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Abstract – Bovine spongiform encephalopathy was a novel spongiform encephalopathy, in an hitherto un-
affected species, that had characteristics of a point source epidemic, with an agent that could have been
incorporated into a wide variety of feedstuffs and iatrogenically administered to naïve populations, and
there was early evidence that it was not restricted to bovines. It was vital to establish, albeit experimentally,
which other species might be affected, and whether the epidemic could be maintained by natural trans-
mission, if the source was removed. In contrast, scrapie has been endemic throughout Great Britain for
centuries, is maintained naturally (even if we don’t know exactly how) and has a known host range. The
principles, process and integration of evidence from different types of studies, however, are similar for both
of these transmissible spongiform encephalopathies (TSE) and can be applied to any emerging or suspected
spongiform encephalopathy. This review discusses the experimental approaches used to determine TSE
transmissibility and infectivity and how they relate to natural disease and control measures.
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1. INTRODUCTION

1.1. Spongiform encephalopathies of animals

The spongiform encephalopathies of an-
imals include scrapie, chronic wasting dis-
ease (CWD), transmissible mink encephalopa-
thy (TME), bovine spongiform encephalopa-
thy (BSE), feline spongiform encephalopathy
(FSE), the spongiform encephalopathies seen
in non-domestic captive ungulate species such
as eland, oryx and greater kudu, and cap-
tive ostriches [85–87]. Spongiform change can
also be seen in other diseases, such as rabies,
other viral diseases [14, 29, 88], and hepatic
encephalopathies. They may be encountered
as a genetic or congenital problem [62, 63,
102], as an incidental finding in normal sheep
[126], or even as an artefact [108].

However, the only observed natural animal-
to-animal transmission of a spongiform en-
cephalopathy occurs in ruminants: scrapie in
small ruminant species, CWD in deer and
elk, and possibly BSE in small ruminants (al-
though this latter example has only been ob-
served in an experimental flock [8]). Natural
spongiform encephalopathies in other species,
including humans, are either genetic in ori-
gin (e.g. Gerstmann-Sträussler-Scheinker dis-
ease, fatal familial insomnia) or have been
linked predominantly with an idiopathic trans-
mission mechanism i.e. exposure to contam-
inated feedstuffs (TME, BSE, FSE, and kuru
in humans). There is no recorded occurrence
of spongiform encephalopathies being able
to transmit effectively within non-ruminant
species.

The naturally occurring transmissible
spongiform encephalopathies (TSE) are
invariably fatal, have long incubation periods
and provoke no overt immune response in
the host. In some, such as scrapie, there are

known genetic effects on whether exposure
leads to the development of clinical disease
[98, 100]. Additional factors that may affect
host susceptibility have been proposed [25,
45, 93] and there could be other unconfirmed,
or even as yet unidentified, factors that might
affect host susceptibility.

1.2. Aim and objectives

An integral part of the classification of
spongiform encephalopathies is whether they
are transmissible or not. If it is possible to ex-
perimentally transmit “to pass or hand on” [4]
i.e. transfer the disease, then it has the poten-
tial to be naturally infectious. An infectious
disease is one that is due to the “transmis-
sion of a specific agent, or its toxic products
from an infected person, animal, or reservoir
to a susceptible host, either directly or indi-
rectly through an intermediate plant or animal
host, vector, or the inanimate environment”
[71]. This has implications for disease control
strategies; different approaches will be needed
if there is an infectious component than if the
disease was purely due to a nutritional or ge-
netic cause. It should also be noted that an
infectious disease may not be contagious –
where contagious is defined as “the communi-
cation of disease by direct or indirect contact”
i.e. it is communicable to other individuals [3].

Experimental approaches to the investiga-
tion of whether transmission occurs have be-
come more sophisticated since the start of
the 20th century when Cuillé and Chelle first
achieved experimental transmission of sheep
scrapie via the conjunctival route in France in
1936 [17, 18]. This experimental evidence of
transmissibility was confirmed, somewhat un-
intentionally, by the iatrogenic transmission of
scrapie from sheep to sheep via the medium of
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a louping ill vaccine, which led to outbreaks in
Great Britain during the 1930s [41].

In this review on the transmission of TSE
in animals our first objective is to illustrate the
route to the designation of a spongiform en-
cephalopathy as “transmissible”, through the
example of BSE in the 20th century. The
knowledge that a spongiform encephalopathy
is transmissible then leads to the question of
the relevance of experimental findings to the
field situation, where the required outcomes
are public health protection, disease control
and, ultimately, disease eradication. This then
is our second objective; to put transmissibility
into a “real-world” context. Scrapie and BSE
are our main examples, with other TSE of an-
imals referred to where appropriate. We also
aim to briefly highlight some of the challenges
and unanswered (or unanswerable) questions
that are inevitably raised when a novel spongi-
form encephalopathy is encountered, and its
ability to transmit is investigated.

1.3. Definitions

– PrPSc: “Prion protein”. An abnormal iso-
form of a naturally occurring host protein
(PrPC) which is resistant to proteolysis.

– End-stage/clinical disease: presence of
clinical signs and PrPSc in brainstem
and/or lymphoreticular system (LRS).

– Positive animal: PrPSc detectable, regard-
less of location (i.e. central nervous system
(CNS), peripheral nervous system, lym-
phoreticular system) or clinical status.

– Exposed animal: known challenge with
positive material, or contact with positive
animals or a contaminated environment.
May or may not also be in one of the cate-
gories above.

– Negative animal: no detectable PrPSc in
any tissue tested (must include CNS (if an-
imal dead) and/or LRS).

– Negative control: animal from a flock or
farm with good records, no recorded TSE
and a feeding history which does not in-
clude meat and bone meal supplements.

– Vertical transmission: transmission from
one generation to the next via the germ-
line or in utero [11].

– Horizontal transmission: lateral spread to
others in the same group and at the same
time; spread to contemporaries [11].

– Maternal transmission: there is some dif-
ficulty in separating possible horizontal
and vertical components to transmission
involved with the dam-offspring relation-
ship, and so the term “maternal transmis-
sion” is often used in discussion of the
transmission of scrapie, maternal transmis-
sion being defined as transmission before
or immediately after birth.

2. CONFIRMATION OF DISEASE AND/OR
INFECTION

The absolute nature of the infectious agent
poses a unique challenge and is still a
contentious issue. Accumulations of disease-
specific prion protein (PrPSc) in the CNS can
be demonstrated in all cases of clinical dis-
ease, so the detection of PrPSc is now used
to confirm the disease status of a clinically
suspect case at post-mortem [76]. PrPSc ac-
cumulations in a variety of tissues can also
be seen in the absence of clinical signs and
the demonstration of their presence is gener-
ally considered as evidence of exposure and
infection. However, such PrPSc accumulation
occurs relatively late in the incubation period
of the disease [6, 117], so this reliance on
the presence of PrPSc limits in vivo diagno-
sis of disease, and surveillance for evidence
of exposure or infection, with current diagnos-
tic tools [76]. The currently accepted paradigm
is that accumulations of PrPSc are not only
associated with disease, but are also associ-
ated with transmission and infectivity [92].
Whether it is the sole infectious component
is still a subject of some dispute. Firstly, nat-
urally occurring PrPSc, when used for trans-
mission experiments, is inevitably contained
in a suspension of the tissue in which it orig-
inated, and therefore the existence of another
factor, or factors, coexisting with PrPSc, and
responsible for infectivity cannot be unequivo-
cally excluded. Secondly, disease has been ex-
perimentally produced by tissue suspensions
from potentially infected animals in which no
PrPSc was demonstrable with current diagnos-
tic tools [69]. However, in order to investigate
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transmission of spongiform encephalopathies,
all studies currently use the presence of PrPSc

as a confirmatory marker of disease or expo-
sure/infection.

In experimental studies of TSE, the pro-
longed incubation periods and the availability
of resources coupled with welfare considera-
tions may not allow for individual animals to
be followed up to the ultimate fatal endpoint.
For this reason there is a lexicon of terms that
are applied both in experimental studies and
surveillance (see Section 1.3.).

3. THE SEARCH FOR EVIDENCE
OF TRANSMISSION OF BOVINE
SPONGIFORM ENCEPHALOPATHY

Experimental transmission studies in a wide
range of recipient species have established that
many species are susceptible to parenteral ex-
posure with positive tissue from TSE cases
under experimental circumstances (e.g. cattle,
sheep, goats, cats, mink, deer, elk, exotic ungu-
lates, primates, laboratory rodents). Detailed
reviews of these transmissions have been pub-
lished recently [52] and will not be repeated
here.

3.1. Bovine spongiform encephalopathy –
a TSE?

Following the identification of BSE in cattle
[107] and its epidemiological link to contami-
nated feed [118, 119], the major transmission
questions to be addressed, as in any other new
disease, were:

– Can it be transmitted?
– Who or what can it be transmitted to in or-

der to determine the potential host range,
which food animal species are susceptible,
and if there is a public health risk?

– How much is required to achieve trans-
mission/infection, to define infectious dose
and host susceptibility?

Then, if and when transmission is achieved:

– What is the pathogenesis of the resulting
disease, what is the earliest time at which
evidence of exposure can be detected and
in which tissue(s)?

– What are the possible routes and mecha-
nisms of transmission under natural as well
as experimental conditions?

– What is the relative importance of identi-
fied routes and mechanisms in the trans-
mission of the disease under natural condi-
tions in the original host and other species?

Only then can fully effective steps be taken to
intervene and minimise any risks to public or
animal health that may arise.

3.2. Experimental transmission studies

3.2.1. Artificial exposure – artificial routes

Some of these questions were addressed
for BSE initially by experimental transmis-
sion studies (see Tab. I for details [6, 8, 9,
20, 21, 26, 32, 35, 46, 49, 54, 58–60, 72, 83,
97, 109–114, 116, 117, 124]). In the case of
BSE, a sense of urgency accompanied these
investigations, partly as a consequence of the
subsequent emergence of similar disease in a
range of other species [57, 64, 125], and partly
because infected animals would have entered
the human food chain. Historically the most
efficient transmission route to use to provide
an indication of potential host range suscep-
tibility was that of intracerebral inoculation
(i.c.). Initial studies established that transmis-
sion of disease to food animal species using
CNS tissues from natural cases of BSE in cat-
tle was possible to cattle, sheep, goats and pigs
but not chickens.

Table I summarises the experimental chal-
lenges that have been undertaken using cattle
BSE as a source, and food animal species as
recipients. A similar range of studies could be
listed for other donor species/strains (in partic-
ular scrapie and CWD), and indeed for BSE
challenges into non-food animal recipients,
but exhaustively listing these is considered to
be beyond the scope of this paper.

3.2.2. Artificial exposure – natural routes

The next stage was to establish if suscep-
tibility could also be demonstrated by more
natural routes of infection. The natural route(s)
for the transmission of TSE in the field is
still not known, but for most experimental pur-
poses the oral route is considered appropriate.
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For BSE, epidemiological studies indicated
that the oral ingestion of food contaminated
with infected ruminant-derived protein, in the
form of meat and bone meal (MBM), by cattle
was likely to be a major route of transmission
[118, 120]. Oral challenge studies showed that
transmission of BSE was possible to sheep,
goats and cattle by this route [32, 59, 111]
and with very low challenge doses [117].
Transmission to pigs or chickens however was
not achieved by this experimental route [113,
116].

One difficulty that arises with transmission
experiments is the interpretation of a nega-
tive result; does it mean that transmission does
not occur, or just that in this particular sce-
nario it hasn’t? The latter then raises questions
as to why it may not have occurred. Is it the
dose, route, or are there other factors involved
such as species barriers or genetic influences?
Given that BSE could be transmitted to pigs by
the i.c. route, the absence of BSE transmission
to pigs by the oral route indicated that there
may be an effective species barrier, but a par-
ticular confounding factor in this type of study
is that the infectious “dose” of any challenge
inoculum is difficult to establish objectively.
In most cases, inoculum titre (if known) is
quoted as mouse LD50/g, using conventional
inbred mice. However, we know that different
hosts are differently susceptible [88] and that
some TSE isolates do not transmit to particular
species (including mice). Any experimentally-
established titre is inevitably relative, and
not necessarily informative for the recipient
species in a particular experiment. Attempts to
determine PrPScconcentration biochemically
as a measure of titre are also limited by the
assumption that PrPSc is an accurate and quan-
tifiable marker for infectivity.

Conversely, a positive result in a transmis-
sion experiment only means that transmission
can occur, not that it does in field condi-
tions. It also leads to further questions. One
is the relevance of such experiments to the
field situation. There are a number of funda-
mental differences between natural exposure
and experimental studies which should not be
overlooked when comparing disease models
with field cases. In natural disease, the inci-

dence of TSE can be low but in experimental
disease the aim is to achieve 100% morbidity,
especially if the study contains a time-kill ele-
ment. Very high doses can be given orally and
such experimental exposures result in much
higher attack rates than are observed naturally
[117]. Time-kill approaches can then be used
to study the disease pathogenesis in an exper-
imental model, although it is not known what
effect dose may have on pathogenesis. It is re-
assuring, therefore, that the end-stage disease
resulting from such experimental exposure of
cattle with BSE is virtually indistinguishable
from natural cases in all but morbidity [46].

This experimental approach also assumes
an oral route of transmission in the field, which
is a reasonable assumption for BSE, given the
clear epidemiological links with contaminated
feed. However, the infectious material in feed
has been subjected to a range of manufactur-
ing processes and heat treatments in the course
of MBM production, and experimental stud-
ies often use “neat” brain material (untreated)
to achieve the best morbidity, since rendering
has been shown to reduce titre [27, 91, 94–96].
The possible effects of rendering on the basic
biological properties of any given TSE strain
are very difficult to define, and almost impos-
sible to control for in any experimental design.

It has also been suggested that age at ex-
posure can affect susceptibility [5], but most
experimental designs have focussed on a re-
stricted range of ages at challenge from a
logistical point of view.

None of these factors negates the data
emerging from such experimental studies, as
the studies provide a starting point. Once
transmission has been achieved, further exper-
imental protocols can be used to investigate as-
pects such as minimum effective doses [117],
and inoculum can be treated to mimic more
closely what is occurring in the field [95].
Data derived from transmission experiments
can also be used in risk analyses and math-
ematical models, both of which may be used
to inform the development of appropriate con-
trol strategies for TSE in animals, and thus to
protect public and animal health. Further stud-
ies can also be implemented, as they were with
BSE, to investigate hypotheses of the origin of
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the disease (for example scrapie to cattle [66]),
but countless variables prevent this approach
from being comprehensive.

3.2.3. Natural transmission

With experimental confirmation that trans-
mission is possible by a particular route, fur-
ther investigation of the contribution of that
route to natural transmission is vital.

For BSE it was clear that the principal
driver of the epidemic was the feeding of
contaminated MBM [120] – once relevant con-
trol measures were introduced the epidemic in
Great Britain began to decline [50, 122] – but
it was not initially known whether the disease
could be sustained within an affected popula-
tion by other natural or management means.

Evidence from a cohort study did not rule
out the possibility of a maternal component
to transmission [121]. The risk of develop-
ing BSE was slightly increased by being born
to a dam approaching the clinical phase of
the disease. Whether it represented genetic
susceptibility, transmission or a combination
of the two could not be determined. How-
ever, mathematical modelling indicated that if
maternal transmission did occur, then it was
highly unlikely to be at a rate that could sustain
an epidemic [23]. The route through which
such exposure might take place, whether it
was due to true vertical transmission, or hori-
zontal transmission through close contact also
could not be established from the cohort study.
A long-term large-scale experimental study to
investigate the possibility of vertical transmis-
sion indicated that, “when appropriate sanitary
protocols” were followed, “embryos derived
from BSE-affected cattle did not transmit the
disease” [124].

Ultimately for BSE in cattle the relative im-
portance of the role of feed contaminated with
infected MBM was confirmed, and the relative
absence of evidence for maternal transmission
[23] has enabled effective disease control in-
terventions to be implemented.

4. BSE IN SMALL RUMINANTS

The positive results of oral transmission ex-
periments to sheep and goats [32, 59], and the
identification of a single natural case of BSE in

a French goat [24] have, however, raised a new
challenge: that of BSE in small ruminants. For
Great Britain, this raised a concern about the
national sheep population. With, hopefully, no
naturally-occurring disease to study there re-
main only three alternatives.

Firstly, to set up small-scale animal experi-
ments (as previously described) to investigate
potential routes and mechanisms of transmis-
sion; secondly to set-up larger-scale natural
transmission investigations, such as an exper-
imental sheep flock; and thirdly, to find an
alternative natural disease model that can be
studied in the field.

4.1. Direct experimental exposure

Transmission of BSE in small ruminants
by blood transfusion has been studied by the
first method. Whilst experimental BSE can be
transmitted by whole blood transfusion [53],
this probably has more relevance in the es-
tablishment of a precedent for the protection
of public health in the context of human-
to-human transmission [1], rather than as a
potential iatrogenic route in small ruminants.

4.2. Natural transmission experiments

The second method (the experimental sheep
flock) has been used by both the Veterinary
Laboratories Agency (VLA) and the Institute
for Animal Health Neuropathogenesis Unit
(NPU) in Edinburgh. The VLA has an exper-
imental BSE-in-sheep flock in which lambs
born to ewes that were orally dosed with 5 g of
BSE-positive cattle brain have succumbed to
clinical disease [8]. The age at onset for these
lambs ranged from 654 to 968 days old. In all
cases the birth of the lambs occurred within a
few months prior to the onset of clinical dis-
ease in their dams. Thus we have evidence
of natural transmission of BSE from sheep to
sheep, albeit in experimental circumstances.
Whether this represents true vertical or peri-
natal infection cannot be ascertained from this
study. A similar but slightly different NPU
study [36] did not result in transmission, how-
ever it could not be statistically ruled out.
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4.3. Alternative disease models

The third method, to find an alternative
natural disease model that can be studied
in the field, is more problematic. Studies of
the natural transmission of the only known
naturally-occurring TSE of small ruminants,
scrapie, might provide a model for BSE in
sheep, should it occur under field conditions.
Both scrapie and experimental BSE in sheep
have similar clinical signs and they have sim-
ilar diffuse tissue distributions of PrPSc [34,
35, 59, 115]. If natural ovine BSE is similar
to experimental ovine BSE, then ovine BSE
may potentially behave in a similar manner
to scrapie as far as routes and mechanisms of
transmission are concerned.

4.3.1. Scrapie

This is the most extensively studied TSE
model. Several institutions have established,
maintained and recorded naturally infected
flocks of sheep in order to study various as-
pects of scrapie, including its transmission.
These include the INRA Langlade flock of
Romanov sheep, various Institute for Animal
Health flocks and the VLA scrapie-affected
flock.

Analyses of data collected over more than
a decade from the first of these have pro-
vided epidemiological evidence for both a
maternal and lateral component of transmis-
sion [22, 99]. Higher relative risks of clinical
scrapie were observed associated with lamb-
ing periods. There was also a reduced risk
of clinical scrapie in artificially-reared lambs
from healthy dams, and an increased risk in
maternally-reared lambs from scrapie-affected
dams. They proposed that transmission may
occur within the first 24 h of life with addi-
tional risk for those that then continue to share
the maternal environment (all lambs remained
on their dams for the first intake of colostrum
and then for 24 h).

The Institute for Animal Health flocks have
established that, despite earlier contradictory
findings [30, 31, 33], true vertical transmis-
sion of ovine scrapie (via the germ-line or in
utero) is improbable [36, 37]. A scrapie-free
flock has been established by embryo-transfer
(ET) from one with a long-standing scrapie

problem. The ET-derived flock has remained
scrapie-free since its establishment in 1996,
even though it has a similar PrP genetic profile
to the original flock. Of interest to mecha-
nisms of horizontal/lateral transmission is the
fact that the “clean” flock was established and
maintained in a scrapie naïve environment; a
parallel ET-derived flock that was maintained
in close proximity to, but separate from, the
original scrapie-affected flock did experience
clinical scrapie cases [37]. Lateral transmis-
sion has also been shown to occur in the
absence of lambing [38].

In the VLA flock it has been shown that
lateral transmission occurs [84] and that ex-
posure to a contaminated environment only is
sufficient to produce disease (Dexter, Tongue,
Bellworthy, unpublished data).

These flocks are managed in a way that
maintains high frequencies of sheep with PrP
genotypes at high risk of developing clinical
disease. Thus with a high incidence of clini-
cal disease and high infectious load, they also
provide controlled environments in which to
study the pathogenesis of naturally acquired
disease. They effectively counter the difficul-
ties of studying a disease that occurs at a
low flock-level incidence, however it must
be recognised that whilst they provide evi-
dence for routes and mechanisms of natural
transmission and estimates of transmission pa-
rameters, they are probably not representative
of any but the most heavily affected (worst-
case scenario) commercial flocks. They are
also limited in the range of breeds present,
and (potentially) in the number of different
scrapie isolates/strains present. These flocks
may mimic natural exposure, but at a level that
no commercial flock-owner would be able to
tolerate and remain as an economically viable
unit. Because of this the relative importance
of different components of transmission may
vary in commercial field flocks and therefore
intervention measures may have different out-
comes. These institutionalised research flocks,
therefore, act as an important bridge between
the artificial exposure – natural route transmis-
sion experiments – and the true field situation.

A variety of experimental studies using
the approaches outlined above have provided
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evidence for possible routes of transmission
of scrapie. PrPSc has been found in tissues
that could be involved in the natural dissem-
ination of the infectious agent i.e., routes that
could lead to exit of the infectious agent from
the animal, and result in either environmen-
tal contamination or direct transmission. These
tissues include the lympho-reticular system of
the gut [40, 103, 115], chronically inflamed
mammary tissue associated with lymphocyc-
tic mastitis [73], kidney tissue [90], salivary
glands [104], nictitating membrane [77], and
placentae [2, 81, 101].

For the majority of these tissues, evidence
of infectivity or the presence of PrPSc in asso-
ciated secretions and excretions is still elusive
for scrapie in small ruminants. The exception
is blood [55]. Although experimental blood
transfusions have resulted in clinical scrapie
[55], just as with BSE, it is unlikely to play a
major role: blood transfusions are not regular
occurrences in sheep veterinary practice.

On the other hand, not only has PrPSc and
infectivity been demonstrated in placentae [3,
81, 101], but it has also been shown to pro-
duce clinical scrapie when administered orally
to sheep [78, 79]. This was proposed by the au-
thors as a mechanism for lateral transmission
from ewe to ewe at lambing time. Placenta has
also been cited as a possible explanation for
some of the epidemiological findings thought
to be associated with mechanisms of mater-
nal transmission [74], although much of the
epidemiological evidence may also be inter-
preted as a contribution to transmission via
the lateral route, especially that of environ-
mental contamination. For example, there are
reduced odds of ever becoming a scrapie-
affected flock if the flock sometimes lambs
in different places, compared to those flocks
that always lamb in the same place [74]; there
is decreased risk of disease associated with
lambing in individual pens [75], and there
were increased odds for scrapie-positive status
of a flock that was found to be associated with
failure to remove placenta from bedding along
with its disposal in compost.

Epidemiological cross-sectional [74, 75]
and case-control studies [47, 51, 80] have pro-
vided supporting evidence for the role of var-

ious allied management practices in the trans-
mission of scrapie in the field. So far they lack
the consistency and specifics necessary for
the development of appropriate intervention
measures. The scrapie literature does however
illustrate how the different types of investi-
gations into aspects of transmission, and the
different disciplines, are complementary. Ex-
perimental studies of transmission routes and
epidemiological studies of risk factors are in-
trinsically linked in a positive feedback loop,
each informing the other.

4.3.2. Chronic wasting disease

The other naturally occurring TSE, CWD
of deer is probably less relevant as a model
for BSE in small ruminants, has been recently
reviewed elsewhere [123] and is covered by
Sigurdson in this special issue [89].

4.3.3. Other disease models

Host-specific experimental studies in large
animals are expensive and do take time to pro-
duce results. The former means that they are
difficult to fund. The latter means that they
may have to be run in parallel with other
experiments, often with more start-up assump-
tions than desirable, rather than in a logical
step-wise order following on from previous
findings. They are, however, of paramount
importance. They provide an opportunity to
study the disease in the original host species;
they can be comparable across studies, if stan-
dardised protocols are used, and they elimi-
nate the noise of variability, the difficulties of
loss to follow-up and the potential biases that
are experienced with epidemiological studies.
To counter the time and resource limitations,
other models have been sought.

The role of hamsters, mice, the burgeoning
range of murine transgenes and other models
such as voles is a large subject in its own right,
and is covered by Groschup and Buschmann
in this special issue [44] and elsewhere [28,
43]. In the past such models have been use-
ful [12, 13], but they also have limitations.
For example, laboratory wild-type mice can-
not replace the original donor species due to
the species-transmission barrier and to their
different biology and physiology compared
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to ruminants. The former has been addressed
with the advent of transgenic mice, the latter
is insurmountable. Even these do not replicate
reality, and the interpretation and extrapolation
of any results back to the donor/host-species
needs to be a considered, objective process.
For example, data from different transgenic
mouse lines are not directly comparable, even
between lines which have a common transgene
[16, 105].

5. PUBLIC HEALTH

The ultimate question of whether a TSE has
implications for public health – i.e. is trans-
missible to man – is difficult to address in the
absence of transmission experiments on peo-
ple. The most appropriate alternative is to use
non-human primates [48, 67, 68, 70] which
have indicated that BSE transmits with a end-
stage disease indistinguishable from variant
Creutzfeldt-Jacob disease (vCJD). However
these experiments are limited by ethical con-
straints. Here the development of transgenic
mice has been of prospective value, but at
the same time, can be misleading. For exam-
ple, mice with a single copy of the human
PrP gene were not susceptible experimentally
to BSE [10] while at the same time, epi-
demiological and strain-typing studies were
producing a very strong body of circumstan-
tial evidence that vCJD was a consequence of
BSE infection in man. The inevitable limita-
tion of such transgenic mice is that only one
human gene is present in the model, and dis-
ease susceptibility and incubation period are
inevitably multi-factorial. Transgenic mouse
models which overexpress human PrP are also
available, and they are highly susceptible to
BSE [7, 15, 65, 106] but these may not be a
true indicator of susceptibility in humans. De-
tailed discussion of these models is outwith the
scope of this paper and is covered in detail by
Groschup and Buschmann in this special issue
[44].

6. REMAINING CHALLENGES

Many challenges remain even when a
spongiform encephalopathy has been identi-
fied as transmissible, and when routes and
mechanisms have been proposed.

What are the effects of repeated low dose
exposure? What happens when there is inter-
current disease? How do PrP genetics influ-
ence the transmission process? Is any apparent
reduction in susceptibility actually an effect
of incubation period prolongation to beyond
the natural lifespan? What is the implication
of carrier state/subclinical disease for disease
control and health? How can we detect ani-
mals in the early stage of disease incubation –
a phase “silent” to current investigative tools?

For BSE and scrapie some of these ques-
tions have been addressed partially [39, 42,
45, 49, 56, 61]. It is possible that for novel
TSE many of these questions will remain
unanswered or unpursued, except by the most
determined of researchers after the funding,
stimulated by the public health and political
aspects of BSE and vCJD, has dwindled.

Perhaps the greatest conundrum for re-
searchers faced with a new TSE in a species,
or a TSE in a species in which it has not previ-
ously been described, is whether it is “new”, or
merely “newly observed”. This is a particular
issue for BSE, should it be found in the sheep
population. With much speculation over the
years that scrapie could be the origin of BSE, it
might not be too surprising if a detailed study
of scrapie isolates revealed one with BSE-like
characteristics. A number of studies in the UK
and elsewhere [19, 66, 82] have taken a direct
approach to this question by looking at the ex-
perimental phenotype in cattle experimentally
challenged with scrapie isolates, but the diver-
sity of scrapie isolates precludes this approach
being exhaustive.

Given that no one type of study can provide
all the details or all the answers required, and
because of the constraints implicit in each type
of study, it is important that researchers re-
spect and integrate the work from other areas,
are rigorous, do not overestimate their find-
ings despite various pressures to do so, and are
honest: both in the presentation of their find-
ings and in the value of the outcomes. Some of
those interested in pure science may disparage
studies that they deem to be of low scientific
merit, but which are actually of high value to
those involved in policy and decision-making:
equally some work of high scientific merit may
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be extremely interesting in its own right, but
not actually necessary to advance disease con-
trol and protect public health.

7. CONCLUSION

The approaches to the investigation of the
transmission of BSE and scrapie, outlined
above, differ only slightly. Those differences
are due to the nature of the two diseases. BSE
was a novel spongiform encephalopathy, in
a hitherto unaffected species, that had char-
acteristics of a point source epidemic, with
an agent that could have been incorporated
into a wide variety of feedstuffs and iatro-
genically administered to naïve populations,
and there was early evidence that it was not
restricted to bovines. It was vital to estab-
lish, albeit experimentally, which other species
might be affected, and whether the epidemic
could be maintained by natural transmission,
if the source was removed. In contrast, scrapie
has been endemic throughout Great Britain for
centuries, is maintained naturally (even if we
don’t know exactly how) and has a known host
range. The principles, process and integration
of evidence from different types of studies,
however, are similar for both of these TSE and
can be applied to any emerging or suspected
spongiform encephalopathy.
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