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sex for all faces by the seven subjects was near 10096 (mean response over all 
subjects and experiments: 96.6%. range: Ei1.3-100%). 
Image acquisition and analysis. Echoplanar MR brain images were acquired 
using a 1.5 Tesla GE Signa system (General Electric) retrofitted with advanced 
NMR hardware (ANMR) using a standard1 head coil. 100 T2*-weighted images 
depicting BOLD contra& were acquired over 5 min (for each experiment) at 
each of 14 near-axial non-contiguous 5-mm-thick planes parallel to the 
intercommisswal (AC-PC) line, providing whole-brain coverage: TE, 40 ms; 
TR, 3s; in-plane resolution, 3mm; interslice gap, 0.5 mm. An inversion 
recovery EPI dataset was also acquired at 43 near-axial 3-mm-thick planes 
parallel to the AC-PC line: TE, 80 ms; TI, II80 ms; TR, 16 s; in-plane resolution, 
3mm; number of signal averages, 8. The periodic change in T2*-weighted 
signal intensity at the (fundamental) experimentally determined frequency of 
alternation between A and B conditions was analysed by pseudogeneralized 
least-squares (PGLS) fit of a sinusoidal regression model to the movement- 
correctedz6 time series at each voxel, yielding parametric maps of the squared 
amplitude of the response at the stimululs frequency divided by its standard 
error-the fundamental power quotient, FPQ (ref. 27). Each observed time 
series was randomly permuted ten times, and FPQ estimated as above in each 
randomized time series, to generate 10 randomized parametric maps of FPQ 
for each subject in each anatomical plane. ‘To construct generic brain activation 
maps, showing brain regions activated over a group of subjects, observed and 
randomized parametric maps of FPQ estimated in each individual were first 
transformed into the stereotactic space of Talairach and Tournoux and 
smoothed by a gaussian filter with full width at half maximum of 11 mm 
(ref. 28). The median observed value of FI?Q was then computed at each voxel 
in standard space and its statistical significance tested by reference to the null 
distribution of median FPQ computed from the identically smoothed and 
spatially transformed randomized maps. For a one-tailed test of size p, the 
critical value was the lOO’(1 -p)th percentile of the randomization 
distribution”. To identify voxels that delmonstrated significant difference in 
standardized power of response to faces that expressed disgust with different 
intensities, the observed difference in median FPQ between these two experi- 
mental conditions was computed at each voxel. Subjects were then randomly 
reassigned to one of two equal-sized groups and the difference in median FPQ 
between randomized groups was compkted at each voxel”‘. This process was 
repeated 61 times and the results were pooled over voxels to generate a null 
distribution for difference in median FPQ. For a two-tailed test of size p, the 
critical values were the lOO*( 1 - ;/2)th and lO@*(p/2)th percentiles of the 
randomization distr+tion. 
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that ‘new variant’ CJD is 
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There are many strains of the agents that cause transmissible 
spongiform encephalopathies (TSES) or ‘priori’ diseases. These 
strains are distinguishable by their disease characteristics in 
experimentally infected animals, in particular the incubation 
periods and neuropathology they produce in panels of inbred 
mouse strains’-4. We have shown that the strain of agent fkom 
cattle affected by bovine spongiform encephalopathy (BSE) pro- 
duces a characteristic pattern of disease in mice that is retained 
after experimental passage through a variety of intermediate 
specie&‘. This BSE ‘signature’ has also been identified in trans- 
missions to mice of TSEs of domestic cats and two exotic species of 
mminanP, providing the first direct evidence for the accidental 
spread of a TSE between species. lkventy cases of a clinically and 
pathologically atypical form of Creutzfeldt-Jakob disease (CJD), 
referred to as ‘new variant’ CJD (VCJD)‘, have been reqnizd in 
unusually young people in the United Kingdom, and a fkrther case 
has been reported in France”. This has raised serious conuxns 
that BSE may have spread to humans, putatively by dietary 
exposure. Here we report the interim results of transmissions of 
sporadic CJD and vCJD to mice. Our data provide strong evidence 
that the same agent strain is involved in both BSE and vCJD. 

Transmissions to mice were set up from six typical sporadic case-s 
of CJD (spCJD) and three cases of vCJD. All were homozygous for 
methionine at codon 129 of the ‘priori protein’ (PrP) gene, and none 
carried PrP gene mutations associated with familial disease. The 
spCJD cases included two dairy farmers (aged 61 and 64 years) who 
had had BSE in their herds and had therefore been potentially 
exposed to BSE-infected cattle or contaminated animal feed”; two 
‘contemporary’ cases (aged 55 and 57 years) with no known 
occupational exposure to BSE, and two ‘historical’ cases (aged 57 
and 82 years) who had died in 198 1 and 1983, before the onset of the 
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BSE outbreak. All of these spCJD cases were characterized by 
widespread spongiform vacuolation in the brain with few or no 
amyloid plaques. The vCJD cases (aged 29, 30 and 31 years) had 
clinical and neuropathological characteristics that were atypical for 
CJD9. The main distinguishing ncuropathological features in these 
and other vCJD cases are an extensive deposition of PrP amyloid in 
the brain as large ‘florid’ plaques and a prominent involvement of 
the cerebellum. 

Panels of three inbred mouse strains (RIII, C57BL and VM) and 
one cross (C57BL X VM) were challenged with CJD brain homo- 
genates. Previous transmissions, using the same protocol, of BSE 
from eight unrelated cattle (Fig. lb) and TSEs from three domestic 
cats (Fig. lc), a greater kudu and a nyala (two exotic ruminants) 
have given a remarkably uniform pattern of incubation periods in 
these mice568. The shortest incubation periods were seen in RI11 
mice, with means ranging from 302 to 335 days for transmissions 
from frozen brain samples. These isolates also produced strikingly 
similar patterns of vacuolar degeneration in the brains of infected 
mice, as represented by the ‘lesion profile”” (Fig. 2b, c). The lesion 
profile is a well-established semiquantitative method of measuring 
the targeting of vacuolation to different brain regions, and reliably 
discriminates between TSE strains in mic?. In addition, the disease 
characteristics in mice injected with brain from two sheep, a goat 
and a pig that had been experimentally infected with BSE were very 
similar to those seen in direct BSE transmissions from cattle6s7. 

The BSE ‘signature’, based on both incubation Periods and 
pathology, has only ever been seen in transmissions from animals 
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suspected or known to have been infected with BSE. It has never 
been seen throughout an extensive series of transmissions, set up in 
Edinburgh between 1963 and 1994, of other naturally occurring 
TSEs (35 sheep and two goats with scrapie, two mink with 
transmissible mink encephalopathy, and a mule deer with chronic 
wasting disease). For example, the incubation periods and lesion 
profiles seen in transmissions from six sheep 
since 1985, are shown in Figs la and 2a. Within 
further two sources of sheep scrapie failed to 
general, natural scrapie transmissions in our 
elsewhere have given variable results, probably refIectiiQ@riatior 
in agent strain amongst the sheep sources’z’3, 

At the time of writing, the transmissions.pf&JD to mice have 
been in progress for 360 days. The RI11 miceipjeed with all thret 
vCJD sources have developed a prdgressive c&&al disease ver) 
similar to BSE, with incubation p&ods in individual mice ranging 
from 288 to 351 days. The Eust. signs were nervousness anl 
hypersensitivity, followed by lethargy, weight loss, urinary incon. 
tinence and postural abr)ormalities. ExcWing early intercurrenl 
deaths, all RI11 mice< injected with vCJD have developed dise;lse. 
with mean incubation periods up to a standard clinical endpoint 01 
304 2 4,306 It 6 and 310 + 4 days (2s.e.m.) for three sources (Fig, 
Id), within but at the lower end of the range previously seen for BSE 
and related isolates6 (Fig. lb, c): Clinical signs are now apparent in 
some of the C57BL mice, an observation that is also consistent with 
the BSE pattern (see Fig. lb). Diagnosis was confirmed for all 
clinically affected mice by the presence of vacuolar degeneration in 

200300400soowo700moml 
Mean incubslion period (days) 

lgure 1 Incubation times in mice with sponglform encephalopathies lncubatlon 
eriods In RIII. C57BL. V M  and C57BL x V M  mice In rransmissions of: a, natural 
crapie from SIX sheep; b. BSE from eight cattle: c, FSE from two cats; and d, three 

.ases of vCJD C57BL X V M  mice were not Included In the first, third and fourth 
3SE transmission; missing symbols elsewhere indlcare that no clmical disease 
vas seen in these groups up to the natural lifespan of the mice The vertical dotted 
ine in d shows the current t ime after challenge in experiments still in progress 
)ata are mean + s.e.m. 
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Figure 2 Lesion prohles for mice follow- 
ing fransmission of spongtfonn encepha- 
loparhies. Lesion profiles are for Rlll mice 
in rransmlssions ot *. natural scrape from 
five of the six sheep from Fig.la (n = 3-16 
mice per group; no clinical disease was 
seen in this mouse strain m  rhe sixth 
transmission); b, BSE from the first four 
cattle (n = 123. pooled data); c. FSE from 
two cats (n = 36, pooled data) and TSEs 
from a greater kudu and a nyala @I = 12 
and 11); d. vCJD from three sources 
&I = 10, 12 and 16) and l , spCJD from 
two sources, a farmer and a cuntempor- 
ary case (n = 8 and 9). The pooled BSE 
prohle is shown as a dotted line in c-o. As 
white-matter vacuolation was not a prc- 
minent feature in any of these transmis- 
sions, only the grey-matter lesion profiles 
are shown Vacuolation was scored on a 
scale of O-5 in the following scoring areas: 
1, dorsal medulla; 2. cerebellar cortex; 3. 
superior colliculus. 4. hypothalamus; 5. 
thalamus: 6, hippocampus; 7, septum; 6. 
reUosplenial and adjacent motor cortex: 
and 9. cingulate and adjacent motor 
cortex. Data are mean + s.e.m. 
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mice in these experiments, compared with survival curves in BSE, 
feline spongiform encephalopathy (FSE) and vCJD transmissions. 
No significant differences in median survival times were found 
between RI11 groups challenged with the six spCJD sources, or 
between these groups and saline-injected controls. However, this 
does not indicate a failure to transmit spCJD, as vacuolar degenera- 
tion typical of TSE infection was seen in the b 
dying with intercurrent disease in all six experiments, fro 
400 days after challenge. This pathology has so far been 
of the 156 mice surviving beyond 500 days after inj 
brain was available for histopathological scrutiny. Nqi:s 
have been seen in the control mice of any, age in this’ set 01 
experiments, or in mice of the same strains injected with human 
brain homogenates from patients with amyo@o@ic lateral sclerosis 
or laryngeal carcinoma in a previously study”. Western blot and 
immunohistochemical analyses have demonstrated the accumula- 
tion of PrPrCd in selected brains showing vacuolar pathology, con- 
firming successful transmissionof a TSE from all six spCJD sources. 

A f;;ll analysis of the pathology in recipient n&e in spCJD 
transmissions will be presented when these experiments are com- 

iw- 

w . . 
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0 
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plete, but already several points can be made. Vacuolar degeneration 

.=I! has been seen in all four mouse strains. This pathology differs in 
severity between individual mice, but shows a consistent pattern 

0= between mouse strains and between spCJD sour&s. The earliest 
pathology is seen consistently in the superior colliculus and olfac- 
tory tract. In brains showing more widespread vacuolation there is 
also prominent involvement of the cerebral cortex, thalamus, 
hypothalamus, caudate nucleus and optic tract, a distribution 
unlike that seen in BSE transmissions to mice. As an illustration, 

loo 200 Jo0 4ocl so0 6w 700 so0 
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Fig. 2e shows the lesion profiles for RI11 mice killed with inter- 
current disease or culled between 500 and 750 days after challenge 
with two spCJD sources (a farmer and a contemporary case). 

Figure 3 Survival curves for mice foiloW,ngl tr,aqmisston of sponglform 
encephalopathies Survival curves are fgr,femble GII, mice in transmlsslons of: 
a. spCJD from cases wrth no known occu&lional exposure to BSE; b. spCJD from 
two farmers and vCJD from thrae$O&qces; Bnd c. BSE from the hrst two cattle 
sources and FSE from two catsi ~,,Qs$nction is made between mice dying with 

m&&dying with intercurrent disease. Deaths up 
of which were related to inJectIon trauma, are 

*and for selected mice in all three experiments by the 
ation of relatively protease-resistant isoforms of PrP 

(PrP”) in western blots of brain extracts and pathological accu- 
mulations of PrP in immunostained brain sections. 

The neuropathology in clinically affected RI11 mice with vCJD 
was also similar to that seen in RI11 mice with BSE, consisting of a 
mild-to-moderate grey-matter vacuolation of the hypothalamus, 
medulla oblongata and septum, and a more severe vacuolation of 
the cochlear nucleus. Arnyloid plaques were not a prominent feature 
of this pathology. The lesion profiles in RI11 mice for the three 
sources (Fig. 2d) were very similar to each other and also to those in 
:ransmissions to RI11 mice of BSE (Fig. 2b), TSEs of cats and exotic 
vminants (Fig. 2c), and experimental sheep, goat and pig BSE”‘, 
>ut differed markedly from those seen in transmissions from sheep 
Nith natural scrapie (Fig. 2a). Although results are so far only 
ivailable for the RI11 mouse strain, the striking similarity between 
rCJD and BSE in these mice, in terms of both incubation periods 
md pathology, is in itself strong evidence that the same strain of 
tgent is involved in vCJD and BSE. 

In contrast to the results with the vCJD sources, no clinical signs 
)f neurological disease have yet been seen in any mice in the six 
ransmissions of spCJD, although they have been in progress for 
xtween 600 and 800 days. Figure 3 shows survival curves for RI11 

Although these protiles are not based on animals at the clinical 
endpoint of the disease, they clearly show a similarity in lesion 
distribution between the two sources of spCJD, and a difference 
between these sources and vCJD or BSE, particularly in scoring area 
3, the superior colliculus. The results of these transmissions there- 
fore provide no evidence of a link between CJD in dairy farmers and 
BSE. 

A series of transmissions to mice of spCJD and familial human 
TSEs associated with mutations in the PrP gene have been reported 
in Japan15. Although different mouse strains were used in the 
Japanese series, the results for transmissions of spCJD from 129- 
methionine sources were broadly similar to ours in that transmis- 
sion was achieved from all sources and mean incubation periods in 
recipient mice were long (573-863 days)15. Transmissions of the 
familial TSE Gerstmann-Straussler-Scheinker syndrome (GSS) 
were achieved from only one-third of the sources tested, but the 
mean incubation periods in successful transmissions were relatively 
short (237-5 17 days)“. Although some of these incubation periods 
were quite close to our results for vCJD in RI11 mice, the pathology 
in mice with GSS was strikingly different as it included a prominent 
vacuolation of white-matter tracts’*. The Japanese workers also 
reported the transmission of another human Bunihal TSE, fatal 
familial insomnia (FFI), with a mean incubation period of 455 days 
in recipient mice I7 The pathology in mice with FFI was indis- . 
tinguishable from that in mice with spCJD in the Japanese series, 
apart from there being a more pronounced involvement of the 
thalamus. 

Our results highlight several fundamental features of the TSEs 
previously established using experimental isolates’“. The consis- 
tency in transmission properties shows that the agent must interact 
with genetic factors in the host to control the timing and neuro- 
pathology of the disease with extraordinary precision. Different 
strains of agent (spCJD, vCJD) can be isolated from hosts with the 
same PrP amino-acid sequence (in this case, patients with the 129- 
methionine genotype) but, conversely, the same strain of agent can 
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be detected in hosts with different PrP sequences (so far the BSE 
‘signature’ has been seen in transmissions from eight different 
specie?). This clearly indicates that TSE agents carry some form 
of information that specifies strain-specific properties, but the 
molecular basis of this information is still a matter for speculation4. 

It has been reported that vCJD can be distinguished from spCJD 
by the relative prominence of differently glycosylated forms of PrP’” 
and the molecular size of the unglycosylated form’*. Samples from 
dairy farmers with CJD have given glycoform ratios resembling 
those from other cases of spCJD19. A similarity in glycoform 
patterns between vCJD and BSE has been presented as evidence of 
a link between the two”. However, a ‘BSE-like’ glycoform pattern 
has also been seen for experimental scrapie isolates that are 
unrelated to BSE*’ and for FFI in humans*‘. Therefore, although 
the analysis of PrP diversity provides a useful supplement to strain 
typing in mice, it is premature to draw conclusions concerning 
causative links between TSEs in different species on the basis of 
glycoform-ratio analysis alone. A full analysis of glycoform patterns 
in the present series of transmissions will be reported in due course. 

In conclusion, strain typing based on transmission to mice has 
shown: that vCJD is caused by the same strain of agent that has 
caused BSE, FSE and TSEs in exotic ruminants; that vCJD is 
distinguishable from spCJD; and that CJD in two dairy farmers is 
of the spCJD type and is not linked to the causative agent of BSE. 
Epidemiological surveillance continues to indicate that vCJD is a 
new condition occurring almost exclusively in the UK. Our trans- 
mission studies, in combination with the surveillance data, provide 
compelling evidence of a link between BSE and vCJD. 0 

Mathcde 
CJD inocula. The CJD challenge experiments were the first to be undertaken 
within a new category 3 containment facility at the Neuropathogenesis Unit in 
Edinburgh, in an environment in which no TSE-infected materials had been 
handled previously. New dedicated glasswaqe aad,instruments were autoclaved 
at 136 “C for 1 h before use. Brain sam@es for transmission were collected, as far 
as possible, from areas showing max@uq.pathology, and stored at -20°C. 
Samples were homogenized at@6~w/v) concentration in sterile physiological 
saline and stored at -2O”C, &fore homogenization of each sample, sterile 
physiological saline wasqm thr&gh the homogenizer and other glassware and 
Frozen for later J of the appropriate control group. For injection, 
hawed homoge .resuspended by being drawn repeatedly through a 

ee inbred mouse strains and one cross were 
657BL and RI11 (both of the Sin?’ or Pm-p* genotype), VM 

,~t’Prn-pb genotype), and the F, cross between C57BL and VM’=‘. 
ups of approximately 20 mice of each strain were injected by a combination 

>f the intracerebral(20 4) and intraperitoneaJ(lO0 4) routes under halothane 
maesthesia. For each transmission, six mice of each strain were injected with 
he appropriate saline sample by the same routes. Groups of uninjected control 
nice were also included. Mice were coded, examined daily throughout their 
ifespan, and formally scored for signs of neurological disease from 250 days 
lfter injection. Mice showing definite signs for two consecutive weeks were 
d&d and incubation periods calculated as the interval between injection and 
his standard clinical endpoinp. All other mice were maintained to full 
ifespan. apart from small numbers culled at 700-750 days post-injection, to 
Ivoid loss of pathological material. 
+iatopathologlcal and protein analyaia. At post-mortem, a lateral third of 
rch mouse brain was dissected aseptically and frozen at -20°C for protein 
analysis and further passage. The remaining two-thirds of each brain was 
mmersion fmed in 10% form01 saline for 4 days, treated with 98-100% formic 

lcid for 1 h to inactivate infectivity, and fixed in form01 saline for a further 2 
lays. The brains were trimmed at standard coronal levels and paraffin 
Tnbedded. Haematoxylin and eosir-stained sections 6pm thick were 
mpared, randomly mixed with others from BSE, FSF., sheep scrapie and 
nouse-passaged scrapie transmissions, and coded for pathological assessment. 
IacuoJar changes were scored in nine grey-matter and three white-matter areas 
If brain for the construction of lesion profiles, as described”. PIP in brain 

sections was immunastained using a polyclonal antibody to mouse PrP, lA8 
(ref. 25), according to a published protocol? SDS-polyaqlamide gel electro- 
phoresis and western blot analysis of brain tissue went used to confirm the 
presence of Pry (ref. 18). 
Animal TSE transmiaaionr. The CJD transmissions were compared with 
transmissions of TSEs from cattle, sheep, domestic cats, a greater kudu and a 
nyala; the results of some of these animal TSE transmissions have 
in previous publications56d. The design of these experiments was id 
that in the CJD transmissions, except that the source material from 
greater kudu and the nyala was formol-fixed brain. Because tra&i 
fixed tissues have resulted in prolonged incubation periods’,p&aL$owing to 
loss of titre, the incubation period and survival data from these three 
transmissions are not included in Figs 1 and 3. However, as the pathology in 
experimentally infected mice is unaffected by the dose ofTSE challenge, lesion 
profile data from the kudu and nyala transrnissiodo are included in Fig. 2. 
Statiatkal analyaas. Statistical analyses were performed using the software 
package Stata, version 5.0. Kaplan-Me&r survival curves were plotted and 
differences in survival between mice inoculated with material from different 
sources were compared using the log-rank testi’. principal components 
analysis= was used to calcubte summary measures of lesion profiks and to 
examine graphicaJly the ‘closeness’ of the lesion pro&s from different 
transmissions. This statistical analysis was in complete agreement with the 
subjective judgement of ‘closeness’ described in the text and wilJ be documen- 
ted in detail in a future publication. 
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