadic Creutzfeldt-Jakob disease
(sCJD) individuals belonging to a subgroup sometimes identified as
MV 2K [29, 30]. Only in some inherited PRNP mutations, particu-
larly some forms of Gerstmann-Stratissler-Scheinker disease (GSS)
[31], and in bovine amyloidotic spongiform encephalopathy are amy-
loid plaques the preponderant or sole feature. Amyloid plaques in
TSEs generally take one of the two basic forms: kuru-type plaques,
which are the most commonly encountered, or multicentric plaques
which are confined to GSS. Kuru-type plaques are generally com-
posed of a central core of extracellular amyloid fibrils surrounded by a
stellate arrangement of radiating bundles of amyloid fibrils (Fig. 2a)
[32-34]. Mature plaques are surrounded by swollen astrocytes and /
or microglial cell processes and dystrophic neurites containing excess

Fig. 2 Amyloid plaques. (a) Tg101LL mouse inoculated with 101 L amyloid fibrils. Kuru-type plaques consisting
of a central core of extracellular amyloid fibrils surrounded by a stellate arrangement of radiating bundles of
amyloid fibrils. Immunogold labeling—~PrP. (b) Tg101LL mouse inoculated with GSS. Multicentric plaques con-
sisting of two discrete cores (A1, A2), surrounded by microglial (m) or astrocytic (as) processes. Uranyl acetate/
lead citrate counterstain. (a) Bar = 1 um; (b) Bar = 1 pm
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densely packed organelles, mainly autophagic vacuoles and lysosomes.
Florid plaques of vCJD also consist of a single core but are less com-
pact than kuru-type plaques. They are composed of thicker amyloid
fibrils and are surrounded by frequent dystrophic neurites [34, 35].
GSS plaques [35], including plaques found in GSS-challenged mice
carrying GSS transgenes [10], are generally larger and more irregular
than kuru-type plaques with multicentric dense cores that often con-
tain interweaving sheets of amyloid [10, 34].

The formation of plaques has been studied in rodent models of
scrapie and GSS. In the 87 V murine scrapie strain, early plaques
form initially from the localized release of PrP? from the plasma
membrane of individual dendrites which subsequently mature into
compact kuru-type plaques [32]. Multicentric GSS plaques also
derive from oligomeric PrP¢ amyloid precursors converted from
membrane PrP¢. In contrast to kuru-type plaques, multicentric
plaques (Fig. 2b) grow from multiple locally distributed seeds dis-
persed within the extracellular space by a “parent” plaque, or from
seeds dispersed from the original experimental inoculum [10].

Extracellular PrP¢ amyloid may also take the form of cerebral
amyloid angiopathy (CAA) (Fig. 3a) with a markedly different
pathogenesis from kuru and multicentric plaques. CAA is the
major or exclusive pathology of some rare familial forms of prion
disease [31] and in a transgenic mouse line in which PrP¢ lacks its
GPI anchoring to the cell membrane (the anchorless PrP mouse)
[26]. CAA is also a feature of intracerebral challenge with syn-
thetic forms of prion disease [16] and occurs as a rare incidental
feature of some natural chronic wasting disease [36] and scrapie
cases [37].

Fig. 3 Cerebral amyloid angiopathy. (a) Scrapie-infected GPI anchorless mouse. Light microscopy showing accu-
mulation of PrP? around blood vessels (bv) and within blood vessel walls (arrows). Light microscopy immunolabel-
ing of resin-embedded tissue—PrP. (b) Scrapie-infected GPI anchorless mouse. PrP accumulation in association
with basement membranes (arrows). Inmunogold labeling—PrP. (a) bar = 50 um; (b) Bar = 1 pm
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Prion disease-associated CAA is a protein elimination failure
arteriopathy [38]. Unlike in other tissues where interstitial fluids are
removed by lymphatic ducts, extracellular fluids and solutes of the
brain are removed via perivascular channels and through basement
membranes of capillaries and arterioles. The term protein elimina-
tion failure has been coined for the process of entrapment of pro-
teins in these perivascular pathways. CAA is a common feature of
Alzheimer’s disease and is caused by the aggregation of Ap peptides
in basement membranes of endothelial cells and other cells of blood
vessel walls. CAA may also occur in prion diseases [38].

The PrP anchorless mouse does not retain PrP¢ at the surfaces of
cells but releases them into the extracellular space and interstitial fluid
[39]. When infected with scrapie, anchorless mice become sick but
do not accumulate PrP¢ in any of the conventional immunohisto-
chemical types usually recognized in naturally occurring TSEs.
However, widespread vascular amyloid plaques are present through-
out the brain [39]. Immunogold electron microscopy of scrapie-
infected anchorless mice shows that there is an initial accumulation of
nonfibrillar PrP! in basement membranes of capillaries (Fig. 3b) and
in the abluminal basement membranes of arterioles. This is followed
by a progressive involvement of basement membranes located
towards the lumen of arterioles and the subsequent assembly of fibrils
within basement membranes which precedes replacement of the ves-
sel walls by amyloid resulting in CAA [26]. These aggregates of PrP¢
delay drainage of interstitial fluids [40]. PrP¢ entrapment in basement
membranes is accompanied by altered distribution of laminin, and
probably other components of basement membranes, suggesting
that the stabilization of PrP¢ in basement membranes is due to an
interaction with other extracellular matrix molecules [ 38].

The pathogenesis of CAA in rare human familial prion diseases
is probably similar to that of the scrapie-infected PrP anchorless
mouse. CAA found in human familial prion disease is associated
with several specific genetic inherited mutations of the PRNP gene.
Each of these familial disorders is associated with a premature stop
mutation or a long truncation mutation that results in carboxyl
C-terminal truncation of PrP¢ [31]. Endogenous PrP and the sub-
sequently formed PrP¢ in each of these familial mutations therefore
lack a GPI anchor to tether PrP¢ to cell membranes and thus will
permit its distribution into the interstitial fluid.

Intracerebral inoculation of wild-type or some transgenic
mouse lines with refolded and aggregated recombinant forms of
prion protein and other aggregate-containing inocula may induce
the formation of amyloid plaques or occasionally CAA [10, 11,
41]. Similarly, synthetic prion protein molecules that are generated
by bacteria and which lack a GPI anchor and additional sugar side
chains may produce amyloid plaques at primary passage. However,
secondary passage or recombinant PrP is often necessary for more
widespread pathology [42].
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4.3 Nervous System:

Atypical Forms
of Prion Disease
and Alternate PrP
Trafficking

Amyloid plaques and CAA induced by intracerebral passage of
recombinant PrP mainly affect the corpus callosum and stratum
lacunosum moleculare of the hippocampus [43]. When low vol-
umes of Indian ink are inoculated into the neocortex, the ink dis-
tributes around blood vessels of the corpus callosum and subsurface
of the hippocampus and hippocampal fissure [44 ]. Similarly, when
brain homogenates containing Ap are inoculated into mutant mice
overexpressing Alzheimer’s precursor protein, plaques also accu-
mulate at these sites [44]. Studies which have investigated the fate
of intracerebral inoculums show that Indian ink particles and fluo-
rospheres expand the perivascular spaces rather than entering the
narrow basement membranes of the perivascular drainage path-
ways and can be forced along these perivascular spaces in a volume-
and pressure-dependent manner [45, 46]. Intracerebral synthetic
PrP challenge experiments are generally conducted with high vol-
umes of inoculum and it is likely that larger aggregates within these
inoculums are distributed along expanded perivascular spaces in a
similar way to Indian ink particles. Only some smaller soluble com-
ponents in the inoculum may enter directly into the interstitial
drainage pathways in vascular basement membranes and result in
prion CAA [45]. Thus, the distribution of amyloid plaques and of
CAA following intracerebral challenge with aggregated forms of
prion protein corresponds to distributions of particulates and of
solutes within the inoculum, respectively. When considering the
pathogenesis of different experimental prion disease models, the
molecular structure of the prion protein, the sizes of aggregates or
seeds, and the site, volumes, and rates of delivery of inoculums
need to be considered when comparing disease phenotypes of dif-
ferent sources or strains. A different distribution of PrP¢ at the
clinical end stage of disease may therefore occur following chal-
lenge with the same prion source when used in different experi-
mental conditions. Thus, different patterns of PrP or PrPr
accumulation should only be interpreted to suggest that the origi-
nal source inoculums contained different prion strains when all
other experimental conditions were the same.

Increased awareness and surveillance for prion disease following the
recognition of cattle BSE and human vCJD has led to the recogni-
tion of a number of nonclassical TSEs or prion diseases including
protease-sensitive prionopathy in man, bovine amyloidotic spongi-
form encephalopathy (also known as L-type BSE), H-type BSE in
cattle, and atypical scrapie of sheep and goats. Not surprisingly,
given their rarity, there is little data on the subcellular pathology of
these diseases but some information has been obtained for atypical
sheep scrapie and atypical scrapie transmitted to Tg338 mice.

In contrast to classical sheep scrapie sources, atypical scrapie is a
sporadic disease, with long incubation periods. It occurs in geo-
graphical regions from which classical scrapie may be absent and
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typically affects PRNP genotypes considered resistant to classical
scrapie [47, 48]. Abnormal prion protein biochemically extracted
from atypical scrapie has multiple weakly protease-resistant PrPr
species, with a distinctive low-molecular-weight band around 12
kDa [47,49]. Brain immunohistochemistry of PrP¢ shows predomi-
nantly a diffuse finely punctuate accumulation in cerebellum and
cerebrum with distinctive white matter PrP¢ accumulation [50].

In atypical scrapie of sheep and TG338 mice there are distinctive
lesions of myelinated fibers comprising proliferation of the inner oli-
godendroglial mesaxon which is associated with PrP¢ immunogold
labeling (Fig. 4a). PrPY immunolabeling is mainly found in associa-
tion with electron-dense mesaxonal cytoplasm often containing
electron-dense granules, small vesicles, coated pits, or coated vesicles
(Fig. 4b); however, it is also occasionally found on axonal plasma
membranes. Some oligodendroglial associated PrP¢ is specifically
localized to the cytoplasmic loops at some paranodes [51].

These atypical scrapie lesions are unique with respect to previ-
ous descriptions of classical and naturally occurring forms of prion
disease. However, similar oligodendroglial inner mesaxon prolifera-
tion occurs in Tg(PG14) transgenic mice which expresses a nine-
octapeptide insertional mutation homologous to that of a familial
prion disease of humans [52, 53]. This Tg (PG14) mouse trans-
ports a weakly protease-resistant form of prion protein in axons

Fig. 4 Atypical scrapie. (a) Atypical scrapie-infected Tg338 mouse. PrP¢ is present in hypertrophic oligoden-
droglial mesaxonal cytoplasm (mes) surrounding a small axon (ax). Most PrP¢ labeling is associated with
intracytoplasmic membranes (arrowhead) or coated pits. The pallor of myelin sheaths (m) is an artifact of the
immunogold labeling method. Immunogold labeling—PrP. (b) Atypical scrapie-infected Tg338 mouse. PrP! is
associated with oligodendroglial paranodal loops (PI) of cytoplasm. Myelin is again discolored (m). Immunogold
labeling—PrP. (@) Bar = 1 pm; (b) bar = 500 nm
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4.4 Nervous System:
Lesions Lacking
Associations with PrP?

[54]. Oligodendroglial mesaxonal proliferation is detected in some
toxic leukoencephalopathies and is thought to be a response to the
presence of intra-axonal aggregates or toxins [55]. By extrapola-
tion, PrP4-associated oligodendroglial inner mesaxonal prolifera-
tion of atypical scrapie is also potentially a response to the presence
of weakly protease-resistant axonal PrP? aggregates [51].

Thus, the cellular localizations of PrP¢ in classical and atypical
scrapie differs. In atypical scrapie, PrP? is prominent on the oligo-
dendroglial mesaxon and on axons of myelinated processes while
most classical scrapie is associated with dendritic and perikaryonal
membranes. These data show that the cellular targeting and cellu-
lar trafficking of atypical PrP¢ differ from those of classical scrapie.
With respect to neurons, classical scrapie traffics aggregates pre-
dominantly into dendrites and neuronal somas while a significant
fraction of atypical scrapie PrP¢ aggregates appear to be trafficked
to axons. Wallerian-type degeneration is not uncommon in classi-
cal prion disease but the extent of this degeneration and other
white matter lesions is particularly conspicuous in atypical scrapie-
affected sheep and mice [51] and may be related to the putative
altered trafficking of atypical PrP¢. The mechanisms underpinning
altered PrP¢ trafficking are uncertain but may be related to the
protease sensitivity of aggregates.

We have so far described positive correlations between subcellular
lesions and PrP¢ accumulations. However, it is by no means clear
that the lesions described above are the proximate cause of clinical
neurological defects. There are a number of reasons to suppose
that neurological defects do not have a simple correlation with
PrP¢ or PrP™ accumulation, not least there being a poor correla-
tion between the magnitude of PrP? or PrP™ and incubation period
or infectivity titer [56, 57]. It is therefore important to record
negative correlations, that is, those lesions that lack colocalization
with PrP9. Subcellular features of scrapie that do not colocalize
with PrP¢ include vacuolation, the cardinal diagnostic feature of
TSEs, and also neuronal apoptosis, neuronal and synaptic autoph-
agy, axon terminal degeneration (occurs only in mice), and so-
called tubulovesicular bodies.

Although there is no precise colocalization of PrP¢ with vacu-
olation, neuronal apoptosis, autophagy, and axon terminal degen-
eration, each of these changes occurs in neuroanatomic areas in
which PrP? accumulation takes place and each of these features
increases in line with increasing PrP¢ accumulation. It is likely that
these neurodegenerative features make variable contribution to
clinical disease according to the severity of each change found in
different TSE infections. In contrast, tubulovesicular bodies occur
very early in incubation period when PrP¢ is still minimally detected
[58]. However, tubulovesicular bodies can only be observed by
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electron microscopy and their molecular cause and clinical and
pathological significance remains uncertain.

5 Immunogold Electron Microscopy of Visceral Tissues

5.1 Lymphoid
System

The naturally occurring and contagious forms of TSEs including
scrapie of sheep and goats and chronic wasting disease of deer,
vCJD, and the experimental rodent models of these diseases all
show accumulation of PrP? and infectivity in tissues of the lympho-
reticular system (LRS). Prior to neuroinvasion TSE agents often
accumulate to moderately high titer levels within the LRS. Light
microscopy studies show that PrP¢in LRS tissues is associated with
follicular dendritic cells (FDCs) in the light zones of germinal cen-
ters and with tingible body macrophages in the light zone and dark
zones of secondary follicles.

FDCs characteristically trap and retain immune complexes on
their surfaces which they present to B-lymphocytes to facilitate
clonal selection of B cells and induction of plasma cells. Immune
complexes are retained at the surface of FDCs by Fc and comple-
ment receptors. Following scrapie infection, FDCs accumulate
PrP¢ on the cell surface of dendrites. This corresponds with abnor-
mal dendritic hypertrophy, increased retention of electron-dense
material at FDC plasma membrane (Fig. 5a), and an increase in
numbers of mature B lymphocytes within the secondary follicles
[59, 60]. The increased electron-dense material trapped by hyper-
trophic FDC dendrites contains both excess IgM and IgG immune
complexes (Fig. 5b) and is putatively caused by an interaction
between PrP9 and Fc or complement receptors [61].

Normal germinal centers grow in response to antigen stimula-
tion and ultimately regress. FDC progresses though immature,
mature, and regressing phases during this germinal center cycle
[62]. Scrapie infection appears to perturb this maturation cycle. In
scrapie-affected mesenteric lymph nodes, some FDCs were found
where areas of normal and abnormal immune complex retention
occurred side by side [61]. The latter colocalized with plasma mem-
brane accumulations of PrP4; suggesting that PrP¢ accumulation at
the plasma membrane of FDC dendrites is the initial stage of the
abnormal FDC maturation cycle and leads to abnormal cell mem-
brane ubiquitin and excess immunoglobulin accumulation.
Regressing FDCs, in contrast, appeared to lose their membrane-
attached PrP¢. Together, these data suggest that TSE infection
adversely affects the maturation and regression cycle of FDCs, and
that PrP¢ accumulation is causally linked to the abnormal pathology
observed.

Tingible body macrophages, whose normal function is to
remove effete B cells, show abundant PrP¢ in association with the
cell membrane, noncoated pits and vesicles, and also discrete, large,
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Fig. 5 Responses to PrP? accumulation in viscera. (@) Murine scrapie. Hypertrophic FDC labyrinthine complex within
the spleen showing PrP? labeling primarily in association with the plasma membrane of dendrites (D) and not the
adjacent electron-dense deposit (asterisk). Inmunogold labeling—PrP. (b) Murine scrapie. Immunogold labeling for
immunoglobulins is primarily associated with the extensive electron-dense deposit between processes of the
matured FDC within the spleen (arrows). Immunogold labeling—IgG. (¢) Natural sheep scrapie. PrP? is associated
with the membrane of fused ER networks within the cytoplasm of a TBM. Lysosomes are variably labeled (aster-
isks). Immunogold labeling—PrP. (d) Natural sheep scrapie. Chromaffin cells showing PrP? labeling of membrane
palisades. Palisades form short parallel segments of straight membranes. PrP? labeling is limited to the polar ends
of these palisades (arrows). Immunogold labeling—PrP. (€) Natural sheep scrapie. Segments of abnormal chromaf-
fin cell membranes (shown insef) with developed palisades and abundant PrP¢ accumulation invaginate into the
cytoplasm of chromaffin cells containing multiple cytoplasmic granules. Immunogold labeling—PrP. (a) Bar = 1
um; (b) Bar = 1 um; (¢) Bar = 1 pm; (d) Bar = 500 nm; (€) Bar = 1 um
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and fused endoplasmic reticulum networks, which colocalized with
ubiquitin (Fig. 5¢) [63]. As for microglia in the brain, lysosomal
PrP4is first truncated to a C-terminal core corresponding to a 19 or
21 kDa fragment [64] and is then further degraded [65]. Unlike
neurons which endocytose membrane PrP¢ by a ubiquitin and clath-
rin-mediated mechanism, tingible body macrophages internalize
PrP¢ by a nonclathrin-mediated, probably caveolin mechanism [63].

There are a number of sites in addition to lymphoid tissues that can
accumulate PrP4. These include the retina, kidney, adrenal medulla,
muscle, and placenta [27]. Significant amounts of infectivity can be
detected in blood which may contribute to this infection of visceral
tissues, and also to neuroinvasion via the circumventricular organs
[66]. The cellular association of PrP? in blood has not been
established but disease transmission can be achieved in blood frac-
tions lacking cells [67]. The subcellular localization of PrP¢ has
been established in kidney and adrenal of scrapie-atfected sheep.

In the adrenal medulla, nonfibrillar forms of PrP accumulate
mainly in association with plasma membranes of chromaffin cells,
occasional nerve endings, and endolysosomes of macrophages
[68]. As with CNS and LRS tissues, membrane PrP¢ is associated
with morphological changes. PrP¢ colocalized with segments of
chromatffin cell membrane which demonstrated abnormal electron
density, contorting palisades, and parallel or irregular membrane
segments (Fig. 5d), and which appeared to invaginate into the
cytoplasm of the chromaffin cell (Fig. 5¢). Internalization of PrP¢
from the chromaffin cell plasma membrane occurred in association
with granule recycling following hormone exocytosis. These
changes further show that the PrP membrane toxicity is tissue and
cell specific, further supporting the idea that the normal protein
may act as a multifunctional scatfolding molecule.

PrP4 and PrP™ are deposited in the renal papillac of approxi-
mately half of scrapie-affected sheep, most commonly in sheep
showing abundant PrP¢ in the LRS [69]. Using electron micros-
copy, PrP¢ was shown to accumulate in the interstitium of the renal
papillae, in association with the cell membrane and lysosomes of
fibroblasts cells or extracellularly, in close contact with collagen
and basal membranes [69]. These sites strongly argue for a hema-
togenous origin of renal PrP4) though whether this occurs follow-
ing glomerular filtration or extravasation from vasa recta capillaries
remains unresolved. Abundant amyloid is also found in a number
of visceral tissues of the scrapie-infected PrP GPI anchorless mice.
The amyloid in such mice is closely associated with collagen and
basal membranes in tissues such as the intestine, myocardium, and
brown fat [70]. This amyloid is also presumptively derived from
hematogenous PrP<.
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6 Summary

extracellular

Immunogold electron microscopy has shown that the primary toxic
effects of PrP¢ occur at the plasma membrane, and that the nature of
the toxic effect appears constant for all classical TSEs that give rise to
biochemical PrP™ fragments of 19 or 21 kDa. Thus, the main subcel-
lular toxic effects of PrP? are not affected by host species, genotype,
or infecting strain. Little electron microscopy data is currently avail-
able for the novel atypical prion diseases recognized in recent years.
However, a proportion of PrP¢ in naturally occurring and experimen-
tal atypical scrapie is directed along axons and exerts a toxic effect on
oligodendroglial mesaxons. Thus, atypical scrapie PrP¢ appears to
have altered trafficking relative to classical PrP¢ sources.

Although the nature of membrane changes is constant across
all classical TSEs, membrane toxicities are tissue and cell type
dependent (Fig. 6). Similarly, the molecular interactions of PrP¢
also appear to differ according to the cell type (Fig. 7). This lack
of consistency of membrane changes and molecular interactions

intracellular

0

c

o r u plasma-membrane

clathrin
(i)
Dendrites b Glial cells
— i f—ﬂ\\\N—W
(i (i) (iii)
FDCs d Chromaffin cells

Fig. 6 Diagrammatic representations of PrP¢-associated membrane changes. (a) On dendrites, membranes are
invaginated. They may be spiral (j) or branched (i) and often have clathrin coats at their extremities. (b) On glial
cells, membranes may show ruffling or microfolds. (c) FDC processes show marked convoluted enlargement.
(d) On Chromaffin cells, membranes form short parallel linear (i) or irregular segments (i) perpendicular to
adjacent normal membranes, and deep invaginations consisting of many parallel linear segments of mem-

brane (i)
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transmembrane complement

transmembrane

a b C ligands

Fig. 7 Diagrammatic representations of PrP¢ interactions. (a) PrP® internalization: PrP¢ on the exterior leaflet
interacts with transmembrane ligands to elicit ubiquitination and clathrin-mediated invagination. (b) PrP¢ and
FDC processes: PrP¢ interacts with membrane Fc and complement receptors to trap excess immunoglobulins
(Ig). (c) PrP as a scaffolding molecule: PrP? interacts with numerous undefined ligands and associated matrix
proteins which create a stable multimolecular complex. These complexes are responsible for the diversity of
morphological changes of membranes associated with different cell types

among different tissues suggests that PrP¢ may be scaffolding
protein and the precise toxic effects on membranes are manifest
by multimolecular complexes rather than by PrP¢ alone. Cell
membrane PrPY may be internalized and digested within endoly-
sosomes or released from the cell membrane into the extracellular
space. Released forms of PrPY may be reinserted by their GPI
anchor into adjacent cell membranes or be internalized and
digested within lysosomes of the relevant tissue phagocytes. Some
extracellular PrPY may aggregate into amyloid fibrils and plaques.
Under particular experimental conditions and in some familial
forms of prion disease, absence of GPI anchors or sugar side
chains facilitates diffusion of PrP? in the interstitial fluid where it
may eventually be trapped within the basement membranes of
blood vessels causing CAA.

It seems unlikely that membrane toxicity alone is sufficient to
account for clinical disease effects, not least because of the paucity
of PrP4 or PrP™ in some diseases and genotype combinations of
prion disease. Other lesions such as axon terminal loss, autophagy,
and activation of microglia that may have clinical impact do not
colocalize with PrP? but are likely to be indirectly linked to PrP¢
accumulation. However some ultrastructural changes such as the
accumulation of tubulovesicular bodies have no direct link to PrP¢
and may have as yet an unknown role in disease pathogenesis.
Important areas of future research include increased understand-
ing of the proximate causes of clinical disease and the relationship
between toxic forms of PrP¢ and infectivity.
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Chapter 7

Electron Microscopy of Prion Diseases

Pawet P. Liberski

Abstract

Electron microscopy provided detailed description of submicroscopic changes in prion diseases or transmissible
spongiform encephalopathies (TSEs). For Creutzfeldt-Jakob disease (CJD and its variant, vCJD) and fatal
familial insomnia (FFI) only vacuolation (spongiform change) and the presence of tubulovesicular structures
are consistent findings. Other changes—i.c., the presence of “myelinated” vacuoles, branching cisterns, neu-
roaxonal dystrophy, and autophagic vacuoles—were present in different proportions in either CJD or FFI, but
they are nonspecific ultrastructural findings that can also occur in other neurodegenerative conditions.

The hallmark of Gerstmann-Striussler-Scheinker disease (GSS) and vCJD is the amyloid plaque, but
plaques of GSS and kuru are different than those of vCJD. Whereas the former are typical unicentric
“kuru-type” or multicentric plaques, the latter are unicentric “florid” plaques. Also, kuru plaques are non-
neuritic, whereas GSS florid plaques are usually neuritic; however, a proportion of plaques from GSS were
also found to have non-neuritic characteristics. Thus, the presence or absence of dystrophic neurites is not
a discriminatory factor for GSS and vCJD. Furthermore, plaques from GSS with different mutations were
also slightly different. In GSS with mutation P102L,232T and A117V plaques were “stellate” while in one
case with 144 base pair insertion and in GSS-A117V, “round” plaques were also observed, and typical
“primitive” “neuritic” plaques, i.e., composed of dystrophic neurites with little or no amyloid, were found
only in a P102L case from the original Austrian family. In two cases of sporadic CJD, the kuru “stellate”
plaque predominated.

Key words Prion diseases, Electron microscopy, Creutzfeldt-Jakob disease, Gerstmann-Striussler-
Scheinker disease

1 Introduction

Electron microscopy is presently rarely used as a diagnostic aid,
except for the suggestion that scrapie-associated fibrils or “prion
rods” [1-3] should be searched for in atypical or doubtful cases.
This chapter is devoted to electron microscopy, which can still be
useful in special situations, such as auxiliary diagnostic aid in
patients under consideration for potentially hazardous experimen-
tal therapy, like pentosan polysulfate [4]. This chapter is based on
the two largest series of sporadic CJD brain biopsy specimens so far
published, together with brain biopsy and autopsy specimens from
vCJD, GSS, and FFI.
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2 Materials and Methods

Table 1

This chapter is based on two series of sporadic form of Creutzfeldt-
Jakob disease (sCJD) and iatrogenic form (iCJD). The first set
comprised four cases of CJD (sCJD) collected at the Laboratoire
Raymond  Escourolle, Hopital de ln Salpétriérve, Paris, France
(Table 1). This series has been completed between 1982 and 1986
as a part of epidemiology study of CJD in France [5]. The second
series (Table 2) consisted of brain (right prefrontal cortex) biopsies

Clinical data in the first series of brain biopsy (prefrontal cortex) specimens of CJD

Code Age  Duration (months) Cerebellar signs Dementia  Blindness  Typical EEG
3684 50 N/A Present Present Absent Absent
3032 63 N/A N/A Present N/A N/A

3439 64 6 Present Present Absent Present
4100 65 N/A Present Present Absent Present

The status of 129 codon is not available for this series

Table 2
Clinical data and polymorphism of the codon 129 in the second brain biopsy (prefrontal cortex) series
of CJD
Duration Cerebellar Typical
Code Type Age/sex (months) signs Dementia Blindness EEG Codon 129
AJ53286 Ilatrogenic 52,/W 5 Present Present  Absent Absent  Met/Met
(dura
mater)
AM60023 Sporadic  32/W 24 Present Present  Absent Absent  Met/Met
AHG62014 Iatrogenic 25/M 12 Present Present  Absent Present ?
(Gh)
AK55312 Sporadic 66/M 5 Present Present  Absent Absent  Val/Val
AN59129  Sporadic 57 /W ? Present Present  Absent Present 2
AK54615 Sporadic 54 /M 6 Present Present  Absent Present  Val/Val
AK54548 Sporadic 46,/W 6 Present Present  Absent Absent  Val/Val
AL57150  Sporadic 67/M 8 Present Present  Absent Present  Met/Val
ANG60459 Sporadic 65/M 5 Present Present  Present Present  Met/Met
AK55013  Sporadic 72/M 14 Present Present  Absent Absent  Met/Val
AL55013 Sporadic 72/M 2 Present Present  Absent Absent  Met/Met




Electron Microscopy of Prion Diseases 125

obtained between 1995 and 1999 by open surgery from 11 speci-
mens referred to us for diagnostic purposes: nine cases of sporadic
CJD, one case of familial CJD (V2031 codon mutation), and one
case of iCJD [6, 7]. Clinical and molecular (the codon 129 status
of the prion protein gene) data of these cases are summarized in
Tables 1 and 2, but no data on the PrP isotype (PrP5 type 1 or 2)
were available. In addition we collected three brain biopsies from
The Neurological Institute, University of Vienna [8].

For vCJD, one biopsy and five autopsy cases were collected by
Professor James W. Ironside, National CJD Surveillance Unit,
Edinburgh, Scotland (Table 3). The biopsy specimen of the first
French case was in part published [9, 10].

For GSS (Table 4), we collected one autopsy specimens from
the Institute of Neurology, Medical University of Vienna, Austria
[11, 12], one autopsy and one biopsy specimens from a large GSS
family [ 13-16], and autopsy specimens of a case of GSS 232T from
Poland [17, 18]. Additionally, we reverse-processed and examined
paraffin blocks of a case of GSS A117V from a Hungarian family.

Table 3
Clinical data on vGJD cases—one bhiopsy (AJ53977) and autopsy cases

Code Type Age/sex Duration (months) Codon 129
96,02 VCJD 41/F 18 MM
96,03 VCID 29/F 23 MM
96,07 VCJD 30/F 18 MM
96,/45 VCJD 31/M 9 MM
96,/10 VCJD 35/F 14 MM
AJ53977  VCJD 27/M 23 MM
Table 4
Clinical data of GSS cases
Age/ Duration Cerebellar Typical
Type sex (months) signs Dementia Blindness EEG ~ Codon 129 References
GSS M232T 50 6 Present Present No No Met/Val  [35, 36]
GSS A117V 55 24 Present Present No No Unknown
GSS P102L. 47 60 Present Present N/A Yes Met/Met  [31-34]
GSS P102L. 59 60 Present Present N/A ? Met/Met [31-34]
GSS P102L. 41 34 Present Present N/A Yes Met/Met  [29, 30]
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Table 5
Clinical data of FFI case

Duration Cerebellar Typical
Code Type Age/sex (months) signs Dementia Blindness EEG Codon 129

ANG61237 (D178N) 46/W 7 Present Present Absent Absent Met/Met

To compare plaques of GSS to those of sCJD, we studied two cases
of sCJD—one MV at the codon 129 and one of unknown status of
this polymorphism. Furthermore, we include one autopsy case
with 144 base pair insertion (bpi) in the PRNP with unusual PrP
immunodeposits in the cerebellum [19].

For FFI, one biopsy case from a new French family [20, 21]
was studied (Table 5).

3 Methods

3.1 Fixation 1. Human material should be fixed in 3.5% glutaraldehyde in

0.13 M cacodylate buffer for 24 hin 4 °C.
2. Rinse the sample in the same buffer for 24 h at 4 °C.
3. Postfix in 1% osmium tetroxide for 2 h.
4. Rinse for 24 h in 0.13 M cacodylate buffer for 10 min at 4 °C.
5. Dehydrate through graded ethanol solution:
(a) 50%—10 min.
(b) 70%—20 min.
(¢c) 90%—20 min.
(d) 95%—20 min.
(e) 99.8%—3 times 15 min.
(f) Propylene oxide—15 min.

3.2 Embedding 1. Mixture of propylene oxide and Epon (1.5 mL of solution A
plus 3.5 of solution B plus 5 mL of propylene oxide)—for 24
h at room temperature.

2. Solution A: Epon 812—12.4 mL plus DDSA—20 mL.

3. Solution B: Epon 812—20 mL plus MNA 17.8 mL.
Solution A 5 mL.
Solution B 5 mL.
DMP 5 drops.
It is useful to spin down polymerizing solution to get rid of

bubbles.



3.3 Ultrathin
Sections

3.4 Cacodylate
Buffer
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Polymerization—48 h at 60 °C.
Semithin section—1 pm.

Grid Contrast with 20% Uranyl Acetate and Lead Citrate

(a) Uranyl acetate solution—20 g of uranyl acetate in 100 mL of
methyl alcohol.

(b) Lead citrate solution—1.33 g of lead nitrate plus 30 mL of
distilled water plus 1.76 natrium citrate plus 8§ mL. 1 N NaOH;
add distilled water until 50 mL.

11.12 g Sodium cacodylate plus 25 mL of distilled water plus 2 mL
1 N HCL; add distilled water to 40 mL.

Perfusion for Animals (Those Protocols were Personally used by the Author)

1. Relatively larger rodents like hamsters may be readily fixed by
intracardiac perfusion using 100 mL of 2.5% glutaraldehyde
and 1% paraformaldehyde prepared in a phosphate (or cacodyl-
ate buffer, pH 7.4), followed by 50 mL of 5% glutaraldehyde
and 4% paraformaldehyde. The brains are removed and kept
overnight at 4 °C.

Preparation of Fixative

1. For 100 mL of 1% paraformaldehyde and 2.5% paraformalde-
hyde: dissolve 1 g of paraformaldehyde and 5 mL of 25% glu-
taraldehyde, 40 mL of 0.2 M Na cacodylate, and six drops of
5% CaCl,; add distilled water (dwater) up to 100 mL.

2. For 100 mL of 4% paraformaldehyde and 5% paraformalde-
hyde: dissolve 2 g of paraformaldehyde and 10 mL of 25%
glutaraldehyde, 20 mL of 0.2 M Na cacodylate, and six drops
of 5% CaCl,; add dwater up to 50 mL.

3. Animals may be also perfused with just 180 mL of 1% parafor-
maldehyde and 1.5% glutaraldehyde prepared in phosphate
buffer. I personally used bot methods and they produced excel-
lent and practically identical results.

Note: Dissolving of paraformaldehyde is best done in a
microwave oven overnight.

Preparation for Perfusion

1. Cut off the sternum.

2. Clamp everything below diaphragm with a clamp.

3. Inject heparin into the heart.

4. Cut the right auricle (it is darker than the rest of the heart).
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5.
6.

7.

Do a small incision in the left ventricle.

Insert a tubine through the left ventricle into the aorta (you
should see it).

Connect a syringe with a fixative to the tubine, and press the
syringe plunger by hand or by a Hamilton pump; the best is if
you see the clonic seizure when the fixative reaches the brain.
This event is readily seen in hamsters, not so readily in mice.

3.5 Marion Simmons  Dept. Pathology, Animal Health and Veterinary Laboratories
Agency (AHVLA), Surrey, UK.

Perfusion of Cow Brain (NB this is not a Whole-Body Perfusion) (Extracted from [22])

1.
2.
3.

Sedate animal with 0.2 mg/kg xylazine intramuscularly.
After 10 min give 100,000 IU heparin intravenously.

Induce deep anesthesia with iv pentobarbitone (25-30 mg/
kg) and then quickly administer 4 mg adrenaline iv to maintain
good cerebral blood pressure.

4. Expose the carotid arteries and jugular veins bilaterally.

AN O

10.

11.

. Cannulate all four vessels and tie cannulae in place.

. Administer all perfusates via the carotid cannulae, using a peri-

staltic pump, keeping the pressure at approximately 100 mm Hg.

. Flush brain with 15 L of 0.85% saline.
. Primary fixation with 15 L of mixed aldehyde fixative (we used

1% paratormaldehyde, 1.25% glutaraldehyde in 0.25 M
Sorensen’s phosphate buffer).

. Secondary fixation with 10 L of stronger fixative (we used 4%

paraformaldehyde, 5% glutaraldehyde).

Use the jugular cannulae to collect circulating fixative for safe
disposal.

All personnel should wear appropriate respiratory protection
given the large volumes of aldehyde fixatives used.

4 Results
The following ultrastructural findings will be discussed (Tables 6,
7,8,and 9):
1. Spongiform vacuoles—(Fig. 1) these are membrane bound

2.

and contain secondary vacuoles (i.e., membrane-bound
compartments or vesicles within vacuoles) and curled mem-
braned fragments.

Tubulovesicular structures (TVS) (Fig. 2)—these are vesicular
structures of approximately 27 nm in diameter within neuronal
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The first series of biopsies (prefrontal region) with prion diseases

Myelinated Branching
Code Vacuoles vacuoles TVS cisterns NAD Autophagic vacuoles
3684 . + + + +
3032 +++ + + + ++
3439 + + + + +
4100 +++ + +++ +++ +++ ++
Table 7
The second series of biopsies (prefrontal region) with prion diseases
Myelinated Branching Autophagic
Code Diagnosis Vacuoles vacuoles TVS cisterns NAD vacuoles
AJ53286 Tatrogenic (dura
mater)
AM60023  Sporadic 4+ + + + ++
AH62014  Iatrogenic (Gh) +
AK55312 Sporadic +++ + +++  +++ +4+ ++
AN59129  Sporadic ++ Gt s ++
AK54615 Sporadic ++ ++ ++
AK54548 Sporadic + +++  +++ +++ +
AL57150 Sporadic
ANG60459  Sporadic + + + 5
AK55013 Sporadic + + — + +
ANG61237  (D178N)
4190 sCJD +++ +++ +++ ++4+
3032 sCJD 4 + o
3439 sCJD +++ ++ ++ +
3684 sCJD ++ R +
Table 8
vCJD case—a brain biopsy (prefrontal region)
Myelinated Branching Dark Autophagic
Code Diagnosis Vacuoles vacuoles TVS cisterns NAD synapses vacuoles
AJ59977 VCJD +++ + +++ A+ +++ +

(biopsy)
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Table 9
FFI case
Myelinated Branching Dark Autophagic
Code Diagnosis Vacuoles vacuoles TVS cisterns NAD synapses vacuoles
ANG61237 FFI ++ +H++ ++ + — +4++

Fig. 1 A low-power view of a spongiform vacuole from a sCJD specimen. Note secondary vesicles and vacu-
oles. Original magnification, x 3000

processes—i.c., axonal terminal or dendrites [7]. TVS are
smaller and of higher electron density than synaptic vesicles.
The significance of TVS remains unknown [23].

3. Branching cisterns (Fig. 3)—those structures fill neuronal pro-
cesses. They were described as specific for human neuroaxonal
dystrophies [24] but they were described also in CJD [6].

4. Dystrophic neuritis (Fig. 4)—Dendrites or axonal preterminals
and terminals filled with electron-dense bodies, including small
autophagic vacuoles [25].

Previously published analyses found that vacuolation (spongi-
form change—Figs. 1 and 5) and the presence of tubulovesicular
structures (TVS) are the only disease-specific structures for CJD
(including vCJD) [7]. “Myelinated” vacuoles, branching cisterns
(Fig. 3), neuroaxonal dystrophy (Fig. 4), and autophagic vacuoles
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Fig. 2 A neuronal process filled with tubulovesicular structures (TVS). Original magnification, x 50,000

Fig. 3 Branching cisterns within neuronal process. Original magnification, x 30,000



132 Pawet P. Liberski

x 20,000

Fig. 5 Low-power view of several typical spongiform vacuoles. Original magnification, x 4000



4.1 Spongiform
Change

4.2 Amyloid Plaques
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(see chapter on autophagy) were also found in either CJD or FFI,
but they are nonspecific ultrastructural findings that can occur in
other neurodegenerative conditions.

They are defined as small round or oval “empty” spaces in the neu-
ropil (Figs. 1 and 5). When confluent, they merge to form “mor-
ula-like” structures. By electron microscopy, spongiform change is
equivalent to vacuoles. While the majority of these are intracellular
and membrane bound, some of vacuoles are unbounded and the
originating structures cannot be identified. The membranes sur-
rounding the intracellular vacuoles may be single or multiple.
Vacuoles appear “empty” but amorphous material probably of
supposedly proteinaceous nature is often seen. Numerous curled
membranes are “pulled oft” from the inner leaflets of vacuoles
(Figs. 1 and 5) and divide its contents into secondary chambers.

Amyloid plaques are encountered in all cases of kuru and, by
definition, GSS and in some 10-15% of sCJD. In vCJD, the par-
ticular type of plaque—so-called florid or daisy plaques—exists in
100% of cases. By electron microscopy, several types of amyloid
plaques which corresponded to those visualized by PrP immuno-
histochemistry were delineated. Unicentric “kuru” plaques (Fig. 6)
consisted of stellate cores of amyloid fibrils emanating from a dense
interwoven center. Amyloid stars are enveloped by astrocytic

Fig. 6 Typical stellate kuru plaque from a case of GSS with P102L mutation [30].
Original magnification, x 12,000
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Fig. 7 A stellate plaque from a case of GSS [14]. Note that plaque is surrounded
by electron lucen “collar” of astrocytic process. Original magnification, x 3000

w - ”
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Fig. 8 A microglial cell (/eff in a close contact with an amyloid plaque from a GSS
case

processes (Fig. 7) and invaded by microglial cells. High-power
electron micrographs revealed that amyloid bundles (Fig. 8) are
observed to be located within pockets of obscure cellular origin.
Interestingly, basement membranes lined with electron-dense
material were observed at the periphery of virtually all amyloid
plaques in GSS. Dystrophic neurites (DN) were seen only rarely.
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Fig. 9 A dystrophic neurite from a margin of florid plaque from a case of
vCJD. Original magnification, x 30,000

Occasionally, clusters composed of several kuru plaques were
found. The latter were intermediate forms to multicentric plaques
which consisted of several merging stellate cores. Smaller amyloid
deposits surrounded larger cores. In contrast to kuru plaques asso-
ciated with a limited number of dystrophic neurites (DN), numer-
ous such structures were seen at the periphery of florid plaque
(Fig. 9). DN are filled with abnormal organelles like electron-dense
bodies, multivesicular bodies, and multilamellar bodies and thus
were indistinguishable from those seen in scrapie and CJD or
Alzheimer’s disease, except that they did not contain paired helical
filaments (PHF). Instead, piled neurofilaments were often detected
in the center of DN. Similar DN were observed but not associated
with any plaques.

The last, and by the same token, the rarest type of plaques,
were purely neuritic plaques. These consisted of large areas filled
with DN of different sizes and shapes (sometimes bizarre) but not
amyloid bundles. Analogously to kuru and multicentric plaques,
astrocytic processes were observed at the periphery.
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In experimental scrapie in hamsters so-called “loose” plaques
were reported [26]. They were first reported also by DeArmond
and others [27] and they are composed of distended areas of sub-

ependymal space in which PrP-composed amyloid fibrils are located
(Figs. 10, 11).

Fig. 10 A distended subependymal space filled with numerous PrP filaments.
Original magnification, x 10,000

Fig. 11 Immunogold reaction with antibodies against PrP showing that those fila-
ments are composed of PrP. Original magnification, x 30,000
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GSS and a hereditary case with 144 bp insertion (5-01)

Genetic cases and Kuru-type

mutation, (unicentric) Multicentric  Primitive

if known, and sCJD plaques plaques plaques Comments

bpi 5-01144 bp insert + + — Round margin of plaques
P102L, family “H” + + -

Al17V + + — Round margin of plaques
M232V

P102L + + - -

P102L + + = —

sCJD, MV + — — Starlike plaques

sCJD with plaques + - - Starlike plaques

Fig. 12 A typical “florid” plaque of a vGJD case. Original magnification, x 10,000

Plaques of GSS (Table 10) and kuru are basically different from
those of vCJD (Fig. 12). Plaques in kuru, CJD, and GSS are unicen-
tric “kuru type” or multicentric plaques, respectively [10, 12 ], while
plaques in vCJD are unicentric “florid” plaques. Kuru plaques are
regarded as non-neuritic, in contrast to neuritic florid plaques, albeit
a low number of DN may be seen. However, we found that a propor-
tion of plaques from GSS were typically neuritic [12]. Thus, the pres-
ence or absence of dystrophic neuritis is not a criterion to discriminate
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4.3 Production of
the Prion Organotypic
Slice Culture Assay
(POSCA) [29-31]

plaques in GSS and vCJD. Furthermore, plaques from GSS caused
by different mutations differ. In GSS with mutation P102L, 232T
and A117V plaques were “stellate,” while in a single and unusual case
with 144 bpi (5-01) but also in GSS-A117V, “round” plaques were
observed. Furthermore, typical “primitive neuritic” plaques were
found only in a case P102L from the original Austrian family.

It is worthy to compare those plaques described so far with
plaques modeled in transgenic mice (Tg20) infected with chronic
wasting disease (CWD). Electron microscopy performed on
perfusion-fixed brains confirmed our preliminary data obtained on
material reversed from paraffin blocks to electron microscopy [28].
We observed large amyloid deposits, unicentric kuru plaques, and
perivasular unicentric plaques. Unicentric plaques were composed
of bundles of amyloid fibrils deeply interwoven in the center and
radiating toward periphery. Perivascular plaques were those uni-
centric kuru plaques that were in close contact with cerebral brain
vessels. In the latter situation, amyloid fibrils were in close contact,
even merged with, with basal membranes.

As described previously, all those plaques were totally devoid
of neuritic elements. However, they were invaded by numerous
microglial cells. Those cells looked very active with enlarged cis-
terns of endoplasmic reticulum. The outer membranes formed
pockets where amyloid fibrils seemed to be “engulfed.” Some cells
were very dense and contained amorphous masses of even higher
density. The labyrinth-like network of microglial processes was vis-
ible at the periphery and within plaques.

The detailed procedure is described in [29]; here the major points
will be recapitulated:

It is necessary to use the vibratome (i.e., Leica VI'1000S) and
the injector blades.

Slice culture medinm. The concentrated (2x) solution of mini-
mal essential medium (MEM) in water should be made, pH 7.4,
filtered. A mixture of 100 mL 2x MEM, 100 mLL BME (basal
medium Eagle without glutamine; Invitrogen, cat no 21370-028),
100 mL of horse serum, 4 mL of glutamax, 4 mL of penicillin/
streptomycin, 5.5 mL of glucose, and 86.5 mL of ddwater adjusted
to pH 7.2-7 .4 and filtered should be made.

Gey’s balanced salt solution (GBSS). For 1 L, dissolve all the
reagents in ddwater in the order written below (to prevent insolu-
bility): 137 mM of NaCl; 5 mM of KCI; 0.845 of Na,HPO,; 1.5
mL of CaCl,yH; and 0.66 mM of KH,PO,.

Procedures

1. Put 250 pm of culture medium into the 24-well plates and
prepare GBSSK.

2. Prepare 2% agarose in GBSSK.
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Fig. 13 Typical autophagic vacuoles. RML strain of scrapie in a slice obtained from Tg20 25 days

postinoculation

4.4 Electron
Microscopy

4.4.1 Electron
Microscopy of Brain Slices

3. Cool the vibratome.

4. Decapitate the pups, open the skull with scissors, remove the
cerebellum, and submerge it into liquid agarose.

5. After agarose has solidified, glue the block into a vibratome
disk and cut 350 pm thick sections.

6. Release the tissue from the agarose with Dumont no. 5 forceps
and transfer it into 24-well plates with membrane inserts for

long-term culturing.
Details are described in [29-31].

Slices are washed in Na-phosphate buffer, fixed in freshly prepared
2% PFA + 2.5% glutaraldehyde in 0.1 M Na-phosphate buffer
0.1 M pH 7 4, postfixed in osmium tetroxide, embedded in epon,
and examined in transmission electron microscope.

In both wt- and Tg20-derived slices we observed the full spectrum
of changes of prion diseases: spongiform vacuoles, different stages
of autophgy and apoptosis, dystrophic neuritis, and tubulovesicu-
lar structures [29-31] (Figs. 13, and 14).

5 Discussion

In this chapter, we extended our previous observations [4] on the
ultrastructural analysis of the largest collection of brain biopsy
specimens examined by thin-section electron microscopy. While
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Y

Fig. 14 A process containing tubulovesicular structures. RML strain of scrapie in TG20 mice 39 days
postinoculation

ultrastructural analysis is no longer widely used because it is labori-
ous and time consuming, it can be potentially useful when the
immunohistochemical analysis of the brain biopsy is either negative
or equivocal [32]. Furthermore, the brain biopsy may again
become important because potential novel therapies in prion dis-
ease, like pentosan sulfate administered intraventricularly, are
potentially toxic and thus an accurate pretreatment diagnosis is
mandatory.

The vacuole is an ultrastructural correlate of spongiform
change as seen by light microscopy [33-35]. While the presence of
spongiform change has been recognized from the beginning of
modern scrapie research [36], its pathogenesis remains as obscure
as it was more than 30 years ago when Elizabeth Beck and her col-
leagues studied their morphogenesis [37, 38]. It seems that in
most experimental models [39—41] vacuoles develop within neu-
ronal elements—viz., dendrites and, rarely, axons. However, in
models such as CJD-infected guinea pigs, vacuoles were reported
to develop within astrocytes [42].

Vacuoles are always intracellular as they are membrane bound,
and can be bordered by a single or double [41] membrane layer.
Jeftrey et al. [41] suggested that double membranes are more spe-
cific for TSEs; however, the majority of the vacuoles that we exam-
ined in human cases were delimited by a single layer of membrane.
Both situations likely exist in TSE-affected brains.

The morphogenesis of vacuoles is unknown. However, during
hundreds of electron microscopic sessions, we could see only fully
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developed vacuoles, which suggests that vacuoles developed
abruptly with short transitional stages. This can be compared with
the apoptotic process which, although widespread, is observed
only rarely because of the speed of apoptosis and removal of
apoptotic nuclei. Interestingly, the third type of programmed cell
death (in addition to apoptosis and autophagy—([43, 44]) is char-
acterized by large-scale formation of electron-lucent vacuoles not
different from those vacuoles under discussion. As autophagy is a
common but nonspecific finding in TSEs, spongiform change may
be associated with the third type of neuronal cell death and experi-
ments are in progress to elucidate this possibility.

Tubulovesicular structures are intriguing entities first reported
by David-Ferreira et al. [45] almost 40 years ago and subsequently
reported in scrapie [46, 47], CJD [7, 8], GSS [12, 48], and BSE
[40]. Immunogold techniques suggest that they do not contain
PrP [49]. TVS have never been isolated. However, in 1979 Siakotos
etal. [50] observed spherical particles within the range of TVS size
in scrapie-infected brains and spleen. The number of TVS-
containing neuronal processes increased through the incubation
period [51]. Even more interestingly, in transgenic mice in which
PrP transgene is targeted to astrocytes through the GFAP pro-
moter [52], PrP appears to be shed by astrocytes but neurons
degenerate and accumulate TVS. In CJD-infected cell cultures,
TVS-like particles were also readily seen [53]. TVS are thus struc-
tures unique to TSEs and their enigmatic nature requires further
investigation [23].
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Chapter 8

Cell Death and Autophagy in Prion Diseases

Pawel P. Liberski

Abstract

Neuronal autophagy, like apoptosis, is one of the mechanisms of programmed cell death. In this chapter,
we summarize current information about autophagy in naturally occurring and experimentally induced
scrapie, Creutzfeldt-Jakob disease and Gerstmann-Striussler-Scheinker syndrome, against the broad back-
ground of neural degenerations in prion diseases. Typically a sequence of events is observed: from a part
of the neuronal cytoplasm sequestrated by concentric arrays of double membranes (phagophores) through
the enclosure of the cytoplasm and membrane proliferation to a final transformation of the large area of
the cytoplasm into a collection of autophagic vacuoles of different sizes. These autophagic vacuoles form
not only in neuronal perikarya but also in neurites and synapses. On the basis of ultrastructural studies, we
suggest that autophagy may play a major role in transmissible spongiform encephalopathies and may even
participate in the formation of spongiform change.

Key words Autophagy, Apoptosis, Prion diseases, Neurons, Ultrastructure

1 Introduction

1.1 Neuronal Cell The 2016 Nobel Prize to Yoshinori Ohsumi highlighted this fasci-
Death in Prion nating field [1]. The premature, primary death of nerve cells
Diseases underlies the clinical picture of prion diseases. Unfortunately,

despite great effort of the researchers, the cellular pathways leading
to this neuronal loss are not entirely clear. What’s more, the ques-
tion whether there is a direct relation between the deposits of PrP%
and the loss of neurons still remains conjectural. As in other neu-
rodegenerative diseases, in prion diseases, apoptosis has become
the most popular concept of cell death. However, there is no direct
and convincing evidence of apoptosis of nerve cells in most of the
neurodegenerative diseases. In addition, the term “apoptosis” is
used in a wider sense than it was originally coined and it has become
synonymous with the non-necrotic cell death or even with the pro-
grammed cell death. The data on the role of apoptosis in prion
diseases are conflicting. Among recently recognized other types of
programmed cell death only autophagy has been reported in prion
diseases but its role in prion diseases pathology is not established.
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There is currently no consensus on the classification of differ-
ent types of programmed cell death. One of the oldest but also
still considered most accurate classifications is based on morphol-
ogy. According to this classification introduced by Schweichel i
Merker [2], three types of programmed cell death (PCD) are dis-
criminated [3-6]:

1. Apoptosis
2. Autophagy
3. Cytoplasmic cell death

Although it must be stressed that this categorization was based
on the ultrastructural features of embryonic cells during morpho-
genesis, such a classification is widely accepted for developing and
mature organisms.

1. The term “apoptosis” in its original meaning refers to a
morphological phenomenon [7] characterized by chromatin
condensation, cell shrinkage, pyknosis, plasma membrane
blebbing, and fragmentation of the nucleus (karyorrhexis).
There is little or no ultrastructural modification of other sub-
cellular organelles. The integrity of plasma membrane is
maintained until the late stages of the process [8]. In the end
stage, the cell breaks into small membrane-bound fragments,
called apoptotic bodies, which are phagocytosed by macro-
phages or, in the case of neurons, by microglial cells without
inciting any inflammatory response [7]. Apoptosis is regu-
lated by highly conservative network of molecules consisting
of Bcl-2 family and caspases and Apaf-1 [3-6]. The apoptotic
cell death process has a very rapid time course and is com-
plete within a few hours.

2. Autophagic cell death is also one of the programmed cell death
mechanisms, sometimes called “type II programmed cell
death,” in contrast to “type I programmed cell death” (apop-
tosis). Contrary to apoptosis, autophagic cell death is charac-
terized by abundant autophagic vacuoles in the cytoplasm,
mitochondrial dilatation, and enlargement of both the Golgi
apparatus and endoplasmic reticulum, which precedes nuclear
destruction. Intermediate filaments and microfilaments are
largely preserved [9-13].

3. A third type of programmed cell death is called “cytoplasmic
cell death” and it was subsequently divided into two subtypes,
3A and 3B [14]. Type 3A of neuronal death that occurs during
development is characterized by swelling of subcellular organ-
elles, formation of large empty spaces within the cytoplasm,
fusion of these spaces to extracellular space, and, finally,
disintegration of the cellular structures. There are no features
of autophagic or heterophagic activity. In the 3B subtype of
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cell death there are similar vacuoles and empty spaces in the
cytoplasm but, in addition, there is a retraction of plasma
membrane and karyolysis.

2 Aggresomes

It is well known that protein aggregates, like crystals, are generally
difficult to unfold or to degrade. Misfolded and aggregated pro-
teins are usually handled in the cell through chaperone-mediated
refolding or when this is impossible they are destroyed by protea-
somal degradation. Recent findings suggest that there is a third
way for a cell to deal with misfolded proteins. This pathway involves
the sequestration of aggregated proteins into specialized “holding
stations” as they are sometimes called or aggresomes [15]. In this
mechanism, proteins form small aggregates that are transported
along microtubules (MTs) towards a microtubule organizing cen-
ter (MTOC) by the process mediated by the minus-end motor
protein, dynein. At the organizing center the particles form a
spherical structure, usually 1-3 pm in diameter, called aggresome.
Aggresomes are not just static garbage deposits; they recruit vari-
ous chaperones, ubiquitination enzymes, and proteasome compo-
nents. They are also supposed to trigger autophagy [16].

A report of Kristiansen et al. [17] suggests that neuronal prop-
agation of prions invokes a neurotoxic mechanism involving intra-
cellular formation of PrPS¢ aggresomes. The authors showed that
only in prion-infected cells mild proteasome impairment resulted
in formation of large cytosolic, perinuclear structures, containing
PrP%¢, heat-shock protein 70, ubiquitin, proteasome subunits, and
vimentin. These structures are consistent with the definition of
aggresomes. Those authors also claimed to show aggresomes
in vivo in brains of prion-infected mice but it is well known that
vimentin is present in neurons only in a trace quantity but it is
robust in glial cells. It means that showing aggresomes in vivo
needs further studies. Cohen and Taraboulos [18] showed that
hampering the activity of the cyclophilin isomerases with the fun-
gal immunosuppressant CsA in different cell lines led to accumula-
tion of a PrP population with prion-like properties that was not
ubiquitylated and partially resisted proteasomal degradation. These
aggregated molecules formed perinuclear aggresomes. Although a
growing body of evidence seems to confirm the presence of
aggresomes in prion diseases, it must be mentioned that majority
of those studies were performed in vitro and PrP* in human or
animal diseased brains does not intracellular aggregates reminiscent
of aggresomes. Similar aggregates are only observed by electron
microscopy but they are extremely rare.
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Fig. 1 A dark neuron (/eff) at the /eft, lipofuscin granules and vacuoles are visible. Original magnification, x 3000

2.1 Apoptosis and
(Macro)Autophagy

Using TUNEL methodology, apoptotic neurons have been repeat-
edly identified in both naturally occurring and experimentally
induced TSEs [19-24], and some investigators believe that at least
a proportion of “dark neurons” that are shrunken (Fig. 1), with
homogeneously dark cytoplasm, may represent cells undergoing
apoptosis (other workers regard them as fixation artifacts). The data
on whether neurons, and perhaps even glia, die of apoptosis in
prion diseases are conflicting, however. While Migheli et al. [25]
found no evidence of apoptosis in scrapie-infected mouse brains,
Giese etal. [26,27], Lucassen et al. [28], Fraser et al. [21 ], Williams
et al. [29], Kretzschmar et al. [30-32], and Jamieson et al. [33]
readily found apoptosis in various scrapie-infected rodent models.
The characteristic DNA fragmentation ladder has been seen in both
BSE [34] and natural scrapie [35], and in situ end labeling (ISEL)
revealed apoptotic cells in human and experimental CJD [22, 36,
37]. Recently, Yuan et al. demonstrated that amplification of PrP by
PMCA (protein misfolding cyclic amplification) methods induced
apoptosis through activation of caspase-3 and increased the Bcl/
Bac ration [38]. Collectively, these data strongly suggest that neu-
rons in prion diseases die because of apoptosis.

It is evident that PrP% accumulation in TSE-affected brain
largely precedes development of other changes—i.e., spongiform
change and astrogliosis for which PrDP serves as a signal for prolif-
eration [ 39—44].
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As an evolutionarily ancient cellular response to intra- and
extracellular noxious stimuli, autophagy may precede or coexist
with apoptosis, and the process may be induced by apoptotic stim-
uli [45, 46]. Furthermore, the level of autophagy may define the
sensitivity of a given neuronal population to apoptotic stimuli,
which may underlie the phenomenon of “selective neuronal vulner-
ability.” Thus, autophagy and apoptosis are often interwoven [47].

Cellular autophagy [13] is a physiological degradation process
employed, like apoptosis, in embryonic growth and development,
cellular remodeling, and biogenesis of some subcellular organ-
elles—viz., multilamellar bodies [48-50]. Autophagosomes coalesce
with lysosomes to form degraded autophagic vacuoles, and as in
apoptosis, only excessive or misdirected autophagy causes a patho-
logical process. Autophagy is highly enhanced in other brain amy-
loidoses or conformational disorders [51], Alzheimer disease [52],
Parkinson’s disease [53], and Huntington’s disease, in which the
signal for autophagy is huntingtin [54]. Here, we extend these
observations using different models of scrapie and CJD.

Data on autophagy in prion diseases are very limited, consisting of
a few electron-microscopic papers, including reports from our own
laboratories [12, 55-59]. The pioneering work was published in
Acta Neuropathologica by Boellaard et al. [60]. Our initial experi-
mental approach using the hamster-adapted 263 K or 22C-H
strains of scrapie [55, 56, 58] was subsequently extended by stud-
ies of human brain biopsies from patients with sporadic CJD, vari-
ant CJD, and FFI [57]. Experimentally infected animal models are
widely used because of their relatively short incubation periods
that, for mice, range from 16 to 18 weeks, and for hamsters from
9 to 10 weeks for the 263 K strain and 24 to 26 weeks for the
22C-H strain.

Autophagic vacuoles are areas of the cytoplasm sequestered within
double or multiple membranes (phagophores, Fig. 2) of unknown
origin; one possible source is the endoplasmic reticulum. They
contain ribosomes, small secondary vacuoles, and occasional mito-
chondria. Some vacuoles present a homogenously dense appear-
ance (Figs. 3, 4, and 5).

We observed neuronal autophagic vacuoles in different stages
of formation in the same specimens and our interpretation of the
“maturity” of their formation may or may not equate to actual
developmental stages. Initially, a part of the neuronal cytoplasm was
sequestered within double or multiple membranes (phagophores,
Fig. 1) and often exhibited increased electron density. The intra-
cytoplasmic membranes multiplied in a labyrinth-like manner. The
autophagic vacuoles then expanded and eventually a vast area of
the cytoplasm was transformed into a merging mass of autopha-
gic vacuoles. Occasionally, a single large autophagic vacuole was
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Fig. 2 An autophagic vacuole surrounded by multilayered membranes (phagoph-
ores, arrows). Original magnification, x 3000

Fig. 3 Two large vacuoles surrounded by membranes (arrows), original magnifi-
cation, x 30,000

visible. Autophagic vacuoles developed not only in neuronal peri-
karya but also in neuronal processes eventually replacing the whole
cross section of affected neurites. In a few specimens we found
round electron-dense structures that we identified as aggresomes
and numerous multivesicular bodies (Fig. 4). In general, there was
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Fig. 4 A neuronal process containing dense bodies (arrowheads) and multive-
sicular bodies (arrows). A postsynaptic terminal is labeled with bent arrow; SV
synaptic terminal. Original magnification, x 20,000

Fig. 5 A part of cytoplasm undergoing autophagy. Vacuoles containing vesicules,
multivesicular body (arrow), and densely packed multivesicular bodies (hearts)
are visible. Original magnification, x 20,000
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2.4 Conclusions
and Hypotheses

little qualitative difference between these two models, although
hamsters inoculated with the 263 K strain showed a more robust
pathology. It seems that conversion of PrP¢ into PrP% triggers
autophagy which leads to neuritic degeneration [61].

Additionally autophagy was observed in Tg20 mice expressing
PrP gene [62].

One of the major problems of prion disease pathogenesis is the
cause of neuronal degeneration with eventual neuronal loss [20,
56]. Using a highly sophisticated mathematical model, Stumpfand
Krakauer [63] tried to reason whether PrP% causes neurons to die
because of neurotoxic effect of PrP% (gain of function), or loss of
function of PrP¢. They assumed that if cells die of apoptosis because
of neurotoxic gain of function of PrP5¢, the cells should die rapidly,
and the amount of PrP5 should be low. Indeed, in both CJD and
FFI, there are more apoptotic cells and a lower amoun