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Abstract The transmissible spongiform encephalopathies
(TSEs) or prion diseases of animals are characterised by
CNS spongiform change, gliosis and the accumulation of
disease-associated forms of prion protein (PrP%). Particu-
larly in ruminant prion diseases, a wide range of
morphological types of PrP? depositions are found in
association with neurons and glia. When light microscopic
patterns of PrP® accumulations are correlated with sub-
cellular structure, intracellular PrP¢ co-localises with
lysosomes while non-intracellular PrP! accumulation co-
localises with cell membranes and the extracellular space.
Intracellular lysosomal PrP? is N-terminally truncated, but
the site at which the PrPY molecule is cleaved depends on
strain and cell type. Different PrP? cleavage sites are found
for different cells infected with the same agent indicating
that not all PrPY conformers code for different prion strains.
Non-intracellular PrP? is full-length and is mainly found on
plasma-lemmas of neuronal perikarya and dendrites and
glia where it may be associated with scrapie-specific
membrane pathology. These membrane changes appear to
involve a redirection of the predominant axonal trafficking
of normal cellular PrP and an altered endocytosis of PrP?.
PrP! is poorly excised from membranes, probably due to
increased stabilisation on the membrane of PrP? complexed
with other membrane ligands. PrP? on plasma-lemmas
may also be transferred to other cells or released to the
extracellular space. It is widely assumed that PrP accu-
mulations cause neurodegenerative changes that lead to
clinical disease. However, when different animal prion
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diseases are considered, neurological deficits do not
correlate well with any morphological type of PrP? accu-
mulation or perturbation of PrP? trafficking. Non-PrP%-
associated neurodegenerative changes in TSEs include
vacuolation, tubulovesicular bodies and terminal axonal
degeneration. The last of these correlates well with early
neurological disease in mice, but such changes are absent
from large animal prion disease. Thus, the proximate cause
of clinical disease in animal prion disease is uncertain, but
may not involve PrPY.
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Introduction

Naturally occurring transmissible spongiform encephalop-
athies (TSEs) or prion diseases of animals include scrapie
of sheep and goats, bovine spongiform encephalopathy
(BSE) of cattle, chronic wasting disease of several free
living and captive deer species [121] and transmissible
mink encephalopathy of captive mink [113]. BSE-related
disorders have been described in domestic cats [126] in
exotic felids [88], in ruminants in zoological collections
[32, 85] and also in man (variant Creutzfeldt—Jakob
disease). Animal prion diseases have been extensively
transmitted within and between species. Most intra-species
transmissions have been performed in sheep and two well-
characterised sources that can be viewed as strains—SSBP/
1 and CH1641—have been described [37, 62]. Most studies
of inter-species transmissions have involved the isolation
of sheep scrapie in mice or voles. Numerous scrapie strains
have been recognised in mice following passage of sheep
scrapie at limiting dilutions [21], but whether such strains
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are mutations or adaptations of the original source material
as a reflection of the host—strain interaction remains
uncertain. In contrast, cattle BSE has been cloned in mice
and has also been transmitted to goats, sheep, deer and pigs
as a single unique strain [14, 18]. Fewer well-characterised
isolates have been identified from chronic wasting disease
transmissions [57], but two well-characterised strains
known as hyper and drowsy have been isolated on serial
passage of transmissible mink encephalopathy into ham-
sters [12]. For the purpose of this review we define a strain
as a type of TSE which has consistent clinical, pathologi-
cal, biochemical and transmission characteristics when
passaged at limiting dilution within a single host species
and PrP (PRNP) genotype. For field cases, the agents
causing disease with common clinical, pathological and
biochemical characteristics will be referred to as sources or
isolates.

Prion diseases are typically described as having lesions
of spongiform change, gliosis and neuronal loss, which are
associated with accumulations of abnormal isoforms of the
host encoded cell surface sialoglycoprotein prion protein
(PrP or PrP°). The nomenclature used in prion biology in
respect to different forms of PrP is often confusing. Here,
we will use the term PrP° to denote those forms and
localisations of PrP that are found in healthy brains. The
term “disease-associated PrP” (PrPd) will be used for
abnormal PrP forms visualised by immunohistochemical
methods in diseased brains that are absent from healthy
brains. PrP™* describes the resistant core of abnormal PrP
detected by Western blotting after partial proteolysis of
detergent extracts of prion disease infected brains. Thus,
PrP nomenclatures used in this review have operational
definitions that do not inform on infectivity.

Within the last few years several novel prion diseases
have been recognised in sheep [11], goats and cattle [22,
64]. The atypical disease variants of cattle are rare and are
found sporadically within populations, but ‘Nor 98 or
atypical sheep scrapie is now more frequently detected in
the UK sheep population than is classical scrapie and may
occur with relatively high frequency in association with
one particular PRNP polymorphism. Atypical prion dis-
eases are readily distinguished from classical forms of
disease by biochemical and pathological features. Atypical
scrapie is commonly found in geographical regions and
countries that do not have classical ruminant prion dis-
eases, and affects animals with polymorphisms of the PrP
(PRNP) gene proportionally different from those targeted
by classical scrapie. Two novel cattle prion diseases have
been identified and are known as L-type (or BASE) and
H-type BSE [64]. Most atypical forms of ruminant prion
disease are detected by active surveillance of animals with
no clinical signs of disease, so that the relationships
between PrP? accumulation, pathology and disease are
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difficult to evaluate in such animals. As yet there is little
data on the cellular and sub-cellular pathology of atypical
sheep and cattle prion disease and, therefore, discussion of
atypical forms of prion disease will be limited within this
review.

We will revise knowledge of neuropathological changes
of animal prion disease at cellular and at sub-cellular
levels. We will describe the different forms of PrP? that can
be visualised by light and electron microscopy immuno-
histochemical techniques and discuss how the tissue
accumulation of PrP? is related to morphological changes
at the sub-cellular level. We will further discuss the sub-
cellular localisation of PrP and how the localisation of
PrP? informs on the conversion and trafficking of these
molecules. Finally, we will consider the relationship
between form and function: whether PrP? or other changes
found in TSEs can be related to neurological disease or to
infectivity.

The nature and range of neuropathological changes

The characteristic light microscopic pathology of animal
TSEs is usually described as grey matter vacuolation of
neuropil (Fig. 1), astrogliosis and microglial activation,
and neuronal loss. However, there is considerable variation
in the extent to which these changes occur in animals. For
example, many naturally occurring cases of cattle BSE and
experimental SSBP/1 scrapie produce very little or no
vacuolation or gliosis [8, 155]. While neuronal loss can be
a prominent feature of some murine scrapie strains [33], it
is generally an inconspicuous feature of ruminant TSEs.
Where morphometric techniques have been used to dem-
onstrate neuronal loss in cattle BSE, losses can be variable
and inconsistent [79].

PrPY accumulation is consistently (but not universally)
present in field and experimental animal prion diseases.
Different morphological types of PrP? accumulations can
be detected by immunohistochemical methods (Fig. 2).
In rodents and mink, PrP® accumulates in a relatively
restricted range of morphological patterns, most commonly
as diffuse punctuate forms and as amyloid plaques [17, 99]
although intracellular, perineuronal [74] and astrocyte-
associated PrP¢ may be found in some rodent strains [38]
and in a transgenic line (Tg3Prnp ') engineered to
express PrP° only on astrocytes [131]. In contrast, indi-
vidual brains of cattle [24, 139, 140, 155], deer [144] and
sheep [53, 150] with prion disease have a wide range
of morphological types of PrP® accumulation, including
intra-neuronal and intra-glial accumulations and patterns
surrounding astroglia, microglia, neurons, ependyma and
blood vessels [53] (Fig. 2). When the abundance and dis-
tribution of PrP? types are systematically recorded in entire
brains the resultant ‘PrP profiles’ show distinct patterns
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Fig. 1 Morphological forms of grey matter vacuoles. Vacuoles may
form both in neuronal perikarya and in grey matter neuropil. They are
not usually associated with an immune response. a Vestibular
complex of a BSE-affected cow with loculated perikaryonal vacuoles.
b Solitary tract of a BSE-affected cow with marked neuropil
vacuolation of the neuropil. Adjacent white matter tracts are
unaffected. ¢ Dorsal (parasympathetic) nucleus of vagal tract of a
scrapie-affected sheep showing both neuronal perikaryonal vacuoles

that segregate according to experimental sheep [51], goat
[81] and deer [116] passaged strains. Natural sources of
scrapie in sheep, which behave as strains in the field, can be
discriminated using the same methods [53].

Natural and experimental ruminant classical TSE strains
show few differences in neuroanatomic targeting—as
assessed by PrPY accumulation—but major differences in
cell-type targeting [53]. Other major strain-related varia-
tions are also found in the proportions of PrP processed
intra-cellularly and extra-cellularly, and in the capacity of
extra-cellular PrP? to form amyloid fibrils and plaques [53].
In contrast, cloned murine strains show major differences
in neuroanatomic targeting of PrPY accumulation in dif-
ferent brain regions [17] (Fig. 3), but fewer changes in the
cell-type targeting or processing of PrP.

Historically, some investigators suggested that murine
scrapie strains existed in two forms that were defined by
the PRNP genotype of the host: one strain was generated in
the PRNP* genotype and one in the PRNP” genotype [23,
128]. Subsequently, numerous cloned strains have been
defined in each mouse PRNP genotype [20]. More recently
data has again been presented to suggest that sheep path-
ological phenotypes also segregate according to valine or
alanine expression at codon 136 of the ovine PRNP gene
[143]. However, such reports examined brain stem alone to
characterise the disease phenotype, were from a restricted
geographical area, and examined mainly homozygotes
at that codon. When these data are examined critically,
different within-genotype variations of prp¢ patterns are

and neuropil vacuolation. d Dorsal (parasympathetic) nucleus of
vagal tract sheep clinically sick with scrapie following experimental
SSBP/1 challenge. Vacuoles are not evident by routine histology.
e Diffuse grey matter vacuolation of the hippocampus and cerebrum
in the ME7 scrapie strain. f Cerebellar molecular layer of a sheep with
atypical scrapie. Vacuoles are smaller and more regular than in other
classical forms of disease. All sections are stained with haematoxylin
and eosin. a x450; b x160; ¢ x140; d x140, e x50; f x140

evident within single sheep genotypes. Other studies
comparing natural scrapie sources across Europe confirm
that different pathological phenotypes can be identified
within sheep that are homozygous for alanine at codon
136 (Gonzalez et al., submitted). Furthermore, when
some experimental TSE strains are inoculated into sheep
of different PRNP genotypes, the same pathological char-
acteristics can be maintained [52, 115]. These data show
that different pathological phenotypes of scrapie can be
found in natural disease suggesting that there may be
numerous naturally occurring sheep scrapie strains. In
addition, at least under experimental circumstances, sheep
adapted strains are not limited to particular PRNP
genotypes.

In addition to different patterns of cellular affinity and
processing of PrPY, different aggregation and truncation
states may also be recognised. PrP? in the form of amyloid
plaques as confirmed by tinctorial staining methods, finely
punctate patterns (often referred to as ‘synaptic’) and
truncated intracellular aggregates can be recognised by
light microscopy. In the first of these forms, PrP? is visibly
aggregated into ~8-10 nm diameter filaments when
viewed using the electron microscope while the other two
are composed of PrPY molecules that are not visibly
aggregated. The proportions of fibrillar, non-fibrillar and
intracellular forms of PrP? differ in different diseases and
strains. In cattle BSE plaques are absent [155], but small
plaques are abundant in L-type BSE [25]. Intracellular PrP!
accumulation can occur in astrocytes, microglia and
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Fig. 2 Morphological types of PrP? accumulation. There are a wide
range of morphological forms of PrP? accumulation associated with
neurons, astrocytes, microglia and the ependyma: a FSE (cat), intra-
neuronal b scrapie (sheep), intra-astrocytic ¢ scrapie (sheep) stellate
and intra-microglial (arrow), d BSE (cow) peri-neuronal, e scrapie
(goat) diffuse punctuate, f CWD (white-tailed deer) coalescing, g FSE

(Lion) linear, h 87V scrapie (mouse) plaque and intramicroglial
(arrows), i scrapie (sheep) sub-ependymal and associated with
luminal border of ependymal cells, k scrapie (sheep) sub-pial and
stellate 1) scrapie (sheep) vascular amyloid. a x 150, b x600, ¢ x600,
%500, e x50, f x200, g x150, h x600, i x150, j x75, k x75,1 x150

Fig. 3 Neuroanatomic targeting of PrP® in mice: ruminant sources of
scrapie show limited variability in neuroanatomic targeting as shown
by PrP? accumulation but significant variability in targeting is found
in murine adapted scrapie strains. a ME7 scrapie showing diffuse
PrP? accumulation in cerebral cortex, hippocampus and thalamus.

neurons as well as in macrophages of the lymphoid system.

In each cell type it is largely present within lysosomes (see
below). Non-intracellular PrPd, including amyloid fibrils,
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b 87V scrapie shows precise targeting to the CA2 sector of the
hippocampus, plaques in the cerebral cortex and diffuse labelling in
thalamus. ¢ 111a is a prolific plaque-forming model, predominantly
affected are the peri-ventricular and sub-pial locations. a x30; b x20;
c) x20

are immunoreactive in situ with antibodies recognising
either the N or the C termini of PrP [75], but intra-
cellular PrP® has markedly diminished immunoreactivity to
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N-terminal PrP antibodies [80, 82]. The sub-cellular loca-
tion and N-terminal degradation of intracellular PrP!
suggest that it is progressively degraded by the acidic
environment and enzymes found in endo-lysosomes. The
precise molecular site of intracellular truncation of the PrP?
molecule differs according to strain, but also to cell type.
BSE-affected sheep have different intracellular truncation
sites for neurons, glia and macrophages [80]. This is
indirect evidence to suggest that different conformations of
PrP? can be derived from a single strain and has implica-
tions for the prion hypothesis as it indicates that not all
conformational variants of PrP? code for difference in
strain properties.

The glycoform ratio of PrP™ and the mobility of its
unglycosylated moiety as detected by Western blotting
after partial protease digestion are often used to distinguish
between strains, and is often referred to as the ‘molecular
strain type’. Immunoblots of PrP™® can be used to provide
reliable presumptive strain characterisation for some spe-
cies and strain combinations. Ovine BSE can generally be
segregated from most naturally occurring classical scrapie
sources by the mobility of the aglycosyl fragment though a
small minority of naturally occurring sources [4, 145] and
the CH1641 experimental sheep scrapie strain can only be
distinguished from BSE by the glycoform ratios [61, 146]
and transmission characteristics in mice. However, there
are many sheep scrapie sources with distinct pathological
characteristics that have identical PrP™* forms on Western
blotting (Gonzalez et al., submitted). As described above,
immunohistochemistry shows that non-intracellular PrP!
accumulations are present as full-length forms in situ,
whereas intracellular PrPY is truncated. Thus, PrP™
obtained by Western blotting from brain homogenates
treated with proteases represents a complex of original
whole length protein derived from different cell types
combined with truncated intracellular PrP® types poten-
tially of different fragment sizes. That different cell types
may digest PrP? at different sites in vivo indicates that
extrapolations made from mobility of the protease-resistant
fragment to strain need to be made with caution. A detailed
discussion of the relationship between pathology, molec-
ular strain typing or bioassay is beyond the scope of this
review.

Accumulations of PrP? (and also PrP™) present in
atypical ruminant prion diseases differ markedly from
classical forms. Atypical (or Nor 98) scrapie is charac-
terised mainly by a variable finely punctuate pattern of
PrPY accumulation in grey matter—most commonly in
the cerebellum and cerebral cortices—and a fine punc-
tuate pattern of PrP® accumulation in white matter [11,
123] (Fig. 4). The so-called BASE strain or L-type cattle
BSE is mainly characterised by diffuse distribution of
plaques [25].

rcS

The nature and range of sub-cellular changes,
their specificity for prion disease and co-localisation
with PrP¢

Morphological changes and PrP?: correlation between
light and electron microscopy observations

Vacuolation, gliosis and neuronal loss are frequently found
in brain regions where PrPY accumulation is present, albeit
in studies of the temporal progression of disease PrP!
accumulation precedes the onset of these morphological
changes. In addition to these well-recognised light micro-
scopic changes, there are a number of lesions found in
prion disease-affected brains that are best appreciated or
only evident by electron microscopy. Figure 5 shows the
correlation between cellular and sub-cellular PrP* accu-
mulations and morphological changes viewed by electron
microscopy. Those PrP? accumulations that can be visu-
alised as intracellular by light microscopy are associated
with alterations of the endo-lysosomal system, while PrP*
accumulations that are not visibly intracellular at light
microscopy are associated with lesions of membranes or
changes consequent to the accumulation or aggregation of
PrP? within the extracellular space. However, there are a
number of changes that do not co-locate with PrP?.

Some electron microscopy lesions appear to be unique
to TSEs while most changes—particularly at late stage
disease—are common to many chronic neurodegenerative
conditions. Table 1 lists a selection of morphological
changes that have been found in all animal prion diseases
so far examined and whether they are specific to TSEs and
co-localise with PrP". Prion-specific lesions that co-localise
with PrP? mostly relate to membranes of neurons (Fig. 6)
or glia, but two apparently unique prion lesions—spongi-
form change and tubulovesicular bodies (Fig. 7a)—do not
co-localise with PrPY (Table 1). Non-specific changes may
nevertheless be important in disease pathogenesis, and
those that co-localise with PrPY mainly affect endo-lyso-
somes and changes that are due to the down-stream effects
of PrP? aggregation in the extracellular space. Some non-
specific changes that do not co-localise with PrP? are also
listed in Table 1 and shown in Fig. 7.

Specificity of ultrastructural changes and their relation
to PrP? accumulation

Prion-specific lesions that co-localise with PrP* A char-
acteristic CNS change found in rodent [77], sheep [42, 83],
cattle [40] and feline (unpublished observations) prion
diseases, and which often accompanies membrane Prp¢
accumulation, is a marked increase in sub-membrane
coated vesicles and pits. The pits often have bizarre
extended, twisted necks forming clefts and invaginations of
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Fig. 4 Morphological types of
PrP? accumulation in atypical
scrapie. Sheep and goats with
atypical (or Nor 98) scrapie
have patterns and neuro-
anatomical locations of PrP?
labelling that are distinct from
the classical form of the disease.
a Diffuse punctuate labelling of
the cerebellar molecular layer.
b Coarse punctuate PrP¢
labelling of neuropil between
granule cell neurons of the
cerebellum. ¢ Dense plaque-like
deposits of PrPY accumulation
in the midbrain tectum. d White
matter labelling of individual
myelinated processes (inset
shows PrP? accumulation
apparently within a myelinated
axon). IHC for PrP? labelling
using L42 and F89 antibodies.
a x180; b x450; ¢ x; d x600
(inset x1,000)

Brain lesions of TSE

« Dystrophic neurites | s Vascular basement membrane * Abnomal
* Gliosls thicken dystrophic neurites
= Localised neuron i 2
loss « Blockage of interstitial fluid drainage
+ Gliosis

Fig. 5 Diagram showing the range of morphologic sub-cellular lesions found in TSEs and their correlation with presence, absence and cellular
location of light microscopic PrP¢
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Table 1 Consistency of selected sub-cellular lesions and their association with PrP? labelling in classical animal TSEs and three murine
transgenic systems

Lesion type: CNS Species (strain) Transgenic line (infecting strain)

TSE PrPd +ve Cat Sheep BSE Mouse Tg3Prp '~ Tg(PGl4) TgGPI'~

specific FSE  scrapie (RML) (RML)
Membrane clefts and coated pits in dendrites Yes Yes + + + + + — _
Spiral coated structures in axonal boutons Yes Yes + + + + + — —
Plasma-lemmal microfolds (glia and dendrites) Yes Yes + + + + + — —
Irregular process contours Yes Yes + + + + + + _
Neuronal perikaryonal cell membrane Prp¢ Yes Yes + + + + — - —
Dendrite plasma-lemmal PrP? Yes Yes + + + + + + -
Astrocyte plasma-lemmal PrP? Yes Yes + + + + + — —_
Axonal plasma membrane PrP¢ Yes Yes — - - — — + _
Vacuoles with membrane fragments Yes No + + + + + — —
Tubulovesicular bodies Yes No + + + + + — +
Excess glial lysosomes No Yes + + + + + — _
Excess neuronal lysosomes No Yes + + + + + — —
Individual extracellular amyloid fibrils No Yes + + + + + — +
Amyloid plaques No Yes - +2 — +2 — — +
Vasculopathy (basement membranes changes) No Yes - +2 — — _ +
Apoptosis No No - - + + + —
Degenerate terminal axons No No — - — + + — _
Dystrophic neurites No No + —+ + —+ + + +

+ Present, &+ sparsely present, — absent. Bold represents a group of PrPY positive membrane lesions that are common to all natural and
experimental rodent TSE sources. Italics represent two lesions that are common to most natural and experimental TSE sources that do not co-
localise with PrP?

The TG3Prnp~'~ mouse has neurons which lack capacity to generate PrP° indicating that PrP° expression on neurons is not mandatory for PrP¢-
related membrane pathology [77]

The Tg(PG14) model [69] is a Gerstmann—Straussler—Scheinker disease homologue that does not transmit disease [31] indicating that membrane
PrP? is not infectious

The TgGPI* '~ is a model in which PrP° is generated lacking its GPI anchor. This anchorless model confirms that the GPI anchor is necessary for
membrane toxicity, but not for amyloid generation [28]

% Present in some strains or sources, but not in others

® Unpublished data on a single case

dendrite membranes. The coating on vesicles and pits  function [103]. PrP° cannot signal directly to cytoplasmic
resembles clathrin (Fig. 6), suggesting that PrP? on cell  molecules from the exterior of the cell membrane, and it has
membranes perturbs endocytosis by delaying or preventing  long been assumed that endocytosis is mediated through a

excision of PrP%laden coated pits from the plasma mem-  transmembrane signalling ligand [137]. Analysis of the
brane. Immunohistochemical studies have not shown any  distribution of immunogold particles suggests that PrP* and
changes in the distribution of clathrin or the endocytosis-  ubiquitin are situated on the exterior and cytoplasmic faces
related proteins amphiphysin or dynamin, but ubiquitin co-  of the membrane, respectively [83]. This suggests that PrP?
localised with these membrane alterations (Fig. 6) [83]. may also need a molecular partner to signal across the

PrP¢ is attached to the exterior of the plasma membrane  plasma membrane to ubiquitin and clathrin in order to
by its glycosyl-phosphatidyl-inositol (GPI) anchor. A large  initiate endocytosis (Fig. 8). When viewed by electron
number of ligands are now known to interact with PrP° and ~ microscopy, the membrane located PrP? is neither visibly
it has been implicated in a wide range of cellular functions  aggregated nor it is associated with altered membrane
(for review see [103]). So many potential roles and ligands ~ dimensions. Why then is the PrP® associated with excess
for PrP° have now been found that it has been suggested that ~ coated vesicles and pits with extended necks? It is possible
PrP° may act as a scaffolding protein in multiple sets of  that PrP® may be aggregated in two-dimensional sheets on
incompletely defined cell surface interactions and signalling  the exterior of the plasma membrane aligned perpendicular
mechanisms rather than have a specific interaction or  to the axis of the clathrin-dependent mechanisms of
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Fig. 6 Examples of scrapie and BSE-specific lesions that co-localise
with PrP%. a PrPY accumulation may occur on a neuronal plasma-
lemma without morphological change. Weak PrP? labelling is also
present in a single lysosome (L), but not on a small autophagosome
(asterisk). Sheep scrapie immunogold PrP? labelling using R523.7
antibody. Bar 0.34 pm. b PrPY accumulation in association with a
dendrite shaft (D). Dendritic membrane invaginations (arrows) and
coated vesicles are labelled for PrP%. An astrocyte process is shown at
A. Sheep scrapie immunogold PrP? labelling using R523.7 antibody.
Bar 0.15 pm. ¢ Part of a dendrite showing abnormal invaginations
and coated vesicles which are labelled for ubiquitin. Sheep scrapie
immunogold ubiquitin labelling. Bar 0.17 um. d A dendrite (D)
shows numerous coated vesicles, some of which are connected via
twisted membranes. At three points (arrows) on the dendrite twisted
membranes are inverted from the plasma membrane. At a point
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immediately adjacent to the membrane invaginations of the dendrite
are additional membrane invaginations (open arrowheads) on an
axonal plasma membrane, identified by the presence of SV. Bar
0.32 pm. Cattle BSE uranyl acetate and lead citrate (not immunola-
belled). e Inclusions within an axon terminal also consisting of a
membrane invagination lined with vesicles. The coating of the
membrane invagination consists of a lucent vesicular coating. These
inclusions are more weakly labelled for PrPY than are those on
dendrites. Sheep scrapie immunogold PrP labelling using R523.7
antibody. Bar 0.19 pum. f The dendrite shown is immunolabelled for
PrP? at two poles. At one pole the PrP? labelling is associated with
polyp like membrane folds. This microfolding of membranes is much
more florid on astrocytic processes. Sheep scrapie immunogold
labelled for PrP! using R523.7 antibody. Bar 0.18 pm. SV synaptic
vesicles
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Fig. 7 Examples of scrapie-specific and non-specific lesions that do
not precisely co-localise with PrP®. a So-called tubulovesicular bodies
(asterisk) from a mouse brain infected with ME7 scrapie. Some of the
tubulovesicular particles form a paracrystalline array. They are not
reactive with PrP® by immunogold electron microscopy. Murine
scrapie: immunogold PrP? labelling using 1A8 antibody. Bar
0.26 um. b Degenerate axon terminal (asterisk) which formerly
synapsed with a complex dendritic spine characterised by a spinule
(s). Murine scrapie. Uranyl acetate/lead citrate counter stain. Bar

endocytosis, and that this may inhibit the efficient excision
of pits containing PrP? from the membrane. As a result,
spiral twists in the elongated necks of coated pits may arise
from torsional forces created by clathrin on 2D sheets of
PrP? aggregates on the membrane (Fig. 8d). Alternatively,
as postulated for PrP®, PrPY may also act as a scaffold for
many sets of cell surface ligands (Fig. 8e) (not excluding
interaction with other PrP® molecules), but in contrast to the
scaffolds proposed with PrP¢, PrPY may be too tightly bound
or the complexes formed with other molecular partners may
be too large for their efficient release from the membrane
into endosomal vesicles.

The coated pits and vesicles beneath dendritic and
somatic membranes may fuse to form complex branched
cisterns (see Fig. 6c and also Fig. 9a in [83]) before
merging with endo-lysosomes. Similar fused branched
cisterns containing both PrP? and ubiquitin are also present
in macrophages of infected lymphoid tissues [118, 119].
However, macrophages internalise PrP® from the exterior
of the cell membrane by a non-coated endocytosis mech-
anism. These data suggest that membrane PrP? may
interact with different transmembrane ligands in different
cell types supporting the idea that both PrP® and PrP may
have a multiplicity of cell membrane molecular interactors.

Amyloid may be deposited as a result of several dif-
ferent disease processes, but amyloid composed of PrP? is

15 nm. ¢ Cerebellar molecular layer with PrP? labelling of dendritic
membranes. Degenerate axon terminals are non-labelled for PrP¢.
Murine scrapie immunogold labelling for PrP? using 1A8 antibody.
Bar 0.41 pm. d Degenerate axon terminals (arrowhead and arrow) in
the hippocampus of a mouse. One degenerate axon terminal is
sectioned longitudinally and involves an extended length of the
terminal axon, one end of which synapses with a spine (s) and the
other is internalised by an astrocytic process (A). Murine scrapie:
Uranyl acetate/lead citrate counter stain. Bar 0.40 pm

specific to prion diseases. Amyloid fibrils present in both
human and animal TSEs have been labelled by immuno-
gold methods for Prp¢ [35, 39, 71]. Unlike reports of
amyloid accumulations of Gerstmann—Striussler—Schein-
ker diseases [49], the amyloid fibrils within mature plaques
found in murine and ovine scrapie strains, and also those of
individual filaments found between cell processes, are
labelled with both N- and C-terminal antibodies [75, 76].
Plaques appear to arise initially from focal accumulations
of PrP¢ on dendritic membranes, which can be released
into the extracellular space [71]. Subsequent aggregation
results first in formation of individual filaments irregularly
located in the extracellular space between processes,
leading ultimately to mature plaques composed of dense
bundles of amyloid filaments surrounded by microglial
cells [71]. Mature plaques, [142] and other extracellular
PrPY accumulations [117] also contain highly sulphated
proteoglycans (as do plaques of Alzheimer’s disease),
which are present at early stages of disease progression.
This suggests that extracellular matrix components may
have a role in facilitating assembly of protofilaments. A
transgenic mouse line, in which PrP° lacks its membrane
GPI anchor (TgGPI_/ 7), has been generated [29]. Scrapie
infection of TgGPI/~ mice results in abundant amyloid
plaques that form initially within basement membranes of
blood vessels [28]. Thus, amyloid plaques found in animal
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Fig. 8 Showing the proposed topology, membrane trafficking and
pathology associated with PrP* in classical forms of TSEs. a PrP? is
most commonly located on the plasma membrane. In contrast to PrP¢,
which is generally localised to axons of mature neurons, PrP! is found
on perikaryonal and dendritic membranes. PrP? at the cell surface
may be retained, internalised or released. b PrP can be endocytosed
to lysosomes where it is truncated. ¢ PrPY in clathrin coated vesicles
and pits is associated with ubiquitin at the cytoplasmic face of the
membrane. PrPY putatively communicates to these cytoplasmic
molecules via a membrane spanning ligand. The PrP%-membrane
spanning complex is inefficiently excised from the cell membrane for
recycling or degradation. d and e show hypothetical arrangements in
which PrPY may inhibit efficient endocytosis. In d PrP? isoforms are

disease derive from full-length PrP released predomi-
nantly by dendrites into the extracellular space. The release
of PrP to the extracellular space and subsequent aggre-
gation into fibrils is facilitated by the absence of a GPI
anchor and by interaction with unknown extracellular
factors that may have a role in stabilising individual PrP‘
molecules or protofilaments.

Marked irregularity of process contour profiles is another
change found in dendrites and glial cells that also co-
localises with intense PrP® accumulation on plasma mem-
branes. In severe cases, this change takes the form of
microfolding of the membrane (Fig. 6) [40, 83]. Micro-
folding is particularly conspicuous on astrocytic membranes
and is less often observed on dendritic membranes. Con-
versely, abnormal endocytosis commonly occurs where
dendrites accumulate PrP? at the cell membrane, but there is
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arranged in cross-linked two-dimensional sheets and in e PrP? is
shown forming stable multi-molecular complexes with other mem-
brane proteins. f PrP? on the cell membrane can be released probably
involving cellular kinases and subsequently re-attach to adjacent
membranes by its GPI anchor. Released PrPY may also aggregate
within the interstitial space (or basement membranes of blood vessels)
to form amyloid fibrils. Fibrilisation is facilitated by interaction with
interstitial molecules such as highly sulphated proteoglycans and the
absence of GPI anchor. g PrPY on membranes is also involved with
complex membrane folding, particularly on glial cells. These
pathways are not mutually exclusive and in sheep and cattle all
pathways appears to be available for individual neurons

no evidence of abnormal endocytosis in the presence of
membrane PrP? on astrocytic or microglial membranes.

A coated spiral membrane structure is also found in
axons and appears to be formed by spiral invagination of
the plasma membrane (Fig. 6d, e). These spiral axonal
membrane invaginations (originally called inclusions) have
been recognised since some of the earliest electron
microscopy studies, including those of human CJD [55],
and originally were thought to be spiroplasma [6]. This
feature is similar to the membrane invagination described
in dendrites, but the membrane coating is not typical of
clathrin and usually takes the form of empty vesicles of
approximately 30-35 nm diameters (Fig. 6e). In addition,
although this lesion also co-localises with Prp¢ [40, 83] and
ubiquitin, the amounts of immunogold reactivity for both
of these proteins on axonal spiral membrane structures are
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considerably less when compared with labelling of den-
dritic membrane invaginations (Fig. 6e). The axon plasma
membranes surrounding these spiral membrane invagin-
ations are not specifically labelled by PrPY, but often arise
immediately adjacent to dendritic invaginations (Fig. 6d)
or dendritic membrane labelled PrP. This suggests that
dendrite-derived PrP? is the origin of the corresponding
axonal change.

Prion-specific lesions that do not co-localise with
PrP? Vacuolation or spongy change is a common CNS
response to a wide variety of toxic, metabolic and infec-
tious diseases. The vacuoles or spongiform change found in
scrapie-affected brains arise by at least two morphological
routes: one form is associated with swelling of dendrites
and axons and with a loss of intracellular organelles; a
second form arises by dilation of membrane bound
organelles within neurites and neuronal perikarya [2, 41,
84]. The first type of vacuole probably corresponds to
dendritic varicosities that appear to be stable within den-
drites over prolonged periods [47]. Some sub-cellular
features of mainly larger vacuoles of uncertain primary
morphogenesis do not appear to occur in other spongy
degenerations and may be considered as prion-specific.
Prion-specific vacuole features are mainly a peripheral
fragmentation of the vacuole membrane combined with
collapse of other neuropil components into a vacuolar
lumen containing membrane and granular osmiophilic
granules accompanied by apparent dissolution of these
contents [2, 7, 84]. There is no PrP¢ localisation to the
contents or limiting membranes of vacuoles.

So-called tubulovesicular bodies (Fig. 7a) were first
reported in scrapie-infected mouse brains as early as 1968
[34], but have not so far been described in other neurode-
generative diseases [100]. They have been detected in all
animal TSEs so far examined, most consistently in mice
and hamsters, and also in several variants of prion disease
in man [96, 101]. They are oval or short tubular structures
of approximately 35 nm diameter [3] that can be seen in
thin sections arranged in clusters in dendrites or mixed with
synaptic vesicles in axon terminals [96], but their bio-
chemical and molecular structure remains unknown. A
particle of similar dimension has been observed in a 120S
fraction of brain homogenates centrifuged on sucrose
buffers [112]. However, because of method differences it is
not possible to know whether these individual structures
are identical to tubulovesicular bodies seen by transmission
electron microscopy.

Tubulovesicular bodies are only readily distinguished
from other small ovoidal cytoplasmic structures when they
occur in large clusters, which may explain why they are not
always observed in brains of individual prion disease-
affected animals. In two series of BSE-affected cattle or

scrapie-affected sheep, tubulovesicular bodies were seen
only in 1 of 10 cows [40] and 2 of 10 sheep examined [41].
Tubulovesicular bodies have not been observed outside the
CNS, or in infected tissue culture, nor have they been
detected in the Tg(Pgl14) mouse (Table 1), a non-infectious
transgenic model of a Gerstmann—Straussler—Scheinker
disorder [69]. In two separate studies of rodent scrapie,
tubulovesicular bodies were detected at early stages of
infection prior to the onset of other neurodegenerative
changes [65, 102], which suggests that they are not a non-
specific sequel to other aspects of scrapie degenerative
changes. Ultrastructural immunogold detection methods do
not show co-localisation of tubulovesicular bodies with
PrP? [68, 98].

Prion non-specific lesions that co-localise with PrP? In
agreement with observations of human CJD [91], several
animal studies have suggested that lysosomes and/or multi-
vesicular bodies (late endosomes) may be increased in
sheep scrapie [43] and cattle BSE [40]. These semi-quan-
titative evaluations are supported by evidence that
ubiquitin (of presumptive lysosomal origin) is increased
from approximately 20% of incubation period in murine
scrapie [105] and that lysosomal cathepsins are implicated
in the degradation of PrPY in scrapie-infected cultured cells
[106]. In a recent study, the number and size of lysosomes
in neuronal perikarya were shown to be increased in sheep
scrapie [83]. Many morphologically normal and some
enlarged or irregularly contoured lysosomes are labelled
for PrP? by immunogold methods. As mentioned above,
light microscopic studies show that intracellular PrP? lacks
immunoreactivity to N-terminal PrP antibodies [80].
Together these data suggest that internalised PrP? is tar-
geted to lysosomes for degradation.

Prion non-specific lesions that do not co-localise with
PrP?  As is usual for chronic neurodegenerative disease,
there is a wide spectrum of lesions that have been described
in TSE-affected brains. Neuronal apoptosis, autophagy,
axon terminal degeneration, dystrophic neurites, gliosis,
dendritic varicosities, synaptic vesicle clumping and losses
of synapses and dendritic spines are just a few of the more
important lesions. To date no specific localisation of PrP
to any of the above changes is reported.

Qualitative and quantitative variability of cellular
and sub-cellular changes

Variability observed between different TSEs
in different species

The characteristics of infectious disease are the result of an
interaction between strain properties and the genetics of the
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host. Because the key informational determinants of a prion
strain are undefined, strains are characterised by their dis-
ease phenotype, principally their clinical, pathological and
biochemical properties. It is therefore often difficult to
know whether changes in disease phenotype on passage to
a new host are caused by differences between host and
recipient genetics, or following adaptation or mutation of
the strain on passage to the new host. This is particularly
the case when a strain is passed to another species. How-
ever, when several different rodent prion strains are
compared with disease in ruminants, some features of
rodent prion diseases are consistently different from those
of classical prion diseases of ruminants.

In addition to the neuroanatomic and cellular targeting
differences seen when rodent scrapie strains are compared
with ruminant strains and sources (see “The nature and
range of neuropathological changes”), a selective terminal
axon degeneration is conspicuous in mice and has been
seen following challenge with several cloned scrapie
strains [78, 138] (Fig. 7). It also occurs in a scrapie-
infected transgenic model in which PrP® expression was
confined to astrocytes while lacking on neurons [77, 131]
indicating that this change is not a “loss of PrP¢ function”
effect. Axon terminal degeneration may be temporally co-
incident with morphometrically determined synaptic loss at
very early stages of disease (see below), but is absent from
cats, cattle and sheep (Table 1). Similarly, apoptosis can be
frequent in some rodent scrapie strains, but is rare or absent
in sheep and cattle TSEs.

Classical amyloid plaques or kuru plaques are relatively
infrequent except in some specific strains, such as the
87V [17] or 111a [76] strains or in the scrapie-infected
TgGPI™'~ transgenic line [29]. However, amyloid, in the
form of single randomly orientated short fibrils within the
extracellular space, is frequently present in other rodent
scrapie strains [73]. In contrast, amyloid, either in the form
of individual fibrils detectable in the electron microscope
or plaques visible by tinctorial staining methods at light
microscopy, is absent in the neuropil of most classical
ruminant prion diseases, albeit it may be an important
feature of L-type BSE, one of the atypical prion diseases of
cattle. This may suggest that PrP? is released much more
readily from the surface of rodent cells than it is from the
surface of ruminant TSE-infected cells.

Thus, three differences may be recognised when cloned
murine scrapie strains are compared with natural sheep
scrapie and cattle BSE, and might represent species-
specific responses to classical TSEs. There are significant
differences in cell tropisms, in the processing and release
of PrP from infected cells and in clinically significant
axon terminal and synapse degenerations. We surmise that
the mouse may preferentially select for only some features
of prion infection that occur in the original donors. While
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what is learnt from any single murine strain will always be
helpful in the understanding of disease pathogenesis, the
study of disease in natural hosts remains essential.

Variability attributable to TSE strain and/or host PRNP
genotype

As described earlier, significant differences in patterns of
PrP! accumulation have been found for different classical
mouse, sheep, goat and deer TSE strains and sources,
yet, where examined at the ultrastructural level, specific
membrane changes are present in each of them. The fea-
tures described above (membrane Prp¢ accumulation,
membranes with excess coated pits and invaginations,
membrane microfolding) have all been identified in mice,
cattle, sheep and cats (Table 1). There is no meaningful
data on the effect of strain on sub-cellular pathology for
many of these changes, but in sheep scrapie the frequency
of all of the above varied according to source and partially
to PRNP genotype [40, 83] suggesting that the processing
of membrane PrP? is influenced by strain and/or PRNP
gene factors.

Amyloid plaques composed of PrP? and forming within
blood vessels (cerebral amyloid angiopathy) of TSE-
affected animal brains have a pathogenesis that is similar to
cerebral amyloid angiopathy of Alzheimer’s disease. Vas-
cular plaques initially form within basement membranes of
endothelium and smooth muscle and consequently obstruct
CNS interstitial fluid drainage pathways [28]. Cerebro-
vascular plaques are common in some natural sources or
strains of scrapie [53] and occur in chronic wasting dis-
ease-affected deer [97], but are absent from cattle BSE. A
model of scrapie derived from chronic wasting disease, the
409V model [19] also produces abundant cerebrovascular
plaques. As described above, cerebrovascular amyloid is
also particularly abundant in scrapie-infected transgenic
mice (TgGPI ') expressing PrP¢ that lacks the GPI
membrane anchor [29] as do some rare human Gerstmann—
Straussler—Scheinker variants [132] which also lack
anchored forms of PrP°. Anchorless PrP™ is found as a
subset of the range of PrP™ forms produced in classical
prion disease [147]. It is possible that some naturally
occurring prion strains may produce higher proportions of
anchorless PrP™® or anchorless PrP? than others. Thus, the
proportions of different molecular variants of PrP® present
in particular strains may influence the nature of the histo-
logical, cellular and sub-cellular pathology.

Processing of PrPY in the brain
PrP may accumulate on membranes, be endocytosed from

the plasma membrane, be transferred between cells, or be
released into the extracellular space.
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Discrepancies in membrane localisation of PrP¢ and PrP?

PrP° is transported in vitro along secretory, endocytic and
axonal transport pathways to the cell membrane [60]. Both
retrograde (to soma) [124] and fast anterograde (from soma)
[133] transport of PrP¢ is reported and it has been localised to
the surface of retinal explanted axons [135] and cell bodies
of ganglion neurons [109]. At early stages of development,
PrP° was found on membranes of all hippocampal neurites,
but in the mature hippocampus, PrP° was selectively parti-
tioned into detergent-resistant cholesterol-sphingolipid rich
domains on axons [48]. It seems likely that the C terminal
GPI anchor and flexible N terminus of PrP° are both nec-
essary for its correct trafficking and distribution [153] to
detergent-resistant domains on mature axons. Studies of
PrP° localisation in vivo have produced contradictory
results. Several studies support in vitro data that indicates
PrP° passes through the Golgi apparatus before being
transported to neuronal membranes with a distribution that
favours axons at the expense of dendrites, and is recycled via
multivesicular bodies (a late endosome) [92, 122]. Mem-
brane PrP° on axons excludes the active zones of the synapse
and the post-synaptic density of the corresponding dendrites,
and is also found on astrocytic membranes [92]. In contrast,
other studies have detected PrP° in association with synaptic
vesicles, but not plasma-lemmas [59, 125]. Unknown tech-
nical reasons may account for these different results.
Original pulse chase experiments proposed that con-
version of PrP¢ to its disease-specific counterpart occurred
at the plasma-lemma or at some later stage in the cell cycle
[27]. In vivo observations of sub-cellular PrP¢ localisation
of prion-infected mice [73], sheep [83] and cattle [40] show
that it is most frequently and abundantly found on mor-
phologically normal membranes of dendrites, neuronal
perikarya and the processes of astrocytes, further suggest-
ing cell membranes are the primary site of accumulation
and the transformation of PrP¢ to PrP%, Recently, a similar
conclusion was reached using immunogold to localise PrP°
and PrP! in vitro in scrapie-infected N>A cells [151]. The
diffuse punctuate labelling that is often referred to as
‘synaptic type’ on examination at light microscopy is found
at electron microscopy to label predominantly dendritic
membranes [40, 50, 70, 83] and not axons. Dendritic and
somatic membrane PrP? accumulations of neurons are
found in all classical forms of animal prion diseases
examined (Table 1). Unmyelinated axons, terminal seg-
ments of myelinated axons and the active zone of the pre-
synaptic bouton or post-synaptic densities of the CNS are
not specifically labelled for PrP? in the classical TSEs. That
PrP° is converted to PrP* predominantly on dendritic and
somatic membranes and not on axons in all the classical
animal prion diseases indicates either that cell membrane
PrP¢ trafficking is perturbed during scrapie infection or that

the conditions for conversion of PrP® to PrPY are more
favourable on dendrites and perikarya than on axons.

Although most PrPY in classical TSEs is found in
association with dendrites and soma, axonal PrP® has been
inferred or demonstrated in the peripheral nervous system.
PrP? labelling of peripheral nerve axons has been observed
by light microscopy in felids [94], BSE-infected cattle and
scrapie-infected sheep [58]. Although the sub-cellular
localisation of this PrPY is not established, data from sev-
eral sources suggest that this is anterogradely transported
PrP? from neuronal soma in the CNS. Atypical scrapie also
shows significant labelling of CNS white matter tracts at
light microscopy (Fig. 4) [123] and preliminary data sug-
gest that this PrP? is at least partly within axons (Jeffrey
and Moore, unpublished observations). Both intra-axonal
[120] and axonal plasma membrane labelling of unmyeli-
nated CNS axons is present in the Tg(PG14) mouse, a
transgenic non-infectious rodent model of a Gerstmann—
Striaussler—Scheinker disorder [69]. This model shows a
number of unique pathology features, which probably
relate to the transgenic manipulation. These data suggest
that the trafficking of PrPY may differ in the central and
peripheral nervous systems, and may also be influenced by
atypical sources and PRNP genetics.

Accumulation on the plasma membrane

PrP? molecules revealed by immunogold methods at the
cell surface are not visibly aggregated when viewed by
transmission electron microscopy. Given the resolution of
the electron microscope, PrPY localised by immunogold
methods cannot be accurately resolved to monomeric,
dimeric or oligomeric forms. Depending on the energy of
the electron beam and the thickness of the section, it is
probably not possible to detect PrP? in aggregates of less
than 6-15 molecules. Plasma membranes are 7-8 nm thick
and are composed of three layers each approximately
2.5-3 nm thick. As the thickness and structure of plasma
membranes containing PrP? are not visibly changed, this
suggests that the PrPY on membranes may not initially
be arranged in large amorphous, globular or fibrillar
aggregates. Similarly, the molecular impacts of PrP¢
accumulation on the cell membrane are not certain. In vitro
studies have shown that recombinant PrP folded into pre-
dominantly alpha or beta forms has different interactions
with membrane lipids [87] while most cells that accumu-
late PrP? on the cell membrane generally do not show
morphological changes.

Endocytosis

As described above, cell membrane-attached PrP! is associ-
ated with morphological evidence of abnormal endocytosis.
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This abnormal endocytosis is putatively elicited via a
transmembrane ligand and associated with impaired exci-
sion from the cell membrane. In the lymphoreticular system,
PrP? accumulations in macrophages are also associated with
abnormal endocytosis and sub-membrane ubiquitin accu-
mulation, also suggesting linkage via a transmembrane
ligand [119]. However, in macrophages, the endocytosis
is via a non-classical pathway and PrP? accumulation on
follicular dendritic cells is associated with excess and
abnormal cell-surface immunoglobulin trapping, suggesting
additional PrP%“membrane receptor interactions [119].
Thus, cell membrane PrP? in lymphoid tissues would also
appear to interact with receptors and ligands in membranes,
but these molecular partners appear to be different from
those in neurons. Cell membrane and lysosomal PrP?
accumulations occur in astrocytes, but endocytosis in glial
cells does not appear to involve delayed excision of PrP
from the cell membrane. These data suggest that endocy-
tosis of PrPY involves interaction with different ligands on
different cells.

Transfer between cells

Studies of scrapie-infected cells have shown that exosomes
can transfer infectivity to the culture medium and to other
contiguous cells in culture [44, 152]. However, serial
reconstructions of scrapie-infected neurons visualised by
electron microscopy were not able to identify exosomes,
which are 50-90 nm in diameter, on membranes or in the
tissue spaces between infected neuronal perikarya and
adjacent PrPY positive cell processes [83]. Tunnelling
nanotubes [26] have also been suggested as a mechanism
by which infectivity may be transferred between cells in
vitro, but they too have not so far been seen in vivo.

The interstitial space, or specifically the distances
between neurites and or glial plasma-lemmas in mature
brains, is usually of the order of 10-20 nm. Across these
distances, GPI anchored proteins [63], including PrP° [104]
may be transferred by a process sometimes called GPI
painting. When statistical approaches are applied, immu-
nogold localisations of membrane PrPY are shown to be
located to the external parts of the membrane [83], a site that
is consistent with its retention in the membrane by a GPI
anchor. PrPY can also be transferred between membranes.
The evidence for this includes immunogold studies of sheep
and murine scrapie and cattle BSE that visualise PrP on
membranes immediately adjacent to scrapie-infected den-
drites and neuronal perikarya. Additionally, in scrapie-
infected Tg3PRN '~ mice where PrP° is only produced by
astrocytes, PrP® was visualised on neuronal membranes
adjacent to PrP%releasing astrocytes [77]. Intercellular
transfer of GPI-anchored proteins is a regulated process that
involves cellular activation by protein kinases [104]. This in
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turn suggests that membrane located PrP! requires a trans-
membrane signalling partner to facilitate cellular activation
and its transfer from one membrane to another.

Accumulation in the extracellular (interstitial) space

Some diffusible, probably soluble, PrP? isoforms may be
released by infected cells into the extracellular space where
they may migrate away from their points of release through
the interstitial space. PrP* lacking a GPI anchor conspicu-
ously follows intra-cranial interstitial fluid drainage pathways
to exit the brain [28]. However, PrPY/PrP™* does not appear to
reach extra-cranial interstitial fluid drainage pathways and the
cerebrospinal fluid in any significant amounts.

In Alzheimer’s disease the formation of amyloid fibrils
is promoted by concentration of A fragments, by pH and
by extracellular factors [154]. PrP? accumulations are also
associated with alterations of the extracellular matrix and
in particular with the loss of perineuronal nets [10], as well
as with other more widely dispersed interactions with
extracellular matrix components, such as sulphated prote-
oglycans [117]. The immobilisation of diffusible forms of
PrPY is likely facilitated by interaction with extracellular
matrix components. PrP? released in classical prion dis-
eases may not leave the brain, but become fixed in situ. The
absence of a GPI anchor facilitates initial amyloid forma-
tion within vascular basement membranes [28], but the
reasons why amyloid plaques form where they do within
the neuropil, or why some murine models have widely
dispersed individual amyloid fibrils rather than classical
plaques is still unclear.

Molecular interactions of PrP¢ and PrP’

As described above, the precise function or functions of
PrP¢ are unknown, but the extensive and diverse pathways
now implicated suggest that PrP® may serve as a scaffolding
protein in multiple sets of cell membrane interactions with
transmembrane ligands including those necessary for
endocytosis of PrP® molecules anchored to the outside of the
plasma-lemma [137] (Fig. 8). Cell biology studies have
suggested several molecules that may interact with PrPY,
and the morphometric and immunochemical data described
above provide further indirect evidence for interactions
with: a kinase partner to facilitate an activated cell mem-
brane transfer of PrPY, a ligand participating in abnormal
clathrin-mediated endocytosis in neurons, and a ligand
participating in abnormal non-clathrin-mediated endocyto-
sis in macrophages, also suggesting that prp¢ may act as a
scaffold for several membrane partners.

Given the potential functions of PrP¢ and the inference
that PrPY may also act as a scaffolding molecule, we sug-
gest that monomers or small aggregates of PrP? may link
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irreversibly with other membrane proteins—possibly those
with which PrP¢ also interacts—to form stable PrP“-protein
complexes. These more stable complexes may be formed
by increased affinity of monomeric PrP! for other mem-
brane molecules or by cross-linked 2D sheets of PrP? with
other PrP? molecules (Fig. 8). Endocytosis mechanisms
may find it difficult to efficiently internalise PrP® from
these stable complexes for lysosomal degradation, albeit
abundant lysosomal PrP? indicates that significant fractions
of PrP do eventually reach lysosomes. Facilitators or
inhibitors of PrP endocytosis could also include compo-
nents of the extracellular matrix.

Correlation between pathological changes and clinical
disease

Morphological changes and disease: nature
and distribution of lesions in relation to clinical signs

Classical descriptions of prion diseases cite vacuolation,
gliosis and neuronal loss as the predominant lesions of
most animal prion diseases yet none of these features is
consistently present when different animal diseases and
strains are considered. Although vacuolation is prominent
in most field cases of disease, it is virtually absent in
clinically sick mink of the Chediak—Higashi genotype
[114], or in sheep experimentally infected with the SSBP/1
strain of classical scrapie (Fig. 1) [8]. Though formal data
are limited, immunohistochemical or morphologic assess-
ments of gliosis does not suggest an early or primary role
of gliosis in disease [108, 155]. Many molecular and cell
biology studies presume that clinical disease is linked to
apoptotic neuronal loss, a supposition that is supported by
several lines of investigation [90]. In large animals, an
increase in pro-apoptotic factors, such as Bax expression
has been reported in sheep scrapie [136] and morphometric
studies have shown neuronal loss in some BSE cattle brain
stem sites [79]. However, techniques, such as TUNEL or
other immunological methods have not been able to show
that apoptotic neuron loss or the expression of pro-apop-
totic markers occurs in significant numbers either in cattle
BSE [149] or sheep scrapie [107]. Furthermore, in BSE-
affected cattle neuronal numbers at several key anatomic
nuclei are not significantly different from controls [79].
Where neuronal loss is unambiguously present in rodent
models it is not reversed by studies which prevent neuronal
degeneration [148], nor does it occur sufficiently early to
explain clinical disease onset [33, 66]. Thus, while neu-
ronal loss and apoptosis may contribute to some clinical
disease signs in some diseases, it is only present at late
stages and cannot be causally linked with clinical onset or
clinical disease progression.

In contrast, synaptic [78] and spine loss [16] has been
demonstrated at early stages of rodent disease where it has
been shown to correlate with the earliest behavioural
changes [33]. The synaptic unit consists of the axonal pre-
synaptic bouton including the active zone, the synaptic
cleft and the post-synaptic (usually) dendritic contact.
Synaptic loss has been closely studied in the stratum rad-
iatum of the hippocampus where losses start at about 34%
of the incubation period of ME7 rodent scrapie [78]. In the
same model, dendritic spines are also progressively lost
from early stages of disease [9, 16]. In vivo imaging shows
that only permanent spines are lost and transient spines
maintained suggesting an ongoing attempted compensatory
response [47]. Similarly, an increase in the size of
synapses, also considered compensatory, has also been
observed in murine scrapie [138]. Several studies of rodent
scrapie have provided data suggesting that degeneration
may be initiated in the pre-synaptic terminal axon. First,
degeneration of synaptic structures is not confined to the
synaptic bouton, but involves segments of the terminal
axon (Fig. 7d) [78]. Second, detectable dendritic spine loss
is recognised at 108 days [16] in a model where synapse
loss starts about 20-30 days earlier [56, 78]. Third, intact
spines without axon contacts increase through the incuba-
tion period [56], and fourth, the loss of synaptic integrity is
accompanied by diminished protein expression associated
with synaptic vesicles, synaptic membranes, synaptic
adhesion, neurotransmitter release and post-synaptic struc-
tures on dendritic spines [1, 56, 66, 141]. Most of these
changes of protein expression have been recognised after
morphologic and morphometric evidence of synaptic and
spine loss, but the loss of pre-synaptic proteins is generally
more extensive than the loss of post-synaptic proteins [56].
Together, these data suggest that degeneration is initiated in
the pre-synaptic terminal axon.

In murine ME7 scrapie PrPY accumulation begins in the
dentate gyrus rather than in the stratum radiatum and
neither the magnitude nor the spatial pattern of PrP¢
accumulation correlates with number of synapses lost [56,
78]. Isolated synaptosomal fractions from scrapie-infected
hamsters show abundant PrP™* by Western blotting [13],
but such studies cannot be used to provide evidence of a
relationship between PrP? and synapse loss as synaptoso-
mal fractions contain abundant dendritic spines (see Fig. 4
in [13]) and do not take into account the possibility that
extracellular PrP? derives from non-synaptic sources.
When immunogold studies are used to localise PrP in
vivo, it does not co-locate on degenerate axon terminals
(Fig. 7d and [72]). Of particular interest is the Tg3/Prnp '~
mouse, in which axon terminal degeneration is found [77]
even though neurons in this mouse do not express PrP¢, and
PrP! is generated solely by astrocytes [131]. Thus, the
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deposition of PrP? cannot be directly linked to axon ter-
minal degeneration and synaptic loss.

In the hippocampus of ME7-infected mice, axon
terminal degeneration is associated with predominantly
asymmetric, excitatory and glutamatergic synapses. Lost
synapses include both simple (Fig. 7a) and complex ones
(Fig. 7b), putatively weak and re-enforced synapses,
respectively [78]. As N-methyl-p-aspartic acid (NMDA)
are common receptor types of excitatory transmission in
the hippocampus, it is highly likely that these synapses are
lost, but electrophysiological studies do not support a
specific disturbance of NMDA or calcium channels in this
model [86]. Terminal axon degeneration is not confined to
ME7 mouse scrapie, but can be found in other murine
strains and at other brain sites [77, 138]. In contrast,
inhibitory gamma-aminobutyric acid (GABA) neurons and
both GABA and non-GABA synapses are lost in the thal-
amus and cerebral cortex of scrapie-infected hamsters [13].
Sheep with natural scrapie show reduced numbers of the
GABAergic neuronal subpopulation in cerebrum, striatum
and thalamus. This neuronal loss is associated with reduced
metabotropic glutamatergic receptor type I (mGluR;) sig-
nalling in the striatum, thalamus and obex and up-
regulation of protective adenosine receptors (A|R) signals
in the striatum (Siso6 et al., submitted). These findings are in
agreement with previous observations in human CJD and in
murine models of BSE [134]. We infer from these data that
the process of degeneration is not specific to a single class
of axon terminals or their corresponding receptor subtypes,
but may relate to a less specific perturbation of terminal
axon function not necessarily confined to boutons.

Morphologic evidence of axon terminal degeneration is
absent from cattle BSE or sheep scrapie. However, this
does not rule out the possibility that the same molecular
mechanisms underpinning synapse dysfunction in rodents
may also occur in these species, but that they respond with
a different morphological response or none. Synaptic
autophagy is reported in human biopsy material [95] and is
also found in cattle BSE and sheep scrapie (M Jeffrey,
unpublished observations). Synapses containing aggregated
synaptic vesicles are present in excess in hamster scrapie
[13]. This feature also occurs in prion-diseased ruminants,
although it is common in control tissues and its frequency
is affected by technical issues. Dysfunction at the synapse
or terminal axon levels remains the most likely proximate
cause of neurological signs in prion disease, but the
molecular causes remain entirely unclear.

PrP? accumulation and disease: gain/loss of function
There are two proposals by which PrPY may be considered

to cause disease: an acquired toxicity (or the gain of
function proposal) caused by accumulation of PrP? forms,
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or a loss or subversion of normal PrP¢ function caused
either by removal of PrP° or interference between PrP and
PrP° (reviewed in [103]). Experiments can be cited in
support of each hypothesis, for example, there are numer-
ous experiments that demonstrate that fibrillar PrP™*
aggregates are toxic to cells in vitro [46], and several
mechanisms have been shown whereby this toxicity may
be manifested [90]. Conversely, elegant experiments have
shown that when the expression of PrP® in neurons is
switched off in scrapie-infected conditional knockout
mouse, a marked improvement in clinical signs immedi-
ately ensues and end-stage disease is delayed [110].
Similarly, when scrapie-infected mice are transfected with
a PrP° interfering RNA, disease is delayed [156]. These
and other data have been interpreted to suggest that clinical
signs are caused by a loss or subversion of PrP¢ function.

A direct association between PrP accumulations on
abnormal membrane structures involving an altered endo-
cytotic process is found in all animal TSEs (Table 1) and
indicates that membrane PrP® accumulations can be asso-
ciated with a toxic gain of function. Where extracellular
PrPY accumulates in excess, particularly where PrP® forms
fibrils and amyloid aggregates, other morphological chan-
ges comprising gliosis and neuronal dystrophia occur.
These data indirectly suggest that fibrillar PrP® may have
additional toxic effects. Morphological changes, such as
vacuolation and tubulovesicular bodies do not co-locate
with PrP? (Table 1; Figs. 5, 7a) and potentially represent
changes that may be ascribed to a loss or subversion of
PrP¢ function. However, changes, such as vacuoles, tubu-
lovesicular bodies and excess pits and abnormal membrane
invaginations are all found in the neurons of scrapie-
infected TG3Prnp_/ ~ mice [77] which lack neuronal PrP°
expression [131]. It is therefore unlikely that these lesions
are a direct result of subversion or loss of function of PrP°.

Irrespective of possible mechanisms of toxicity, it has
been known for many years that TSEs can be transmitted in
the absence of detectable PrP? or PrP™* [45, 93], and that
such infectivity may be at modest or even high titres [5,
130]. Most recently, the converse situation has been
encountered and PrPY and amyloid plaques have been
found in the absence of detectable infectivity [127]. In
ruminant prion diseases, there are many, albeit less
extreme, examples where the relationship between Prp¢
accumulation and clinical disease breaks down. The fol-
lowing three examples are given here: BSE is a highly
stable disease strain in ruminants that can be transmitted to
sheep of different PRNP genotypes and by different routes
of challenge. Though incubation periods are affected by
PRNP genotype and route, the pathological and molecular
features of the disease are not. When PrP® profiling
methods were used to quantify the abundance and distri-
bution of PrP® in different brain areas, the magnitude of
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PrP® accumulation bore no relation to incubation period
[52]. Second, as discussed earlier, sheep with scrapie
accumulate many different morphological forms of PrP¢
some of which are intracytoplasmic forms in neurons and
glia and others are membrane associated and extracellular
forms [83]. Some sheep scrapie strains, exemplified by
CH1641, accumulate almost exclusively intracellular forms
of PrPY while others, such as a highly studied natural
Suffolk breed source, have almost exclusively membrane
and extracellular forms [53, 67]. Thus, if disease is related
to intracellular forms of PrPd, then the natural source
Suffolk sheep should not develop disease or, conversely if
disease is related to extracellular forms of PrP‘ then
CH1641 sheep should not develop disease. Third, indi-
vidual animals experimentally challenged with scrapie or
BSE have developed clinical signs of TSE disease in the
absence of pathology [89].

To address the conflict between PrPY and/or PrP™
detection, clinical disease and infectivity, it has been sug-
gested that most detected forms of PrPY/PrP™ are not
infectious while only some forms are disease causing
[129]. The Tg(PG14) mouse, which develops a spontane-
ous disease and mimics a human form of Gerstmann—
Striussler—Scheinker disorder that has an octapeptide
repeat insertional mutation, develops an ataxic disease
phenotype, accumulates PrP? in association with apoptotic
neuronal loss, but the disease is not transmissible [30].
Thus, the Tg(PG14) mouse establishes the principle that a
disease associated with accumulation of PrPY may occur in
the absence of infectivity. However, the pathology of this
Tg(PG14) mouse is not altogether typical of classical forms
of scrapie and prion disease (Table 1) [69] and, in order to
accommodate the discordances between PrPY/PrP™*, clini-
cal disease and infectious titre in classical TSEs, it is
necessary to suggest that key toxic and putative infectious
forms of PrP escape detection by all current detection
methods. In this context it should be recognised that PrP
detected by immunohistochemistry is not limited to pro-
tease-resistant forms of PrP [54].

It has been clearly shown that PrP° is required for
infection [15] and that gene dosage of PrP¢ affects incu-
bation period [111]. Morphological data support the idea
that PrPY can be toxic while experimental data suggest that
removing PrP° may be protective in the presence of a
scrapie-like infection, but it is not at all clear that PrP¢ is
essential for initiating clinical signs, at least under natural
disease conditions. The literature contains many false syl-
logisms: the fact that PrPY/PrP™" is present in most brains
of classical TSE-affected individuals, and that transmission
can be achieved from most TSE-affected tissues does not
inevitably lead to the conclusion that PrPY/PrP™ is either
the infectious agent or the proximate cause of disease.
While there is evidence to show that infectivity may be

generated de novo from synthetic forms of PrP°® and
poly(A) RNA [36], that is, infectivity can be generated
from starting components that lack PrP™*, the output
infectivity is accompanied by PrP™* detectable by Western
blotting. Thus, at present there do not appear to be meth-
odologies capable of detecting abnormal forms of PrP that
are infectious yet have the capacity to evade current PrPY/
PrP™® detection systems.

Conclusions/summary

The nature and morphologic range of PrPY accumulations
found in animal TSEs is extensive. Nevertheless, when
disease characteristics are compared across different ani-
mals, species and strains there are a number of common
sub-cellular changes. While some TSE-specific sub-cellu-
lar lesions co-localise with PrP?, two TSE-specific changes
do not. Long recognised tubulovesicular structures and
vacuoles remain important changes, which continue to
lack, respectively, a molecular definition or pathogenetic
understanding.

Chronic human neurodegenerative diseases that are
caused by protein aggregation are not thought to be caused
primarily by large aggregates of toxic proteins. It is now
thought that large aggregates are inert and safer forms of
the protein, but small molecular aggregates are more bio-
logically active and toxic. It has similarly been proposed
that small molecular aggregates of PrP are more toxic than
larger aggregates. Consistent with this hypothesis, visibly
aggregated forms of PrPY are rare or absent in most
ruminant prion diseases while PrPY accumulations that are
not visibly aggregated are widespread and abundant. Most
PrP? accumulations in ruminant prion diseases are associ-
ated with membranes. The aggregate size of PrPY within
membranes cannot be determined by examination in the
electron microscope, but aggregates must be small enough
to be retained within the structure of plasma membranes.
Such monomeric or oligomeric membrane aggregates of
PrP? co-localise with toxic changes of membranes.

PrP%-associated and TSE-specific membrane pathology
is a consistent feature of all animal TSEs. These PrP‘-
associated membrane changes are primarily found on
dendritic membranes in contrast to the normal partitioning
of PrP° to detergent-resistant lipid-rich segments of axonal
membranes. Different molecular partners can be inferred to
interact with PrP, suggesting it forms multi-molecular
complexes with other membrane molecules. These putative
PrP-protein complexes are poorly excised from the plasma
membrane. Whatever the mechanisms by which PrP? is
stabilised within membranes, its preferential distribution to
dendrites has implications for membrane composition and
physiology. The mechanisms by which PrP? increases its
stability within the membrane and the interrelation between
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PrP° trafficking and PrP? formation require further explo-
ration, including in the atypical forms of animal prion
diseases. Large visibly aggregated forms of PrP are found
mainly in rodent prion strains. Such fibrillar or amorphous
aggregates of PrP? do not damage membranes although
they are associated with other changes, most conspicu-
ously, neuronal dystrophia. Irrespective of the nature of
the PrP¢ accumulations, when different forms of scrapie
are compared both within and between species it is not
possible to find any pattern of PrPY accumulations corre-
sponding to either small or large molecular aggregates that
consistently correlates with clinical disease.

As with other chronic neurodegenerative diseases many
secondary lesions occur in later stages of animal TSEs.
Studying end-stage lesions, such as the mechanism of
neuronal death, are unlikely to lead to radical therapeutic
improvement or to understanding primary disease patho-
genesis. Although TSE-specific membrane pathology
provides direct evidence of a “gain of function” (PrP!
toxicity), the nature and extent of PrP? accumulation when
examined across different species, strains and models
suggest that PrP may not be the proximate cause of clinical
neurological disease. Early axon terminal degeneration—
which lacks any simple correlation with PrP* accumula-
tion—provides a strong candidate lesion for clinical disease
progression in mice. Further studies of lesions at early
stages of infection and better correlation with clinical signs
in this and other animal species are needed to investigate the
contribution of PrP%related and non-PrP%related disease
mechanisms.
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