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Evolution of a Strain of CJD That Induces 
BSE-Like Plaques 

Laura Manuelidis," William Fritch, You-Gen Xi 

Bovine spongiform encephalopathy (BSE) has become a public health issue because a 
recently evolved BSE agent has infected people, yielding an unusual form of Creutzfeld- 
Jakob disease (CJD). A new CJD agent that provokes similar amyloid plaques and 
cerebellar pathology was serially propagated. First-passage rats showed obvious clinical 
signs and activated microglia but had negligible PrP-res (the more protease-resistant 
form of host PrP) or cerebellar lesions. Microglia and astrocytes may participate in strain 
selection because the agent evolved, stabilized, and reproducibly provoked BSE-like 
disease in subsequent passages. Early vacuolar change involving activated microglia 
and astrocytes preceded significant PrP-res accumulation by more than 50 days. These 
studies reveal several inflammatory host reactions to an exogenous agent. 

T h e  recent epldeln~c of bovlne spong~form 
encephalopath\ (BSE) has b~ought  In- 
creased attention to its human counterpart, 
Creutrfeldt-Jakob disease (ClD) ,  as well as 
to scrapie, an endemic infection of sheep. 
Since the first recognized case of BSE in 
1985, it is likely that more than one lnillio11 
COWS have become infected by dietary ex- 
posure to scrapie-contaminated food (1 ). 
Donlestic cats and various ioo an1111als ha?-e 
been similarly infecteil. Additional experi- 
mental propagation of the co~-der ived  
agent in many species, including p~gs, ro- 
dents, and primates (2 ,  3) ,  suggests that the 
new BSE agent has acquired an enhanced 
ability to evade host defenses. In 1996, the 
BSE agent was linked to a varlant disease in 
younger people (4)  that was reproduced in 
primates by BSE inoculation (3) .  Because 
hulnan CJD infections can be undetectable 
for lnore than 2Q years, it is likely that we 
will see Inore BSE-linked cases (5, 6 ) .  Thus, 

there is an emerging public health issue that 
requires a greater ~~nderstanding of agent 
strains and their specific interactions \\-it11 
the host. 

Xlany different infectious strains of the 
scrapie and C J D  agents have been propa- 
gated in inbred mice encoding the same PrP 
amino acid sequence (7, 8).  The  ~ n a i n  rea- 
sons why human "BSE is considered to be 
caused by a nea7 agent strain are based 011 

( i )  the youth of most victims (less than 30 
years old), (ii)  the prolonged clinical 
course. iiii) severe involvement of the cer- ,~ , 

ebell~un, and (iv) the presence of lnanv 
large placlues. Sporadic CJD, which ac- 
counts for -90% of CJD ~vorlda7ide and is 
infectious in a variety of specles (9, 1C), 
rarely shows cerebellar pathology or wide- 
spread plaques. Only two other h ~ u n a n  
transmissible encephalopathies ~ v ~ t h  a long 
clinical nkase d i s~ lav  cerebellar lesions and 

L ,  

a plaque-rich phenotvpe. These are kuru, an 
infection transmitted bv ritual can~~ibalisln 

Section oi Neuropathology, Yale Scqool 3. (9) '  and Gerstmann-Straussler-Sheinker 
Cedar Srreer, N e v ~  Haven, CT 06510, LSA. disease (GSS),  a group of rare "familial" 
'To v~ i iom correspondence st-ouid be addressed. E-mail. cJD 
a~ra .? lan~e lds~ ;ae .edu  One explanation for these different phe- 

notvves focuses on mutations in host PrP. It 
, A  

has been suggested that a combination of 
mutations causes PrP to fold into an mfec- 
tious conformation that encrypts and prop- 
agates strain-specific information (12). 
However, people infected with "BSE" do 
not have any of the plaque-associated PrP 
mutations such as Phelc2 to Leu''' ( 1  3).  
Alternatively, a newly mutated exogenous 
vlrus may provol<e unusual phenotypic re- 
sponses in the host, i ~ l c l u d i n ~  different 
forms of PrP-res 18). Additional host re- ~, 

sponses could signify recognition of the for- 
eign agent hidden within cells. Because 
strong lymphocyte responses are evaded, 
it is often stated that these infections lack 
any inflammatory colnponent (9 ,  14). We 
fo~und that inflarnlnatory cells can partici- 
pate in the evolution of a ne.ii7 infectious 
strain. This strain causes a disease with 
notable similarity to both "familial" GSS 
and human " B S E  and evokes inflammatorv 
reactions at early stages of infection. 

T o  change an established C J D  strain 
into one that could produce plaques and 
cerebellar lesions, we inoculated alternate 
species without manrpulating norll~al host 
PrP sequences. Unusual inflarl~matory re- 
sponses in microglia or astrocytes (or both) 
were used to evaluate host recognition. 
Such responses could subject the agent to 
more rigorous selective pressures favoring a 
mutated plaque-evoking strain. LVe there- 
fore challenged several tvpes of inbred mice, 
Chinese hamsters, and rats with a strain of 
CJD (designated SY) that a7as highly select- 
ed by serial passage 5 times in guinea pigs 
and then 24 times in Syrian hamsters (15). 
SY was successf~~llv translnltted to all three 
species and had a relatively prolonged in- 
cubat1011 period even after serial passage 
(>350 days). Only the rats showed remark- 
able patholog\-. 

I11 the first passage ( P I ) ,  only two o i  six 
rats (killed at 672 and 732 days) showed 
obvious spongifor~n changes (1 6) .  The 672- 
day rat exhibited clear clinical signs (startle - 
myoclonus in response to noise, hunched 
nosture, and terminal lack of feeding and " 

grooming). The progression to terminal dis- 
ease n-as ravid, lasting onlv 8 davs. The - ,  

732-day rat shoxved no clinical signs, but 
both anilnals had a similar distribution of 
vacuoles and these were located predomi- 
nantly in the cerebral cortex and to a lesser 
extent in C A I  and CA2 of the hippocam- 
pus. Only nonspecific aging changes were 
seen in the cerebellum. PrP-res was not 
detected in histological sections from the 
clinically ill rat, although verv rare PrP 
denosits xvere found near the inoculation 
site in the nonclinical rat. The most unusu- 
al finding in both rats was a marked in- " 
crease in reactive lnicroglia in the cere- 
brum, even in regions with nlini~nal vacu- 
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olization (Fig. 1A). In contrast, the same 
region of the cortex from a P1 rat scored as 
negative for CJD showed few keratan sul- 
fate (KS)-positive microglia at 592 days 
(Fig. lB), as did uninoculated control rats 
(17). Staining of astroglial filaments with 
antibodies to glial fibrillary acidic protein 
(GFAP) showed a pathological increase in 
hypertrophic astrocytes, a universal charac- 
teristic of CJD infections (1 0, 15, 18). 

A portion of the 672day rat brain was 
used for the second passage, because the 
marked vacuolization without PrP-res indi- 
cated replication of an unusual infectious 
strain. There was a dramatic decrease in 
incubation period in P2, yielding a mean of 
477 + 18 days (SEM), and all rats showed 
clinical signs (n = 7). The reduction in 
incubation time, combined with the 100% 
mortality, indicated that the infectious 
agent had become more virulent for its new 
host (1 9). More widespread and severe 
spongiform changes further confirmed an 
enhanced virulence in P2. Other features 
were more unusual. Most remarkable was 
the vacuolization of many GFAP+ astro- 
cytes around the lateral ventrical and in the 
thalamus (Fig. 1C). Fulminant astrocytic 
vacuolization signified further strain selec- 
tion and has not been seen in other trans- 
missible encephalopathies. There was also a 
change in the distribution of lesions during 
P2. The cerebellum had many vacuoles, 
especially in the internal granule cell layer, 
and Ammon's horn was now involved. Se- 
vere cerebellar lesions that occur in kuru, 
"familial" GSS and human "BSF' have not 
previously been seen in nonprimate infec- 
tions. Additionally, several mature plaques 
with a halo of radial fibers were observed in 
Ammon's horn. These, as well as less obvi- 
ous plaques in the cerebral cortex, had a 
central core of PrP (Fig. ID). Plaques were 
larger than neurons and typically measured 
220 pm in diameter. Ultrastructurally, 
they had characteristic extracellular amy- 
loid fibers (Fig. 1E). These widespread 
plaques are entirely different from the small 
PrP deposits (1 to 4 pm) associated with 
severe vacuolization in other passaged CJD 
isolates (12). Finally, PrP often surrounded 

. capillaries and other thin-walled vessels 
(Fig. IF), which suggested abrogation of the 
blood-brain barrier. An increase in astro- 
cytes and reactive microglia around these 
vessels, as well as elsewhere in the paren- 
chyma, was consistent with an inflammato- 
ry or reactive process. These cells may be 
involved in recognition and selection of the 
infectious agent. 

We stabilized this new strain by serial 
passage. In P3, there was a small additional 
decrease in incubation time (441 + 10 days; 
n = 10). However, the length of time from 
appearance of clinical signs to terminal dis- 

ease was increased in P3 (>45 days) as 
com~ared with an interval of <26 davs in 
P2 rats. This represents a rat equivalent of 
chronic CID or GSS in terms of a rat 
lifetime and signifies further agent evolu- 
tion. In P3 and P4, clinical signs of cerebel: 
lar dysfunction also became more promi- 
nent (20). Despite an incremental reduc- 
tion in incubation time (to -350 days by 
P4), the plaques and cerebellar changes de- 
scribed above were perpetuated and were 
more pronounced, and end-stage birefrin- 
gent plaques became more abundant in the 
cerebellum. The marked vacuolization of 
astrocytes was not propagated in P3 and P4, 
possibly indicating that the infectious agent 
was now escaping some host surveillence 
mechanisms. 

With the single exception of a mouse 
scrapie strain, no other strains of scrapie or 
CJD have resulted in a true plaque-produc- 
ing infection that can be propagated (12, 
21). Plaques in P3 and P4 showed strong 
"Maltese cross" birefringence comparable to 
that seen in "familial" GSS (Fig. 2, A 

through C). These amyloid properties can- 
not be explained on the basis of the host 
PrP sequences because these are known to 
be discordant in rat and human (22). Ad- , , 

ditionally, SY passaged in inbred mice with 
an eauivalent 350- to 550dav incubation 
perid (8) showed no plaques' despite the 
known concordance of mouse and rat PrP 
in amyloid folded regions (22). Thus, these 
two SY strains produce disease variants that 
are unrelated to primate PrP sequences or 
incubation time. 

Microglia are cellular chameleons. They 
act as Trojan horses carrying infectious agents 
into the brain and can participate in lytic 
responses and antigen presentation. We 
therefore evaluated a human "BEn  sam~le 
using the more available and specific antibh- 
ies for human leukocyte class I1 antigens 
(HLA-DR). Positive staining was seen in 
plaques and other regions (Fig. 2D) that was 
comparable to the pattern of microglial infil- 
tration in rat CJD (Fig. 2E). Additionally, 
astrocytic responses were similarly florid in 
both the human and rat specimens (Fig. 2, F 

Fig. 1. Pathology in P1 and P2 rats; the tissue was not autoclaved (18). (A) P1 -positive rat at 672 days 
used for transmission. Many KS+-reactive microglia (black cells) are obvious even in the cortical region 
without many vacuoles (see Fig. 2E for typical higher magnification morphology). (B) The same region 
from the PI (CJD-negative) rat at 592 days, showing few KS+ cells (parallel staining, same magnifica- 
tion). (C) F2 rat at 51 2 days with remarkable vacuolization in reactiie GFAP+ astrocytes (arrows) in the 
region adjacent to the lateral ventricle. Other GFAP+ astrocytes were more stellate (see Fig. 2G). Scale 
bar, 10 ym. (D) PrP-decorated plaques in F2 (arrows). The immunostained inner dark cores of the 
mature plaques (comer arrows) measured 21 0 ym, and with the pale radial periphery were 220 ym in 
diameter. A PrP-positive capillary (c) and some vacuoles are present in this cortical region. (E) Electron 
micrograph of the edge of a cerebellar plaque bordered by a degenerating neurite (d), a vacuole (v), and 
a preserved synapse (s). The inset shows higher magnification of dense radial and fibrillar amyloid fiMls 
from the region at the arrow. Microglia and hypertrophic astrocytes were identified adjacent to plaques. 
(F) Capillaties and small vessels with deposits of PrP (arrows) in a cerebral region with severe vacuolar 
change in P2. 
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and G). The abnormal blush of astrocytic 
processes around thin-walled vessels in hu- 
man "BSE (Fig. 2D, arrow) and the numer- 
ous migrating microglia around thin-walled 
vessels in infected rats could indicate 
breakdown of the blood-brain barrier in 
both instances. 

To understand the sequential contribu- 
tion of microglia, astrocytes, and molecular 
components in pathogenesis, we evaluated 
brains of P4 rats at 50day ,intervals after 
inoculation:Uninoculated half-brains were 
used for histological studies to exclude 
pathological change caused by the inocu- 
lum. The other halves of these brains were 
pooled for independent quantitative RNA 
and protein blot studies (23). We assumed 
that vacuolar change would occur onlv late " 
in infection. This is the classic sequence in 
SY-infected hamsters. in which high infec- " 
tious titers provoke a sudden accumulation 
of PrP-res, which is then followed by vacu- 
olization and clinical illness (15). Instead, 
vacuolization was the first indicator of in- 
fection, and major PrP deposition occurred 
100 days later. At 100 days after inocula- 
tion, only a few vacuoles were observed, as 
representatively shown in the cerebellum in 
Fig. 3A. By 150 days, vacuolization was 
apparent in the cerebellum, hippocampus 

There were low levels of ubiquitin at 150 
and 200 days, comparable to levels of PrP- 
res. At 250 days, however, the ubiquitin 
response was far more pronounced than the 
PrP change. Ubiquitin accumulates in many 
neurodegenerative diseases. In contrast, 
ApoJ and APLP appeared late in disease 
and had the same profile as PrP deposition 
(Fig. 3E). The late change in ApoJ signified 
a final inflammatory response in the brain 
associated with plaque formation or possibly 
high agent titers. However, study of the 
spleen indicated an earlier response to the 
exogenous agent. At day 100, ApoJ cells 

were seen only at the center of the white 
pulp, whereas peripheral resident macro- 
phages were rarely labeled. There was a 
dramatic increase in the number of ApoJ 
resident macrophages at 150 days (27); and, 
remarkably, a number of these macrophages 
showed vacuoles similar to those found in 
P2 astrocytes (see Fig. 1C). At 200 days and 
after, ApoJ-positive macrophages were 
equally abundant in the spleen, but vacuol- 
ization was reduced. This indicated an early 
systemic response to infection that coincid- 
ed with early brain vacuolization. The vacu- 
oles in resident spleen macrophages could 

- - 
(Fig. 3, B and C), thalamus, and cortex.‘^^ 
200 days, vacuolization was more severe and 
was very widespread. In addition to involve- 
ment of the hippocampus and cerebellum 
(now including the molecular layer), many 
regions had ballooned neuronal processes as 
shown in the thalamus (Fig. 3D). Figure 3E 
shows a graphic representation of these re- 
sults when scored on a scale of 0 to 4. An 
earlv increase in activated microelia (KS- 

c 7  - 
poskive) closely paralleled the vacuolar 
progression, and focal regions of the cortex 
showed a clear increase by 150 days (24). In 
contrast, only extremely rare and tiny de- 
posits of PrP were found at 150 days, and by 
200 days these tiny deposits were three to 
four times more numerous in only a few 
brain regions. No PrP deposits of >4 pm 
could be found. Thus, these minor PrP ac- 
cumulations were insufficient to explain 
the very widespread and profound vacuol- 
ization seen at 200 days. 

Because ubiauitin acts as a cha~erone for 
misfolded proteins, it can denote changes in 
PrP as well as other cellular proteins. Ape- 
lipoprotein J (ApoJ) can indicate inflam- 
mation-associated complement and mem- 
brane-attack complexes in other neurode- 
generative diseases (25). Additionally, 
P-amyloid precursor-like proteins (APLP), 
thought to stabilize plaques in Alzheimer's 
disease (26), were used to indicate late- 
stage extracellular plaque formation. All 
these components, as well as ApoE, were 
strongly positive in plaques (23, 27). 

Fig. 2. (A through C) Congo Red birefringence. For reference, (A) shows a "Maltese cross" in an 
antibody-verified p-amyloid plaque at 0' (top; crossed polarizers) and at +go (bottom), with the use of 
a 1/30 A plate. Note the shii from green to red at +go. The astrocyte nucleus at left is for size reference 
(5 to 6 m in diameter). (6) Similar Maltese cross positive PrP plaque adjacent to vacuoles in transmissible 
"familial" GSS (Leulo2). (C) Maltese cross positive rat plaques that had the same A plate shi i .  (D) 
HLA-DR (red) in human "WE" cerebellum with infiltration of plaque at arrow. (E) KS+ microglia (red) and 
PrP-res (brown) show a similar picture of microglial infiltration. Numerous KS processes surround a PrP 
plaque in the hippocampus and a reactive microglial cell contains a deposit of PrP-res (arrow). The inset 
shows numerous processes of activated microglia in the cortex. (F and 0) Double-staining for GFAP 
(red) and PrP-res (brown) with hematoxylin counterstain for nuclei (blue). (F) shows human "WE." 
Hypertrophic astrocytes and extensive astrocytic processes surround PrP accumulations as well as a 
cortical vessel (arrow). (G) shows similar stellate astrocytes around a developing plaque in rat CJD. 
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signify viral clearance or destruction. These 
macrophages did not contain PrP-res. 

To further exclude observer bias in the 
scoring of PrP, independent quantitative 

P1 (with widespread spongiform change) 
failed to show detectable PrP-res in highly 
sensitive assays (23). Thus, PrP-res again 
was not necessary for vacuolar change nor 

been found in human "BSE (28), degly- 
cosylation of PrP has no effect on infec- 
tious titer or pathology in experimental 
CJD (29). The ability of these agents to 
change and to provoke different responses 
in the same host has public health impli- 
cations. Strains .that are present in the 
food chain and other products (5, 6) can 
evolve to cause variable host responses. 
Thus, public health officials might consid- 
er more than plaque-positive phenotypes 
in surveys for human "BSE" infections. 
Early diagnosis is also essential for rational 
exclusion of infected animals and medical 
products. Because CJD and BSE can be 
transmitted from samples without detect- 
able PrP-res (15, 30), other markers for 
early infection are needed. Systematic mo- 
lecular dissections have indicated that an 
-27-nm particle with a viral-like density 
is infectious (31), and infectivity is recov- 
ered only when these nucleic acid-capsid 
particles remain intact (32). Thus, it 
seems reasonable to pursue cDNAs strate- 
gies in settings where candidate viral se- 
quences can be defined (8, 33). 

Early inflammatory responses may also 
be helpful. Although all recombinant or 
transgenic forms of PrP have failed to 
show significant infectivity (34), changes 
in host PrP can be part of a self-destructive 
cascade (15, 35), and host PrP is clearly 

molecular experiments were then per- 
formed (23 ). PrP-res increases du~licated 

for clinical symptoms. 
Astrocvtic activation also coincided . , 

those found by histological scoring. Most 
PrP-res accumulated at 250 days and 
thereafter (Fig. 3F, left). At 300 days, 
PrP-res accounted for -70% of the total 
PrP in the brain, as determined by densi- 
tometry of undigested and digested ho- 
mogenates. Thus, almost all host PrP was 
suddenly altered at a later stage of disease. 
In contrast, when vacuolization was obvi- 
ous at 150 days, PrP-res accounted for 
<1% of that found at 300 davs. This 

with vacuolization in a more convincing 
way than PrP-res. Figure 3F (right) shows a 
representative RNA blot from the same 
animals used for histological study. The pro- 
file of hybridization to the GFAP probe was 
compared with hybridization with a glycer- 
aldehyde-dehydrogenase (GAD) probe. 
The latter probe, as well as other markers, 
confirmed that lanes had equivalent loads 
of RNA. There was a fivefold increase in 
GFAP mRNA between 100 and 150 days, 
and GFAP mRNA continued to increase 
with time. The above studies im~licate both 

PrP-res value is less than the value deter- 
mined by histological assessment, even 
though cerebellar slices with early vacuo- 
lar change were overrepresented in the 
protein samples (23). It may be argued 
that at 150 days, low levels of PrP-res were 
sufficient to induce the more abundant 
vacuolization. However, this seems un- 
likely because PrP-res levels that are 10 
times higher have failed to induce vacu- 
oles in other CJD-infected rodents (15). 
The most straightforward explanation is 
that the new infectious agent induced sig- 
nificant vacuolization by non-PrP path- 
ways. Moreover, the clinically ill rat from 

astrocytes and activated microglia in the 
earlv vacuolization induced bv this infec- 
tious strain, possibly through neurotoxic 
and inflammatory cytokines. 

The present studies show that an estab- 
lished agent can evolve in response to host 
defenses and become capable of provoking 
a rare constellation of GSS- and BSE-like 
lesions. Both the species barrier and the 
host responses to these foreign agents are 
more complex than predicted by the host's 
PrP sequence. Although small differences 
in glycosylation of one PrP-res band have 
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~ m y a  JY I V Y  I J Y  CYJ 250 300 
Fig. 3. Representat~ve data for development of rat pathology after ~nfectlon, [A 
through D) Degree of spongiform change with time (number of days is indicated 
at bottom of hematowlin and eosin-stained sections). Rare vacuoles at 100 z- 
days in the cerebellum (A) become obvious in the internal granule cell layer by 
150 days (arrows) (B). Many vacuoles, some of which were coalescent (arrow). 

i - 
were also seen in the hippocampus at 150 days (C) and thalamus (not shown). 
Spongiform change at 200 days in the thalamus (D) included swollen and "emp- > 
ty" neuronal processes (arrows) in addition to large (v) and smaller vacuoles. (E) 
Graph of pathological changes in P4 at 50-day intervals after inoculation (scored U! I a I clauva intensity scale of 0 to 9, a> a, I avclayc U! r v v v  IJI all to II I I I I U ~ L I ~ , C  

representative coronal sections where 0 is no change from normal, 1 = 1/4 maximal change, 2 = 1/2 maximal change, 3 = 314 maximal change, and 4 = 
maximal terminal change). Each feature, in relative order of appearance, shows the relative intensity at each time point. Tiny rare deposits of PrP-res are 
indicated by a score of ~ 0 . 5  at 150 and 200 days, whereas more widespread deposits or plaques (or both) are indicated by later higher scores. The sequential 
appearance of markers and the relative severity of the changes were confirmed by a second blinded observer. Clinical signs started after 300 days (arrow). 
(F) Protein (If \(right) blots at indicate1 i e  protein blot, equal loading is indicated by higher molecular weight protein (arrow). The lower three 
PrP-res ban1 26, and 21 kD) becarr it only at 250 days after inoculation, and there was no residual PrP in the slots (not shown). Other 
blots with m: ;and overexposure tim jetect any PrP-res in the clinically ill P1 rat used for transmission (23). The Northern blot of total RNA 
on the right shows an earlier and more abundant increase in GFAP mRNA as compared with PrP-res at 150 days. For reference, the same Northern blot 
hybridized to a control GAD probe shows equivalent loads in each lar e ethidium-stained gel hown). N is total RNA f~ 
uninoculated rat, and P2 shows the same final change in an earlier p~ GFAP mRh ind that of the GAD bar 
-1.4 kb, which are close to their previously determined values (75). 
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involved in susceptibility to infection 
(36). Indeed, we suspect that the involve- 
ment of PrP in these diseases may derive 
from a natural role in inflammation. Nev- 
ertheless, the present s t ~ ~ d i e s  indicate ad- 
ditional early- i n f l a ~ n m a t o r ~  pathways in 
xvhich astroglia, microglia, and even 
spleen macrophages recognize or incorpo- 
rate the invading agent. Early vacuolated 
spleen macrophages can signif\- a periph- 
eral site where the agent fights for ~ t s  
survival, and infected macrophages may 
eventually penetrate the blood-brain bar- 
rier in the natural disease. It  is therefore 
pertinent ,-to pursue chemical treatments 
that interfere with macrophage f i~nct ion 
because these can abolish early- ~nfectiolls 
(37)  and perhaps limit transient bursts of 
viremia (38) .  The  recent observations of T 
lymphocytes in the brain at early stages of 
scrapie, susceptibility changes in mice 
with severe co~nbined immunodeficiency 
disease, and the HIV-like paradoxical re- 
sponse to i m m u n ~ s t i m u l a t o r ~  and immu- 
nosuppressive compounds (39)  fi~rther em- 
phaslre a n  important role for inflammato- 
ry- and immune cells in strain-specified 
infections. 
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