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growth factors, stress, or other inducers of
c-Jun activity Such an effect might be com-
pounded by a simular regulation of the Jun
partner molecule, c-Fos, which also exhibits
phosphorylation-dependent changes of its
half-life (16).
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Transmission of the BSE Agent to Mice in the
Absence of Detectable Abnormal Prion Protein

Corinne I. Lasmézas,” Jean-Philippe Deslys, Olivier Robain,
Alexandre Jaegly, Vincent Beringue, Jean-Michel Peyrin,
Jean-Guy Fournier, Jean-Jacques Hauw, Jean Rossier,

Dominique Dormont

The agent responsible for transmissible spongiform encephalopathies ( TSEs) is thought
to be a malfolded, protease-resistant version (PrPres) of the normal cellular prion protein
(PrP). The interspecies transmission of bovine spongiform encephalopathy (BSE) to mice
was studied. Although all of the mice injected with homogenate from BSE-infected cattle
brain exhibited neurological symptoms and neuronal death, more than 55 percent had
no detectable PrPres. During serial passage, PrPres appeared after the agent became
adapted to the new host. Thus, PrPres may be involved in species adaptation, but a
further unidentified agent may actually transmit BSE.

One of the disunct features of the BSE
agent s its high ability to infect other spe-
cies (I-3), whereas other TSE agents are
eastly transmutted only within a species.
This spectes barrier leads to considerable
prolongation of the incubaton period dur-
ing intetspectes transmission (4). During
subsequent experimental passages, TSE
agents adapc to the new host: the incuba-
ton pertod shortens and stable pathological
properties are acqured (5). According to
the prion hypothests, PrPres {the patholog-
wcal, protease-resistant 1soform of the prion
protein) constitutes the infectious agent in
TSEs, and replication mvolves the homo-
typtc mteraction between a pathological
PtP molecule and the endogenous native
protein to produce a conformational con-
version to the abnormal 1soform. The mag-
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rutude of the species barrier would thus be a
condition of the extent of congruency be-
tween the PrP of the donor species and that
of the new host (6). However, this mecha-
nism cannot account for the exceptional
ability of the BSE agent to cross the species
barrier. This agent has original properties
and is suspected to have contaminated hu-
mans (2, 7). Thus, we examined BSE trans-
mussion and PrPres during primary transmis-
sion to mice and in subsequent passages to
other muce.

Thurey C57BL/6 mice were moculated by
intracerebral injection of a 25% BSE-infected
cattle brain homogenate. After 368 1o 719
days, all of the noculated animals exhibired
symptoms of a neurological disease encom-
passing mawnly hindlimb paralysis, tremors,
hypersensitivity to stimulation, apathy, and a
hunched posture. Biochemical analysis of
their brams showed no detectable PrPres ac-
cumulacion 1n more than 55% of the mice;
these muce were termed PrPres™ (Figs. 1 and 2)
(8). Histological examination revealed neuro-
nal death in all mice, but other classical
changes associated with TSEs—that 15, neu-
ronal vacuolation and astrocytosis—were him-
ited to the ®rPres™ mice (Fig. 3). Neuronal
loss was most obvious in the Purkinje cells of
the cerebellum, but degenerated neurons were
also observed, to a smaller extent, tn the CAl
region of the hippocampus. No sign of local
inflammation was present. Electron micro-
scopic examination of degenerated cells



howed marginalization and clumping of the
chromatin, a characteristic of type I apoptosis
{Fig. 3E) (9).
The PrPres~ mice were infected with a
TSE agent because they could transmit a dis-
ease exhibiting the classical features of TSE,
that is, PrPres accumulation and spongiform
lesions {Fig. 2). The brains of PrPres™ mice
{for example, B1) and PrPres™ mice {for ex-
ample, B4) were used to noculate a second
sertes of mice. Most of the mice inoculated
with PrPres™ brains developed a classical TSE,
but a few presented the PrPres™ pattem again
and the mecubation periods remained spread.
However, as was observed at primary passage,
PrPres* and PrPres™ mice had the same range
of incubation periods (Fig. 2) (10). Transmis-
sion from PrPres* mice led to an important
reduction of mcubation time that was very
homogeneous (167 * 2 days, mean = SEM)
with detectable PrPres in all mice (Fig. 2).
A third passage was performed with one
mouse from the Bl lineage and two muce from
the B4 lineage, only one of which had detect-
able PrPres (Fig. 2). After moculation with
the PrPres~ bramn, incubation periods were
shortened and less variable and all but one of
the mice had detectable PrPres at che termi-
nal stage of disease. Transmission from
”rPres mice gave very similar incubation
peniods, whether originally inoculated with
brain homogenate from the PrPres™ or
PrPres* lineages. Finally, as a result of this
third passage, the PrPres™ pattern had almost
disappeared (Fig. 2). Thus, the PrPres” pat-
tern had a selective advantage and was asso-
ciated with the short and homogeneous incu-
bauon periods. Therefore, PrPres could be
associated with the adaptation of the agent to
its new host.

Because we were able to transmit a TSE
agent without detectable PrPres upon three
passages, infectivity and PrPtes can be disso-
ciated [see also (11)]. The similarity of the
chnical signs in PrPres™ and PrPres™ mice
suggests that neuronal death was the major
determinant of central nervous system func-
uon impairment. However, the presence of
spongiform lesions and overt gliosis was di-
rectly linked to that of PrPres (12). The role
of PrPres in the pathogenesis of cerebral dam-
age has been shown in vitto (13}, as has the
requirement for normal PrP in the develop-
ment of disease and pathological lesions (14,
15). Thus, PrPres s clearly involved in the
pathogenic process of TSEs. However, it may
not be the transmussible component of the

infectious agent.
. This concept 1s supported by the multi-
plicity of TSE strains. Fesexamplewmore

thiwephwdifferenstraiti-eanveeplicatein,
syngenetc-E5BL/6 micer-burexdubiuspee-
|appropeessineubationspesiodpdistabu-
tiomeof the lesions, and-bisehetittenl+fea-
toses). even though the PrP of theHosts
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transissiondedifferent. hostsiwithsdiffers. sien~incthe: caseof mterspeciesstransmis-
entebiR-moleculembing6) wherea@otliets  sions of the BSE. agent, the hypothesized
undergo-phenotypie changes whetr passagéd  eyistence.of an infectious agent.inwaddi-
incausingle.host-{18). Finally, when mice ti@muato--ErPres becomes. more. likelppmin,
lacking PrP were inoculared with either the  view.of the complexity of TSE strain<prop=
Chandler scrapie strain or the mouse-adapt-  etties,. this agent may be a nucleic. acid.
ed Fukuoka-1 stram of Creurzfelde-Jakob Mareover, our results suggest a pathogenic
disease, they did not develop clinical dis- mechanism that may account for the pe-
ease, but several bramns contained a trans-  culiar efficacy of the BSE agent in crossing

mussible agent 20 weeks after inoculation the species barrier. The BSE agent is vir-
{14, 19). ulent enough to replicate in the new host

R
R R

Fig. 1. (A and B) PrPres
detection by protein im-
munobiot (26). In (A},
brains of mice at the ter-

+30 kD
«21.5 kD

minal stage of the dis- ~oOWYrrEIQRQQO00OWY T, RQ9Q
i R8I 3288888238 233883888
ease (4 mg bran equiva D55%53238% ELoSBEETY
L
lent) were analyzed. B1, NogpLpeon CEg 23328
gdéaana
oo

B10, B6, and B4, first

passage from cattle brain; 2PB4-1, second passage c

from B4 mouse; Control, negative control brain (rmouse 3

noculated with the brain of a healthy cow and killed 800 30 kD

days after noculation without clinical signs); Pos, brain 54 g 5

poot of mice at terminal stage of experimental scrapie PK (ug/m) 0 ; P s 10 25 50
(strain C506M3); Pos/x, dilutions of posttive control. In Control PrPros—
(B), under conditions of maximal sensitinty, the PrPres

signat can be detected at a 1:10,000 dilution of the positive contral (2.6 pg brain equivalent). Pos,
control, and PrPres ™ samples correspond o 25 mg brain equivalent. {C) Similar degradation pattern of
PrP with a range of doses of PK in a normal mouse brain and a PrPres~ brain, showing the absence of
PrPres with less resistance to protease than usual in PrPres™ brams (27).

Fig. 2. Transmission fea- v
tures of BSE into mice at 850 3
first, second, and thrd pas-  Primary passage o750 =
sage (28). Histograms rep- e* L6502

O ooy : sevesss? 550 &

resent the amount of PrPres
(expressed as a percentage
of the positive control) in the
brains of mice at the terminal
stage of neurological dis-
ease. Diamonds represent
the incubation period for
each individuat mouse test-
ed for PrPres. The positive

81 mousa inoculim B84 mouse moculum

csseobee
* 450 ¢

100 Y A4

control corresponds to a r S - @
brain pool of mice at the ter- e *r6508
minal stage of experimental veo** 750 2
scrapie (strain C506M3). At g R -
primary passage, indwidual kS 450 E-
rmice were scored from B1 £ 3350
to B30 according to their in- v . 250 8
cubation periods. The brans g o iL 150 g
Q. E: H
of B2, B3, B26, and B27 kO e HHoveonaer s

could not be analyzed and =
are not represented. The 2PBTY 2PB4
brains of B1 and B4 were  Third passage

inoculated to a second se- 2PB4-1 2PR4-2
ries of mice called, respec- L
tively, 2PB1 and 2PB4. At
third passage, the recipient
mice were called, respec-
tively, 3PB1 and 3PB4, Sec-
ond passages were aiso
performed with B6, B10,
and B15 and are not shown
for the sake of clanty, they were consistent with the passages from B1 and B4

PrPres detection

3PB4-1 3pB4-2
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Fig. 3. Histological examination of the brains of
mice at the terminal stage of disease (29). (A and
B) Toluidine blue staiming in the cerebelium of a
PrPres* mouse (A) and a PrPres™ mouse (B).
Note the Purkinje cell layer with normal and de-
generated cells. Vacuoles in the internal granular
layer were seen only in the PrPres* mouse. These
lesions were not seen in aged control mice. Scale
bar, 20 pm, {€C and D) Immunohistochemistry for
GFAP in the thatamus of a PrPres* mouse (C) and
a PrPres~ mouse (D). The dark staining of proto-

lasrmic astrocytes and the presence of vacuoles

ere seen only in the PrPres™ mouse. Scale bar,
20 pm. (E) Electron microscopic examination of
an apoptotic Purkinje cell in the cerebellum of a
PrPres ~ mouse (30). Note the clumping and marginalization of the chromatin, as well as the normal
aspect of the nuclear membrane (arrows) and cytoplasmic organelles (arrowheads show the Golg
apparatus and mitochondria). Scale bar, 0.5 pm.

8. It could be argued that we killed our mice too early,
when infectivity was not maximal in the brain. However,
mice were killed at the premortem stage (that is, just
hefore they would have died of diseasa). Moreover, it is
known from expenmental modeis that PrPres accumu-
lation precedes the appearance of pathology and 1s
detectable several months before clinical signs (77).

P G. H. Clarke, Anat Embryol. 181, 195 (1990).

It could be argued that the mice that died of a neurolog-
ical disease without detectable PrPres had been con-~
tarmunated with a conventional agent dunng the inocu-
lation process. This is unlikely because () control mice
injected with normal cow brain remaned heatthy, and (i)
hustological and electron micrascopy examination of
brans did not show classical encephaltis (complete
lack of inflammatory cefls or edemna, absence of viral

without PcPres accumulation. Hence, it 1s
not eliminated, and during replication the
agent may acquire the capacity to convert
the new host PrP into PrPres. As a result
of this adaptation, the transmissible agent
would be tightly associated with PrPres, g,
which would confer enhanced virulence
and induce the development of classical
spongiform lesions.
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Mice were killed at the premortem stage by cervical
fracture, and brans were immediately removed. One
hemsphere (including the cerebellum) was frozen in
liquid mtrogen and stored at ~80°C for PrP analysis.
{The other hemisphere was fixed for pathological
examination ) For PrPres purification, the whole brain
hernisphere was hormogenized to 10% (w/v) ina £%
glucose solution. Briefly, proteinase K (PK) was used
at 10 pg/ml (1 hour at 37°C}) and digestion was
blocked with phenylimethyisulfonyl fluoride (5 mM),
After addition of sarkosyl to 10% and tns (pH 7.4) to
10 mM, samples wers incubated for 15 mn at room
temperature They were then centifuged at
245,000g for 4 hours at 20°C on a 10% sucrose
cushion (Beckmann TL10G uitracentnfuge}. Pefiets
ware resuspended mn Laemmi buffer (24) and run on
a 12% polyacrylamide gel. Protein immunobiotting
procedures using chemiurminescence were as de-
scribed (17). The standard conditions correspond to
the load of samples equivalent to 4 mg of brain and a
1-mun exposure tme. Sensitivity of the detsction can
be increased by a higher loading of the gel (up to 25
mg) and a longer exposure time (up to 30 min).

PK doses are expressed in micrograms of 10% bran
homogenate per mllliter Digestion was performed
as described above with increasing doses of PK.
After denaturation in Laemmii buffer, homogenates
equivalent 10 1 mg of brain were electrophoresed.
Thity adult male C57BL/6 mice were injected ntra-
cerebrally with 20 l of 25% BSE-infected brain homog-
enate. Ten control mice were injected similarly with con-
trot cow brain. Subsequent mouse-to-mouse passages
used 20 pl of 10% mouse brain horogenates {corre-
sponding to about 1/200 of a mouse brain), except for
the 2PB1-1 mouse inoculum (1% homogenate). Twenty
mice were injected with a 1% brain homogenate cf a
mouse infected with expenmental mouse scrapie, stran
C506M3, constituting the positive controt group. Neg-
alive control mice were kept in the same room and did
not deveiop any neurological disease The ncubation
psnods correspond to survival imes assessed accord-
ing to the critena in (25).

Whole brain hemispheres were fixed in buffered 10%
farmalin Pleces of brain were then embedded either
In paraffin for immunohistochemistry (7 - wm sections)
or in Araldite {4-pm sections) for fine morphological
examination. Antibodies were a polycional antibody
to mouse ghal fibnllary acidic protem (GFAFP) and a
horseradish peroxdase-conjugated secondary anti-
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were exammed. Spongdform lestons and gliosis
could not be seen n any bran region of PrPres”
mice The absence of localized PrPres deposits was
corfirmed by PrP immunonhistochemistry.

Whole brain hemispheres were fixed overnight with a
solution of 1% glutaraidehyde and 1% parafonmal-
dehyde in 0 12 M phosphate buffer (pH 7 4). Aiter 1
hour posthixation with 2% osmic aod, they were
stained en bloc with uranyt acetate and embedded in
Araldite Ultrathin sections were stained with urany!

. body (Dako). Seven PrPres- and six PrPres* bramns
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acetate and lead citrale before examination with a
Phitps CM10 electron microscope
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Potency of Combined Estrogenic Pesticides

Steven F. Amold et al found 150- to
1600-fold synergistic interactions between
binary mixtures of the weakly estrogenic
pesticides endosulfan, dieldrin, toxa-
phene, and chlordane in competitive es-
trogen receptor (ER) binding assays and in
an estrogen-responstve assay in yeast (I).
Less dramatic synergistic mteractions be-
tween two weakly estrogenic hydroxy
polychlorinated biphenyl congeners were
also observed in the yeast assay and
man endometrial cancer cells. On the
1s of these data, ¢ was suggested “that
1e estrogenic potency of some environ-
mental chenucals, when tested singly, may
be underestimated” (I, p 1491). The pur-
ported synergistic interactions of these
compounds have important mechanistic
and public health consequences (2). We
reassessed the potential synergistic mter-
acrions of two weakly estrogenic pesti-
cides, dieldrin and toxaphene, using the
following estrogen-tesponsive assays: in-
duction of uterine wet weight, progester-
one receptror (PR) levels and uterine per-
oxidase activity in the immarture female
mouse; mnduction of cell growth and wwo
£Strogen-responsive reporter gene assays in
MCF-7 human breast cancer cells; induc-
rion of reporter gene actvities m (wo
yeast-based assays that expressed either
the human or mouse ER, and competitaive
binding to human and mouse ER. For
these 10 different estrogen-responsive as-
says, the combined activities of dieldrin
plus toxaphene were essentially additive.
Moreover, interactions of all the bmnary
mixtures of organochlorine pesticides re-
ported by Arnold et al. (1) were reinves-
tigated n the two yeast-based assays.
The results we obtained in yeast trans-
med with an expression plasmid that
ontained the wild-type mouse ER and «
reporter plasmid containing a single ERE
linked to the LacZ gene (3) wndicate that
the estrogenic acuvities of all the binary
muxtures of organochlornine pesticides were

additive These same binary mixtures were
also 1nvestuigated i a yeast-based human
ER assay (4), which vsed the same yeast
stram and reporter gene construct used by
Arnold et al (1). In contrast to that study,
synergistic activity was not observed for
any pestictde combination. The differenc-
es between our results and those reported
by Arnold et al. (1) cannot be accounred
for by differences in total ER expression,
because varying this expression did not
have any affect on synergy. These resules
demonstrate that synergism between
weakly estrogenic chemicals 15 not univer-
sal, even within the same strain of yeast.
The recent scientific, regulatory, and pub-
lic concern regarding the potential ad-
verse envitronmental and human health
impacts from synergistic estrogen respons-
es induced by oiganochlorine pesucide
mixtures should be tempered by out re-
sults, which demonstrate that rhese com-
pounds are weakly estrogenic and, in com-
bimation, their activities are additive (5).
. Kavita Ramamoorthy

Fan Wang

I-Chen Chen

Stephen Safe

Department of Vetermary Physiology

and Pharmacology,

Texas AGM Unversity,

College Station, TX 77843-4466, USA
John D. Norris

Dondld P. McDonnell

Department of Pharmacology,

Duke University Medical School,

Durham, NC 27709, USA

Kevin W. Gaido

Chemical Industry Insatute of Toxicology,
Research Triangle Park, NC 27709, USA
Wayne P. Bocchinfuso

Kenneth S. Korach

Laboratory of Reproductive and
Developmental Toxicology,

Nanonal Institute of Enerronmental

Health Sciences,

Research Trangle Parle, NC 27709, USA
VOL. 275 »

SCIENCE = 17 JANUARY 1997

TEQHNICAL COMMENTS

REFERENCES

1. S F Amold et al, Scrence 272, 1489 (1996)

2 S.5 Smons Jr., iid., p 1451

3. H Kohno. O. Gandini, S W Curtis, K S. Korach,
Steorods 59, 572 (1994)

4 T A Pham, Y. P Hwung, D Santiso-Mere, D. P
McOonnelt, B O'Malley, Mol Endocrinot 6, 1043
(1992)

5. A. detailed description of this study i1s In press n
Endocrnology Please contact S. Safe for more n-
farmation

3 October 1996, accepted 3 December 1996

Response: 1t 15 difficult to compare the re-
sults of the study by Ramamoorthy et al. to
ours because the assays they used, while
appearing to be similar to ours, were in each
case different. The differences, however,
have been mstructive in helping vs frame
some of the parameters that may be unpor-
tant 1n determining the synergutic action of
weakly estrogeme chemcals.

In our mammalian and yeast cell assays
(1}, as well as in the Ligand-binding exper-
mments, the concentration of receptor mol-
ccules was low, while in the study by Ra-
mamoorthy et al. the concentrations were
high. For example, our mammalian cell cul-
ture expenments uscd Ishikawa utetine can-
cer cells that lack detecrable ER and were
transfected with only 20 ng of hER cDNA.
In contrast, Ramamoorthy et al used
MCEF-7 breast cancer cells that contamed
high [evels of endogenous ERs [MCF-7 celis
typtcally contain endogenous ER levels in
the range of 30,000 ERs per cell (2) to
200,000 ERs per cell (3)] and that werc
transfected with an addwonal 4 to 5 pg of
hER cDNA Likewwse, m the yeast-based
assay used n our teport, the number of
expressed hERs was estumated 1o be 500 to
1000 receptors per cell, but the study by
Ramamoorthy et al appears ro contain well
in excess of 1000 ERs per cell. Finally, our
in vitro competitive binding condittons
used 0.4 nM concentranions of ERs (mono-
mer concentrations), whereas the concen-
tration of ER used by Ramamoorthy et al
was considerably higher and the assays were
not performed according to our report (1)
Therefore, because our results showed syn-
ergy and theurs did not, ER concentration
raay play an important role in the abtlity of
mixtures of chemicals to synergize.

With regard to the animal studies, our
carhier work showed synergistic responses to
weakly estrogenic chenucals in rurtles that
were treated carly i development (4). The
study by Ramamaorthy et al. was performed
in the uterus of female mice that had al-
ready undergone sexual differentiation. Quy
contention has been that developmentally
exposcd animals are more likely to demon-
strate Synergistic responses to estrogenic
chernicals. Nonetheless, mspectton of the
data provided by Ramamoorthy et al. sug-
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