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The r e  is g r ow i ng  conce r n  that bov i ne  spong i f o rm encepha l opa thy  
( B S E )  m a y  have  passed  f r om catt le to humans .  W e  repor t  h e r e  that 
t ransgen ic  (Tg )  m i c e  exp ress i ng  bov i ne  ( B o )  p r i on  p ro te in  (P tP )  
ser ia l ly  p r opaga te  B S E  p r i ons  a n d  that the re  is n o  spec ies  ba r r i e r  for 
t r ansmiss ion  f r om catt le t pTg (BoP rP )  m ice .  These  s a m e  m i ce  we r e  
a l so  h i gh ly  suscept ib le  to a  n e w  var ian t  of Creutz fe ld t -Jakob 
d i sease  ( nvCJD)  a n d  na tu ra l  s h eep  scrap ie . .The i ncuba t i on  tim e s  
( - 250  days) ,  neu ropa tho l ogy ,  a n d  d i sease -caus i ng  P r P  i so fo rms in  
T g ( B o P r P ) P r n p ”‘o  m i c e  i nocu la ted  wi th nvCJD a n d  B S E  b ra i n  ex -  
tracts we r e  i nd is t i ngu ishab le  a n d  d i f fe red d ramat ica l l y  f r om those  
s een  in  these  m i c e  in jec ted wi th na tu ra l  sc rap i e  pr io rs.  O u r  f ind-  
i ngs  p r ov i de  the mos t  compe l l i n g  ev i dence  to da te  that p r i ons  f r om 
catt le wi th B S E  have  in fected h u m a n s  a n d  caused  fatal n eu r o de -  
gene ra t i on .  

T  h e r e  is g r o w i n g  c o n c e r n  that  b o v i n e  spong i f o r t n  e n c e p h a -  
l o pa t hy  ( B S E )  m a y  h a v e  p a s s e d  f r om catt le to  h u m a n s ,  

r esu l t i ng  i n  - 5 0  cases  of  a n  atyp ica l ,  n e w  va r i an t  o f  Creu tz fe ld t -  
J a k o b  d i s e ase  ( nvCJD )  i n  t e e n a g e r s  a n d  y o u n g  adu l t s  ( l -4 ) .  
Ep i d em i o l o g i c a l  f i nd i ngs  (2 ,  4 ) ,  g e l  e l ec t r opho res i s  o f  t he  p r i o n  
p r o t e i n  ( P r P )  (5 ) ,  a n d  t r ansmiss ions  to  i n b r e d  m i ce  (6 ,  7 )  a n d  
p r ima tes  ( 8 )  h a v e  e a c h  r a i s ed  t he  poss ib i l i ty  o f  a  l ink b e t w e e n  
B S E  a n d  nvCJD.  

M o r e  t h a n  1 7 5 , 0 0 0  catt le, p r imar i l y  da i r y  cows,  h a v e  d i e d  o f  
B S E  o ve r  t he  pas t  d e c a d e  (9 ) .  H o w  m a n y  m o r e  cat t le w e r e  
e x p o s e d  to  B S E  p r i o ns  bu t  s l a u gh t e r e d  b e f o r e  d e v e l o p i n g  c l in -  
ica l  s i gns  is unce r t a i n  ( 10 ) .  G i ven  t he  eno rm i t y  o f  t he  a f fec ted  
catt le p o pu l a t i o n  i n  t he  Un i t e d  K i n g d o m ,  a  m e a n s  of  assess i ng  
r isk to  t he  h u m a n  p opu l a t i o n  is p a r a m o u n t  (9 ) ,  a n d  m o r e  
sens i t i ve  m e t h o d s  fo r  de tec t i on  o f  p r i o ns  a r e  u r gen t l y  n e e d e d  
( 11 ) .  T h e  m a g n i t u d e  of  t he  po ten t i a l  r isk to  t he  h u m a n  p o p u -  
l a t i on  is stil l specu la t i ve ,  bu t  t he  d e a t h  r a t e  f r om n vCJD  p e r  y e a r  
h a d  r e m a i n e d  app r ox ima te l y  cons tan t  unt i l  recent ly ,  w h e n  a  
d i squ ie t i ng l y  h i g h  n u m b e r  o f  d e a t h s  f r om t he  d i sease ,  a  tota l  o f  
n i n e  n e w  cases ,  w a s  r e p o r t e d  i n  t he  last q ua r t e r  o f  1 9 9 8  (4 ) .  
A l t h o u g h  it is no t  yet  k n o w n  w h e t h e r  th is t r e nd  wi l l  con t i nue ,  t he  
poss ib i l i ty  that  a  l a r g e  sec t i on  o f  t he  p opu l a t i o n  is a t  h i g h  r isk 
mus t  b e  se r i ous ly  en te r t a i ned .  

In  assess i ng  th is po ten t i a l  r isk, it is g ene r a l l y  a s s u m e d  that  
h u m a n s  w o u l d  bene f i t  f r om s o m e  d e g r e e  of  p ro tec t i on  f r om 
e x p o s u r e  to  B S E  p r i o ns  b e c a u s e  of  t he  “spec i es  ba r r i e r . ” Th is  
t e rm re fe rs  to  t he  re la t i ve  lack of  s uscep t i b imone  spec i es  to  
p r i o ns  d e r i v e d  f r om a n o t h e r  spec i es  ( 12 ) .  T r a nsgen i c  m i ce  
exp r ess i n g  P r P  t r a n sgenes  h a v e  conc lus ive ly  s h o w n  that  t he  P r P  
g e n e  is t he  p r ima ry  de t e rm i nan t  con t ro l l i ng  suscept ib i l i ty  to  
f o r e i gn  p r i o ns  ( 1 3 - 18 ) .  K nockou t  o f  t he  e n d o g e n o u s  m o u s e  P r P  
g e n e  ( 1 9 )  h a s  fac i l i ta ted t h ese  s tud ies  i n  s o m e  i ns tances  ( 20 ) .  
T r a nsgen i c  m i ce  exp r ess i n g  h u m a n  (Hu )  P r P  w i th  t he  V 1 2 9  
p o l ymo r p h i sm  d e s i g n a t e d  T g ( H u P r P ) 1 5 2 / P r n p 0 ’o  m ice  ( 2 1 )  
h a v e  b e e n  r e p o r t e d  to  b e  suscep t i b l e  to  h u m a n  n vCJD  p r i ons ,  
w i th  i n cuba t i o n  p e r i o d s  of  - 2 2 0  d ays  a n d  2 5 / 5 6  ( n / no )  a n ima l s  
d e v e l o p i n g  d i s e ase  (7 ) .  T h e  T g ( H u P r P ) 1 5 2 / P r p O  m ice  w e r e  
no t  suscep t i b l e  to  B S E : l o / 26  m i ce  r epo r t ed l y  s h o w e d  s i gns  of  
n e u r o l o g i c  d i s e ase  - 6 0 0  d ays  a f te r  i nocu l a t i on  bu t  n o  d i s ease -  
c aus i n g  i so fo rm of  P r P  (P rPsc )  w a s  f ound .  In  cont rast ,  P r n pO f l ’ 

m i ce  exp r ess i n g  b o v i n e  P r P  t r a n sgenes  ( B o P r P )  w e r e  h i gh l y  
suscep t i b l e  to  B S E  p r i ons ;  1 0 0 %  of  t he  m i ce  b e c a m e  ill a t  - 2 5 0  
d ays  a f te r  i nocu l a t i on  w i th  B S E  p r i o ns  ( 13 ) .  T h e  T g ( B o P r P ) -  
P m p ”mm ice  fa i thfu l ly r e p r o d u c e d  t he  ha l lma rks  of  B S E  i n  catt le: 
n e u r o p a t h o l o g y  a n d  accumu l a t i o n  o f  P rPsc  w e r e  con f i n ed  l a r ge l y  
to  t he  b r a i n s t em  (13 ,  22 ,  23 ) .  Fu r t he rmo re ,  P r P  f r agmen ts  
i den t i f i ed  a f te r  l im i ted p ro teo ly t ic  d i ges t i on  o f  P r P ” i n  t he  
b r a i n s  o f  T g ( B o P r P )  m i ce  w e r e  i nd i s t i ngu i shab l e  f r om t hose  
f o u n d  i n  b r a i n s  o f  cat t le  af f l ic ted w i th  B S E  (13 ) .  

Ma te r i a l s  a n d  M e t h o d s  
Sou r c es  of B S E  l nocu l a  a n d  l abo ra to ry  An ima l s .  Mice  u s e d  i n  th is 
s tudy  a n d  p r ima ry  t r ansmiss ions  of  t he  P G 3 1 /90  a n d  G J 2 4 8 / 8 5  
B S E  iso la tes  to  T g ( B o P r P ) 4 1 2 5 / P m p ’/O  a n d  F V B  m ice  w e r e  
p rev i ous l y  d e sc r i b e d  ( 13 ) .  O the r  B S E  iso la tes  w e r e  o b t a i n e d  
f r om J o h n  W i lesmi th  a t  Cen t r a l  Ve t e r i n a r y  L a bo r a t o r y  W e y -  
b r i d ge .  S a m p l e s  f r om n vCJD  pa t i en ts  w e r e  o b t a i n e d  t h r o u g h  t he  
U.K.  Na t i ona l  CJD  Su rve i l l a nce  Uni t .  S h e e p  sc r ap i e  iso la tes  
( 2 4 )  h a v e  b e e n  d esc r i b e d  e l s e w h e r e  excep t  t he  O r e o  a n d  T 9 7 -  
1 4 3 7  iso la tes,  wh i c h  w e r e  a  g e n e r o u s  gift f r om Pa t  B l a n c h a r d  
(Un iv .  o f  Ca l i fo rn ia ,  Dav is ) .  

Prepa ra t i on  of B r a i n  Homogena t e s  a n d  De te rm ina t i on  of B S E , nvCJD,  
a n d  Sc r ap i e  Incubat ion  Pe r i ods .  B r a i n  h o m o g e n a t e s  [ lo%  (wt/vo l )  
i n  s ter i le  P B S  w i thou t  C a  o r  Mg ]  w e r e  p r e p a r e d  b y  u s i n g  a  ster i le  
d i s p osab l e  t issue g r i n d e r  ( S a g e  P roduc ts ,  Crysta l  L ake ,  IL).  
I nocu l a t i on  o f  3 0  ~ 1  of  a  1 0 %  h o m o g e n a t e  w a s  ca r r i e d  ou t  w i th  
a  2 7 - g a u g e  d i s p osab l e  h y p o de rm i c  n e e d l e  i nse r t ed  in to  t he  r i gh t  
pa r i e ta l  l obe .  A fter i nocu la t i on ,  t he  status o f  t he  m i ce  w a s  
mon i t o r e d  da i ly ,  wh i l e  t he  n eu r o l o g i c  s tatus w a s  a ssessed  sem i -  
week l y  a s  p rev i ous l y  d e sc r i b e d  ( 16 ,  25 ) .  M i ce  w e r e  s c o r e d  
pos i t i ve  fo r  p r i o n  d i s e ase  w h e n  two  o r  t h r e e  s i gns  of  n e u r o l o g i c  
dys func t i on  w e r e  p r e sen t  a n d  p r og r ess i v e  de te r i o r a t i on  o f  t he  
an ima l s  w a s  a p p a r e n t  b y  u s i n g  1 6  d i agnos t i c  c r i te r ia  p r ev i ous l y  
d e sc r i b e d  ( 14 ,  16 ,  25 ) .  

Wes te r n  Blot t ing.  Und i g e s t e d  con t ro l  s amp l e s  c on t a i n e d  a p p r o x -  
imate ly  5  p g  o f  tota l  p ro te i n .  S a m p l e s  that  w e r e  d i g es t ed  w i th  
p r o t e i n ase  K  c on t a i n e d  t he  equ i va l en t  o f  2 5  p g  of  u n d i g e s t e d  
tota l  p r o t e i n  a n d  w e r e  d i l u t ed  i n  P B S  con t a i n i n g  2 %  s o d i u m  
sa rcos i na te  immed i a t e l y  b e f o r e  d i ges t i on .  P r o t e i n a se  K  ( 5 0  
pg /ml ;  B o e h r i n g e r  M a n n h e i m )  w a s  a d d e d  a n d  s amp l e s  w e r e  
i n c uba t e d  at  3 7 ° C  fo r  1  h .  T h e  r eac t i on  w a s  t e rm i na t ed  b y  
add i t i o n  o f  Pe f a b l o c  ( B o e h r i n g e r  M a n n h e i m )  to  1  mM.  Und i -  
g e s t e d  con t ro l  a l i quo ts  w e r e  a d d e d  immed i a t e l y  to  s a m p l e  
buf fe r .  A n  e q u a l  v o l u m e  of  2 ~  S D S  s a m p l e  bu f fe r  con t a i n i n g  

Abb rev i a t i ons :  8 % .  b ov i n e  spong i f o rm  encepha l opa t hy .  nKJD .  n e w  vanan t  Creut r fe ld t -  
J acob  dwase ;  sCJD, spo rad i c  CJD; P rP ,  p r io r i  p ro te in ;  Tg,  t r an rgemc;  E o P r P .  b o v m e  p n o n  
p ro te in ;  P r P ?  d isease -caus ing  l so fo rm of P r P ;  H u P r P .  h u m a n  P r P .  

To  w h o m  rep rmt  requests  shou l d  b e  add ressed  at: hx. twte for  Neu r odegene r a twe  
D iseases,  Depa r tmen t  of  Neu ro l ogy ,  B O X  0518 ,  Un ivers i ty  of  Ca l i fo rnka.  S a n  F ranc~xo ,  C A  
941430518 .  E -ma i l .abbot tO i tsa .uc r f .edu.  

The  pub l i ca t i on  costs of  th is ar t ic le  we r e  de f rayed  i n  pa r t  by  p a g e  cha rge  paymen t  Th is  
ar t ic le  mus t  the re fo re  b e  he reby  ma r ked  “advertrxement” MI  acco rdance  w n h  1 8  U .S .C  
1 1 734  so le ly  to md ica te  th is fact. 
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Table 1. Susceptibility of transgenic mice to BSE, nvCJD, and sheep scrapie prions 

Incubation time, 
Original source lnoculum days (n/no) 

BSE PG31/90 234 2 8.3 (lo/lo) 
BSE PG31/90 -+Tg(BoPrP)E4125 217 I! 6.1 (15/15) 
BSE GJ248/85 265 k 22.6 (8/8) 
BSE GJ248/85 +Tg(BoPrP)E4125 257 t 6.6 (15/15) 
BSE SE1809/11 254 + 6.7 (919) 
BSE 97/1612 220 -c 7.8 (lo/lo) 
BSE 9711997 227 k 5.4 (5/6) 
nvCJD RU96/02 271 % 6.1 (S/6) 
nvCJD RU96/07 274 2 5.8 (lo/lo) 
nvCJ0 RU96/110 247 2 4.3 (8/S) 
Suffolk sheep scrapie Ewe 15 234 t 55.4 (3/7) 
Suffolk sheep scrapie Ram 139 215 ? 7.3 (8/8) 
Suffolk sheep scrapie Ewe 340 206 2 5.5 (8/8) 
Suffolk sheep scrapie Oreo 203 -t 5.4 (6/10) 
Suffolk sheep scrapie T97-1437 245 2 15.9 (4/S) 
BSE PG31/90 + FVB >540 (O/10) 

Incubation times are presented as mean 2 SEM forTg(BoPrP)4125/Prnp”~o mice. The numbers in parentheses 
are the ratio of animals scored sick expressed as a fraction of the total animals. 

125 mM Tris-HCl at pH 7.4,4% SDS, and 20% (vol/vol) glycerol 
was added to all samples and each was boiled for 5 min before 
loading on an SDS/ll% polyacrylamide gel. The anti-PrP 
monoclonal antiserum hH4 (Prionics, Zurich, Switzerland) was 
used at a 1:2000 dilution for Western immunoblotting. Proce- 
dures for immunoblotting and development using the Amersham 
enhanced chemiluminescence (ECL) system have been de- 
scribed (16). 

Neuropathology, PrP lmmunohistochemistry. and Histoblot Analysis. 
Brain tissue was immersion fixed in 10% buffered formalin 
solution after the animals had been sacrificed. The brains were 
embedded in paraffin, and histological sections were prepared 
and stained with hematoxylin and eosin (H&E) for evaluation of 
spongiform degeneration. Vacuolation scores were determined 
by a single rater (S.J.D.). The vacuolation score is a semiquan- 
titative estimate of the area of a brain region occupied by 
vacuoles (26). PrP immunohistochemistry of formalin-fixed, 
paraffin-embedded tissue sections was performed by using the 
hydrolytic autoclaving technique (27). Histoblot analysis was 
performed as previously described (28). Immunostaining was 
performed with the PrP-specific rabbit 9095 antiserum (13). 

Results 
BSE Prions Are Not Altered by Serial Transmission in Tg(BoPrP) Mice. 
Although nontransgenic mice seem moderately susceptible to 
BSE prions, a considerable change in incubation period from 
first to second passage is always observed (6, 8). This change is 
indicative of a species barrier (l;!) and is clear evidence that the 
properties, and especially the pathogenicity of the prion, have 
changed during passage. To demonstrate that expression of 
BoPrP abolishes the species barrier for passage of BSE from 
cattle to mice, we have inoculated Tg(BoPrP)4125 /Pmp”/c mice 
with brain homogenate from Tg(BoPrP)4125/Pmp”/0 animals 
that became sick after inoculation with BSE prions. As antici- 
pated, virtually identical incubation periods of -250 days in 
Tg(BoPrP) mice were obtained upon serial transmission of BSE 
(Table 1). A control brain, containing BSE prions that had been 
transmitted directly to normal Prnpa (FVB) mice, failed to 
produce disease after >540 days (Table 1). Together, these 
results show that the properties of BSE prions passaged in Prnp” 
mice, the type most frequently used (6, S), can vary widely, 
depending on the passage history. 
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The fact that the incubation periods of two separate BSE 
isolates were unchanged by serial passage in Tg(BoPrP) mice 
stands in marked contrast to corresponding studies using non- 
transgenic mice (6, 8, 29), where a change in incubation period 
from >300 days to -150 days was typically observed from the 
first to second passage. It is clear from a comparison of the data 
that expression of BoPrP in mice eliminates the species barrier 
for transmission of BSE. 

Efficient Transmission of Variant CJD from Humans to Tg(BoPrP) Mice. 
Prion strain “typing” experiments have been presented as evi- 
dence in favor of the hypothesis that nvCJD is caused by the 
transmission of BSE to humans (5-7). To test this hypothesis, we 
inoculated Tg(BoPrP) mice with nvCJD prions. We reasoned 
that the reintroduction of BSE from humans, i.e., nvCJD, into 
transgenic mice expressing BoPrP might restore the original 
strain properties of the BSE prions. If this transmission were 
negotiated successfully, the newly formed nvCJD prions, which 
would be composed of BoPrPSC, would be indistinguishable from 
native BSE prions. 

Unexpectedly, we found that nvCJD prions readily transmit- 
ted to Tg(BoPrP) mice. Each of three separate cases of nvCJD 
produced an incubation period of 250-270 days on first passage 
(Table l), which was comparable to that obtained with both BSE 
prions from cattle tissue and serially passaged BSE prions 
obtained from Tg(BoPrP) mice (Table 1). We were initially 
surprised that the incubation period obtained was so short 
because the transmission was between species encoding heter- 
ologous PrP. It is important to note that almost 100% of animals 
inoculated developed disease (Table 1) and that the inoculated 
animals exhibited similar incubation periods with a SEM similar 
to that observed with BSE or serially passaged BSE prions 
(Table 1). Furthermore, clinical signs observed in affected 
animals were indistinguishable from those in Tg(BoPrP) mice 
inoculated with serially passaged BSE. These data demonstrate 
that Tg(BoPrP) mice are susceptible to human nvCJD prions. 

Susceptibility of Tg(BoPrP) Mice to Natural Scrapie of Suffolk Sheep. 
It is widely believed that a change in the processing of offal 
implemented in the late 1970s may have allowed scrapie prions 
from sheep to survive rendering and to be passed into cattle (30, 
31). Because studies of natural scrapie in the United States have 
shown that -85% of the afflicted sheep are of the Suffolk breed 
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(32, 33), we tested Tg(BoPrP)IPrnpa’O mice for susceptibility to 
natural scrapie arising in the &&d States in Suffolksheep.We 
found that 5/5 cases of natural Suffolk sheep scrapie, 3 from a 
herd in Illinois and 2 identified from California, transmitted 
disease to Tg(BoPrP) mice (Table 1). Each of the five isolates 
transmitted with a relatively short incubation period of -210 
days, and in two cases 100% of the inoculated animals developed 
disease. Transmission efficiency was high (>60%) in two of the 
other cases, and only one case (ewe no. 15) transmitted relatively 
inefficiently (Table 1). Susceptibility insuffolk sheep is primarily 
governed by the PrP codon 171 polymorphism; only sheep 
homozygous for Gln (Q) at coclon 171 are susceptible to scrapie 
(24, 34, 35). BoPrP contains Q at the position equivalent to 
residue 171 in sheep PrP. Because all of the scrapie sheep inocula 
were also homozygous Q/Q at codon 171, the efficient trans- 
mission of sheep scrapie to Tg(BoPrP) mice is consistent with the 
disposition of this polymorphic residue implicated in controlling 
susceptibility to sheep prions. 

a 

Neuropathology of nvCJD in Tg(BoPrP) Mice Is Indistinguishable from 
That of Serially Passaged BSE but Distinct from That of Scrapie. We 
previously reported that the neuropathological changes of Tg- 
(BoPrP) mice infected with BSE (13) were strikingly similar to 
those previously reported in cattle affected with BSE (36). After 
a second transmission to Tg(BoPrP) mice in the present study, 
the neuroanatomic distribution of vacuolation remained essen- 
tially the same; that is, it was confined largely to the bcainstem 
tegmentum and periaqueductal gray (Fig. 1). Although descrip- 
tion of the habenula was omitted from the earlier study (13), 
significant vacuolation occurred in that structure in both the 
present and previous studies. One neuropathological difference 
was the presence of PrP-immunopositive amyloid plaques, pri- 
marily in the subcallosai region, in the present study and their 
absence in the first passage (Fig. 2C). The plaques fulfilled the 
criteria for amyloid, including binding to Congo red dye, which 
displayed apple-green birefringence in polarized light (data not 
shown). The first passage of nvCJD in Tg(BoPrP)Pmpc/O mice 
resulted in a neuropathological phenotype that was essentially 
identical to that caused by BSE prions. The most intense 
vacuolation with both prion inocula occurred in the tegmentum 
of the pons and midbrain (Fig. 1, BS bar), the periaqueductal 
gray of the midbrain (Fig. 1, PG), and the habenula (Fig. 1, Hb). 
Congophilic PrP-immunopositive amyloid plaques were also 
found in the subcallosal region (Fig. 2E). Very little or no 
vacuolation was identified in other brain regions, including the 
neocortex, hippocampus, hypothalamus, and caudate. 

We were concerned that the highly characteristic and essen- 
tially identical pattern of neuropathology found in Tg(BoPrP) 
mice infected with BSE and nv#CJD could be attributable to an 
unusual property of the host Tg(BoPrP) mice. To test this remote 
possibility, we also evaluated the neuropathological lesions of 
Tg(BoPrP) mice that developed neurologic dysfunction after 
inoculation with sheep scrapie. In these mice, the pattern of 
neuropathology differed markedly; inocula derived from sheep 
scrapie resulted in a mild degree of vacuolation in virtually all 
brain regions and no amyloid plaques (Fig. 2A). The character- 
istics of nonamyloid PrP deposits in Tg(BoPrP) mice inoculated 
with sheep scrapie also differed from those of mice inoculated 
with BSE and nvCJD. Specifically, the nonamyloid PrP deposits 
with the latter were of the coarse type (Fig. 2 D andP), whereas 
they were of the finely granular, “synaptic” type with scrapie 
(Fig. 2B). 

Previous histoblotting studies revealed that Tg(BoPrP) mice 
infected with BSE accumulate PrPSC predominantly in the 
brainstem (13). When the neuroanatomic distribution of PrPSC 
deposition was determined by histoblot analysis (Fig. 3), the 
distribution of PrP% was virtually identical in Tg(BoPrP) mice 
inoculated with either serially passaged BSE or nvCJD prions 

Sheep SC (N=6) 

NC Hp Th Hb Hy Cd BF BS PG 

BSE (Ns9) 

30- 

NC Hp Th Hb Hy Cd BF BS PO 

vCJD (N=5) 

NC Hp Th Hb Hy Cd BF BS PO 

Fig. 1. Vacuolation histograms in Tg(BoPrP)Pmpom mice inoculated with 
BSE, nvCJD, and scrapie prions. The BSE and nvCJD histograms areverysimilar 
and both are different from scrapie (SC). Mean and standard deviations are 
shown. NC, neocortex; Hp. hippocampus; Th, thalamus; Hb, habenula; Hy, 
hypothalamus; Cd, caudate nucleus; BF, basal forebrain; BS, pontine and 
midbrain tegmentum; PG. periaqueductal gray. N = the number of animals 
analyzed. 

and was dramatically different after inoculation with scrapie 
prions. The vacuolation profiles with each prion inoculum 
correlated well with the PrP* distribution profiles. Common to 
all three inocula was a uniformly moderate degree of vacuolation 
in the brainstem tegmentum and periaqueductal gray that cor- 
responded to intense immunostaining for PrP” in the same 
regions (compare Figs. 3 B, D, and F). A moderate degree of 
vacuolation found in the habenula in Tg(BoPrP) mice inoculated 
with BSE and nvCJD also correlated with intense PrPsc immu- 
nostaining (Fig. 3 C and E), whereas there was very modest 
vacuolation in the habenula of mice inoculated with scrapie 
prions, a result consistent with the lower intensity of PrPSc 
staining observed (Fig. U)- There was a generalized mild 
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Fig. 2. Amyloid plaques in Tg(BoPrP)Pmp” mice inoculated with BSE and 
nvCJD prions. Subcallosal PrP-immunopositive amyloid plaques (Cand EJ and 
coarse nonamyloid PrP deposits (D and 0 are characteristic of BSE (C and D) 
and nvCJD (E and R and not of scrapie (A and f?). Staining was performed as 
described in Materials and Methods. (Bar in F = 25 m.) 

vacuolation of many brain regions in mice inoculated with 
scrapie that correlated with weak, diffusely homogenous PrPSC 
immunostaining. In contrast, PrPSC immunostaining in mice 
inoculated with BSE or nvCJD tended to be punctate in many 
regions, in agreement with the markedly variable and inconsis- 
tent pattern of vacuolation that we found by histopathoiogical 
analysis. Together, the foregoing results establish that nvCJD 
and BSE produce an identical disease in Tg(BoPrP) mice, and 
that nvCJD prions appear to have retained the potential to 
regenerate authentic BSE prions upon retransmission to animals 
expressing BoPrP. 

Convergent Molecular Properties of nvCJD and BSE Prions in Tg(BoPrP) 
Mice. Assessment of the size of the deglycosylated, protease- 
resistant fragment has been used to argue that strain-specific 
properties of prions are enciphered in the conformation of PrPSC 
(37,38). The relative amounts of di- and monoglycosylated PrP* 
have been used to characterize prion strains (5, 39) but the 
efficacy of this approach is questionable (40, 41). Both the size 
of the unglycosylated PrP sc after limited proteolysis and the 
relative amount of diglycosylated PrPsc were similar in nvCJD 
and BSE samples before and after passage to Tg(BoPrP)Pmpam 
mice. Predominance of diglycosylated PrPsc and the apparent 
size of the PrP fragments were indistinguishable when bovine 
PrPsc present in bovine brain (Fig. 4, lane 2) was compared with 
first- (Fig. 4, lanes 3 and 4) or second-passage BSE (Fig. 4, lanes 
5 and 6) or f irst-passage nvCJD (Fig. 4, lanes 7 and 8) in 
Tg(BoPrP)Pmpam mice. The amount of diglycosylated PrPSC and 
size of the PrP fragments were also identical to those found in 
human nvCJD (Fig. 4, lane 10). In all cases, the size of the 
unglycosylated PrPsc was -19 kDa, strikingly smaller than the 
=21-kDa fragment found in human sCJD (Fig. 4, lane 9). The 
amount of diglycosylated PrPSiz was substantially less in sCJD 
compared with BSE and nvCJD, as previously reported (5). 
From these data, it seems clear that a single passage of nvCJD 
prions from humans to Tg(BoPrP) mice was sufficient to pro- 
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Fig. 3. Regional distribution of PrPsC in the brains of Tg(BoPrP) mice inocu- 
lated with BSE prions. The neuroanatomic distribution of protease-resistant 
PrPSC was virtually identical in Tg(BoPrP)PmpW mice inoculated with BSE (C 
and D) and nvCJD (E and FJ prions but different from that found in mice 
inoculated with sheep scrapie (SC) prions (A and 3). The distribution of PrPSC 
correlates well with the vacuolation scores in Fig. 1. A, C, and E are coronal 
sections of the cerebral hemispheres at the level of the thalamus and hip- 
pocampus. 6, D, and Fare coronal sectionsthrough the pons and cerebellum. 
Am, amygdala; CC granule cell layer of cerebellar cortex; Hb. habenula; Hp. 
hippocampus; Hy, hypothalamus; IC, internal capsule; NC, neocortex; N7. 
facial nerve; Py, pyramidal tract; 55, spinal tract of trigeminal nerve; Th, 
thalamus; 21, zona incerta. 

duce a disease that is in all respects indistinguishable from that 
produced by BSE prions, and the conservation of the 19-kDa 
protease-resistant fragment size upon passage of nvCJD to 
Tg(BoPrP) mice argues that the conformation of the prion may 
be maintained during propagation from the HuPrP to BoPrP 
background (37,38). 

It is notable that our findings presented here contrast with the 
results of many studies demonstrating that prion strain proper- 
ties are frequently altered during passage between hosts encod- 
ing PrP of different sequence (42,43). It is not yet clear whether 
the apparent stability of the nvCJD prion strain upon transmis- 
sion from humans to Tg(BoPrP) mice reflects an intrinsic 
susceptibility of animals expressing BoPrP to foreign prions or 
whether this is a property of this particular prion strain. 

Discussion 
BSE and nvCJD Prions in Tg(BoPrP)Prnpa’o Mice. The demonstration 
that there is no significant difference in incubation period when 
Tg(BoPrP) mice are inoculated with either bovine brain or 
Tg(BoPrP) mouse-passaged BSE prions confirms that these 
animals seamlessly and precisely transmit BSE prions, with no 
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Fig.4. Characterization of PrPScfragments by immunoblot. Western blotsof 
PrP in brains fromlg mice inoculated with BSE. nvCJD, and sporadic CJD (SOD) 
prions. Lane 1, undigested PG31/90 BSE brain. Lane 2, PG31/90 BSE brain 
control. Lanes 3 and 4, Tg(BoPrP)4125/Prnp O/O mice clinically ill after inocula- 
tion with BSE inocula PG31/90 and GJ248/85. respectively. Lanes 5 and 6, 
Tg(BoPrP)4125/Prnp”/o mice clinically ill after inoculation with PG31/90 and 
GJ248/85, respectively, after a single serial passage in’ Tg(BoPrP)4125/Prnp”/o 
mice. Lanes 7 and 8, Tg(BoPrP)4125/Pmp”/o mice clinically ill after inoculation 
with prions from nvCJD patient RU96/02. Lane 9, SOD, patient RG. Lane 10, 
nvCJD patient RU96/02. A is an exposure selected to clearly show differences 
in the PrP glycoform ratios. 8 is a longer exposure of lanes 7-10, selected to 
make the lower molecular weight unglycosylated fragment more evident. 

detectable alteration of strain or species-specific properties 
attributable to the host animal. ‘This result supports our assertion 
that Tg(BoPrP) mice represent the best rodent model available 
for detecting BSE prions (13). In contrast, studies with non- 
transgenic mice demonstrate differences in incubation period 
between first and second passage and between strains of inbred 
mice (h, 29,44). Whereas it is apparent from the extreme change 
in incubation period between first and second passage that 
mouse-passaged BSE is significantly more pathogenic in inbred 
mice than BSE prions of bovine origin, the same critique cannot 
be made of BSE prions passaged in Tg(BoPrP); these retain their 
original pathogenicity. By obviating the species barrier, expres- 
sion of BoPrP allows detection of BSE prions from cattle with 
maximal possible efficiency. In the future, it may prove possible 
to create transgenic mice that express modified BoPrP, eliminate 
the species barrier, and provide even shorter incubation periods. 
However,  until such mice are available, Tg(BoPrP) mice repre- 
sent the best rodent model for BSE. 

The extreme susceptibility of Tg(BoPrP)PrnpoR mice to BSE 
is not unexpected, but their susceptibility to both sheep scrapie 
and human nvCJD prions was surprising (Table 1). Paradoxi- 
cally, nvCJD prions have been found to transmit relatively 
inefficiently to Tg(HuPrP) mice (7) and also display protracted 
incubation periods (-500 days) in Tg(MHu2M)Prnp”/D mice 
(J. A. Mastrianni, G. Telling, P. Parchi, M. Torchia, P.T., P. 
Bosque, D. Groth, J.I., R. Gabizon, P. Gambetti, et al., unpub- 
lished results). While the incubation period for sCJD prions in 
Tg(MHu2M)Prnpn’a mice remained -200 days on serial passage 
(17), the incubation time for nvCJD prions decreased from more 
than 560 days to -240 days on second passage (J. A. Mastrianni, 
er al., unpublished results). In contrast to BoPrP, which can 
readily adopt the appropriate PrPScconformation representative 
of the BSE/nvCJD strain and thereby allow efficient transmis- 
sion, neither chimeric MHu2M PrP nor HuPrP is so readily 

transformed into PrPSc. Determining the molecular basis un- 
derlying these findings may prove important in advancing our 
understanding of prion replication and development of im- 
proved Tg mice for bioassay of human prions (17). 

Exploring the Origins of BSE and nvCJD. We have demonstrated that 
nvCJD prions assume an identity indistinguishable from that of 
BSE prions after a single passage in Tg(BoPrP) mice. Incubation 
periods obtained after inoculation of human nvCJD brain tissues 
into Tg(BoPrP) mice were remarkably similar to those obtained 
after inoculation with BSE prions obtained from either bovine 
brain or Tg(BoPrP) mice, and clinical signs of disease were 
indistinguishable. Neuropathological analysis revealed the same 
distribution of spongiform degeneration, and both the appear- 
ance and localization of amyloid plaques and the regional 
distribution of PrPsc were identical when Tg(BoPrP) mice were 
inocnlated with nvCJD and serially passaged BSE. In addition, 
unglycosylated, protease-resistant PrPSc remained 19 kDa 
through multiple passages of BSE prions. Moreover, the pre- 
dominance of the digiycosylated fragments also remained un- 
changed on passage of either BSE or nvCJD prions. Thus, by all 
available criteria, nvCJD and BSE are the same when passaged 
in Tg(BoPrP) mice. 

That human nvCJD prions so precisely duplicate the proper- 
ties of native bovine BSE prions in their behavior on transmis- 
sion to Tg(BoPrP)Pmp”‘” mice creates a compelling argument 
for an etiologic link between BSE and nvCJD. Although earlier 
proposals of an etiological link between BSE and nvCJD were 
disquieting (2, 4-8), the investigations reported here raise 
greater concern that a large section of the United Kingdom 
population may be at considerable risk. 

Whereas it now seems clear that nvCJD arose through expo- 
sure of humans to BSE, the origins of BSE remain obscure. One 
possibility is that scrapie prions from sheep may have survived 
rendering and passed to cattle via a dietary supplement (30,31.). 
An experimental isolate of scrapie of sheep and goats was fed to 
cattle but produced illness substantially different from BSE (45). 
More recently, when scrapie from Suffolk sheep was passaged to 
cattle, it was found to produce a disease that was distinct from 
BSE and whose characteristics remained essentially constant 
after a serial transmission of the scrapie-infected bovine brain 
(46). Despite the foregoing, there is still reason to suspect that 
BSE may have originated in sheep. Western blots of PrPsc reveal 
a striking similarity between the glycoforms in Cheviot sheep 
infected with BSE and an experimental scrapie isolate (CH164 1) 
(47). The high degree of susceptibility to sheep scrapie exhibited 
by Tg(BoPrP)Prnp”/” mice provides an efficient animal model 
for screening of natural scrapie isolates for the potential to 
produce BSE in cattle and, in this regard, it will be of consid- 
erable interest to determine whether CH1641 as well as other 
Cheviot sheep scrapie isolates produce a disease similar to that 
caused by BSE and nvCJD in Tg(BoPrP) mice. Alternatively, 
selection of particular PrPSc conformers during rendering may 
have been responsible for the emergence of the BSE strain (48) 
a hypothesis that can now be tested by controlled exposure of 
sheep scrapie prions to denaturants and subsequent transmission 
to Tg(BoPrP)Prnp”m mice. 
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