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In this work we show evidence of mother-to-offspring transmission in a transgenic mouse line expressing
bovine PrP (boTg) experimentally infected by intracerebral administration of bovine spongiform encephalop-
athy (BSE) prions. PrP™ was detected in brains of newborns from infected mothers only when mating was
allowed near to the clinical stage of disease, when brain PrP™ deposition could be detected by Western blot
analysis. Attempts to detect infectivity in milk after intracercbrzl inoculation in boTg mice were unsrecessful,
suggesting the involvement of other tissuves as carriers of prion dissemination. The results shown here prove
the ability of BSE prions to spread centrifugally from the central nervous system to peripheral tissues and to
offspring in a mouse model. Also, these resnlts may compiement previous epidemiological data supporting the

occurrence of vertical BSE transmission in calfle.

Prion diseases or transmissible spongiform encephalopathies
(TSEs) belong o a class of infectious diseases characterized by
the presence of an abnormally folded protein (PrP®) that
accumulates in the brains of affected individuals (24). TSEs
may be of spontancous, familial, or infectious origin. While
spontancous and familial etivlogies have been described for
the disease in humans (22, 23), infectious TSEs have been
clustered mainly in domestic animals, from which sheep scrapie
was the prototype of disease (17). The epidemic dimension of
bovine spongiform encephalopathy (BSE) in the mid-1980s
contributed to the spread of the disease to humans in the form
of variant Creutzfeldt-lakob disease (vCID} (7, 8). It is now
generally accepted that the consumption of contaminated meat
and/or meat-derived products has been the most probable
route of transmission of BSE prions to humans. Natural routes
of transmission have been described for scrapie prioas (16, 19,
20), although scant information is available regarding BSE
natural routes of infection. The ability of scrapie prions to
accumulate in placental tissues from genetically susceptible
ewes (1, 25, 27) might be a contributing factor in scrapie
epidemiology (16). However, this picture still remains diffusc
for BSE. No PrP* accumulation is detected in placentas from
BSE-infected cattle (31), and neither blood nor milk from
BSE-infected animais have yet been shown to be infectious,
counsistent with the apparent absence of the prion agent in
peripheral tissues (3). Experjments to test maternal transmis-
sion in cattle showed that approximately 109 of calves born to
cows with confirmed BSE developed disease (2). This trans-
mission rate, however, was obtained in a scenario of disease
prevalence, since some of the calves were horn after the feed
ban was fully effective.

The abifity of prions to move from the central nervous sys-
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tem (CINS) through afferent nerve fibers has been described for
several TSEs, including genetic and sporadic human prion
discases (14, 15)and scrapie (28), and was suggested for
chronic wasting disease (CWD) (26). Recently, it has been
shown how vCID and Gerstmann-Striussler-Scheinker syn-
drome (strain Fukuoka-1} prions retaining full infectivity can
be detected in the blood of mice after intracerebral inoculation
{6). Te test the ability of BSE prions to spread from CNS o
peripheral tissues, we siudied the efficiency of BSE wransmis-
sion from intracerebrally BSE-inoculated mothers to their off-
spring in a transgenic mouse line (boTgl10} expressing bovine
P1P (4). boTgll0 mice express boPrP controlled by the mouse
PrP promoter at a level eight times that of the Jevel of bovine
PrP in catte brain as previously described (4). Groups of
boTgl10 females were intracerebraily infected with a BSE
inocuhum named BSE, consisting of a pool from 49 BSE-
infected cattle brains (TSE/08/59) supplied by the Veterinary
Laboratories Agency (New }aw, Addlestone, Surrey, United
Kingdum}. The titer of this inoculum was ~ I0% 50% infective
dose units per gram of bovine brainstem when measured in the
boTgl1( mouse line (data not shown). At different times posti-
noculation, infected female mice were mated with healthy ho-
malogous males {Table 1} Group T female mice (mated at 195
and 223 days postinoculation [d.p.i.]) showed a strong PrP™*
signal as judged by Western blot analysis of brain extracts (data
not shown). Tn contrast, only mouse 09 from group II (mated
at 160 d.p..)} showed detectable brain PrP™" accumulation, in
good agreement with the kinetics of PrP™ deposition in this
mouse model (4).

PrP™* was clearly detected by Western botting in 2 out of 10
ice born from group 1 females (mated at 195 and 223 d.p.i}
but in only 1 out of 40 in group 1T {mated at 160 d.p.i.}. The
PrP*™ banding pattern observed for group 1 positive brains was
similar to that for brains from Tg110 mice intracerebrally chal-
lenged with the BSE, inoculum, and no differences could be
observed in their refative molecular weight mobilites (Fig. 1A)
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TABLE 1. Vertical transmission of BSE in bu-PrP-Tgl L0 mice after infracercbral inoculation
d.pd. to: _— jes | MNa. of offspring with
Group Lnoculum Muuse Clinics] P“:h o PrPtotal no. of
Muling Offspring Milking Chuiling 408 mofhers offspring (d.p.i)

I BSE, al 195 246 256 274 Yes ~++ 1/5 (622)

I BSE, az 23 250 258 274 Yes -+ 1/5 (613)

1! B3E, 02 160 182 190 237 Yes 1 1/13 (536)

n BSE, 12 160 182 190 210 No - 0/14

14 BSE, 14 160 182 190 210 No - 0713

u None (control) 03 220 246 256 276 No - 0112

I None (control) 05 220 246 256 276 No - 010

“ %4+, strong PrE™ signal; +-+, PyP™* gecumnintion detectable in braing —, no detectuble PrP*™ in brain.

Deglycosylation experiments with N-glycosidase F (PNGase F)
confirmed this observation (Fig. 1B). However, differences in
the amounts of immunorcactive PriP™ were found between
aroup I and IL: PrP™* levels in mouse 09/02 {fom group IT were
found to be clearly lower than those in mice from group I. This
fact might be explained by the shorter survival timme of this
mouse (time to death, 536 d.p.i.) refative to those of inice from
group L, which died at 622 and 613 days postinfection. Differ-
ences in the percentages of PrP™*-puositive offspring among
groups 1 and 1T (20% versus 2.5%; P, .o = 0.098) might be
related 1o the time after intracercbral BSE prion inoculation
alter which mating was allowed, Thus, higher transmission
rales, defined by the presence of detectable PrP™, are ob-
tained if the accumulation of pathogenic PrP in brain is al-
lowed to reach certain nonpathological levels without disturb-
ing the reproductive competence of female mice. The high
percentage of PrP™-negative littermates could be atlributed to
the Hmited sensitivity of the Western blot technique (5). In
addition, exploring the presence of PrP™ depositions by im-

A

munohistochemistry in brains from mice negative for PrP™ by
Western blotting was consistently unsuccessful (data not
shown). The lack of Pre™ detection, however, cannot exclude
completely the existence of subelinical infections in the PrP™-
negative oflspring. This assumption can be supporied by the
statistically signiticant differences (P = (L0Z0} observed in the
survival titaes between offspring from infected (585 % 60, 589
* 71,583 % 36, 566 = 63 and 608 % 20 d.p.i.) and control (637
% 57 d.p..) mothers (Fig. 2). Moreover, there was no differ-
ence between the survival tines of PrP™ -positive and PrP™-
negative offspring mice. To confirm the fact of subclinical in-
fection, worlss on second-passage experiments are in progress.

The fact that BSE prions delivered into mice brains can be
transmitted to a next generation is indicative of their intrinsic
ability to centrifugally spread from the CNS to other periph-
eral tissues. Tn fact, the ability of prions to move from CNS
through afferent nerve fibers has been also described for other
TSEs, including genetic and sporadic human prion diseases
(14, 15) and scrapie (28), and was suggesied for chronic wast-

B

group | group | group 11
Tg05/01 C+ Tq02/01 Tg02/02 Tg09/02 C+ Ta02/02
- F =+ -~ + - + - + PK -~ 4+ = + PNGaseF
W + + + o+ PK
E =~ 120.0 - 361
- o ‘ - 97.0 ‘ .
w ™ ." -
- 5§54 7 s :
- 364 “ = 209
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- 289
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FIG. 1. (A) Comparison of Western biot profiles in brain detergent-insoluble fractions from PrP™*positive offspring Tg5/01, mouse born
from the Tg05-uninfected fentale; Tel1A2 and Tgli2/02, mice bora from the Tgll and Te)?2 BSE, inoculum-infected females, respectively; Te0%/02,
mouse born from the Tpd9-infected femule; C+, brain extract from a T'g]10 mouse intracerehraily inoculuted with BSE, inoculnm; Mr, Relative |
meleculur mass expressed in kiludaltons; PK, proteinase K treatment. Protein loads per lane are equivalent in progeny mice. In the Tg05/01 mouse
the PK — lane shows soluble brain fruction. (B) Deglycosylation studies of PrP™ from control (C+) snd progeny Tg02/02 brain cxtracts.
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FIG. 2. Mean survival times of mice born from infected mothers. (A) Histograms shuwing survival times of the offspring of cach female and
of all offspring (boTg-Tot). BaTe-C-, offspring [rom uninoculiuted group T mothers. The values within the bars represent the days after inoculation
* glandard deviations. The numbers of mice of cach fype inoculated are in parentheses. (B) Kaplan-Meier curves correspond o the averall

groupings of the offspdng (groups 1 and IT).

ing disease (CWD) (26). Recently it has been shown how
vCID and Gerstmana-Striussler-Scheinker syndrome (strain
Fukuoka-1) prions retaining full infectivity can be detected in
the bloed of mice after intracerebral inoculation (6). The role
of blood in BSE prion dissemination became more evident
after the demonstration of BSE transmission to sheep via
blood transfusion even during the preclinical phase of an ex-
perimental oral BSE inoculation in sheep (18). Our resuits
indicated that BSE prions could be transmitted to the ofspring
after intracerebral inoculation in a process that seems to be
more efficient when detectable amounts of PrP™ are present
in the brain. The way by which prion infectivity is transmitted
through a pext generation could be then, based on previous
work, be jdentified as blood dissemination. Other investigated
tissues (placenta, lymphoid tissues, and gastrointestinal tract)
were negative for PrP™ either by Western blolting or by anal-
ysis with immunchistochemistry (data not shown). However,
these negative results do not allow one to conclude that there
is a lack of infectivity in these tissues. In our experimental
model, other fluids cannot be disregarded as vehicles for prion
spread. To asses whether the route of infection chrough milk
feeding was involved, we carried out experimental inoculations
of milk extracted from mothers. For this purpose, 0.5 ml of
pooled milk extracted from both infected and uninfected
mothers was delipidated and intracetebrally injected into
hoTgli0 mice after a concentration step (centrifugation at
25,000 X g for 30 min). We estimate that the amount of nulk
used for the inocnlations represents 25% of the milk intake
during lactancy. Anpalysis of the survival times of mice inocu-
lated or mock inoculated did not show any significamt differ-
ence {Fig, 3). Brains from these mice were then analyzed with
toth histopathology and immunohistochemistry for the pres-

ence of PrP™. Similarly, no PtP™ was detected (data not
shown). This negative result does not exclude the potential of
milk to transmit prions but suggests that the relevance of this
fluid in infectivity might be very low if it exists at all. Thus, the
centrifugal dispersion of prions together with the ability of
blood to retain prion infectivity might account for the trans-
mission of BSE pricns to the offspring without excluding other
possible ways.

With regard to BSE in cattle, previous ffeldwork studies
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FIG. 3. Survival times of boTg110 mice inoculated with donor milk
sapiples. Survival times for mice inoculated with milk from healthy
female boTgl 10 mice (MILK/C) or mitk (MILK/T'e) and brain (ENC/
Tg) pools from BSE -infected femaule boT'gl10 mice are shown. The
vajues within the bars indicate the days postinoculution * stapdurd
deviations. The numbers of mice innculated with each type of sample’
are indicated in parentheses.
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suggested that the discase may be passed from cow to calf (29,
30). However, there has been controversy and uncertainties
regarding whether or not maternal transmission has implica-
tions in the prevalence of this discase similar to those that it
has for sheep scrapie (9, 10). Our results reveal an enhanced
risk of disease in mice born from BSE-infecied mothers at the
end stage of the incubation time. The same type of risk may
apply to the offspring from BSE-infected cattle, as has been
suggested from the epidemiotogical data (9). However, it is
necessary (0 point out here some differences between our
transgenic mouse model and bovine species. Firstly, boTgli0
miee express boPrP at a level eight times that of bovine PrP in
caitle brain; therefore, there is more PrP© substrate available
for conversion to PrP®, Secondly, there are some evident
differences with respect to the architectural anatomies of
mouse and cattle placentations, In cattle, the placenta is
bridged 1o the uterus by a colyledonary form of attachment,
angd the structure is of the syndesmochorial type, in which the
embryo trophoblastic [ayer and the maternal uterine epithe-
lium are not fused. In contrast, mouse embryonic and uterine
epithelia are completely fused (hemochoriat). This type of
structure allows blood from the uterine endothelium to be in
close contact with the fetal placenta, therefore Facilitating the
chances for prion dissemination and embryonic contamination.
The BSE agent can propagaie eficiently in sheep {11), and
the possibility of sheep flocks becoming infected with BSE was
raised (21). However, in contrast to findings for sheep scrapie,
no evidence of PrP*® has been found in the reproductive tis-
sues of sheep infected with BSE (13), nor has BSE been re-
ported in the offspring of experimentally infected ewes (12).
Since transmission of BSE prions to the offspring ovcurs in the
mouse model, it is reasonable to assume thar host-specific
restrictions may compromise the ability of BSE prions to be
vertically transmitted.

This wark was supported by natiooal Spanish gramts (EET2002-
05168-C04-02 and INTA-OTO208).
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Chronic wasting disease (CWD) is an emerging prion disease of deer and elk. The risk of CWD transmission
to humans following exposure to CWD-infected tissues is unknown. To assess the susceptibility of nonhuman
primates to CWD, two squirrel monkeys were inoculated with brain tissue from a CWD-infected mule deer. The
CWD-inoculated squirrel monkeys developed a progressive neurodegenerative disease and were euthanized at
31 and 34 months postinfection. Brain tissue from the CWD-infected squirrel monkeys contained the abnormal
isoform of the prion protein, PrP-res, and displayed spongiform degeneration. This is the first reported

transmission of CWD to primates.

Chronic wasting disease (CWD) is a prion disease of elk and
deer in North America that was first identified at cervid re-
search facilities in Colorado and Wyoming in the late 1960s
(17, 18). CWD has been identified on cervid game farms from
Montana to New York and has been diagnosed in wild deer
and elk in Colorado, Wyoming, Nebraska, South Dakota, Wis-
consin, New Mezxico, Illinois, and Utah and in Saskatchewan,
Canada (1, 14, 13). The geographic distribution of CWD in
deer and elk has been expanding and will likely result in an
increase in human exposure to the CWD agent. Although
there have been no cases of human prion disease linked to
CWD infection, the risk of interspecies transmission of CWD
to humans following consumption of CWD-infected tissues is
uncertain (5, 13).

One approach to assess the susceptibility of humans to an-
imal pricn diseases is by experimental transmission to nonhu-
man primates (9-11). To investigate the susceptibility of non-
human primates to CWD, two adult female squirrel monkeys
(Saimiri scivrens) were intracerebrally (i.c.) inoculated with 200
ul of a 20% (wtfvol) brain homogenate from a female mule
deer in the clinical phase of CWD (inoculum was a gift from
Elizabeth Williams, Department of Veterinary Sciences, Uni-
versity of Wyoming, Laramie, WY). Both CWD-inoculated
squirrel monkeys developed a progressive neurological disease
and were euthanized at the terminal stages of disease at 31 and
34 months postinfection, respectively (data on clinical symp-
toms and the time to onset of disease were not available).

To determine whether the abnormal form of the prion pro-
tein, PrP-res, was present in the CWD-infected squirrel mon-
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keys, brain homogenates were analyzed by Western blotting as
previously described using the anti-PrP monoclonal antibody
6H4 (Prionics AG, Switzerland) (2). For this analysis, a 5%
(wtfvol) brain homogenate in Dulbecco’s phosphate-buffered
saline (Mediatech, Inc.) from CWD-infected squirrel monkeys,
a CWD-infected elk, or an uninfected mouse was either di-
gested with proteinase K (PK) (4 U/ml; United States Bio-
chemical) for 1 h at 37°C with agitation or was not digested
with PK. In the samples that were not digested with PK, PrP
migrated between 21 and 35 kDa in the CWD-infected squirrel
monkeys (Fig. 1, lanes 1 and 2) and between 30 and 35 kDa in
the CWD-infected elk {Fig. 1, lane 3) and in the uninfected
mouse sample (Fig. 1, lane 4). In the samples that were di-
gested with PK, PrP-res were detected in the two CWD-in-
fected squirrel monkeys (Fig. 1, lanes 5 and 6} and in the
CWD-infected elk sample (Fig. 1, lane 7). In the PK-digested
uninfected mouse brain, PrP was not detected (Fig. 1, lane 8),
indicating that PK digestion completely removed the PK-sen-
sitive isoform of PrP. In both CWD-infected squirrel monkeys,
the migration of the three PrP-res polypeptides on sodium
dodecyl sulfate-polyacrylamide gels was similar. The diglyco-
sylated PrP-res polypeptide migrated at 30 kDa similar to what
has been reported for squirrel monkeys infected with sporadic
Creutzfeldt-Jakob disease (CYD), kuru, and scrapie (4). The
relative abundance of PrP-res in the brain from the squirrel
monkey that was sacrificed at 34 months postinfection (Fig. 1,
lane 5) was greater than that in the squirrel monkey sacrificed
at 31 months postinfection (Fig. 1, lane 6) and may represent
differences in the state of disease progression when the animals
were sacrificed.

Histological examination of the brain, brain stem, and spinal
cord from the squirrel monkey that was euthanized at 31
months postinfection revealed widespread spongiform changes
that are consistent with CWD-induced neurodegeneration.
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