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Abstract
The vacuolation, neuronal loss and gliosis that characterize human prion disease
pathology are accompanied by the accumulation of an aggregated, insoluble and protease-
resistant form (termed PrPSc) of the host-encoded normal cellular prion protein (PrPC). In
variant Creutzfeldt-Jakob disease the frontal cortex and cerebellum exhibit intense vacu-
olation and the accumulation of PrPSc in the form of amyloid plaques and plaque-like
structures. In contrast the posterior thalamus is characterized by intense gliosis and neu-
ronal loss, but PrPSc plaques are rare and vacuolation is patchy. We have used sucrose
density gradient centrifugation coupled with conformation dependent immunoassay to
examine the biochemical properties of the PrPSc that accumulates in these different brain
regions. The results show a greater degree of PrPSc polydisperal in thalamus compared
with frontal cortex or cerebellum, including a subpopulation PrPSc molecules in the thala-
mus that have sedimentation properties resembling those of PrPC. Much effort has
focused on identifying aspects of PrPSc biochemistry that distinguish between different
forms of human prion disease and contribute to differential diagnosis. Here we show that
PrPSc sedimentation properties, which can depend on aggregation state, correlate with,
and may underlie the distinct neurodegenerative processes occurring in different regions
of the variant Creutzfeldt-Jakob disease brain.
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INTRODUCTION
The human transmissible spongiform encephalopathies or human
prion diseases are group of fatal neurodegenerative conditions that
currently include Creutzfeldt-Jakob disease (CJD), Gerstmann-
Sträussler-Scheinker disease (GSS), kuru, fatal familial insomnia
(FFI) and protease sensitive prionopathy (PSPr). What unifies these
diseases is a clinical phenotype, typically involving dementia and
movement disorders and a neuropathology that involves neuronal
loss, gliosis and spongiform change. Certain of these diseases,
such as GSS, have a genetic origin; others, such as kuru, are
acquired, whereas CJD can occur in genetic, acquired or sporadic
forms. A more fundamental commonality between these diseases is
the proposal that they are all caused by the accumulation of PrPSc, a
self-perpetuating conformationally altered and aggregated form of
the host-encoded prion protein, PrPC (39). This hypothesis provides
a link between prion diseases and other neurological conditions in
which abnormally folded or aggregated protein spreads and accu-
mulates within the brain, but a key difference remains that some
prion diseases are quite clearly acquired and most are also fairly
readily transmissible (1, 50).

Variant Creutzfeldt-Jakob disease (vCJD) results from infec-
tion with the bovine spongiform encephalopathy agent (57) and
is transmissible by blood transfusion (24). vCJD has a highly ste-
reotyped neuropathology, by which it can be readily distinguished
from other prion diseases, including multiple florid and
cluster plaques in the cerebral and cerebellar cortex (Cb), severe
spongiform change in the caudate nucleus and putamen, and
marked astrocytosis and neuronal loss in the posterior thalamus
(Th) (15, 16). The thalamic pathology corresponds to the
“pulvinar sign” evident on magnetic resonance imaging (MRI)
(60).

Considerable progress has been made in the identification of
biochemical aspects of PrPSc that might account for the differing
disease characteristics and these have been exploited diagnosti-
cally. This has largely focused on the size and glycosylation state of
the N-, and sometimes N- and C-terminally truncated prion protein
that survives digestion with proteinase K (PK), so called PrPres (14,
34). vCJD, for example, is characterized by the PrPres with a mobil-
ity of ~19 kDa and dominated by the diglycosylated isoform,
termed type 2B [see for example reference (12)]. However, this
approach is likely to give an incomplete description of the
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populations of PrP molecules present for the following reasons.
Firstly, PrPSc may naturally exist as a mixture of abnormal con-
formers (38, 59). Secondly, there is evidence for the existence of
PrPSc that is sensitive to proteolysis under the conditions generally
used (46) and thirdly, the Western blot method does not directly
address the property of aggregation state.

The relationship between misfolded protein aggregate size and
biological activity in neurodegenerative diseases is a subject of
particular current interest and speculation. Relatively small soluble
oligomeric forms have been implicated as the molecular species of
Ab associated with neurotoxicity in Alzheimer’s disease (11, 52)
and as the molecular species of PrPSc most closely associated with
infectivity in animal models of prion disease (48). Surprisingly
little attention has been paid to this aspect of human prion diseases.
Sucrose density gradient centrifugation has been used to compare
PrP sedimentation properties in prion disease and non-prion
disease brain (58), in sporadic CJD with long and short durations
(4) and in PSPr (7). However, there has been no systematic study
comparing sedimentation profiles in cohorts representing the full-
range of human prion diseases. Nor crucially has there been any
indication of whether there is regional variation within the brain,
perhaps associated with differing cellular populations or pathologi-
cal processes.

We address the last of these issues here by comparing three
different regions of the vCJD brain using sucrose density gradient
centrifugation to effect a separation of the population of PrP mol-
ecules present, followed by conformation-dependent immunoassay
(CDI) to operationally distinguish between the normal (PrPC) and
abnormal (PrPSc) forms.

MATERIALS AND METHODS

Human brain materials

Brain tissue from five control (non-CJD) cases and seven vCJD
cases were analyzed in this study. Brain tissue from each case had
been examined both histologically and biochemically, and a defi-
nite diagnosis has been made by established criteria (15). Cases
were selected based on the availability of autopsy-collected
frozen half-brain with consent for research use. The use of brain
tissue in this study was covered by LREC 2000/4/157 (Prof. J.W.
Ironside). All vCJD cases were of the methionine homozygous
(MM) genotype at PRNP codon 129. The five control cases were
referred to the National CJD Surveillance Unit suspected of
being CJD, but received an alternative neuropathological diagno-
sis. Among the five neurological control cases, three cases were
MM at codon 129 (with diagnoses of vascular dementia, motor
neuron disease and B-cell lymphoma) and the remaining two
cases were methionine/valine (MV) (with a diagnosis of vascular
dementia) and valine/valine (VV) (with a diagnosis of dementia
with Lewy bodies). The tissue analyzed was gray matter-enriched
frontal cortex (FC), and in the vCJD cases, FC was compared
with Cb and Th taken from frozen half-brain specimens.

Brain histology and immunohistochemistry

The neuropathology of selected cases was reviewed in terms of the
presence of plaques and spongiform change in hematoxylin and
eosin stained sections, deposition of abnormal prion protein by

immunohistochemistry using pretreatments and the monoclonal
antibody KG9 (TSE Resource Centre, Edinburgh, UK), and immu-
nostaining for glial fibrillary acidic protein as a maker of reactive
gliosis, as previously described (15, 16).

Preparation of brain tissue for
biochemical assays

Brain homogenates were prepared in nine volumes (w/v) of
phosphate-buffered saline (PBS), pH 7.4 by two cycles of homog-
enization in the FastPrep instrument (Qbiogene®, Cambridge,
UK). Each cycle was run for 45 s at the speed of 6.5 m/s with the
interval of 10 minutes between the runs. The homogenized brain
samples were stored at -80°C until use.

Velocity sedimentation in sucrose
step gradients

Fractionation in sucrose step gradients was performed as described
previously (53) with minor modifications. The 10% brain homoge-
nate in PBS was mixed with equal volume of lysis buffer (4%
n-octyl-b-D-glucopyranoside in PBS) and then incubated for 30
minutes in ice. After clarifying the sample for 1 minute at 3800 ¥ g
to remove insoluble material, the supernatant was incubated for 30
minutes on ice in the presence of 1% sarcosyl, followed by careful
loading on top of a 10%–60% sucrose step gradient. The gradient
was prepared in a 5 mL ultracentrifuge tube (Beckman Coulter,
High Wycombe, UK) from 745 mL of each of the following sucrose
concentration: 10%, 15%, 20%, 25%, 30%, 60% in Tris, NaCl,
Sarcosyl (TNS) buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
1% sarcosyl). The samples were centrifuged for 1 h at 4°C at
50 000 rpm (gaverage = 200 000 ¥ g) in a MLS-50 rotor in the
Optima MAX ultracentrifuge (Beckman Coulter). Eleven fractions
of 450 mL were then collected from the top of the tube and were
stored at -80°C. Samples were prepared and separated in sucrose
gradients in pairs. Our practice was to prepare dissimilar samples
in parallel (eg, FC or Cb samples with a Th sample) thus minimiz-
ing the potential for any day-to-day variation in sucrose gradient
preparation and centrifugation conditions from influencing the
separation obtained and invalidating comparisons.

CDI

The CDI method used in this study was based on an Enzyme-
Linked Immunosorbent Assay (ELISA)-formatted, dissociation-
enhanced lanthanide fluoroimmunoassay (3, 45). For CDI analysis,
each fraction from the sucrose gradient was prepared in two parts.
On some occasions, samples were assayed by CDI after digestion
with 2.5 mg/mL PK for 1 h at 37°C. One part was mixed with same
volume of PBS containing Complete EDTA-free® (Roche, Basle,
Switzerland) protease inhibitors (native sample, N) and the other
part was mixed with the same volume of 4 M GdnHCl and incu-
bated for 6 minutes at 81°C (denatured sample, D). Both D and N
samples were adjusted using distilled water containing EDTA-free
protease inhibitors to a final concentration of GdnHCl of 0.35 M in
435 mL final volume. A 96-well black polystyrene plate (Fisher,
Loughborough, UK) was coated with 2 mg/well anti-PrP antibody
MAR-1 (CSL Behring, Marburg, Germany) overnight at room
temperature. After saturating the plate with 0.5% (w/v) bovine
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serum albumin and 6% Sorbitol (w/v) in wash buffer (PerkinElmer,
Cambridge, UK), prepared samples were loaded in duplicate into
the plate (200 mL/well). After incubating the plate for 2 h,
Europium-labeled PrP antibody 3F4 diluted in assay buffer (Perki-
nElmer) at 50 ng/mL was added to each well, followed by incuba-
tion for 2 h. The plate was developed after six washes by 5 minutes
incubation in enhancement solution (PerkinElmer) at room tem-
perature. The time-resolved fluorescence (TRF) signal, measured
as cps (counts per seconds), was counted using a Victor 2 fluorom-
eter (PerkinElmer). The CDI D/N ratios were obtained by dividing

TRF counts of denatured samples (D) by the counts of the corre-
sponding native samples (N; No GdnHCl).

RESULTS

Neuropathology of vCJD

The neuropathology of vCJD is highly characteristic involving
spongiform change, amyloid plaque formation (visible in hema-
toxylin and eosin stained section) and the presence of cluster
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Figure 1. Characteristic neuropathology of
variant Creutzfeldt-Jakob disease (vCJD).
Frontal cortex (A,B,H), cerebellum (C,D) and
posterior thalamus (pulvinar) (E,F,G) from one
case of vCJD are shown stained with
hematoxylin and eosin (A,C,E), immunostained
for the prion protein using the monoclonal
antibody KG9 (B,D,F) or immunostained for
glial acidic fibrillary protein (G,H).
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plaques (immunostained for PrP) in both FC and in Cb (Figure 1A–
D). The characteristic neuropathology of the Th differs, in that few
plaques are present, but neuronal loss is extensive and astrogliosis
is intense (Figure 1E–H). The morphological appearance of
disease-associated PrP in cortical regions and Th differ qualita-
tively. In order to investigate the possible biochemical basis of
these differences, we chose to examine the sedimentation proper-
ties of PrP in sucrose gradients and to use CDI to differentiate
between PrPC and PrPSc in these separations.

Sedimentation profile of PrPC

As the epitope of the mAb 3F4, employed as a detector in CDI, is
not accessible in PrPSc and becomes exposed only after denatur-
ation, the CDI fluorescence signals obtained from native samples
are taken to represent PrPC (37, 45). Accordingly, the sedimentation
profiles of PrPC after ultracentrifugation in the sucrose step gradi-
ent were investigated by CDI using native aliquots of the fraction-
ated samples. When fractions from FC of five neurological (non-
CJD) disease cases were examined, PrP fluorescence signals were
mostly detected in upper fractions of the gradient (Figure 2A).
When the 11 fractions from the gradient were categorized into
three groups (top fractions: fractions 1–3; intermediate fractions:
fractions 4–8; bottom fractions: fractions 9–11), the amount of PrP
recovered in the top fractions was around 90% of total PrPC

(Figure 2B). Very much lower CDI signals were found in the inter-
mediate and bottom fractions of the gradient.

Next, the sedimentation profiles of PrPC in vCJD brains were
investigated by CDI in the native state. When brain lysates from FC
or Cb of vCJD cases were centrifuged in the sucrose gradient, the
sedimentation profiles of PrPC were not distinguishable from those
of non-CJD controls (Figure 2). Although PrPC from the posterior
thalamic samples of vCJD cases was also predominantly recovered
in the light upper fractions of the sucrose gradient, a higher propor-
tion of PrPC appeared to migrate to the heavier lower fractions
when compared with the two other regions of vCJD (Figure 2A).
Around 90% of PrPC from FC and the Cb of vCJD cases was
recovered in the top fractions, but only around 60% of PrPC from
the Th was present in the top fractions, with ~20% of PrPC being
recovered in the intermediate and bottom fractions, respectively
(Figure 2B).

Sedimentation profile of total PrP

In order to examine the distribution of total PrP in the sucrose
gradient after velocity sedimentation, aliquots of fractionated
samples were assayed by CDI after denaturation. In neurological
controls, similar to the results obtained from native aliquots, more
than 90% of total PrP was identified in the upper factions of the
sucrose gradient (fractions 1–3) and only trace CDI signals were
also found in the intermediate and bottom fractions (Figures 3 and
4A). Thus, in non-CJD brains, the sedimentation profiles of PrP
measured in the two different folding states were very similar to
each other. In contrast, samples from FC or Cb of vCJD cases
showed clearly distinct results in CDI measurement between native
and denatured states. While fluorescence signals obtained from
native samples were mostly present in the top three fractions, CDI
signals identified in those top fractions after denaturation were
reduced to less than 50% of the total recovered in all fractions

(Figure 3). The remainder was mostly detected in the bottom three
fractions in which only a trace CDI signal was detected in the native
state (Figures 3 and 4B). Given that the recognition site of mAb
3F4 employed as a detector in the CDI is hidden in native PrPSc, but
becomes accessible after denaturation, the newly detected CDI
signals after denaturation (in bottom fractions) can be attributable
to PrPSc present in those bottom fractions. When the fractionated
samples from the Th of vCJD cases were analyzed in the same
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Figure 2. Sedimentation profiles of host-encoded prion protein (PrPC)
derived from different regions of variant Creutzfeldt-Jakob disease
(vCJD) brains after ultracentrifugation in the sucrose step gradient ana-
lyzed by conformation-dependent immunoassay (CDI) using native con-
ditions. Brain lysates were fractionated in the sucrose step gradients by
ultracentrifugation and 11 fractions from top to bottom were collected.
The amount of PrPC in each fraction was measured by CDI using native
samples. A. The amount of PrPC in each fraction was expressed as a
percentage (%) to the sum of 11 fractions. B. Eleven fractions were
categorized into three groups (top fractions: fractions 1–3; intermediate
fractions: fractions 4–8; bottom fractions: fractions 9–11) and the distri-
bution of PrP between groups was expressed as a percentage (%) to the
sum of the three groups. Data shown represent the average� SD
obtained from five cases of FC of control (white bars) and seven cases of
vCJD FC (gray bars). In vCJD Cb (black bars) and vCJD Th (striped bars),
data shown represent the average� SD obtained from three cases. The
result in every individual was an average for duplicate wells. Abbrevia-
tions: FC = frontal cortex; Cb = cerebellum; Th = posterior thalamus;
TRF = time-resolved fluorescence; SD = standard deviation.
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manner, a relatively higher proportion of the PrP signal was
detected in the intermediate fractions of the gradient (Figures 3 and
4C). Although the levels of PrP molecules detected in the interme-
diate fractions (fractions 4–8) from FC or Cb were less than 10%,
they were greater than 20% in the intermediate fractions from the
Th of vCJD cases (Figure 3B).

Sedimentation profile of PrPSc

The ratio of mAb 3F4 binding to denatured/native PrP (D/N ratio)
has been used as an indicator for the presence of PrPSc in scrapie-
affected hamster brains and in human CJD brains (3, 45). Based on
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Figure 3. Sedimentation profiles of total prion protein (PrP) derived
from different regions of variant Creutzfeldt-Jakob disease (vCJD) brains
after ultracentrifugation in the sucrose step gradient analyzed by
conformation-dependent immunoassay (CDI) using denaturing condi-
tions. Brain lysates were fractionated in the sucrose step gradients by
ultracentrifugation and 11 fractions from top to bottom were collected.
The amount of total PrP present in each fraction was determined by CDI
using denatured samples. A. The amount of total PrP present in
each fraction was expressed as a percentage (%) to the sum of 11
fractions. B. Eleven fractions were categorized into three groups
(top fractions: fractions 1–3; intermediate fractions: fractions 4–8;
bottom fractions: fractions 9–11) and the distribution of PrP between
groups was expressed as a percentage (%) to the sum of the three
groups. Data shown represent the average� SD obtained from five
cases of FC of control (white bars) and seven cases of vCJD FC (gray
bars). In vCJD Cb (black bars) and vCJD Th (striped bars), data shown
represent the average� SD obtained from three cases. The result in
every individual was an average for duplicate wells. Abbreviations:
FC = frontal cortex; Cb = cerebellum; Th = posterior thalamus; TRF =
time-resolved fluorescence; SD = standard deviation.
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Figure 4. Comparison of conformation-dependent immunoassay (CDI)
results between native and denatured states. CDI fluorescence signals
from fractions of FC tissue of a control case (A), from fractions of FC
tissue of a variant Creutzfeldt-Jakob disease (vCJD) case (B) and from
fractions of Th tissue of another vCJD case (C) were directly compared
between the native (white bars) and denatured (black bars) folding
states. Data shown represent the average for duplicate wells. Abbrevia-
tions: FC = frontal cortex; Th = posterior thalamus; TRF = time-resolved
fluorescence; CPS = counts per seconds.
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these previous studies, the sedimentation profile of PrPSc in the
sucrose gradient was inferred from CDI D/N ratios, which were
generated by dividing the TRF counts of the denatured aliquots by
those of corresponding native aliquots. D/N ratios for the fractions
derived from the non-CJD control cases were usually lower than
1.5 (Figure 5), except for three fractions each from three different
cases. D/N ratios for those three fractions were in the range of
1.5–1.8. It is noteworthy that D/N ratios for PrPC from normal
hamster brains were lower or equal to 1.8 and the ratios higher than
1.8 were considered to indicate the presence of PrPSc in hamster
brains (45).

To investigate the sedimentation profiles of PrPSc from FC and
Cb of vCJD in the sucrose gradient, D/N ratios for the fractions
from the two regions were generated and compared with those of
non-CJD controls. The D/N ratios for the upper three fractions
from FC or Cb of vCJD were in the range of 1.0–1.7, which were
indistinguishable from their non-CJD counterparts (Figure 5).
While the D/N ratios in the intermediate fractions (fractions 4–8)
were slightly higher than the non-CJD counterparts, the ratios in
the bottom three fractions increased dramatically and were notice-
ably higher than those of controls (Figure 5). In comparison, the
pattern of D/N ratios for the fractions from the Th of vCJD cases
was distinct from those of FC or Cb. Although the D/N ratios in the
bottom three fractions were higher than intermediate fractions
(fractions 4–8), the difference between the two groups appeared
less distinct in the Th when compared with the FC and Cb
(Figure 5). Moreover, the D/N ratios in the top fractions of vCJD
Th were slightly, but measurably higher than those of the corre-
sponding fractions from the control brains or from the two other
regions of vCJD brains (Figure 5). In two of the three vCJD cases
in which thalamic region was analyzed, the D/N ratios were higher

than 2 in fraction 1 and reached to 4.6 and 6.1 in fraction 3, respec-
tively. In the remaining case, the ratio was 1.8 in fractions 1 and 2
but increased to 3.1 in fraction 3. While a majority of PrPSc in the
FC and Cb of vCJD cases migrated to the bottom fractions of the
sucrose gradient after ultracentrifugation, PrPSc in the Th appeared
to be distributed more evenly throughout the sucrose gradient (even
including the top fraction of the gradient).

Sedimentation profile of PrPSc: CDI analysis
after mild proteolysis

As shown in Figure 2, PrPC from both neurological control and
vCJD brains was mostly (or largely in the posterior Th) recovered
in the top few fractions. If low levels of PrPSc are present in the top
fractions of the sucrose gradient, the increase of CDI fluorescence
counts after denaturation may not be sufficient for D/N ratios to be
distinguishable from those of non-CJD controls.As PrPC was found
to be highly susceptible to the digestion with 2.5 mg/mL PK for 1 h
at 37°C, the fractionated samples from FC and Th of vCJD were
further explored by CDI after mild proteolysis. In the FC, the
high D/N ratios in the bottom three fractions were extreme when
compared with the intermediate fractions with the ratios usually
lower than 5 or to the top fractions with the ratios lower than 1.5
(Figure 6). Therefore, in the FC, the application of mild proteolysis
did not cause any major change in the overall D/N ratios, showing
once more the absence of detectable PrPSc in the top three fractions
and the migration of the major fraction of PrPSc to the bottom three
fractions. In contrast, the application of mild proteolysis to the
fractions from vCJD Th caused a great change in the CDI results of
the top fractions. While the overall profiles of the D/N ratios in the
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Figure 5. Conformation-dependent immunoassay (CDI) denatured/
native (D/N) ratios for fractions derived from different regions of vCJD
brains. The CDI D/N ratios for the fractions obtained by ultracentrifuga-
tion in the sucrose gradient were calculated by dividing TRF counts of
denatured samples by the counts of the corresponding native samples.
Data shown represent the average� SD obtained from five cases of FC
of control (white bars) or from seven cases of vCJD FC (gray bars).
In variant Creutzfeldt-Jakob disease (vCJD) Cb (black bars) and vCJD
Th (striped bars), data shown represent the average � SD obtained
from three cases. Abbreviations: FC = frontal cortex; Cb = cerebellum;
Th = posterior thalamus; TRF = time-resolved fluorescence; SD =
standard deviation.
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Figure 6. Comparison of conformation-dependent immunoassay (CDI)
denatured/native (D/N) ratios for proteinase K (PK)-treated fractions
between frontal cortex (FC) and thalamus (Th) of variant Creutzfeldt-
Jakob disease (vCJD) brains. Eleven fractions from FC or Th of vCJD
brains were digested with 2.5 mg/mL PK for 1 h at 37°C and then ana-
lyzed by CDI. The D/N ratios for individual fractions were calculated by
dividing TRF counts of denatured samples by the counts of the corre-
sponding native samples. Data shown represent the average � SD
obtained from six cases of vCJD FC (gray bars) and three cases of
vCJD Th (black bars). The result in every individual was an average
for duplicate wells. Abbreviations: TRF = time-resolved fluorescence;
SD = standard deviation.
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intermediate and bottom fractions were similar before and after
the proteolysis, the D/N ratios in the top fractions were greatly
increased (Figure 6). The increase of the D/N ratios was particu-
larly clear in fraction 1 from all three vCJD cases investigated; the
ratios of fraction 1 were in the range of 1.8–3 before the proteoly-
sis, but they reached the range of 20–57 after the proteolysis. Thus,
the introduction of the mild proteolysis to the fractions prior to the
CDI measurement clearly revealed the presence of readily detect-
able amount of PrPSc in the upper most fraction of the sucrose
gradient separation of vCJD Th. Independent Western blot results
conducted on FC and Th samples from a single case of vCJD were
in good agreement with the results obtained using CDI, and con-
firmed that PrPSc from vCJD Th were distributed throughout the
sucrose gradient after ultracentrifugation, including the topmost
fractions (data not shown).

DISCUSSION
Disease-associated prion protein has been traditionally defined on
the basis of its protease-resistance. The PK-resistant core fragment
of PrPSc (or PrPres) derived from the vCJD brain is predominantly
truncated at serine 97 following proteolysis and is characterized by
high occupancy of the two potential glycosylation sites. Despite
marked differences in the neuropathology between distinct ana-
tomical regions in the vCJD brain (15, 16), no regional variation in
PrPres type has been identified (12, 23, 29). In this study, we report
that the brain regions showing distinct neuropathology (FC and Cb,
as compared with the posterior Th) can be distinguished by a bio-
chemical parameter: specifically, by the sedimentation property of
prion protein in the sucrose gradient.

We investigated the sedimentation properties of the prion protein
after ultracentrifugation in sucrose density gradients using CDI to
obtain as full a picture as possible of the PrP species involved. The
PrP measured by CDI is operationally defined in this study as PrPC

if detectable under native conditions, total PrP (PrPC and PrPSc)
when detected under denaturing conditions, whereas the presence
of PrPSc is indicated by an increase in fluorescence signal following
denaturation (D/N ratio).

The analysis of FC of neurological controls showed PrPC pre-
dominantly in the upper few fractions, with much lower levels in
the bottom fractions. The recovery of PrPC from the top fractions of
such gradients is a consistent finding in normal mouse (31–33),
hamster (53) and human (7, 58) brains. Yuan and colleagues also
reported very small amounts of PrP, which resembled PrPSc in the
heavier fractions (58). Certain of our findings could be used to
support this view, however technical differences between the
approach of Yuan et al and our study preclude a direct comparison.

The sedimentation profiles of PrPC from vCJD FC and Cb were
indistinguishable from those of controls, with the vast majority of
PrPC signals remaining in the top few fractions. In contrast, a sub-
stantial proportion of PrPC from the vCJDTh was found to migrate to
the intermediate and bottom fractions of the sucrose gradient. The
PrPC species detected in the heavier fractions therefore appear to
represent aggregated forms of PrPC. As PrPC was defined in this
study on the basis of accessibility of the 3F4 epitope in CDI, not only
secreted forms of PrPC, but also topological variants such as cytoso-
lic PrP could be classified as “PrPC”. Given that the accumulation of
PrPSc during prion infection may favor the accumulation of newly
synthesized PrP into the cytosol in association with Endoplasmic

reticulum (ER) stress (13, 17, 30, 43) and that cytosolic PrP is known
to form aggregates (25, 26), the PrPC species found in the heavier
fractions of the gradient may be at least partly associated with
cytosol PrP. Alternatively, given that the formation of PrPC/PrPSc

complexes proceeds conversion (28, 42), the PrPC molecules
detected in these heavier fractions may represent PrPC partly
recruited into PrPSc aggregates, but not yet converted into final PrPSc

isoform and therefore identified as PrPC by CDI criteria. Lastly, they
might represent PrPC bound to massive or dense structures other
than PrP, which are not disrupted by the detergent conditions used.
Our data cannot distinguish between these alternatives.

The sedimentation profiles of PrPSc (as defined by CDI criteria)
from the Th of vCJD were also clearly distinguishable from those
of FC and Cb. While PrPSc from the vCJD Th was readily detect-
able in all fractions of the sucrose gradient, PrPSc from the FC
and Cb was largely recovered in the bottom three fractions with
only very low levels of PrPSc in the intermediate fractions. As the
separation of prion protein in the sucrose step gradient will be a
function of distinct molecular densities, sizes and shapes, it is not
certain whether the separation of PrPSc species shown in this
study reflects their size or is influenced by additional factors such
as density and intermolecular interaction. However, if PrP is the
only component in PrPSc aggregates in the vCJD brain and
density and aggregate shape are homogeneous, then the sedimen-
tation profiles of PrPSc should be a direct reflection of aggregate
size. If so, then the size range of PrPSc in vCJD brains, as judged
from relevant literature, would range from less than 600 kDa (oli-
gomeric form in the intermediate fractions) to more than
20 000 kDa (large aggregates in the bottom fraction) or that of
prion rods containing as many as 1000 PrP molecules (41, 48,
53). Aggregate sizes ranging from 1000 kDa to more than
20 000 kDa have been reported for scrapie on the basis of an
agarose gel electrophoresis study (40). The thalamic PrPSc mol-
ecules identified in the very topmost fraction of our gradients
may be the size of PrP dimers or trimers, on the basis of ionizing
radiation studies (2) and could correspond to the recently pro-
posed trimeric PrPSc (6, 8). However, it should be noted that PrPSc

has been reported to have strong affinity for lipids (47) and sph-
ingolipids are detectable in highly purified prion rods (20). More-
over, lipids may facilitate the conversion of PrPC into a PrPSc-like
conformation (19, 55) and act as a cofactor facilitating the forma-
tion of prions (56). In hamster scrapie, the acquisition of protease
resistance in PrPSc was shown to be associated with their size (36,
53). It therefore remains possible that the appearance of PrPSc in
the top fractions of vCJD Th might relate to the buoyant density
of particular thalamic detergent-stable lipid/PrPSc complexes. It
would be of interest to know whether other methods of estimating
aggregate size such as size exclusion chromatography, filtration
and field flow fractionation (5, 48, 53) would confirm our obser-
vations using sucrose gradient sedimentation.

This last technique (field flow fractionation) has been used to
implicate relatively small PrPSc aggregates as those associated with
the highest infectivity in rodent scrapie brain (48).Tixador et al (51)
have gone on to suggest that PrPSc sedimentation characteristics are
a strain-determining property, speculating that so-called fast strains
are so by virtue of their rapidly replicating oligomeric forms of
PrPSc. In this context, it is interesting to note that although numerous
studies have identified a single strain of agent in vCJD [most
recently in reference (44)], the only published transmission from
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vCJD Th reported the derivation of two distinct strains in mice
expressing a mouse-human chimeric PrP transgene (21). However,
contrary to what one might infer from the work of Silveira et al (48)
andTixador et al (51), the additional strain that was derived fromTh,
had a longer incubation period than those derived from FC.

The Th (particularly the pulvinar) in vCJD is pathologically
characterized by marked astrocytosis and neuronal loss showing
only very rare PrPSc plaques, even in PrP immunostaining, whereas
the FC and Cb display multiple florid plaques in histology with
numerous small cluster plaques in PrP immunostaing (16). Thus, in
the vCJD posterior Th, the abundance of the PrPSc species migrat-
ing to the intermediate fractions might reflect the size of PrPSc

deposits as revealed by neuropathology. The neuronal loss and
gliosis in diseased human brains were reported not to be directly
related with the local burden of PrPres alone (35) although it is our
observation that both Western blotting and CDI identify slightly
higher levels of PrPSc in vCJD Th as compared with FC. As in other
neurodegenerative diseases (18, 27, 54), a growing body of evi-
dence supports the proposal that oligomeric forms of PrPSc may be
more relevant to neurotoxicity in prion diseases than large aggre-
gates (22, 49). It is also possible that certain population of neurons,
perhaps abundant in the Th may be more vulnerable to certain
species of PrPSc such as oligomeric forms. Evidence for such selec-
tive neuronal vulnerability has been described previously for other
human prion diseases (9, 10). It is not known when during the
disease course neuronal dysfunction and loss occurs in the Th in
vCJD, but is tempting to speculate on the basis of the MRI pulvinar
sign and the basis of some of the early clinical symptoms that these
pathological changes occur very early and it may be that a combi-
nation of highly cytotoxic forms of PrP and selective vulnerability
of thalamic neurons, result in the severe posterior thalamic pathol-
ogy evident at end stage disease.

In summary, we have shown that the sedimentation profiles of
prion protein (both PrPC and PrPSc) are distinguishable between
brain regions in vCJD that exhibit pathologically distinct features,
but are indistinguishable on the basis of PrPres type. The PrPSc found
in the Th was more polydispersed. We speculate that these differ-
ences are indicative of small oligomeric PrP species in the Th and
that it is these oligomers that are responsible for the highly charac-
teristic thalamic pathology. Such an interpretation will require con-
firmation using complementary biochemical assays and would
benefit from a more extensive survey of neuroanatomical regions
from the whole spectrum of human prion diseases, including cases
of PSPr and FFI. A close examination of FFI (and its sporadic
counterpart, sFI) using our combined sucrose gradient and CDI
methodology could be particularly informative. Not only do these
diseases selectively target the thalamus, albeit more anterior
regions, but a proportion of FFI cases have PrPSc that is particularly
difficult to detect by conventional Western blotting for protease-
resistant forms of PrP. Hence, in common with PSPr, such cases of
FFI may offer insights into forms of PrPSc that are relevant to
pathophysiology, but which may not figure in the most commonly
employed laboratory tests for the prion disease.
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