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Abstract

Two morphological types of prion protein (PrPs¢) deposit occur in the cerebral cortex of cases of variant Creutzfeldt-
Jakob disease (vCJD), viz., diffuse and florid deposits. The objective of this study was to determine whether diffuse-
type PrPsc deposits in areas of the cerebral cortex in six cases of the variant form of CJD (vCJD) were spatially corre-
lated with neurons and whether diffuse deposit size was related to the number of adjacent neurons contributing PrPsc.
In cortical gyri, density of surviving neurons was 5.38-12.15 per 50 x 200 um sample field, neurons being distributed
randomly, regularly or were clustered relative to the pia mater. Density of neurons embedded within diffuse deposits,
however, was three to eight times their overall density in the section. In addition, diffuse deposit area was positively
correlated with the number of embedded neurons. The frequency distribution of diffuse deposits with 0, 1, 2, 3, ..., n,
embedded neurons did not deviate from a Poisson distribution. These results suggest: (1) diffuse deposits in vCJD devel-
op in situ as a result of the formation of PrPsc in relation to clusters of neurons, (2) size of a diffuse deposit is deter-
mined by the number of adjacent neurons which develop PrPs¢, and (3) the probability that PrPsc is formed in rela-
tion to one neuron is independent of that of its neighbour.

Key words: variant Creutzfeldt-Jakob disease (vCJD), diffuse prion protein (PrP) aggregates, neuronal perikarya, Pois-
son distribution, size distribution.

Introduction protein (PrPs°) as discrete aggregates or deposits [10,19,

Variant Creutzfeldt-Jakob disease (vCJD), a new sub-
type of CJD, was first described in the UK in 1996 [22,39].
The majority of patients initially develop psychiatric
symptoms such as depression and/or anxiety, followed
by ataxia, involuntary movements, and cognitive im-
pairments. Most patients affected to date are young
(median age 28 years, range 14-74 years) and death
occurs within 12-24 months [39].

Neuropathologically, vCJD is characterised by the
deposition in the brain of the disease form of prion

20,22,28,29,31]. The PrPs¢ characteristic of vCJD has
a uniform glycotype (PrPs¢, Type 4) and is distinct from
that observed in sporadic CJD (sCJD) [18,21]. Two mor-
phological types of PrPs¢ deposit are commonly
observed in vCJD [10,15]. First, florid deposits [27] com-
prise a condensed core of PrPs¢ and are heavily
stained with antibodies raised against PrP. Second, dif-
fuse deposits (also known as ‘fine feathery diffuse
deposits’ or “fine diffuse deposits’) are more lightly
stained, irregular in shape, and lack a solid PrPsc core.
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Different pathological processes are likely to be
involved in the formation of the diffuse and florid
deposits [10].

A nucleation-dependent mechanism is involved in
the formation of PrPsc deposits in CJD with confor-
mational transition from a soluble protein (PrP) to a pro-
tease resistant B-sheet with neurotoxic properties
[21,26,28,29]. The mechanism of this conversion is un-
known but it depends on various factors including pH
[38], oxidation of PrPc¢ [40], the presence of gly-
cosaminoglycans [30], while non-coding RNA may act
as a catalyst [16]. In addition, several regions of PrP¢
may play a role in PrP*¢ formation. For example, ani-
mal transgenic studies in mice and biochemical data
suggest residues 100-104 are critical for binding of PrP¢
to PrPs¢ and essential for prion propagation [17,36]
whereas in humans, residues 138-141 is essential [25].
PrP¢ has been shown to be present on cell membranes
within PrP deposits [23], is enriched in caveolae and
may be delivered via caveolae to late endosomes/lyso-
somes, bypassing the internalisation pathway medi-
ated by clathrin-coated vesicles [33].

Subsequently, two stages in the formation of
a PrPs¢ deposit can be identified. First, initiation of
the deposit (nucleation) in which PrP¢is converted in
the presence of PrPs¢ into B-sheets and second, the
growth and further development of the B-sheets in-
to discrete deposits. Two further processes are then
involved in the development of the deposits. First,
formation and removal of PrPs¢ molecules (aggregat-
jon/disaggregation) and second, diffusion of substan-
ces, including molecular chaperones, into the developing
deposits (surface diffusion) [35]. During aggregation,
each particle of PrPs¢ has a probability of associating
with a new particle of PrP¢ causing its conversion to
PrPs¢ and resulting in growth of the deposit. During dis-
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aggregation, PrPs¢ molecules may be randomly remov-
ed from the deposit by glial cells [10] resulting in the
shrinkage and even clearance of a deposit. By contrast,
surface diffusion describes a process by which addi-
tional molecular constituents bind to existing proteins,
thus influencing their growth and morphology [37].

Diffuse deposits, 10-200 pm in diameter, have been
recorded in the cerebral cortex in vCJD [12]. The size fre-
quency distribution of these deposits is unimodal and
positively skewed [12], i.e. there are few deposits in the
smallest (< 10 um) size class, maximum frequency occurs
between 20 um and 40 um (the modal class), and the
frequency of the larger deposits declines with increas-
ing size. Diffuse deposits < 50 um in diameter often con-
tain a single surviving neuronal perikaryon while those
> 50 pm may contain up to 2 to 3 cell bodies [10]. These
observations suggest that diffuse deposits may devel-
op as a result of the formation of PrPs¢ in relation to clus-
ters of neurons, the size of a deposit being determined
by the number of neurons in the cluster involved. To test
this hypothesis: (1) the density and spatial patterns of
surviving neuronal perikarya were studied in the cere-
bral cortex in vCJD, (2) the density of neuronal perikarya
embedded within diffuse deposits was compared to that
of the section as a whole, (3) the correlation between dif-
fuse deposit area and number of embedded neurons was
tested, and (4) the frequency distribution of diffuse de-
posits containing 0, 1, 2, 3, ..., h, embedded neuronal
perikarya was tested against a random (Poisson) dis-
tribution.

Material and methods

Cases

Six cases of vCJD (details in Table 1) were studied
at the Department of Neuropathology, Institute of Psy-

Table I. Demographic features, gross brain weight, and degree of atrophy of the variant Creutzfeldt-Jakob

disease (vCJD) cases studied

Case Sex Age at onset (yrs) Duration (yrs) Brain weight (gm) Atrophy
A F 39 2 586L None
B F 28 1 1375 None
C F 28 1 NA NA

D M 19 1 NA NA

E M 30 1 699R None
F M 48 2 1470 None

M —male, F— female, R — right hemisphere only, L — left hemisphere only, NA — data not available
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chiatry, King’s College London, UK. Brain material was
obtained from the National CJD Surveillance Unit, West-
ern General Hospital, Edinburgh, UK. The principles
embodied in the 1975 Helsinki declaration (as modi-
fied Edinburgh, 2000) were followed with respect to
experiments involving material of human origin. All cas-
es fulfilled the criteria for a pathological diagnosis of
v(CJD [19,21,22]. None of the cases had any of the known
mutations of the PrP gene or family history of prion dis-
ease, and there was no evidence of the known types
of iatrogenic aetiology. The pattern of PrPs¢ deposition
typical of vCJD was observed in all cases with florid and
diffuse-type deposits in the cerebral cortex, cerebel-
lum, basal ganglia, thalamus, and brain stem [20,22].

Preparation of material

Blocks of frontal cortex (B8) at the level of the genu
of the corpus callosum, parietal cortex (B7) at the lev-
el of the splenium of the corpus callosum, occipital cor-
tex including the calcarine sulcus (B17), and temporal
cortex at the level of the lateral geniculate body to study
the parahippocampal gyrus (B28), were taken from each
case. Tissue was fixed in 10% phosphate buffered
formal-saline and embedded in paraffin wax. Coronal
7 um sections were immunolabelled against PrP using
the monoclonal antibody 12F10 (dilution 1 : 250) that
binds to residues 142-160 of human PrP downstream
of the neurotoxic domain adjacent to helix region 2 [24]
(kindly provided by Prof. G. Hunsmann, The German
Primate Centre, Gottingen, Germany). Immunoreactivity
was enhanced by formic acid (98% for 5 minutes) and
autoclaving (121°C for 10 minutes) pretreatment. Sec-
tions were treated with Dako Biotinylated Rabbit anti-
Mouse (RAM) (dilution 1: 100) and Dako ABComplex
HRP kit for 45 minutes (Amersham, UK). Diaminoben-
zidine tetrahydrochloride was used as the chromogen.
Immunolabelled sections were also stained with hae-
matoxylin for 1 minute.

Spatial pattern of surviving neurons

The spatial pattern of surviving neuronal cell pe-
rikarya was studied in each cortical gyrus along strips
of cortex oriented parallel to the pia mater. Guidelines
were marked on the slide to sample neuronal perika-
rya located approximately in laminae /1l and IV/V.
The number of surviving neuronal cell bodies within
each sample field was counted at a magnification of
x400 in 250 x 50 um contiguous sample fields, the
upper edge of the sample field being aligned with

20

the appropriate guideline. Neurons were identified as
cells containing at least some stained cytoplasm in com-
bination with larger shape and non-spherical outline
[3]. Small spherical or asymmetrical nuclei without cyto-
plasm but with a thicker nuclear membrane and more
heterogeneous chromatin were identified as glial cells.

The spatial pattern of the surviving neurons along
the gyrus was determined in laminae II/1ll and V/VI
using spatial pattern analysis [2,4,6,7]. If neuronal
perikarya are randomly distributed along the cortex,
their frequency distribution will be described by
a Poisson distribution and the variance/mean ratio
(V/M) of their densities will be close to unity. A V/M
ratio less than unity indicates a regular or uniform dis-
tribution and greater than unity —a clumped or clus-
tered distribution. To determine the size of any pos-
sible clusters of neurons and whether the clusters were
themselves randomly or regularly distributed, counts
of neurons in adjacent sample fields were added to-
gether successively to provide data for increasing field
sizes, e.g. 50 x 250 pum, 50 x 500 pm, 50 x 1000 pm
etc., up to a size limited by the length of the strip sam-
pled. V/M is calculated at each stage and plotted
against the field size. A V/M peak indicates the pres-
ence of regularly spaced clusters while an increase in
V/M to an asymptote suggests the presence of ran-
domly distributed clusters. The field size at which the
peak occurs indicates the cluster size. The significance
of a V/M peak was tested using the 't' distribution
[2,4,6,7]. These data were also used to estimate the
overall density of the surviving neurons within each

gyrus.

Correlation between PrPs¢ deposit area
and embedded neurons

The distribution of diffuse deposits in the cortex
in vCJD varies with laminar depth [11]. Hence, to in-
vestigate the correlation between the size of a diffuse
PrPs¢ deposit and frequency of embedded neuronal
perikarya, guidelines were marked on the slide extend-
ing from the pia mater to the white matter. All diffuse
deposits touching a guideline were included in the
sample. Florid deposits are small, symmetrical PrPsc
aggregates consisting of a condensed core and easi-
ly distinguishable from diffuse deposits which are less
compact and more weakly stained and lack a distinct
core [10,27] (Fig. 1). The diameter of each deposit was
measured using a micrometer scale and the number
of neuronal perikarya embedded within the deposit
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counted. For a neuron to be included in the sample,
at least 75% of its cell body had to be contained with-
in the margin of the deposit. As the majority of dif-
fuse deposits are approximately spherical, the rela-
tionship between the deposit area, estimated from
deposit radius, and number of embedded neurons was
tested using correlation and regression methods. In
addition, the density of neuronal perikarya embedded
within diffuse deposits was estimated for each gyrus.

Frequency distribution of the number
of neurons within deposits

A frequency distribution was constructed for
each brain region, pooling data from all cases, of the
number of deposits containing 0, 1, 2, 3, ..., n embed-
ded neuronal cell bodies. To determine whether these
frequency distributions were random, a Poisson dis-
tribution was fitted to the data [34] using STATISTICA
software (Statsoft Inc., 2300 East 14th St, Tulsa, Ok,
74104, USA). The Kolmogorov-Smirnov (KS) and chi-
square (x2) goodness-of-fit tests were used to deter-
mine whether the frequency distributions deviated sig-
nificantly from Poisson.

Results

Examples of the spatial patterns of the surviving
neuronal cell bodies along the cortex in the upper la-
minae (II/1ll) in three gyri are shown in Fig. 2. In the
frontal cortex, the V/M ratio increased with field size
without reaching a peak indicating the presence of large
clusters of neurons, at least 1600 um in diameter, meas-
ured parallel to the pia mater. The V/M at the small-
est field size (50 x 250 um) was close to unity indicating
that within the larger clusters of neurons, individual
neuronal perikarya were randomly distributed. In the
occipital cortex, the V/M ratio was significantly less than
unity indicating a uniform distribution of cell bodies
while in the PHG, the V/M ratio did not differ from uni-
ty at any field size suggesting a random distribution
of neurons.

The densities and spatial patterns of neuronal cell
bodies in the data as a whole are summarised in Ta-
ble II. The density of neurons was greatest in the occi-
pital cortex while frontal and parietal cortex and the
PHG had similar but lower densities. Neurons were
randomly distributed in 6/48 (12.5%) areas studied,
uniformly distributed in 23/48 (48%) areas, in regularly
distributed clusters in 10/48 (21%) areas, and in large
clusters (> 1600 um) in 9/48 (19%) areas. In gyri with
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Fig. 1. Examples of diffuse (DP) and florid (FP)
prion protein (PrPsc) deposits in variant Creutz-
feldt-Jakob disease (vCJD) (section immunola-
belled with antibody 12F10 against PrP, haema-
toxylin counterstain; magnification bar = 60 um).

large-scale clustering of neurons, neurons were ran-
domly distributed within the larger clusters.

The densities of neuronal perikarya embedded
within diffuse PrPs¢ deposits and the correlation bet-
ween deposit area and number of embedded neurons

Variance/Mean
N
T
1

0 200 400 600 800 1000 1200
Field size (um)

1400 1600 1800

--FC -0-0C -o-PHG

Fig. 2. Spatial pattern analysis of the surviving
neurons along a strip of tissue parallel to the pia
mater in three cortical gyri (FC — frontal cortex,
OC — occipital cortex, PHG — parahippocampal gy-
rus) in variant Creutzfeldt-Jakob disease (vCJD).
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Table II. Densities (50 x 250 pm field) and spatial patterns of the surviving neurons in various areas of the
cerebral cortex of six cases of variant Creutzfeldt-Jakob disease (vCJD)

Case Brain region
FC PC oC PHG

A Density 5.74 8.44 15.49 5.92
Spatial pattern > 1600, 400 Rg, R Rg, 800 800, 800

B Density 8.48 8.74 12.62 9.13
Spatial pattern R, Rg Rg, 400 Rg, 800 800, 800

C Density 7.02 10.33 17.95 5.58
Spatial pattern > 1600, 100 > 1600, 800 > 1600, > 1600 R, R

D Density 5.76 7.67 13.86 7.62
Spatial pattern Rg, Rg > 1600, Rg Rg, 800 Rg, Rg

E Density 8.33 5.40 16.60 5.58
Spatial pattern Rg, Rg > 1600, Rg > 1600, 800 Rg, Rg

F Density 4.96 7.69 14.61 8.88
Spatial pattern Rg, Rg 800, > 1600 Rg, Rg Rg, Rg

FC — frontal cortex, PC — parietal cortex, OC — occipital cortex, PHG — parahippocampal gyrus
Figures for spatial patterns are the estimated sizes of clusters (um) except R (random distribution) and Rg (regular distribution), the first
entry is spatial pattern along laminae I1/Ill and the second along laminae V/VI

Table IIl. Densities of neuronal cell bodies embedded within diffuse prion protein PrPsc deposits and the
correlation (Pearson’s ‘r) between deposit area and number of embedded neurons in different cortical
areas of six cases of variant Creutzfeldt-Jakob disease (vCJD) (N — number of deposits, *P < 0.05, **P < 0.01,

***p < 0.001)

Region N Mean area Mean number  Expected density ‘r
of deposit of embedded of neurons
neurons
Frontal cortex 154 538.97 192 0.30 0.18*
Parietal cortex 147 578.35 1.89 0.38 0.32***
Occipital cortex 132 693.47 3.04 0.84 0.41%**
Parahippocampal gyrus 133 363.29 176 0.21 0.23**

is shown in Table Ill. Densities of neurons within dif-
fuse PrPs¢ deposits were three to eight times greater
than the estimated overall density in the tissue.
The relationship between deposit area and the num-
ber of embedded neurons in shown for a single gyrus
(occipital cortex) in Fig. 3. The deposit area and num-
ber of embedded neurons were positively correlated
(r=0.41, P < 0.001), a relationship present in all of the
gyri studied.
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The frequency distribution of the diffuse PrPsc de-
posits containing 0, 1, 2, 3, ..., n, embedded neuronal
perikarya is shown in Fig. 4 and the goodness of fit
to the Poisson distribution for each brain region in Ta-
ble IV. None of the frequency distributions departed sig-
nificantly from a Poisson distribution (KS = 0.028-0.064,
P > 0.05) suggesting that the frequency distribution of
the number of neurons embedded within diffuse de-
posits was essentially random.
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Fig. 3. Correlation between the area of diffuse
prion protein (PrPsc) deposits and the number of
embedded neurons in the occipital cortex in va-
riant Creutzfeldt-Jakob disease (vCJD).

Discussion

In approximately 50% of gyri studied, surviving
neurons were uniformly distributed along the cortex,
a spatial pattern also present in cognitively normal
brain [13]. This result suggests that neuronal losses
are likely to have occurred relatively evenly along the
cortex. In a smaller number of gyri, surviving neurons
exhibited a degree of clustering, and in some gyri the
clusters were regularly distributed parallel to the pia
mater suggesting an alternating pattern of higher and
lower density of neurons and therefore, a more lo-
calised pattern of neuronal loss. Where large clusters
of neurons were present, neuronal perikarya were usu-
ally randomly or uniformly distributed within those
clusters.

A comparison of neurons embedded within diffuse
PrPs¢ deposits with those of the gyrus as a whole sug-
gests that diffuse deposits contain three to eight times
more embedded neurons per unit of area than would
be expected from their overall density in the section.
These data suggest that diffuse deposits develop as
a result of the formation of PrPs¢ in relation to clusters
of neuronal perikarya. Hence, this process may be sim-
ilar to that of the formation of diffuse B-amyloid (AB)
deposits observed in Alzheimer’s disease (AD) [5,9].
In both AD and Down’s syndrome (DS), diffuse AB
deposits are closely associated with the presence of
neuronal cell bodies and may have developed from AB
secreted from clusters of adjacent neurons [1,3,8,32].
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Fig. 4. Frequency distribution of diffuse prion pro-
tein (PrPsc) deposits that contain 0, 1, 2, 3, ..., n
embedded neurons. Dashed histogram indicates
the expected numbers based on the Poisson dis-
tribution.

In each cortical region studied, there was a posi-
tive correlation between PrPs¢ deposit area and the
number of embedded neurons. A number of process-
es could account for this correlation. First, soluble PrPc
could be secreted from a single source such as a cell
process, neuronal perikaryon, or glial cell, and then dif-
fuse through the neuropil and engulf neuronal perika-
rya before being converted into PrPs¢ [9]. The number
of neurons embedded within a diffuse deposit would
then depend on the amount of PrP¢ secreted and the
area over which diffusion occurred. Increased densi-
ty of cell bodies embedded within diffuse deposits, how-
ever, would argue against this hypothesis since diffusion
of PrP¢ should engulf neurons regardless of their degree

Table IV. Frequency distributions of diffuse prion
protein (PrPsc) deposits that contain 0, 1, 2, 3, ...,
n embedded neuronal perikarya in different cor-
tical areas of six cases of variant Creutzfeldt-
Jakob disease (vCJD): Goodness-of-fit to a Pois-
son model (A — mean density, DF — degrees of
freedom, KS — Kolmogorov-Smirnov statistic)

Region A Chi-square (x?) KS
Frontal cortex 192 833 (4DF) P> 0.05 0.064, P > 0.05
Parietal cortex  1.89 3.23 (4DF) P> 0.05 0.028, P > 0.05
Occipital cortex 3.04 5.80 (5DF) P> 0.05 0.040, P > 0.05
Parahippocampal 1.75 186 (3DF) P> 0.05 0.031, P > 0.05
gyrus

23



Richard A. Armstrong

of clustering. Second, the formation of a diffuse de-
posit could alter the spatial relationship between adja-
cent cell bodies, e.g. PrPs¢ developing in relation to two
closely adjacent neurons might draw the cell bodies
even closer together increasing their density. However,
there is no evidence that the distance between neu-
rons was less in deposits heavily immunolabelled com-
pared with those more lightly labelled. Third, molec-
ular ‘chaperones’ diffusing within the neuropil [12,37]
might cause the developing deposit to condense
thus reducing the distance between neurons. Although
there is evidence that the florid PrPsc deposits may result
from condensation of PrPsc [12] this is less likely to be
true in diffuse deposits. Fourth, neurons may be lost
at greater rates between than within deposits. How-
ever, the regular or random distribution of neurons
along the cortex in a significant number of gyri would
argue against this hypothesis. Hence, the most plau-
sible explanation consistent with the data is that the
size of a diffuse deposit is determined by the number
of adjacent neurons in which PrPs¢ is formed.

The mechanism by which PrPs¢ accumulation may
cause neurodegeneration is poorly understood [14] but,
in cultured neurons, addition of PrPsc alters cell mem-
branes, increases cholesterol, activates cytoplasmic
phospholipase A2, and triggers synapse damage.
The present data suggest that the frequency distribu-
tion of the number of embedded neurons within dif-
fuse deposits did not deviate significantly from a Pois-
son distribution. Hence, the formation of PrPs¢ appears
to occur independently within each neuron, i.e. for-
mation in one neuron does not increase the probability
that an adjacent neuron will also be affected. Hence,
it is unlikely that PrPs¢ formation in one neuron has
a direct pathological effect on its neighbour. The Pois-
son distribution also predicts that the probability that
3 or more adjacent neurons will simultaneously con-
tribute PrPsc to form a diffuse deposit decreases mar-
kedly, thus restricting the ultimate size of such deposits
in the brain.

In conclusion, the data suggest that diffuse PrPsc
deposits in vCJD may develop as a result of the for-
mation of PrPs¢ in association with local clusters of neu-
rons, the size of a deposit being determined by the
number of adjacent neurons involved. The probabili-
ty that an individual neuron develops PrPs¢ appears to
be independent of that of its immediate neighbours.
The probability that 3 or more neurons develop PrPs
and form a deposit decreases markedly thus restrict-
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ing the size to which diffuse deposits will grow.
These results may also explain the positively skewed
size frequency distributions of diffuse deposits com-
monly observed in vCJD [12].
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