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Abstract
Aims—Naturally occurring transmissible spongiform encephalopathies (TSEs) accumulate
disease specific forms of prion protein on cell membranes in association with pathognomonic
lesions. We wished to determine whether synthetic prion protein disorders recapitulated these and
other sub-cellular TSE specific changes.

Methods—SSLOW is a TSE initiated with refolded synthetic prion protein. Five terminally sick
hamsters previously intra-cerebrally inoculated with 3rd passage SSLOW were examined using
light and immunogold electron microscopy.

Results—SSLOW affected hamsters showed widespread abnormal prion protein (PrPSSLOW)
and amyloid plaques. PrPSSLOW accumulated on plasma-lemmas of neurites and glia without
pathological changes. PrPSSLOW also co-localised with increased coated vesicles and pits, coated
spiral membrane invaginations and membrane microfolding. PrPSSLOW was additionally observed
in lysosomes of microglial cells but not of neurons or astrocytes.

Conclusions—PrPSSLOW is propagated by cell membrane conversion of normal PrP and lethal
disease may be linked to the progressive growth of amyloid plaques. Cell membrane changes
present in SSLOW are indistinguishable from those of naturally occurring TSEs. However, some
lesions found in SSLOW are absent in natural animal TSEs and vice versa. SSLOW may not
entirely recapitulate neuropathological features previously described for natural disease. End–
stage neuropathology in SSLOW, particularly the nature and distribution of amyloid plaques may
be significantly influenced by the early re-distribution of seeds within the inoculum and its
recirculation following interstitial, perivascular and other drainage pathways. The way in which
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seeds are distributed and aggregate into plaques in SSLOW has significant overlap with murine
APP overexpressing mice challenged with Aβ.
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Introduction
The transmissible spongiform encephalopathies (TSEs) or prion diseases include
Creutzfeldt-Jakob disease of man, scrapie of sheep and bovine spongiform encephalopathy
of cattle. The infectious agent or prion is thought to be mainly, or exclusively, composed of
abnormal, infectious conformational variants of a normal host-coded cell surface
sialoglycoprotein called prion protein (PrPc) [1]. Where sufficient compatibility exists
between the infecting prions and the host PrPc the former may template the conversion of
PrPc into new prions. Recent studies have also shown that aggregated proteins found in
other chronic neurodegenerative diseases of man such as Alzheimer’s disease, Huntington’s
disease and Parkinson’s disease may also induce misfolding of native proteins leading some
to suggest that prion-like disease mechanisms may be much more widespread than
previously thought [2].

Recent experiments in which prion disorders were created in the laboratory and in the
absence of infectious TSE brain homogenates, have been influential in reinvigorating
comparisons between prion diseases and other chronic neurodegenerative disease. Novel
disease inducing paradigms include generation of transgenic mice expressing mutant forms
of PrP corresponding to human genetic forms of prion disease [3,4] and inoculation of
rodents with PrP sources created or amplified in vitro from non-infectious sources [5–8]. In
the latter categories of experiments, protein misfolding cyclic amplification (PMCA) has
been used to create infectious prions from normal or purified brain homogenates [5,9,10] or
from synthetic mutant PrP peptides [11] while in other approaches, chemical or physical
treatments of synthetic PrP have created fibrillar or aggregated forms that may also cause
disease when inoculated intra-cerebrally [6–8]. Interpretation of these experiments can
sometimes be problematic where insufficient clinical, physiological and pathological data on
aged transgenic mouse lines are available. Mice that carry normal or mutant PrP at
physiological levels remain healthy through life span [12, 13,14] but some transgenic lines
of rodents that express excess wild-type [7] or mutated [11] PrP peptides, may develop
spontaneous disease in old age. When brain homogenates from these latter mice are used to
challenge other mice carrying lower expression levels of the same mutant PrP [14,15] an
accelerated disease is reported [7,14]. Moreover, experimental prion disorders often lack
typical clinical signs of scrapie and/or have a highly protracted clinical disease course with
long incubation periods that do not show a typical pattern of adaptation on serial passage. In
addition, atypical pathological features and/or molecular forms of PrP are described [3,5–
7,16]. Thus, the interpretation is often constrained by limitations in the clinical,
physiological and pathological information available on both the donors and transgenic lines
used for bioassay readout. In contrast, studies that have induced scrapie-like disease
phenotypes in wild type rodents challenged with re-folded synthetic PrP sources [8,17,18]
eliminate some of these ambiguities.

In addition to spongiform changes of neuropil, TSE specific lesions of membranes are
common to classical TSEs circulating in domestic and wild animals, man and in their
laboratory rodent counterparts. However, they are absent from some rodent models of
familial prion disorders and recombinant PrP sources that accumulate amyloid but do not
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cause clinical disease. In the present study we have sought to determine whether sub-cellular
lesions found in naturally occurring TSEs are also features of fatal transmissible TSEs
initiated with synthetic PrP. SSLOW [8,17], (Synthetic Strain Leading to Over-Weight) is
one such laboratory generated prion disorder resulting from inoculation of a recombinant
PrP source. To induce SSLOW a full length wild-type recombinant hamster PrP was
converted into fibrillar aggregates using denaturing agents and cycles of heat exposure.
Challenge of wild-type hamsters with this synthetic aggregated PrP did not cause clinical
disease but evidence of PrP aggregation was found using both Western blotting (WB) and
PMCA. When these brain homogenates were further passaged in wild-type hamsters a
pathological and molecular phenotype was observed that was consistent with TSE infection
[8]. Our observations suggest that SSLOW has membrane pathology that is in common with
other TSEs as well as some disease features similar to mice overexpressing APP and which
generate Aβ plaques following challenge with Alzheimer’s disease brain homogenates.
However, there were also some differences in the pathology of SSLOW when comparing it
with classical TSE sources, which may point to differences in pathogenesis.

Materials and methods
For the purposes of this paper we will use the term TSE to describe prion diseases that are
found naturally, along with their experimental rodent counterparts, and the term
experimental prion disease for all laboratory created prion disorders originating from
bacterially derived synthetic PrP sources. We will further refer to the disease associated PrP
detected in the brains of TSEs as PrPd and the abnormal PrP found in SSLOW as PrPSSLOW.

Details of the creation of SSLOW scrapie have been published previously [8]. Briefly, a
recombinant full length hamster PrP was dissolved in 6M guanidine hydrochloride and
fibrilised in the presence of 1M guanidine hydrochloride, 3M urea and EDTA. These
recombinant PrP fibrils were annealed either in the presence of normal hamster brain
homogenate or bovine serum albumin using five alternate one min. intervals of exposure to
heat at 80°C followed by exposure at 37°C. Weanling Syrian hamsters were intra-cerebrally
inoculated with the annealed recombinant PrP. At 661 days hamsters were sacrificed and
one of six showed presence of protease resistant PrP (PrPres) by WB while four of 13
showed PrPres after one round of PMCA. When brain homogenates from WB or PMCA
positive hamsters were used for second passage, clinical disease was observed after
incubation periods of 481 ± 4 days and 565± 14 days, respectively.

For a third passage, groups of hamsters were challenged with a second passage SSLOW
homogenate. At third passage hamsters developed clinical disease at 322 ± 8 days or 325± 8
days post inoculation for 1% and 0.1% brain homogenates respectively. The clinical course
of disease was protracted and five hamsters were euthanized approximately 200 days after
initial clinical signs (503 days post inoculation) and perfusion-fixed using 4%
paraformaldehyde / 0.1% gluteraldehyde. Each of the five brains was placed in a brain-
mould and serially sliced at 1mm. Alternate 1mm sections were processed and embedded in
paraffin wax for immunohistochemistry (IHC) to detect PrPSSLOW, using primary PrP
antibodies 1C5 (J-S Kim, Hallym University, Republic of Korea), which recognizes the
region 119–130 corresponding to the GXXXG motif, the glycine zipper region, conserved in
all mammals [19], and Saf84 (Bioquote, York, UK). Incubation with these antibodies was
followed by avidin-biotin amplification and DAB visualization (Vector Laboratories Ltd,
Peterborough, UK), and haematoxylin counterstaining. Additional IHC was carried out with
antibodies to ubiquitin, glial fibrillary acidic protein (GFAP), (Dako, Ely, Cambridgeshire,
UK) coronin (to label microglial cells) (Abcam, Cambridge, UK) and to
hyperphosphorylated tau (antibody AT8, Fisher Scientific, Loughborough, UK) by standard
procedures.
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From the remaining alternate 1mm thick tissue slices, 1mm3 blocks were cut to provide
representation of cerebral cortex, hippocampus, cerebellum, thalamus and area postrema.
These blocks were post fixed in osmium tetroxide, dehydrated and embedded in araldite.
Serial 1μm sections were stained by toluidine blue or were etched, pre-treated and subjected
to IHC for disease specific PrP with 1C5 or 1A8 PrP antibodies [20] .

Selected blocks with appropriate immunolabelled areas were then taken for ultrastructural
studies. For immunogold labelling, ultrathin 65 nm sections were etched and alternate
sections pre-treated with formic acid. 1A8, 1C5 or pre-immune serum were applied
routinely. Sections were incubated with a 5nm gold probe (BBI International, Cardiff UK),
enhanced and counterstained with lead citrate and uranyl acetate.

Tubulovesicular bodies (TVBs) are invariably found in rodent forms of scrapie such as
hamster 263K or mouse ME7 where they are often abundant [21]. These structures are less
commonly encountered in some naturally occurring ruminant TSEs [22]. To determine
whether TVBs were present in this study, 65nm tissue sections were taken from 6 blocks of
the thalamus of the five SSLOW affected hamsters and from single thalamic blocks from
two 263K hamster scrapie, two CH22 hamster scrapie and two ME7 scrapie mouse brains.
These were stained using uranyl acetate and lead citrate and randomised. Coded samples
were then examined and the presence of TVB or otherwise recorded, after which samples
were decoded.

Hamster 263K and murine ME7 scrapie sections were also included within each IHC run as
controls, while other controls used included sections from J20 mouse brains [23] for
amyloid plaques formed from mutant Alzheimer’s precursor protein (APP), and normal,
aged rodent brain tissue.

All animal experiments were carried out in strict accordance with the recommendations in
the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Institutional Animal Care and Use Committee of the
University of Maryland, Baltimore (Assurance Number A32000-01; Permit Number:
0309001).

RESULTS
Light microscopy

All five SSLOW-affected hamster brains showed vacuolation (Fig 2a) and PrPSSLOW

accumulations at all levels of the brain. Diffuse punctuate PrPSSLOW accumulation was
present throughout the hippocampus (Fig 1a), mid-cortical layers of the cerebral cortex and
thalamus. Widespread PrPSSLOW amyloid plaques were associated with the glial limitans of
the pia (Fig 1f) and ventricles (Fig 1c, 1d). Less common forms of accumulation included a
peri-neuronal type in the striatum and glial cells with intra-cytoplasmic peri-nuclear granular
PrPSSLOW accumulations at several locations.

Mild or moderate, diffuse, punctuate accumulations of PrPSSLOW such as occurred in the
stratum radiatum and dentate gyrus of the hippocampus (Fig 1a), were not associated with
gliosis (Fig 1b). More intense diffuse punctuate PrPSSLOW accumulations were accompanied
by a florid gliosis, such as in the stratum lacunosum-moleculare of the hippocampus (Fig
1b). In addition, marked astrocytic gliosis was seen in association with amyloid
accumulations of the glial limitans of the pia and ependyma and in the area postrema. The
area postrema is one of the circumventricular organs (CVOs) of the brain and was
consistently represented in tissue sections of the caudal medulla. Other circumventricular
organs were inconsistently represented but when available they showed high levels of
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PrPSSLOW labelling (Fig 1e) together with gliosis, particularly in the median eminence and
in the sub-fornical organ. Abundant PrPSSLOW was also found lying free within the
ventricular space, particularly the 3rd ventricle and aqueduct (Fig 1c, 1d). Generally,
increases in reactive astrocytes were accompanied by a proportionate, though often smaller,
increase in reactive microglia. In neuropil surrounding sub-pial and periventricular amyloid
deposits, astrocytosis conspicuously predominated over microgliosis (Fig S1). Numerous
small tau positive puncta and fine irregular processes were also present in areas of intense
PrPSSLOW labelling but were infrequent or absent around amyloid plaques and vessels with
angiopathy (Fig S2).

Within the corpus callosum (Fig 1e) and the stratum lacunosum-moleculare of the
hippocampus, a prominent vasculopathy was associated with PrPSSLOW accumulation.
Around some of these vessels amyloid plaques were found and irregular accumulations of
amyloid were also found in the sub-ventricular and sub-ependymal neuropil.

An old needle tract infarct with marked neo-vascularisation (Fig 1g) also showed prominent
PrPSSLOW accumulation.

Electron microscopy
Table 1 shows a list of selected sub-cellular pathological features and their presence or
absence in SSLOW compared with several previously described TSEs.

Pathology of SSLOW typical of previously described TSEs—Sub-cellular features
of SSLOW that have previously been described in animal TSEs included vacuoles and
membrane alterations. Neuropil vacuoles in SSLOW were typical of vacuoles found in other
TSEs, being predominantly in dendrites and often containing membrane fragments that were
unbounded or bounded by the plasma-membrane of neurites (Fig 2b). Dendritic membranes
frequently showed invaginations (Fig 3a – d) that were sometimes spiral (Fig 3a),
occasionally branched and sometimes covered by a clathrin-like coat (Fig 3b, 3c). These
were often associated with a marked increase in coated pits and vesicles (Fig 3c). All were
heavily labelled for PrPSSLOW (Fig 3b – d) and less abundantly with ubiquitin (not shown).
Other PrPSSLOW and ubiquitin associated membrane changes (Fig 4a – c) consisted of small
folds or polyp like protrusions (microfolding) that extended from larger hypertrophic
processes of astrocytes recognised by prominent bundles of intermediate filaments (Fig 4a,
4b) and rarely, dendrites. Astrocyte membrane micro-folding was the most widespread and
conspicuous change seen by electron microscopy, considerably more so than even the
vacuolation. PrPSSLOW was also found on cell membranes of microvilli of ependymocytes
(Fig 4d) a feature not encountered in naturally occurring animal TSEs but occasionally seen
in 263K hamster scrapie (personal observation).

Abundant, closely packed but irregularly arranged amyloid fibrils were present throughout
the area postrema (Fig S3), the sub-pial glial limitans and in association with the ventricles
including fibrils lying free within the ventricular space. Both well defined and small poorly
defined amyloid fibrils labelled heavily for PrPSSLOW (Fig 5a, 5b and Fig S3).

The first evidence of aggregation of PrPSSLOW into amyloid fibrils was found in association
with the convoluted and microfolded astrocytic processes described above (Fig 5c)
suggesting astrocyte membranes were the major source of extra-cellular PrPSSLOW amyloid.
Loosely arranged amyloid fibrils and dense amyloid plaques were abundant in association
with the ventricular system (both within the ventricular lumen (Fig 4d) and beneath the
ependyma) and beneath the glial limitans of the pia, the area postrema, and around areas of
cerebral amyloid angiopathy.
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Brains from naturally occurring TSEs and rodent adapted scrapie, consistently show PrPd

accumulation in lysosomes of neurons, astrocytes and microglia. In SSLOW affected
hamsters, PrPSSLOW was detected within lysosomes of a minority of microglial cells (not
shown), but not within lysosomes of neurons or astrocytes. In agreement with other TSEs no
PrPSSLOW co-localisation was found for vacuoles, tubulovesicular bodies, abnormal
multivesicular bodies, mitochondria, auto-phagosomes or dystrophic neurites.

A number of sub-cellular lesions that lack co-localisation with PrPd in naturally occurring
TSEs were also present in SSLOW (Table 1). Such PrPSSLOW negative lesions included
increased numbers of markedly enlarged multivesicular bodies (late endosomes), activated
microglia, apoptotic neurons, autophagic vacuoles, and dystrophic neurites. However,
SSLOW tissues did not show these features with the same frequency as is found in rodent
TSEs and abnormally enlarged multivesicular bodies were rare. As with the distribution of
astrocytosis detected by light microscopy, areas of neuropil with mild or moderate
PrPSSLOW accumulation had mostly a morphologically normal neuropil and the changes
listed above were confined to neuroanatomic areas of high PrPSSLOW concentration.

Tubulovesicular bodies (TBVs) are characteristic lesions of rodent and animal TSEs. TBVs
are approximately 30–35 nm diameter ovoidal or short tubular particles of unknown
molecular composition that accumulate in high concentration in neurites in all animal TSEs,
in CJD and some Gerstmann-Sträussler-Scheinker (GSS) brains [21]. TBVs were not
recognised in any SSLOW brains either on initial inspection or in the blind coded trial,
although once de-coded, all six samples from ME7, 263K or 22CH rodent scrapie were
identified as having TBVs.

Sub-cellular lesions of SSLOW not encountered in animal TSEs—Lesions not
previously encountered in animals included cerebral amyloid angiopathy (CAA) of the
corpus callosum and stratum lacunosum and an unusual reaction of the glial limitans of the
pia and ependyma.

PrPSSLOW was prominently associated with blood vessels and cerebral amyloid angiopathy
of the corpus callosum and the stratum lacunosum-moleculare (Fig 6a – e). Lesions of
cerebral amyloid angiopathy (Fig 6a, 6b) included hypertrophy of the perivascular glial
limitans (Fig 6a, 6c), displacement or disorganisation of basement membranes (Fig 6a, 6b)
and infiltration and replacement of smooth muscle cells by amyloid fibrils (Fig 6a, 6b).
Where severe vascular lesions were present, PrPSSLOW labelled basement membranes of
endothelial cells and smooth muscle cells (Fig 6c – e) and was also found on intra-mural and
peri-vascular amyloid fibrils. Less severe vascular involvement showed diminished amyloid
accumulation and some vessels showed basement membrane labelling alone.

The markedly thickened glial limitans of the pia-mater and ependyma seen at light
microscopy corresponded to markedly hypertrophic astrocytic processes. Hypertrophic
processes surrounding the ventricles were arranged as parallel stacks of processes (Fig 4c).
Between these parallel stacks clear zones of astrocytic membrane microfolding as described
above were present (Fig 4c). PrPSSLOW immunolabelling was not found on the laminar
stacks of astrocyte processes (Fig 4c).

Unusual enlarged mitochondria often with irregular arrangements of christae were abundant
in SSLOW (Fig S4). Similar mitochondria were a rare feature of hamster 263K scrapie but
were absent from other murine scrapie sources or ruminant TSEs.
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Discussion
It has previously been shown that intra-cerebral inoculation of a refolded synthetic PrP did
not cause disease at primary passage but resulted in a lethal disease (SSLOW) on secondary
passage, with pathological and biochemical properties consistent with rodent TSEs [8]. In
the present study we show that sub-cellular membrane and vacuolar lesions of SSLOW at
third passage are indistinguishable from those of naturally occurring TSEs and their
laboratory rodent counterparts.

PrPc conversion, membrane pathology and amyloid
All naturally occurring and experimental animal TSE strains show distinctive plasma-
lemmal membrane invaginations, increased coated pits and vesicles, and membrane
microfolding that co-localise with PrPd and ubiquitin (reviewed in [24]). Similar lesions
have been described in sporadic CJD [25]. The membrane lesions putatively arise from
stable PrPd-protein complexes within membranes that resist excision and endocytotic re-
cycling [24]. As closely similar membrane features were also found in SSLOW, we infer
that synthetic PrP sources can also propagate and form stable membrane complexes that
convert PrPc to PrPSSLOW and perturb membrane morphology after intra-cerebral injection
in rodents.

The molecular phenotype and distribution of PrPSSLOW is unique compared to previously
described TSEs. In some TSEs and prion diseases aggregated PrP is released from
membranes to form amyloid plaques. Uni-centric stellate (kuru-type) plaques are a feature of
kuru, sporadic CJD, [26], bovine amyloidotic spongiform encephalopathy [27] and some
murine adapted scrapie strains; multicentric plaques are often found in GSS disease [26, 28]
and micro-plaques of poorly defined filamentous structures are seen in variably protease
sensitive prionopathy [29]. Amyloid plaques or loose amyloid fibril accumulations are rare
or absent in most naturally occurring TSEs of wild or domestic animals [24]. In contrast,
amyloid plaques are a diagnostic feature of vCJD, a fraction of sCJD patients [26] and are
the sole or major pathology feature in some GSS patients [26]. Generalised cerebro-vascular
amyloidosis occurs in a sub-population of familial prion diseases in which C terminal stop
mutations eliminate the glyco-phospho-inositol (GPI) anchor on PrP [30] and in scrapie
infected mice transgenic for a GPI anchorless form of PrP. [12, 31]. Stellate plaques form
around individual dendrites [32] while multicentric plaques appear to be formed by
multifocal recruitment from many different localised sources of extracellular aggregated PrP
[33]. In comparison to the spectrum of established distributions of PrPd, the plaques in
SSLOW are distinct both with respect to their location in the brain, which is predominantly
in association with the glial limitans, and in cells where fibrils are found embedded in
microfolded astrocytic processes. The neuroanatomically restricted cerebro-vascular
amyloid of SSLOW has parallels with the predominant location of amyloid in some
transgenic rodents expressing APP following challenge with Aβ [ 34–36 ] (see below) .

Sub-cellular features of TSEs compared with SSLOW
Table 1 lists a selection of TSE associated lesions and their subjectively assessed abundance
in previously described TSEs compared to SSLOW. In addition to the type and distribution
of plaques as described other differences include the absence of intra-neuronal and intra-
glial lysosomal PrPSSLOW accumulations and TVBs in SSLOW. Although of unknown
molecular composition, TBVs are considered by some to be a pathognomonic feature of
prion disease. While some magnitude differences in lesions might be attributed to strain
effects [37], qualitative differences in lesions may point to differences in disease
pathogenesis. The unusual nature and wide distribution of amyloid fibrils and plaques in
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SSLOW might be explained by a wide distribution of seeds by the inoculum followed by
multiple pathways of propagation.

Impact of high volume inoculates
Relatively large volumes are used for the intra-cranial inoculation of TSEs into rodents. This
inoculate is re-distributed in varying proportions into the interstitial fluid, perivascular
spaces, the cerebrospinal fluid and blood.

Inoculum reaching the interstitial fluid is removed along basement membranes of capillaries
and arterioles [38 ] and via the meningeal blood vessels to cervical lymph nodes [39].
However, particulates will not pass though these spaces. When particulate tracers such as
Indian ink are injected into the hippocampus and neocortex of the mouse, they are rapidly
distributed along perivascular spaces to the ventral corpus callosum, the hippocampal
fissure, around blood vessels of the stratum lacunosum and the ventromedial sub-surface of
the hippocampus [34]. Over-expressing APP transgenic mice intra-cerebrally inoculated
with Alzheimer’s disease brain show accumulations of Aβ at approximately 5 months post
challenge with this same distribution pattern [34–36] as do transgenic L101L mice
intracerebrally challenged with 8kDa GSS [33 ]. Thus, the distribution of CAA in SSLOW
brains is consistent with a high concentration of PrPSLOW seeds being drained or trapped at
these sites at or around the time of intra-cerebral challenge.

SSLOW plaques and amyloid fibrils are abundant in association with the glial limitans of
the ventricles and pia. Experimental studies show that under conditions of increased pressure
created by high volume inoculates, CSF may enter the brain via perivascular pathways and
solutes in a molecular weight range consistent with multimeric complexes of PrP may thus
concentrate in the perivascular sub-pial neuropil [40]. Under these conditions CSF and
solutes may also cross tight junctions lacking periventricular white matter [40, 41]. Thus,
following high volume intracerebral injection, amyloid seeds within the SSLOW brain
homogenate will rapidly distribute to the sub-pia and CSF within the ventricular and sub-
arachnoid spaces. From these compartments high concentrations of seeds will be present in
association with the glial limitans and corresponds to sites at which amyloid plaques are
observed in terminal disease affected SSLOW brains.

Excess SSLOW homogenate will ultimately drain to the vascular system [41] and recirculate
to reach the CVOs. Amyloid seeds in blood can readily amplify in CVOs because of its
incomplete blood brain barrier [42]. Similarly, newly-formed blood vessels arising from
needle tract infarcts are also susceptible to penetration by amyloid seeds circulating in the
blood [43–44]. Thus, all major sites at which amyloid plaques and fibrils were detected in
SSLOW corresponds to those sites that would have received the maximum concentration
and earliest exposure to seeds within the original inocula as dispersed by interstitial fluid,
perivascular flow and via the blood.

In summary, the disease SSLOW provides proof of principle that a refolded synthetic PrP
can initiate a fatal transmissible prion protein disorder when passaged in hamsters and,
furthermore, that the resulting disease shows the pathognomonic membrane changes and
amyloid fibril aggregation common to most naturally occurring animal TSEs. The
distribution of amyloid fibrils in SSLOW is consistent with amyloid seeds in the inocula
being disseminated by different routes and mechanisms more or less simultaneously to
widely separate neuroanatomical sites at the time of inoculation. This same level of dispersal
might be expected for any intracranial inoculation of rodents, raising the question of whether
inoculation route and volume influence patterns of PrPd accumulation generally, and
whether the patterns observed can rightfully be interpreted as strain phenotypes. The
unusually protracted clinical phase of disease is consistent with slow propagation of
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PrPSSLOW and subsequent amyloid accumulation. The study provides some evidence to
suggest that molecules or aggregates that convert PrPc on cell membranes may differ from
other aggregated forms which assemble into fibrils within the interstitial spaces. The wide
distribution of PrPSSLOW in interstitial fluids and perivascular spaces is similar to that seen
for Aβ plaques in mice over-expressing APP that have been challenged with Alzheimer’s
disease brain homogenate. Closer study of the molecular nature of aggregates with
converting and fibrillising properties could be important in understanding disease
mechanisms in protein misfolding generally. Although many aspects of natural TSE
pathology were reproduced by SSLOW further studies are necessary to determine whether
synthetic PrP sources reproduce all characteristics of naturally occurring TSEs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Light microscopic immunohistochemistry showing different types of PrPSSLOW labelling
patterns and astrocytic gliosis
a) Diffuse PrPSSLOW accumulation in hippocampus with increased intensity of labelling in
the dentate gyrus (d), stratum lacunosum-moleculare (S-L) and in the corpus callosum (CC).
S-R; stratum radiatum; S-O; stratum oriens.
b) GFAP immunolabelling showing gliosis predominantly in the dentate gyrus (d) and
stratum lacunosum-moleculare (S-L). The stratum radiatum (S-R) of the hippocampus,
which has mild-moderate punctuate PrPSSLOW labelling (see Fig 1a), does not show
conspicuous astrocyte hypertrophy or hyperplasia.
c) PrPSSLOW accumulation within the ventricular space of the aqueduct of Sylvius (Aq); in
the subjacent glial limitans and coating the ventricular surface of ependymal cells (arrows).
d) Marked PrPSSLOW accumulation within the area postrema (AP) and the central canal
(arrow) at the level of the obex.
e) PrPSSLOW immunolabelling within the walls and surrounding blood vessels of the corpus
callosum.
f) Marked thickening of the sub-pial glial limitans (GL) associated with marked PrPSSlow

accumulation.
g) Marked PrPSSLOW accumulation associated with an old infarct.
a, c, e, f, g, h: PrPSSLOW immunolabelling; b, d: GFAP immunolabelling.
Mag bars: a = 500 μm, b = 500 μm, c =100 μm, d = 100 μm, e = 50 μm, f = 50 μm, g = 100
μm.

Jeffrey et al. Page 12

Neuropathol Appl Neurobiol. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 2. Vacuolation
a) Ovoidal vacuoles of the neuropil in the hypothalamus.
b) Vacuole in a dendrite with intact plasma-lemma and numerous intra-vacuolar membrane
bound profiles.
a: HE; b: uranyl acetate / lead citrate staining.
Mag bars: a = 100 μm; b = 2 μm.
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Fig 3. Plasma-lemmal membrane invaginations
a) A dendrite (D) contains two plasma-lemmal membrane invaginations (arrows) the longer
of which has a spiral arrangement. The dendrite lacks other sub-cellular organelles such as
microtubules.
b) A tangentially sectioned dendrite (D) shows PrPSSLOW accumulation associated with
coated tubular structures (arrowheads) and small membrane invaginations. PrPSSLOW is also
present on membranes of adjacent processes.
c) A cross section of a dendrite (D) shows, at one pole, a marked increase in PrPSSLOW

labelled coated pits and sub-plasma-lemmal fused tubular membrane complexes.
d) A large uncoated dendritic (D) membrane invagination (arrow) showing PrPSSLOW

accumulation.
a: Uranyl acetate / lead citrate staining; b–d: immunogold labelling for PrPSSLOW

Mag bars: a = 1 μm, b = 0.5 μm, c = 1 μm, d = 0.5 μm.
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Fig 4. Plasma-lemmal membrane microfolding
a) An early focus of plasma-membrane changes of astrocyte processes (A) showing ruffling
of surface contours (bounded by dotted line) and irregular polyp like outfolds (P) of the
plasma-membrane. Some cross or tangentially sectioned polyp-like folds have irregular
ovoidal or elliptical profiles.
b) Prominent PrPSSLOW labelling of microfolded and polyp like extensions of astrocytic
plasma-membranes. Larger astrocytic processes (A) from which these membrane changes
arise are filled with intermediate filaments. PrPSSLOW is predominantly associated with
membranes of microfolds.
c) An area of hyperplastic glial limitans of the pia showing parallel arrays of thin unlabelled
astrocytic processes (arrowheads) with small areas of astrocytic microfolding showing
PrPSSLOW accumulation.
d) PrPSSLOW labelling on microvilli (arrows) of ependymocytes (E) and on amyloid fibrils
(arrowheads) within the ventricular lumen.
a: Uranyl acetate / lead citrate staining; b, c, d: immunogold labelling for PrPSSLOW Mag
bars: a = 0.5 μm, b = 1 μm c = 1 μm, d = 1 μm.
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Fig 5. Amyloid fibrils and plaques
a) Sparse fibril accumulation in grey matter. Short PrPSSLOW amyloid fibrils (arrowheads)
are present in an expanded extracellular space surrounding largely neuritic processes.
b) Mature plaque adjacent to a blood vessel. The plaque has a dense central core from which
radiate bundles of amyloid fibrils. Amyloid fibrils are labelled for PrPSSLOW.
c) An immature amyloid plaque adjacent to the ventricles, showing abnormal irregular glial
processes, many lacking organelles- associated with irregular plasma-lemmas, and ill-
defined, short and irregularly arranged amyloid fibrils (arrows) in close proximity to folded
membranes. It is difficult to separately distinguish incipient fibril from astrocytic plasma-
membrane in many parts of the figure. Only a minority of glial processes possess
intermediate filaments (IF).
a, b: Immunogold labelling for PrPSSLOW c: uranyl acetate / lead citrate staining.
Mag bars: a = 0.5 μm, b = 2 μm, c = 0.5 μm.
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Fig 6. Cerebral amyloid angiopathy
a) Abnormal blood vessel of the stratum lacunosum–moleculare showing disorganised
media and marked perivascular astrocytic gliosis (A).
b) Detail of blood vessel in (a) showing marked amyloid (Am) replacement of the tunica
media.
c) Perivascular PrPSSLOW accumulation and early deposition of PrPSSLOW in a part of the
ablumenal basement membrane (arrow). L: lumen of blood vessel.
d) Blood vessel showing localised perivascular PrPSSLOW infiltration and accumulation of
PrPSSLOW in vascular basement membranes (arrow).
e) Detail of arteriolar media showing PrPSSLOW in several basement membranes (arrows).
The vessel lumen is bottom left.
a, b, c: Uranyl acetate / lead citrate staining; d, e, f: immunogold labelling for PrPSSLOW

Mag bars: a = 5 μm, b = 1 μm, c = 5 μm, d = 2 μm, f = 1 μm.
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