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ongm of CWD and. rts potentlal to transmit to humans are cur- -

rently- unknown This. is wonisome, .considering that CWD has

became| endemlc in someparts ofthe USA and that the number .
. of cases; contmues to.increase (Williars, 2008); CWD transmis- -

= ‘f 3|b|I1ty stucjles have been perforned in many species.in order to

. ‘predict how this disease could he spread bythe consumption of
- CWD meat (S:gurdson and Aguzzi, 2008). Transmlssmn of CWD

to humans cannot be ruled out at presenL and a snmn[ar infective .

;,eplsode lo BSE :nvolvmg CWD could -result in catastrophic

consequences BRI

.. Thaexciting s sclentrﬁc problem coupled wrth the relevant publlc- .
health issue prompted us:to develop strategies to reproduce the
spggggs-!;ame; phenomenon}n the test tube. We reported previ-_

.. of prion dnseases (Gastilla et al.,, 2005). These results were repro-.-
duced and extended by other groups to betler dissect the ele--. .

ousty the. generaﬁon of infectious prions in vitro by cyclic replica-
- tion af the [protein misfolding process featuring the pathogenesis

ments required for prior replication (Deleautt et al., 2007; ‘Weber
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Figure 6. Histopathological Features of the Disease
Induced by Inoculatlon of Mice with PMCA—Generated
_ 263K-Mo Prp®= '
" Brains from sick mice in which disease was produced by inoc-
ulation with the newly generaied 263K-Mo prions after 18
founds of PMCA {first passage) or the known mouse straing
BML and 301C were analyzed by histological studies, As
a control, we used brain of 4 mouse inoculated with PBS
and sacrificed without disease at 350 days after inoculation.
(A} Spongiform degeneration was evaluated after hermnatoxilin-
" eosid (HE) staining of three different brain areas (cerebelium,
medulla, and hippocampus) and was visualized at 2 40x mag-
nification ' . .
{B} Reactive astroglyosis was evaluated in the inferior cullicu-
lus by staining with glial fibrillary acidic protein antibody.
* (G} PrP accumulation in these animals was evaluated In the
occipitaf cortex-and cerebellum by staining of the tissue with
. the 6H4 antibody.
{0) The vacuolation profile in each brain area was ostimated
with a semiquantitative scale, asdascnbed inthe Experimenta
Pracadures, The brain areas used were the following: occipital.”
cortex, cerebellum (mostly white matter), medulla (spinal 5 nu-
cleus, interpolar part), inferior colliculum, and hippocampus
- [CA1 and CA2 regions). We also included in the analysis brain
sactions from animals: inoculated with RML and 301C. The
. values represent the average + standard error of the extent
of vactiolation fram the five animals analyzed in each set, Sta-
istical analysls by two-way ANOVA with brain regions and
- prign otdgin as the variables indicated that differences were -
“highly significant (p < 0. 001) To assess the significance of
the drfferenc&e between each known prion strain and 263K-
+ Mo, wea tised the Dunnett muitiple comparison post-test. and
the p values for each combination are shown:

263K-Mo *

~etal, 2007). Tha PMCA techno!ogy has been adap-
" tedtoreplicateprions frorn various specles (Deleault
etal., 2005; Jenes etal., 2007; Kurt et al., 2007; Mur-
"“ayama et al., 2007; Sarafoff et al., 2005; Soto étal.,
2005) and even to use bactenaily produced re-
_combinant PrP as substrate {Atarashi et al,, 2007).

- The' conclusion drawn from these studies together
. . with the ﬁndlngs reported-in this manuscript is that-
propagahon of the PrP®° m:sfoldlng results in formation-of infec-
tious, matenalpwhlqh maintams the Strains.and- spec;es—barner
propériies of the original pnons. Qualrtatlvely simitar conclmlons
[have been obtained for yeast prions, which are a group of “infec-
tidus proteins” that behave as a non-Mendefian genetic element
and transmit biological information in the absence of nucleic

- acid{Wickner et al., 1995). Recent studies showed that bactetially

prod_uci_ac! N-terminal fragments of the yeast prions Sup35p and
Ure2p when.transformed into amyloid fitirils wera able to propa-

... gate the prion phenotype to yeast cells (Brachmann et al., 2008;

King and Diaz-Avales, 2004; Tanakaetal., 2004). Infection ofyeast
with dfﬁerent conformers led to generation of distinct pnon ‘strains

..Invivo [Brachmann et al., 2005; Ténaka et al., 2004), Remarkably,

- yeast prions.also show the Species-barrier phenomenon, and re-.
_cent data-indicate that strain conformation is the cntlcal determi-
nant of cross-species prion transrnusslon {Tanaka et al 2005)

. Inthe cuirent study, wa demonstrate the generatlon of newin-
fectlous prions across the species bamier. For this purpose, we
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- {D} The resuits of the experiment shown in (B) were quantitated by densitometric analysis. The data Wthe ﬁgure represem 1he averaga Y standard error fmm

C - three independent anfma]s “The differences were smlstncally s:gntﬁcant as evaluated by cne-way ANOVA(p < O 01). .

", mixgd: F'rPS° frorn one Specues 'with PrPC from a, different animal
- specmes “and sub)ected the mixture to serial rounds of PMCA to
generate, propagate, and stabilize new prion strains. Hamster -
PePS° ‘generatéd from mouse RML prions’ was infectious to
wild-type harnsters Detailed analysus of the disease characteris-

tics and comparison with the fiiness produced by several known
hamster prion strains indicate that the in vitro-generated infec-
tious material across the species bafrier- cori’esponds’ toa new

+ prioh strain in hamsters {termed RML-Ha). The main difierences
" of the RML-Ha wera on the incubation times after i.p. inoculation,

L the extremely high resistance to PKdegradatlon and the pattem

- of brain damage (Table $1). Similarly, PrP™ generated by con-

- . version of mouse PrRS with Hamster PiPS¢ from the-263K strain
" : was showno be infactious to wild-type rmice; with an incubatiori
" period comparable' to that ‘obtained after lnooufahon ‘with’some
of the mouse—adapted scrapie straing, such as RML Agam the
disease produced by the new priens (termed 263K-Mo) was
clearly distmgunshab[e from the one pmduced by some of the”

currently known ‘mouse pnon strams. Fhe” major dxfferences

R .;were seen in'the e[ectrophoretlca! mugrauon, extreme’.y h1gh re-

. mstanceto proteolytlc degradatfon and pattem of braln spongi-
. form. degeneratlon (Table 52). To rule out that newly generated
* PrP® in these experiments was coming from *“de novo™ sponta-
neous conversion of PrPC into PrP%° during PMCA, we used
samples of healthy brain homogenate from ten different mice’
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- and hamsters that were si.x.tnjecied'ltq','s'ei‘ial founds of PMCA am-

plification in the absence of PrEP® seed: After up fo 20 serial
rounds of PMCA, we did not observe de riovo formatlon of Prese _
in any of thie samples. This matenal was lnoculated mto witd-type
animais, and no disease was Obgerved more than 400 days after
inoculation. These results strongly |ndicate tiat the' generation of
prpse reported in the present study was due to |nterspecxes prion
conversion. Neverthéless, we would like to hlghilght that recently

. we have'been able to generate |n vitro PrS® de novo without ad-

dition of Pre5® seed {data riot shown) "However, to reach this
aim, the PMCA conditions need fo be modified. The' medifica-
tions include changes on the PMCA parameters {length’ of incu-

~ bation and potency of ‘sonication),” preinclbation, or pretreat—
“ment of he norrhal brain homogenate to |nduce/stablllze PP

misfolding prior to PMCA. These ﬁndmgs suggest that de novo
formiation of PrpSe can be experimentally distingliished from

 réplication of peformed Prf°, indicating that the biochmical,

conformat:ona} ar stablhty propertles of the PrP structures in-
volved in’ buth processes are probably differenf. Standard,
PMCA conditions, as those used in the current study. do not re-
sult in spontaneous-PrPS° formation. .

Interestingly, in'our serial PMCA amphﬁcattons of RML PrPs" :
into hamster PrP®, we observed-a _progressive change on the

“western blot profite of the newly generated RML-Ha PP, In-

deed, in the fitst round of PMCA; the’ glycoform distribution

" GCell 134, 757-788, September 5, 2008 ©2008 Elsevierne. 765



pattern was reminiscent of BML and later switched to a profile
typical of the hamster strains, characterized by the predomina-’
tion of the diglycosylated form (Figure 1D). Our interpretation of
this result was that consecutive rounds of PMCA may enable
the new prson strain to adapt and stabilize. To further siudy
this possibility in our experiments in which mouse prions were
- generated from 263K hamnster prions, we inoculated the material -
generated after various rounds of PMCA, Strikingly, similar
amounts of PrP5® generated after one and three rounds of
PMCA produced disease with incomplete attack rates and/or
" very long Incubation periods (Figures 5B and 5C}. Incubation
time stabilized after six rounds of serial PMCA, suggesting that
at this point the new strain is fully adapted. These findings sug-
gest that PMCA is not oniy able to reproduce.the interspecies
transmission of prions but is also able to mimic the strain adap-
tation process observed in vivo. In vivo adaptation and stabiliza-
tioni of prions generated after crossing the species barrier takes
at least four consecutive passages, which requires several years
- of work (Race et al., 2001, 2002). Conversely, strain adaptation]
by PMCA takes only 2 or 3 weeks. Impcrtantly the kinetics of
aptation in vitro and in vivo, as well as the characteristics of the. .-
stabilized material, are very similar. Indeed, it has been reported -
that three serial passages of 263K in mice produce disease in alt -
_animals, with an incubation time of around 300 days (Race et al.,
2002). This result is very similar to the data obtained with the ma-
terial generated in vitro after three succassive rounds on PMCA
rep[xcatfon (Figures 58 and 5C). Mereover, less than threg i in vivo

three passages are needed to obtain a stable and low incubation
. period (Race et al., 2002}, which is in the same range of our 263K~

i Mo infectious material: Finally, similar to our in vitro data; the

in vivo cross—spec:es transmission between "haitistersand’

mice also led to the generatlon of unlque prien strains (Race -

et af., 2001, 2002). Although we are ternpted to speculate that .

each PMCA round has the same effect on, strain adaptatlon as
- .. did each in vivo passage, more experrrnents with other spec:es ;

comblnatlone are needed to reach this conciusmn .

in summary. our resu!ts sho‘w that all elements controlllng in-
' v,‘terspecles transm:ssmn of prions are contalned in acell—-free sys-
~ tem and that new prion strams can be generated adapted and
stabilized upon crossing the specles bamer in wtro by PMCA. -

Al These ﬁndmgs provide additional support’ f°" the prion hypothe—

" erahon are determlned by the propagatnon of PrP masfoldmg
. _Furthermore; the data demonstrate that PMCA isa valuable- .
" tool for the |nveshgat|on of the strength of the bamer between

. ':dwerse species, its motecular determ:nants and the expected

features of the new |nfectlous matenal produced. Finally, our:

_ findirigs suggast that the Universe of pess:ble pnons is not re- .

-stricted to those current]y known but that I:ke!y many un:que in-

" fect«ous foldmgs of the pnon protem rnay be produced and that -

C one of" tbe SOUrces for thisis cross-specles transm:ssnon

EXPERIMENTAL PROCEDURES o '_ S s
Preparatron cf Tssue Homogenata

. 'Healthy and sick animals were perfused with phosphatebuﬁered sal'ne FBS)...
| plus § mM ethy[ened;ammetetraacehc dcid (EDTA) beforethe t:ssue was har-

766 Cell 134, 757-768, September 5, 2008 ©2008 Elssvier inc.

vested. Ten percent brain homogenates (w/v) were prepared in conversion
buffer (PBS containing 150 mM NaCf, 1,0% Triton X-100, and the complete
cocltail of protease inhibitors from Boetvinger Mannheim, Mannheim, Ger-
many). The samples were clarified by a brief, low-speed centrifugation {1500
rpru for 30 s) with an Eppendorf centrifuge (Hamburg, Gemany), model 5414.

- Serial Replication of Prions In Vitro by PMCA

Aliquots of 10% brain homogenate from clinically sick mice infected with RML A.

or 301C and hamsters infécted with 283K, MY, or DY prions were diluted into
10% hamster or mouse healthy brain homogenate Samples wera loaded onto
0.2 ml PCR tubes and positioned on an adaptor placed on the plate holder of
a microsonicator (Misonix Model 3000, Farmingdale, NY), Each PMCA cycle
consisted of 30 min incubation at 37°C followed by a 20 s pulse of sonication
set at potency of 7. Samples were incubated without being shaken immersed
in the water of the sonicator bath, After a round of PMCA cycles, a 10l aliquot
of the amplified material was difuted into 90 pl of more normal brain homoge-
nate, and a new round of PMCA cycles was performed, This procedure was
repeated several times to reach the final difutions indicated in the text. The de-

tailed protocol for PMCA, including reagents, solutions, and troubteshootng, ,

" has been publlshed elsewhere (Castilla et af., 2006; Saa et al,; + 2008).

Proteinase K Degmdaﬁnn Assay ’

“The standard procedute for digestion of PrP®* consists of subjectmg the sam-
pies to'incubation in‘the: presence of PK (80 ug/mi} for 60 min at 37>C. The di-
gashcn was stopped by’ addmen of electrophoresrs sampte buffer, and the
prot resistant Pr® was revealed by western blotting, So that the profile
of PK sensitivity for in vitro- and in vwo-generated PrP®e could be studied,

the samples were incubated for 60 min at 37°C with different coneentraﬁons'
of PK ranging from Q1o 2500 pglmt.‘l'he PKgq values represent the concentra-.
es) are

} honofPKneededtod‘gest hatfofthe protein, and,
passages produced an mcomplete attack rate, and more than_

on the basis of the densrtometnc ar

Guanldine Denaturation Assay

‘ride for 2 hr at room temperaturs’ with shaklng Tiereafter, samples_were
incubated in the presence of 10% sarkosyl for 30 min at 4*C and centrifuged
at 100,000 x g for 1 br in a Biosafe Optima MAX ultracentrifuge Eeckman
Coutter Fullerton, GA). The peflet of the centrifugation was resuspendad in
. sonversian buffer and treated with P as described above. Equfvalentarquots
-of pellet. were analyzed by westamn biot, The Gdnsn value eomasponds to

 the concentration of guanidine hydrochloride required to denaturate 650%- - '
. of ﬂ'ae protein, and these values were estimated on the basis of the'

densrtometnc analysis of three rephcated 'western b!cts.

Protein Deglycosylaﬁon Assay

" pepse samples were first digested with PKas descnbe above After addmon of .

" 10% sarkosyl, samples were cemnfuged at 100, 000 x gfor‘! hrat4°C super-
‘patant was df iscarded, and the pellet] resuspended n 100! of g ycoprctem de-

"4 naturing buffer (New England Blolabs Beverly. MA) and- mcubated {0t 10 min

- :at106°C. Thereaﬂer,zsplofSOmMsod’wnphosphate(pH?S)oonmmmg1%. .

ncmdet P-40 and 3 pl of peptide N-glycosidase F (Now England Biolabs, Bev-
erly, MA) i were added. Samples were incubatéd for 2 e at3rc, and the reac-

‘tion was stopped by the addition of electrophores:s buffer and sampies were ' ’

a.natyzed by westem blot.

Westem Blct

Protems were ﬁ-achonated by scd‘um dodecyl sutfate—polyacrylan'ude gel
e!ectmphores;s lSDS-PAGEl under reducmg ocndmons. electrcblotted into ni-
‘trocélliose membrans, and probed with 6H4 {formouse samples) and 3F4 {for
hamster 'samples) antibodies ata 1:5000 dilution. The |mrnunoreactwe bands

. were visualized by enhanced chemolumineserice ‘asssy {Amersham Piscat-
© away, NJ) with an UVp image analysis system. So that the quantity of PrP>

. in the western blot would be assessed, densitometric analyses weré done
by tnphcate
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PrP%° Quantification ] :

i Toinject the same quantity of PrPS= from each preparation, we compared the
samples by westemn biotting after PK digestion. To obtain a refiable and robust
quantification, we ran severaf different ditutions of the sample in the same gel,
to aveid arfifacts due to saturation of the signal or o too weak of a signal.

‘Infectivity Studies
- Invivoinfectivity studies were done in C578I6 female mice or Golden Syrian fe-
male hamsters, purchased from Charles river. Animals were 4 to 6 weeks old at |
- the time of Inoculation. Anesthesized animals were injected stereotaxicallyinte
the right hippocampus with 2 or 4 pl of the mouse or hamster Infectious material,
. respectively. For the i.p. infectivity studies, 100 uf of the sample were injected
irto the peritoneal cavity, The quantity of infactious. mterial injected corre-,
sponds to the plateau portion of the incubation period; therefore, small differ-
ences in the amount of infectivity should not change incubation period unless
there are strain differences. 'ﬁ\eonsetofc!‘mmldiseasewasmeasmedhy
scoring of the animals twice a week. For mice, the following scale was used:
1, normal animal; 2, roughcoat on fimbs; 3, extenswé roughcoat, hunckback,
and visible motor abnonmalities; 4, urogenital lesions; ardd 5, tervinal stage of
" the disease in which the animal presented with cachexia’and fies in the cagé -
with little movement. For hamsters, the following scoring scale was used: 1,
normal animal; 2, mild behaviordl abnormalities including hyperactivity and hy-
persensmvrtyto noise; 3, moderate behavioral problems including tremor of the
head, ataxia, wobbling gait, head bobbing, irritability, and’ aggressrven@_s for
" jethargy in case of the DY strain); 4, severe behavioral abnoimalities including
all of the above plus jerks of the head and body and spontaneous backsolls: and .
5, terminal stage of the disease in which the animal lies in the cage and is ne lon-
ger.able to stand up. Animals scoring level 4 during two consetutive weeks
were considered sick and were sacrificed. to aveid excassive pain via exposi-
. twn to' carbonic dioxide, Brains were extracted; the right cerebral hemisphere -
was frozen and sigred at’ -—70"0 for blochernical exammahon “of BriS® with
'_ westem b!ots and the'left hemlsphere was used for hlstolog'y al‘lalySIS

Histopatholagica! Stu:[ues s . :
Brain tissue was fixed in 10% forrnardehyde soruhon. cut in secttons, and em-
" bedded in paraffin. Serial sections (6 pm thick) from each block were stained
with hematoxylin-eosin, or incubated with monoclonal antibodies recognizing
PrP or the glia! fibrillary acidic protein, via our previously described protocols
[Castilla-et al,, 2005). Samples were visualized with a Zefss microscope. The
vacuolation profile was estimated by consideration of both number and size
of spangiform degeneration in five different brain areas: ccclpital cortex, cer-
ebelium (mostly white' matter], medulla (spinal § nucleus, interpolar part), infe-
rior colliculumn, and hippocampus (CA1 and CAZ2 regions). Each analyzed brain
area was scored from @ to 4 according to the extent of vacuolation in sfides

- _stained with hematoxilin-eosin and visualized ata 40x magnification. Samples

were analyzed blindly by two different persons, ang the scores represent the
average of the two determinations. R

Statistical Analysis

The differences in incubation periods, histopathological profile of brain dam-
age, and biothemical characteristics of PrE®® were analyzed by ANOVA, fol-
lowed by the Dunnett Muttiple Comparison post-test to estimate the signifi-
cance of the differences between the newly generated strains and each of
the ‘other hamster and mouse prion strains studied, For these studies, the
data were analyzed with the GraphPad Instat, version 3.05 sofiware.

SUPPLEMENTAL DATA

Supplemental Data include one figure and two tables and can be found with
this article online at http://www.cell.com/cgi/content/full/134/5/757/DCA/.
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Excretion of Transmissible
Spongiform Encephalopathy
Infectivity in Urine

Luisa Gregori, Gabor G. Kovacs, Irina Alexeeva, Herbert Budka, and Robert G. Rohwer

The roule of transmission of most naturally acquired
transmissible spongiform encephalopathy (TSE) infections
femains. speculative. To ‘investigaie urine- as a potential
‘source of TSE. exposure, we used a sensitive method for
detection and quantitation of TSE infectivity. Pooled urine
collected from 22 hamsters showmg clinicat signs of 263K
scrapie contained 3.8 £ 0.9 :nfecti0us doses/mL of infectivi-
ty. Titration of homogenates of kldneys and urinary bladders
from ‘the. same animals gave coricentrations 20, 000-fold
greater HIS\‘.OIDQIC ‘dnd. lmmunohlstochemwa[ examination

of these same tissues showed no-indicafions of inflammato-.

ry or other pathologic changes except for occasional depos-
its of disease-associated prion-protein in kidneys. Although
the souree of TSE infectivity in urine remains unresolved,
these- results establish that TSE infectivity is excreted in
uritte and may thereby play a role in the horizontal transmis-
sion of natural TSEs, The results also.indicate potential risk
for TSE, transmmston from human urine—derived hormones
and other medicines.

rahsmissible spongiform encephalopathies (TSEs) are
fatal neurologijc diseases. In humans, a long asymptom-

atic incubation period is followed by a progressive clinical -

course that typically lasts a few months to a year. TSE in-
fectivity and pathologic changes are copcentrated in the ner-
vous system; however, much of the transmission risk results
from parenteral exposure to the' much lower-concentrations
of infectivity found in tissues outside the nervous system.
Thus, despite the very low concentration of TSE .infectiv-

ity in hlood (1, 2), 4 human cases of transmission of variant-
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Creutzfeldt-Jakob disease through blood transfusions have
been documented (3,4). If TSE infectivity were excretéd,

human’ urine, - which is a source of injectible femhty hor-
mones and other drugs (5,6), could also pose arisk for trans- -

mission. Infected urine rrught also account for the horizontal -

transmission -of sheep SCl‘aple ‘and ‘might contribute {o the
natural spread of chrohic wasting disease in’ deerand elk:”.
Early atterapts to fransniit. Crentzfeldi-Jakob: dlsease_ '

by cross-species itioculation of rodents and pnmates with -

urine from diseased’ patients’ failed (7,8). More recent at-
tempts in which urine from infected hamsters was injected
back into hamsters have produced. variable results (9,70).
Two other studies have reported mfectw;ty in wine (1)
and infectivity with disease-specific pnon protein (PrP?) in
kidneys of mice with simultaneous scrapie and nephritis but
not in those with scrapie alone (/2). To resolve these dis-.

- crepancies, we used a highly sensitive and precise method

of measuring low concentrations of TSE infectivity, which
we have successfully used for quantitation of TSE infee-
tivity in blood (1,2, to measure the concentration of TSE
infectivity in urine of scrapie-infected hamsters.

Materizls and Methods

Urine Collection and Processing :

Urine was collected from a cohort of 22 Synan Ham-
sters (Harlan Sprague-Dawley, Haslet, MI, USA) that had
been infected by intracranial injection with 10% (wt/vol)

-scrapie brain homogenate (263K strain) and from a co-

hort of 8 age-matched, noninoculated control animals. At
the.time of urine collection; the scrapIe—n_lfected hamsters .
showed clear clinical evidence of disease but were still able
to drink and eat (67-74 days postinoculation). Hamsters

-were placed 2 at a time for 24 hours in metabolism cages

in which they had access to water but not food, Food was
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