non-riminant livestock [20]. The European Cormission’s TSE
risk-reducing measures include a total EU-wide ban on the use of
all processed animal protein in livestock and aquaculture feeds.

Any consideration of lifting this ban requires a scientific assessment

of the TSE transmission risk through fishmeal. Another issue to be

addressed is the rising concern that. pigs, poultry or fish bred for .

" human consumption and inadvertently fed with TSE-contaminat-
ed feed could eventually éither develop clinical TSE or serve as
reservoirs of infectivity without ever displaying clinical disease
themselves. Such an assessment should consider the risk -from
TSE-contaminated feed being fed to farmed fish [18,21]. In
aquaculture, a rapidly growing industry of cconomic importance
in several EU countries, the farmed fish receive commercial feed
containing 40-55% proein during? the 12-20 months they
generally spendin aquaculture’ facilities. Although remote, the
possibility that same of this feed might be comammated w:th
mammalian prion cannot be excluded.

In the present work, we evaluated the potcxmal transmission of

TSEs to gilthead sea bream, 2 commercially important fish species.
After force-feeding with multiple doses of brain homogenate
prepared from either healthy or naturally BSE- or scrapie-infected
cow ar sheep, the fish were monitored for 2 years for evidence of

disease development by clinical, histopathelogical and immuno-.

histochemical criteria. Nene of the fish examined, showed
symptorns of clinical disease. However, signs of nénrodegeneration
were often present and abnormal deposition was detected in the
brains of both the scrapie-challénged and the BSE-challenged fish
by 24 months post moculauon

Results and Discussnon

To evaluate lhc clinical state o[' the fish, we momtored control
and TSE-challenged populatlons on a daily basis. Sinee locomotor

_ deficits ‘are offen 2 major featare of the clinical pmsentanon of
_prion diseases in & variety of hosts, we used the swimming behavior
of the challcnged fish as an indicator of their general activity and
explora‘tory behavior. No chinical symptoms, . mcludmg erratic
‘swimming or behavioral abnormalities, were observed in any of
the groups monitored, Although unusual in prion dgcasc, a similar
absence of clinical sympioms upon interspecies challenge has been

- reported for both the first passage of sheep scrapie and hamster
prion transmission to mice [2]. In these cases, subsequent passage
of brain material from the challenged individuals to additional

mice did produce clinical disease, thereby demonstrating that’

asymptomatic animals can harbeur high levels of infectious prions
in their brains. Additionally, it is important 10 note that while
‘certain mpenmcnta.ﬂy or virally induced neurodegenerative effects
do modify swimming parameters in fish, such as the swimming
distance and orientation, the mean velocity, the turning angle and
the equilibrium [22-24), this is not always the case. For iristance,
while both sea bass and sea bream can be infected with nodavirus,
a naturally occurring piscine virus that causes brain lesions in both
species, sea bream, in contrast to sea bass, show no clinical
‘symptoms of disease {25, 26).

.- To facilitate our evaluation we generated polyclonal antibodies
. against four different fish PrPs. The specificity 'of cach antiserum
was confirmed by both western blot (Fig. $14) and immunohis-
tochemistry (IHC) (Fig.. S24-C) with normal sea bregm brain,
Furthermore, anti-mammalian PrP antibodies (6H4, 12F10) did
not stain sea bream brain, nor did our ant-fish PrP antisera
recognize thammalian PrP> (Fig. 31B). Moreover, absorption. of

our SaurPrP1 (Sparus aurata FrPl) antisera with recombinant sea -

bream PrP-] protr_m {6] against Whldl it was raised, multcd ma

'@ PLoS ONE | www.plosone.org
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complete loss of its specnﬁc :mmunc:sta.mmg in control fish (Fig.
S52D).

Iratially, in order to determine- zhe distribution of nommal
endogenous PrP in the central nervous system of gilthead sea
bream, we used our polyclonal antisera to perform a detailed
immunohistochemical evaluation on brain sections from control
fish. Regions displaying abundsnt PrP included the optic tectum
(Fig. 1A), valvula cerebelli (Fig. 1B) and corpus cerebelli {Fig. 1C),
while stroug PrP-immunapositivity was generally observed in the

_ nerve fibers (Fig. 1D). The most prominently stained regions of the

optic tecturn, homologue to the superior colliculus in mammals
[22], were striatusn fibrosum marginale (Fig. 1A and Fig. S2A, B)
and striatum fibrosunt profundum {Fig. 524, B). Less intense
labeling was observed in the striatum griseum centrale and

_ striatum plexiform fibrosum externum layers of the optic tectum

(Fig. 1A and Fig. S2A, B). Cérebellar PrP-immunopositivity was
detected mainly in the molecular layer, between Purkinje cell -
dendrites, and in the granular layer, in the matrix surrounding the
granule cells (Fig. 1C). The valvula cerebelli, a rostral protrusion of
the cérebellum in the midbrain ventricle that has no counterpart in

‘mammals, showed significant PrP-immundpositivity, similar to

that observed in the molecular and granular layers of cerebelium
(Fig. 1B and Fig. S2A, B). In ceicbral regions, including thalamus,
medulla oblongata, .diencephalon and the lateral telencephalic
pallivm, proposed to be -a homologue of the mammalian
hippocampus [22], we observed intense labeling of fiber bundles
{Fig. 1D), consisting primarily of dendritic and axonal prolonga-

-tions in the neuropll The same general PiPC expression pattern
- was observed -in cha]lcnged and control- populations, with no

variation detetted over time. The remarkable similarity of the
overalt nnmunolabehng pattern obfained with our SaurPrP1 -
antiserum in sea bream brain to the PrP-immunostaining profile in
the mammalian brain {27 28} provided further assurance of the .
specificity of our antibody for piscine PrP. - .
At the intracellular level, staining outlining the neuropal body
was present in most of the neuronal populations observed, e.g- in
the large neurans of the brainstem (Figure 1E). Axons displayed
intense staining, while diffuse staining was observed inside some of -

* these ncuronal somata, suggesting a degree of PrP-immunoposi- .

tivity within cell departments, e.g. the Golgi complex (Fig. 1E).. |
These findings suggest that the intracellular localization of PrP in
fish brain is comparable to the neuronal intracellular localization
of mammalian PrP [27,29).

To test for pathology in selected peripheral tissues, we examined..
intestines and spleens from TSE~hallenged fish, sampled at
different UIHCPOIIIE No lesions or any other abnormalities were - -
revealed in comparison to the control individuals. Intestinal PrP:
immunoreactivity was evident in the serosa, myenteric plexus and
submucous plexis (Fig. 1F). At all tirmepaints, PrP-immunclabel-
ing in spleen and intestinal tissue was similar in both TSE-
challeriged and control fish and revéaled no PK-resistance and no
lesions or any ‘other abnomalities. ' ) '

Detailed examination of brain sections revealed no ‘histopath-
ological evidence of disease in scrapie—challenged "sea bream
through 18 months post inoculation (p.i.). At 24-months, however,
2 out of 5 fish showed limited abnormal, PrP-immunoreactive,
PK-sensitive, extracellular deposits (Table S3B) in the neuropil of
brairistemn, diencephalon, corpus cerebelli, valvula cerebelli, optic
tectum and telencephalon (Fig. 2). Whilst the number of animals
where plaques were found was too small to reach statistical’
significance, based on the high likelihood that the fish examined
developed no plaques, we believe that the observation of
aggregates in'2 out of § fish at the final time point could be
consldercd as "an important event of qualitative {and not

" July 2009 | Volume 4 | lssue 7 | e6175
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Figure 1. Normal PrP* distribution in CNS and peripheral tissues. Sagittai, 4 ;un-thtck brain and lntest]ne sections From control fish were
treated with SaurPrP1 {1:2000 and 1:250, respectively) and normal endogenaus PtP labeling in different anatomical regions was examined. A, Optic
tecturn; B, Valvula cerebelli; C, Corpus cerebelli; D, Nerve fibers in diencephalon; E, Neurons in brainstem; F, PrP-immunoreactive areas in the
intestine, Rectangles indicate areas of magnification shown in the panel direcily below. Arrowheads show positively stained regions. SGC, striatum

griseum centrale; SPFE, striatum plexiforme et fibrosum extemum; SFM, striatum fibrosum marginale; ML molecular layer; GL ‘granular layer, m, -

plasma membrane; a, axon; ¢, cytoplasim. se, serosd; mp, myenteric plexus; sp, submucous p!exus Scale bars, 100 pm.

doi:10.1371/journal.pone.0006175.g001- .

quantitative) value (Text 81). No lesions were detected in the
control fish force-fed normal sheep brain homogenate (Fig. 83 and
Table S3B).

' Plaque-like deposits werce also observed in the brains of the BSE-
challenged fish, beginning at earlier timepoints. Initially, at 8
months p.i., the majority of these aggregates were localized in
brainstern, less in diencephalon and optic tectum, and even fewer
in valvula, cerebelli, cerebellum and telencephalon-(Figure 3D-F).
Just 10% of the deposits were PK-resistant and these had a mean
diameter of 5 gtm. Subsequently, we observed a general
progression in their distribution, size, PK-resistance and morpho-
logical features. The incidence of the abnormal deposition was
. higher in fish sacrificed at earlier time points than at intermiediate
" time points. However, the highest levels were measured at later
time points, evocative of thie phenomenon described in other prion
cross-species transmission studies as an “eclipse” period [30].

Further analysis of the spatial and temporal progression
revealed that with increasing time p.i, the deposition became
-more prominent in rostral brain regions, although caudal regions

"@ PLoS ONE | www.plosone.org
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continued to be affected, By 24 months pJi., depbsition in the . .
brains of the, BSE-challenged sea bream presented a striking -

picture, in which three out of five fish showed 500800 deposits

* each, 70-85% of which were PK-resistant with a mean diamett?r
" of 30 itm. With kegard to the remaining two fish, one displayed

approximately 150 deposits, 33% of which were PK-resistaut and
the other showed only limited signs of abnormal aggregation.
While depaosits continued to be distribated throughout the brain at
24 months p.i, in the three highly affected fish the greatest
increases in deposit numbers occurred in brainstem  and
diencephalon. The progression of the abnormal deposition is
apparent in Fig. 3. and summarized in I"xgs. 4 and 5 and Tables
53A and 54, )

In contrast to the BSE—chailcnged fish, no aggrcgatcs were
detected 4t any time in the brains of the control fish fed with
normal bovine brain homogenate {Fig. S4 and Table S34).
Notably, none of the brain tissues posifive for abnorrnal deposition
showed ‘evidence of neuronal body degeneration. Finally, no
residual mammalian PrP% was detected using 12F10 and GH¢
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dieficéphalon. The fmean number of deposits (per section of fish contalning depas
indicated by the fiil-type in the schematic.drawings at the far léft. CCe, corpus cerebel
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! C, F). lmages show
t br ions out PK-treatrnent is
; Hyp, hypothalamus; LI, lobi inferioris; MQ,

medulla oblongata; OB, olfactory bulb; OC, optic chiasm; CIN, olfactory nerve; OT, optic tectum; P, pituitary; POA, preoptic ares; SC, spinal cord; Tel,
- telencephalon; TL, torus longitudinalis; VCe, valvula cerebelli. The folldwing areas were not examined: OB; OIN; OC; P. Rectangles indicate areas of

- magnification shown in the panels directly below. Arrowheads indicate the abnormal aggregates. Scale bars, 100 pm.

LY

dol:10.1371/journal.pone.0006175.9002

mongclonel antbodies (data not shown). Overall, these dat.a'

suggest that while both TSE strains resulted in similar abriormal
brain pathology, the brains of BSE-challenged individuals were
more rapidly and severely affected than those of scrapie-
-challenged fish. BSE, known to be a zoonotic TSE, may represent

a thermodynamically favored PrP* conformation that is permis-’

sive for PrP expressed in a wide range of mammalian species [31].

" Despite this permissibility, however, attempts to orally transmit

BSE to pigs and chickens have failed {32,33].
To characterize the nature of the deposition, we employed a

" “variety. of conventional staining techniques. Congo red-stained

deposits in BSE-challenged sea bream brains at 24 months p.i.

were “congophilic (Figs. 6A and 7B) and birefringent under

polarized light (Fig. 6B), suggesting an amyloid or amyloid-like
component {34]. No Congo red birefringence was observed in

either the contral tissues or the scrapie-challenged fish brains (data

not s}iown). ‘While thie plaque-like aggregates were prominerit with

- hernatoxyline and eosin (H&E) (Fig. 7A), Klitver-Barrera staining

A "@E' PLOS ONE | www.plosone.org

for myelin structures and von Kossa . staining for calcium
- deposition both gave negative reactions (data not shown). Deposits
were also PAS positive (Fig. 7C) but Alcian blue negative {Fig. 7E),
indicating the presence of carbohydrates and the absence of acidic
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lycosaminoglycans, respectively. Finally, our four anti-fish PrP .

antisera positively labeled the deposits(see Fig. 7D for SaurPrPl}),
whereas the 12F10 and 6H4 antibodies did not (data not shown).
Two main types of plaque-like deposits were identified in the

brains of the BSE-challenged fsh: fibrous, diffusely stained-
aggregates (Fig. 8A, D, G, ]), and those that were more amorphous -

and dense (Fig. 8B, E, H, K). At 8 months, small aggregates,
generally in close proximity to neurofbrils, were detected, whereas
the majority of the "adjacent fiber bundles remained intact
(Fig. 3D-F}. At 10 and 12 moriths the first signs of neurodegen-
cration appeared as a primitive disorganizatton of dendrites and

axons. By 16 and 18 months, the distention of neurites, mostly in -

grey matter, was exacerbated. The extensive deconstruction of

.microfilaments within the axons and the loss of their coherence,

especially at 18 months, were detected histopathologically.
Aggregates of “dystrophic newrites were immunostained with
SaurPrPI," exhibiting a diffuse PrP-immunolabeling with some
marginal spicule-like prejections (data not shown). At 24 months
the diffusely immunolabeled aggregates of dystrophic neurites
{Fig. 8A, D, G, J) coexisted with deposits that appeared more

amorphous, condensed and flocculated and therefore were more .
 intensily stzined with all the techniques nsed (Fig. 8B, B, H, K), +

July 2009 | Volume 4| Issue 7 | e6175
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Figure 3. Progression of abridrmal deposition in BSE-challenged fish. Sagittal brain sections from BSE-challenged fish taken at the indicated
times p.i-were stained with H&E {A, D, G, or immunolabeled with SaurPr?1 (1:2000) without PK-digestion (B, E,H) and with PK-digestion (C, F, I),
. Images show diencephalon, The mean number of deposits {per section of fish containing deposits) observed in different brain regions without PK-
treatment is indicated by the fill-type in the schematic drawings at the far left. Abbreviations as in Figure 2. The following areas were not examined:
0B; OIN; oGP, Rectangles |nd|cate areas of magnrﬁcauun shawn in the panels directly below, Amowheads indicate the abnormat: aggregates. Scale

bars, 100 pm.
. doic10.1371/journal. pone.0006‘| 75.g003

Given l-he; morphological progression of the abnormal deposi-
tion. with time, it is tempting to hypothesize a scenario, in which
the first type ‘of aggregates (Fig. 84, D, G, J) could have been the

-developmiental ancestor of thé second (Fig. 8B, E, H, K) and in -

which ‘¢ach may Hustrate different stages of pathegenesis. The
distention of axons and dendrites observed at 10 and 12 months

p.L reflects an initial neurodegenerative process in the brains of the.

'.:@g: PLoS ONE | www.plosone.org
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BSE-challenged fish that may have bt;cn a very early reaction

following. cxposwre to .the infectious agent. The coroplete

destruction -of the protective’ outer néwrite layers, including the -
myelin sheath, followed by the disorganization of the microfila-
ments and ‘micratubuli could have subsequently created the first
morphological type of aggregates initially detected at 16 and 18
months, These “pre-mature™ deposits mainly consist of dystrophic-

July 2009 | Volume 4 | Issue 7 | e6175
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Figure 4. Abnormal deposits in the brains of the BSE- and the_-scrapie-challenged fish with reference to time. Each dot corresponds to
the number of aggregates observed per brain section in each individual before PK-treatment {A, D) and after PK digestion (B, E), or to the
percentage of PK-résistant aggregates in each BSErchallenged fi sh {C). Bars indicate the means and the standard error means (SEMs),

clm 10.1371/journal.pone.0006175.9004 . . .

'neuntes that have lost their cohcrcnce, with spicule-like projec- - homogenous, flocculated, extracellular material that we’describe
tions, at their periphery Fiz. 84, D, G, ]). Given that aggregates =~ as “maturc”: deposits (Fig. 8B, E, H, K), with increased PrP-
were partially PK-resistant and showed aﬁimty for Congo red by - immunopositivity, PK-resistance, congophilia and birefringence in
24 months, the next step in the progression may have been the  polirized hght [35). Fish brains at 24 months post inceulation
cornplete deconstruction of thé fibers lcadmg to’ the creation of a exhibit bath types of abnonna] aggregates, mcludmg ‘intermediate )
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Figure 5. Progresswa increase in the size of protemase K.
resistant deposits in BSE-challenged fish. The mean dlameler of
the immunchistochemically detected (SaurPrP1) deposats after protem—

ase K—digestion Is given with reference to time pi..” ~ ’
doi:10.1371/journal.pone.0006175. 9005 ) s

states (Fig. 8C, F, I, L) that cannet be easdy classifiéd intp any of
the previously deseribed morphological categonm .
The classical neuropathological hallmarks of prion djsea_s_c;s

mclude ncurodcgcneratlon §pong1form ‘change and gliosis, while - .
- defined neurodegenerahon might be relaied to the ahility of fish to
. 'produce new neurons contifuously throughout their hfctnnc. Ieis

PP depos:uon is observed in the majority of TSEs. The legidri
profile in the brains of the BSE-challenged fish shares _both
- similarities and differences in comparison to this h.ustologxcal
immunohistochemical pattern of mammalian prion * diséiisés.,
Specifically, the distribution of abnormal aggn:gates w:i.hm the’
‘brains of 4 BSE-challenged fish at 24 months p.i shared cextain
s:xmla.ntms with the PP deposition pattern, obsc:rvéd in TSE-

'dcposxuon in sea brearn hi

TSE Transmission to Sea Bream

affected mammalian brain. Notably, the abnormal deposits in sea
bream brain were only detected in regions where neuronal
parenchyma was present, a feature greatly resembling the location’
of mammalian ption deposition [36]. Cerébellum was extensively
affected, with large fibrous aggregates in theé molecular layer and a
granule-Tike dcpos:tlon p:oﬁ[c in the grémular layer, a pattem
similar to that observed in a.mmalla.u TSEs {37] The abnormal
was also prommcnt both in the
lateral nucleus of the w:mral telenccphahc area, a fish counterpart
to the basai nueleus of Mcyncrt 1n rammals [38), and the lateral
telenccphahc pallmm homolog‘ut: 1o, the: manunahan hippocam-
pus [29]. Both malamus and diéncéphalon displayed numerous
aggregates, -most ‘of which were interspeised . within neuronal

:___ﬁbi:rs In striking contrast to the gcncral neu.ropathologxcal profile

zgilan TSEs, however, ni

0lcs were obscrved in any

| reglons "of the fish brains exdmin W};.llc spongms:s is a main
. characteristic in most prion dlseass, it must be noted that in

certdin TSE subtypcs theré is httIe orop spongxfonn change Such

-has becn the case in patients suﬁ'cnng from ‘FHI, an inherited

human prion discase [39].

‘Evidenée of neurodegeneration, allhough distinct from that
commonly associated with mammaliah prioi disease, -was
dppargnt in many brain regions, pnma:niy in, places where the
abpormal deposition was located adjacent to or within complexes

" of neurites (Fig. 8C, L). Itis important to noic, hiowevez, that no
'degeneratmn ‘associated with neuronal somata wis-defected in any

of the #natomical regions t:xammcd. ‘The absence. of classically

o, for instance, that adult fish can regenerate. dau:na.gcd retinal
issue, optic axons and descend.mg brainstern_aions, leading to
functional recovery [46, 41}. In fact, ‘this abﬂlty of adult fish for
CNS regeneration -has been postulatcd to explain the asymptom-

. atic carrier state of, ha]xbur. pcmstenﬂy infected With nodavirus.

Flgure 6, Congo rad stamtng of deposns in the brain of BSE—chailenged sea bream. A sagittal, 70 p.m—bram section from a BSE—chaIienged
individual, 24 months p.i, was stained with Cango red. A, Diencephalon with light microscopy; B, Same region in polarized fight. Rectangles mdlcate
~ areas of magmﬁcaflon shown in the panel directly below Arrowheads ind:cate the abnormal aggtegates Scale bars, 100 pm,

dok10.1371/j oumaLponeOOOG‘l 759006
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Figure 7. Staining of an aggregate in the brain of a BSE-challenged fish 24 months p.i. with diffefent techniques. A, HEE: B, Congored |,
in normal light; C, PAS; D, IHC (SaurPrP1) after PK-digestion; E, Alcian blue. Rectangles in the left panel indicate areas of magnification shown in the .
right panel. Scale bars, 100 g {left panel) or 10 pm (right panel}, : : s . '
doi:10.1371/journal pone.0006175.9007 ’ oL
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»

. Figurae 8. _Morpho!ogy of the abnormat deposntuon in the brains of the BSE-challenged fish 24 months p.i.. Sagittal 4 pmethick brain
sections where stained with hematoxy!m without a counterstain, pH variation renders the depasits visible by light microscopy. The panels on the feft
show diffuse “pre-mature” deposits in A, diencephalon; D, optic tectum; G, cerebellum; J, brainstem. The middie panels display examples of
compact.“mature” deposition in B, diencephalon; E, optic tectum, H, cerebelium; K, telencephalon. The panels at the right show intermediate stage-

abnormal deposition within fiber bundles that disrupts synapses in C, diencephalon; F, optic tectum; I, valvula cerebelli; L, telencephalan. S, spicute-

like projections; CM, condensed material. Scale bars,. 10 pm.
doi:10.1371/journal.pone.0006175.9008

.[42). In the present study it may have contibuted to the “eclipse-
like” temporal appearance of the abnormal deposition, as well as
to the lack of clinical symptoms in our BSE-challenged fish.
Despite the positive [HC results, western blotting failed to detect
" PK-resistant PrP isoforms in the TSE-challenged fish brains (Fig.
85), possibly because the whole brain homogenates used did not
have a high enough concentration of PK-resistant PrP to allow
detection. In fact, it is clear from the IHC results that even at 24

:@ _PLOS ONE | www.plosone.org
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months p.i, the brain regions associated with the abnormal
deposits_constitute only 2 small percentage of the whole brain
mass. . . : :
The resolis of this TSE transimission study with gilthead sea
bream indicate the development of a CNS histopathology in the

‘brains. of the fish challenged with the TSE-inocula. This

neuropathology displays characteristics resembling a navel fish

.amyloidosis more than a ‘classical TSE. Specifically, while the fish

July 2009 | Volume 4 | Issue 7 } 6175



- i our stady showed no brain spongiosis and mo clinical’

abnormalities, we did find numerous plaque-like deposits in the

. brains of a significant proportion of the BSE-challenged fish,
" . especially. Although much of the PrP associated with these

"deposits is PK-sensitive, this should not be taken as an indicator of

low potential infectivily, as instatices of clinical prion disease, and

‘even infectivity, associated with extremely low levels of detectable -

PK-resistant PrP have been reported [43-—45).

In light of the serious ramifications that would follow an
unequivocal demonstration of prion disease transmission to fish, it
must be emphasized here that the abnormal deposition we
observed in the brairis of the TSEchallenged fish could possibly
have resulted from pathogenic factors other than I.hc -prions they
. weje fed. Despite the fact that no such naturally occniving, cross-

Spcc:ﬁ_ infectiolrs E‘om marimals to fish have ever been reported

- [48], we cann t'completcly rule out this possibility. Thus, howeyer

u.n.hkcly, ofie: must consider the possibility that the brains used to -

prepare hic i X
undetectéd viris or bactcrla. in addition to the scrapu: of BSE
prescot. Together, the time coursé of brain lesion appearance, ie,
morths riot days, the ahill.ty of tb.e agent to survive the aral

ocuia for the TSE challenge were mfectf,d mth an.

challcnge routc, the absence of brain histopathalogy in any of the

‘control groups and- the production 6f novel hs.stologxcal lesions in
"both the BSE- and the scrapxc—c.ha]lcngcd fish, in the absence of
inflaination, however, make this possibility a remote one. A’
moré p]austblc altematc explananon would Be that. the amyloido-
genic_ nature ‘of tlm TSE-itiocula might have conmbutcd to the
development of & niovel fish brain amyloidosis.
Infcctm ; and trammmsxbﬂxty are crucial issues that still need to
pgxb!ic hiealth standpoint, the n'ah_'énﬂssibi]i_ty‘
C in’ and the relative ease with which it crosses
"~ speciés’ bamers, afe, i most significant characteristics. ‘I‘he
specf:rum af pnonopatlucs, yv}m:h has broadened in recent years,
mdudes pribn diseases that are riof readily ransmissible {e.g. some

. G5S ases), ‘piion strains often assotiated with negligible clinical -
. . symptoms {cg. the Nor98 scrapie strain), and even some without

detectable PrP™° (eg. PSFr) [44,47,48]. It is clear, then, that the
cvaluauon and identification of both unusual prion diseases and
pnon diseases affecnng unusual hosts is a complex task, Jrequiring
lengthy studxe_s of pathogenesis, infectivity and transmissibility

TSE Transmission to Sea Bream

a fiirther thrée weeks of acclimatization bcfon: mcpenmental
manipulations were initiated.

Preparatlon of inocula

For the forcé feeding of the fish, 10% (w/v) brain homogcnates
from scrapie-infected sheep, healthy control sheep, BSE-infected
cow and healthy control cow were prepared in FBS (pH 7.4). For
the sheep brain homogenates both cerebellum and brainstem from
two animalks were used (kindly provided by Dr. P. Toumazos,
Veterinary Services, Cypriot Ministty of Aggiculture), while the
bovine brain homogenates were each prepared ffom the brainstem
of a single animal. The BSE sample (RBSE 21028), taken in 1991
from a female Fresian two months after disease onset, was kindly
provided by,Dr Ian Dexter, Pathology Department, Veterinary
Lahgratories Agency, Weybidge, UK. As healthy herdmiate tissue
was not available, the healthy control bovine brainstem was taken
from = local Greek cow in 2002. Al bram samples were stored at '
—80°C pnor to use. .

Challenge and mamtenance

For moculahons, fish were removcd from the tanks and l‘mldly
anaesthetized with 0.3% clhylcne glyc:ol meniophenyl ether.
Following anaesthesia, each fish was force-fed 100 pl brain
homoge.nate In total, 2 g‘mups of 400 fish eagh were each
treated with scrapic-inféctéd or coritrol sheep brain homogcnatc

_and 9 groups of 200 fish each were cach treated with BSE-infected

or control boving brain homogcnatc For both the experimerital
and cémtrol “groups, “the f'on:e-feedmg ‘procedure was repeated

- fortnighdy for a total of five treatments, so that the cumulative

inotilum for each. fish was 50 mg brain equ.wa.lcnts Following the
mocu]ahnn pcmd all fish were kept on u;maintenance diet with

. commcrcmlly available” chow - o prevent excessive growth and
_'_overcrowdmg diiring’ | I:hc muluycar study pcrmd Data rcga.rdmg

causes and sa.mplmg a.rc e shown in T:}ble s2.

Cllnrcal exarmnatlon
Clinical evaluation of the fish in each tank was ma.d.c on & dzuly

_“basis, chcck:mg espeaally for any ‘behavioral or swimming ]

[49}. Untll ongomg transmission studies using ““bovinized” -

transgenic mice are completcd the possibility that the aﬁ'cctcd
- e bream bra.m tissue night be infecdous, must be- takcn $eriousty

in dny £onsideration to lift EU feed bans, tspecmlly those related -

to farmed fish:

Materia[s and Methods

Ethrcs Statement

All fish used in the experiments. d.cscnbcd in this work were
treated in accordance with EU Council Directive 86/609/EEC
for the protection - ‘of animals used for expcnmental and other
scientific purposes.”

. Flsh .
- Sixteen hundred gilthead sea bream of approximdtely 20 g
weight were purchased from a commercial farm (Interfish,

Greece). At the commercal farm, before purchase, fish were fed -

- commercial pellets (Biomar), none of which contained protein
sources-derived from land animal products. After transportation to

abnormahtms . .

Hlstopathological evaluatlon

Individuals from each group (5 TSE-treated and 5 controls)
were sacrificed at tégular, selected time points post inoculation (3,
6, 8,10, 12, 14, 15, 18, 94 months) and tigsue samples, including
bram, ‘spleen and intestine, were taken, Tissues were fixed in
buffered formalin (pH 7.4), embedded i in paraffin wax and finally
4 pm-thick serial sections were. subjected to conventional staining
with a variety of staining techniques including H&E, PAS, Alcian
blue, von Kossa and Kliiver-Barrera. The resulting sections were
examined hlsf.ologu:a]ly using .light microscopy (Axioplan 2
Imaging System, Zeiss), Tissue pictures were taken using the
Nikon Digital Sight DS-SMc visualizing system.

Cango red staining ' .
For the identification of possible amyloid-like structures, 10 jtm-
thick brain sections were deparaffinized, stained with 0.5% Congo

" red (Merck, Danmstadt, Germany) alcohol solution for 15 minutes,

. the laboratory (Fisheries Research Institute, Kavala, Greece), they -,

- were maintained at 18°C. in temperature-controlled recirculating
water tanks. Aftér a two week adaptation period, the fish were
divided into groups of 200 in separaté tanks. The fish were allowed
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destained in 0.2% KOH, subscquenty counterstained with

.Maycrs hematoxyline, and after a shert dehydmtlon, they were'.

finally cleared in xylene. The stained. sections were observed .
mitroscopically under both normal and polacized light (Axiolab -

July 2009 | Volume 4 | Issue 7 | e6175



Carl Zeiss, rotatable a.nalyzer +/—5°, 6x25, rotatable compcn )
sator Lambda, +/—5°, 6§ x23).

“Generation of polyclonal antisera

The presurmned mature sequences spanning residues 24—580 of
zebrafish (Danig reris) PrP-1 and residues 18-539 of zebrafish PrP-2
{sequence: data provided by Dr. Edward, Malaga-Trillo, Depars-
ment of Biology, University of Konitanz), were each amplified
Gom genomic DNA, whereas the mature sequence of gilthead sea
bream (Sparus aurata) PrP-1 spanning residues 26~475 was cloned
from plasmid DNA. All three were cloned into the pET21d DNA
vector (Novagen, San Diego, CA) to produce recombinant
proteins tagged with six histidine residues at the G-terminus.
After sequence verification by double-stranded sequencing, the
Tecombinant proteins were éxpressed in’ BL21 {DE3) E.cofi
(Stratagene, La Jolla, CA) with IPTG induction from single clone

" colonies. The recombinant proteins were purified under denatur-
ing conditions from éell lysates on Ni-NTA agarose columns
(Qiagen, Hilden, Germany) and then specifically eluted with
imidazole. The polyclonal antisera ZebPrPl, ZebPrP2 and
SaurPrPl were raised against the punﬁed zcbraﬁsh Pr¥-1,

. zebrafish PrP-2 and sea bream PrP-1 proteins respectively, by 3 )
successive subicutaneous inoculations of rabbits with 150 to 200 pg
of recombinant protcm at 4 weeks intecvals. Al pcrtme.nt sequence
data are deposited in GenBank and the accession numbers are
given at the end of the ma.nuscnpt

Affinity purification of SaurPrP1 polyclonat antiserum
- 2 aliquots containing 150 g of gilthead sea bream recombinant
-PrP-1 protein each, were loaded onto 10% polyacrylimide gels
and after SDS-PAGE, they were each electrotransferred to a
nirocelldiese or a PVDF membrane. After electrophoresis the two
membranes were stained with amido black staining solution (0. 1%)
~and the protein-containing. membrane picces were finally excised.
After a blocking step ii 50 mM Tris HCI [pH 7.4], 150 mM

NaCt, 0.05% Tween 20 (TBST} containing 5% milk, for 1 hrat

RT, each membrane piece was probed with blocking buffer
containing 500 pl of- SaurPrP]l antiserum, at 4°C overnight.
" Following several washes, the IgGs that specifically bound to PrP-
‘1,  were finally eluted from the membranes with 0.2 M
Glycine. HCL [pH 2.5], for .5 min at 4°C. Each eluate was
neutrelized with 2 M Tris HC! [pH 9.0}, and then dialyzed
. overnight at 4°C in 50 mM Tris HCl [pH 7.4], 150 mM NaC!
' (IBS), wsing 100 mm-Spectra/Por molecularporous membrane -
tubirig (Spectrum  Medical Industries, Los Angeles, USA).
Following dialysis, the purified IgGs were saturated in buffer
. containing 20 mM Tris HCI {pH 84], 150 mM. NaCl, 5 mM
. EDTA, 1% gelatin, 0.1% BSA

Depletion of recombinant gilthead sea bream PrP-1 ~ .
specific immunogliobulin fractiorn’ froni SaurPrP1
-polyclonal antiserum
SaurPrPl polyclonal antibody was diluted in phosphate

buffered saline (1:2000), containing 5% normal goat serum,
2.5% BSA and 0.05% Tween 20. The antibody was incubated
with 0.6 mM of recombinant gjlthead sea bream PrP-1 protein at
. 4°C overnight. ‘The depleted antiserum was briefly centrifuged
before use in all negative immunohistochemistry control experi-
ments. :

: lmmunohlstochemsstry
Four different polyclonal anti-PeP antibodies were e used for the

- immunohistochemical detection of the endogenous PrP protcms of .
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sea bream, namely ZebPrP1 (1:1000), ZebPzF2 (1:1000), SaurPrPl
(1:2000) and FuguPrP1 (1:500}, the latter being ralsed by our
group against PrP-{ proteiri-of, Takifiigy rubripes. The cormmercially
available monodlenal antibody, 12F10 (Gayman Chemical, Ann
Arbor, MI), raised against amine acids 142-160 of hyman PcP,
was used for the detection of residual mammalian PrP (1:200),
since it also displays crdss-reactivity with bath ovine and bovine
PrP. All paraffin sections were cut at 4 J.Im thickness. Depending
on the prion protein of interest, P:p© or PrP™, two different
pretreatment profocols were used. For PrP labeling, an antigen

-retrieval step was performed by boiling in citrate-buffered salihe

[PH 6.0] for 7 minutes before the staining procedure. For PrP>
detection, the sections were hydrated-autoclaved at 121°C for 30
minutes, then incubated for 5 mindtes in 90% formic acid prior to -
an B minutes-incubation with proteivase K (Dako, Glostrup,
Denmark) at RT. Scctions werc treated with appropriate
biotinylated ‘secondary antibodics (Vector Laboratorics, Burlin-
game, CA) and visualized using the avidin-biotin method-based
Vectastain Elite ABC and the Diaminobezidine substrate kits
{Vector Laboratories, Burlingame, CA) according to the manu-
facturer's instructions. Negative controls for immunohistochemis-

try involved omitting the primary antibody. Staining .with . o

polyclonal {anti 14-3-38, Santa Cruz, California, USA} and
monoclonal antibodies {12F10, 6H4) raised against proteins of
mammalian origin was also performed. The mouse anti-tubulin
moneclonal antibody (Abcam, Cambridge, UK) and the mono-
clonal’ SAF84 antibody (raised against SAF preparation. from
infected hamster brain, assumed epitape 126-164) were used as -
well.

PrP% enrichment and Westem blot analysis

Western blot analysis-of potentially enriched mammalian and .
teleast PrP** was performed on brain hemogenates fom BSE-
infected cows, scrapietinfected sheep, and TSE-challenged fish.
Briefly, aliquots of 1% (w/v) brain homogenate were digested for
1 br at 37°C with proteinase K. at 25 pg/ml for sheep, 30 ng/ ml

_for cow and 0,1-10 pg/mi for sea bream. PMSF (5 mM) was

added to stop.the protease digestion and PrP™ was precipitated
with NaCl (10%) {w/v). The pellet was washed with 25 M Tris

* HCl [pH 8.8) containing 0.05% sarkosyl and then resuspended in’

an appropriate volume of 2.5X .O’Farcell buffer for gel
electraphoresis. :
For western blot analysis, untreated znd proteinase K treated
brain homogenates were analyzed by SDS-PAGE ‘on 12%
polyacrylamide gels and -the scparated proteins were then
transferred onto PVDF membranes. After blacking with phos-
phate buftered saline containing 0.1% Tween 20 (PBST) and 5% -

- milk, the immunoblots were probed with the fish-PiP specific

polyclonal antisera, ‘ZebPrPl (1:10000), ZebPrP2 (1:35000),
SaurPcP1 (1:20000), FuguPrPl (1:20000), and the monoclenal

. antibody 684 (1:5000) (Prionics; Zurich, Switzerland) overnight at

4°C. After washing, they were incubated for 1 br with either
alkaline-phosphatase or horseradish-peroxidase conjugated sec-
ondary goat anfi-rabbit or anti-mouse antibodies {Pierce, Rock-
ford, IL} diluted 1:10000 in PBST. The-blats were developed using
the CDP-Star chemiluminescent substrate (INE Biolabs, Beverly,
MA), or the ECL Western blotting Substrate {Fierce, Rockford,
IL}, dépending on the secondary a,rmbody and accordmg to the
manufacturer’s instructions.

: GenBank Accessmn Numbers

Dani rerio prion protein 1 coding sequuence: AY438683
Da.mo‘mno prion protein I: AAS00159 -
Danio rero prion protein 2 coding sequence: AY438684
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Danio rerio prion protein 2: AAS00160
Sparus aurata prion protein 1 coding sequence: ABBS0540

Supporting Information

Table S1 Percentage amino acid sequence homology between
prion proteins of different species. Full sequences weré aligned.
The NCBI accession numbers of sequence data are: Homo sapien
{human), AAC78725; Bos Taurus {cow), AAT}19998; Ovis anies
{sheep), CAE00188; Mus musculus {mouse), AAH06703; Meso-
cricetus auratus (hamster), AAA37092; Takifugu rubripes {fugu),
AAN38988; Danio rerio (zébrafish} prien protein 1, AAS00159;
Danio rerio prion protein 2, AAS00160; Sparus aurata (gilthead
sea bream) prion protein 1, ABB90540. Sequence alignments were
performed by ALIGN (versmn 2, Myers and Milter, CABIOS
{1989) 4:11-17),

 Found at: doi:10. IS?l/Joumal ponc :0006175.5001 (0.09 MB TI_F)

Table §2 Cumulative tecord of the number of fish maintained.

post challenge. A, Fish inoculated with either scrapie- or normal

* ovine brain homagenate. B, Fish inoculated with elther BSE- or

nommal bovine brain homogenate.

. Found at doi:10.1371/joumnal.pone.0006175.5002 (0 04 MB
- DOC)

Table §3 Curnulative record of brain tissue samples examined,
A BSE-challengcd and bovine contrel fish samples. B, Sraple—-
- challenged and ovine control fish samples. g

Found at: doi:10.1371/joumnal.pone.0006175:5003 {0.14 MB
DOC)

Table 54 Cytoanatomical analysis of brains from BSE-thal-
. lenged fish sacrificed 24 months.post challénge. The deposits have
been classified inte 2 momphological categories. F, ﬁbrillary,
>10 pm in diameter; NF, pon fibllary, circular<10 pm in

TSE Transmission to Sea Bream

without proteinase K digestion. A, SaurPrP1 (1:2000); B, ZebP:P2
{1:2000%;, G, Pre-immune serum from the rabbit in which
SaurPrP| was raised (1:2000); D, PrP-specific immunoglobulin-
depleted SaurPrP1 (1:2000). Arrowheads indicate the existence (A,
B) or absence {C, D} of PrP-immunopositivity,. SGP, striatum
griseurn periventriculare; SFP, striatum fibrosum profundum;
SGC, striatum griseum centrale; SPFE, striatum plexiforme et
fibrosum externurm; SFM, striatum fibrosum- marginale; ML,
malecular layer of the valvula cerebelli; GL, granular layer of the
valvula cerebelli. Scale bars, 100 pm.

Found at: doi:10.1371/journal.pone.0006175.5006 (8.23 MB TIF)

Figure 33 Temporal observation of the brains from control fish
challenged with normal ovine brain homogenate Sagittal brain

- sections taken at 12 and 24 months p.i. from fish challenged with

-diameter. Plus and ‘minus symbols indicate the abundance of -

- deposiis: ~, 0; +, 1-5; ++, 6-15; +++, 16-50, +i++, >50. NP,
anatomical ré'gion not present'invstction;_Mol L, molecular layer;
Gran L, granular layer; WM, white matter; Cx, -cortex; Ce,
cerebellumy; Ve, valvula cérebelli; Tel, telencephalon;. Di; dmn—
cephalon; OT, optic tectum; Br. st., brain stem.  ~

Found at: doi:10.1371/journal.pone.0006175.5004 (0.13 MB TIF)

Figure 81 Comparison of antibody specificities for the PrPs of
- pgilthead sea bream, cow and sheep by western blot analysis.. A,

Five 0.4 mg brain equivalent-aliquots of gilthcad sea bream brain -

" homogenate were loaded onto 2 12% SDS-PAGE gel B,
Alternating lanes of a 12% SDS-PAGE gel were loaded w1th
3 mg tissue equwa.lents ‘of PrPSc-enriched {sec Materials and
Methods) bovine BSE brain homogenate (lanes 1, 3, 5, 7 & %) and
-ovine scrapie brain homogenate (lanes 2, 4, 6, 8 & 10). The.
electrophoretically separated -proteins were transferred to PVDF
-membranes that were cut into four sections (in B, each section
included two adjacent lanes). Each section was stained with one of
. five primary antibodies: 6H4 {1:5000; lanes Al, B1, B2); FuguPrP]
{1:20000; Janes A2, B3, B4); ZebPrPi (1:10000; lanes A3, B5, B6);
ZcbPrP2 (1:35000; lanes A4,
A5, B9, Bl0). Afier incubation with the appropriate “alkaline-

- . phosphatase-conjugated secondary antibody, - the blots were

developed with the CIDP-Star reagent. The arrow heads indicate

" the positions, of the molecular mass markers: A, 62 kDa and

."47.5 kDa; B, 32.5 kDa.
*  Found at: doi:10.1371/journal pone.0006175.5005 (0.28 MB TIP)

Figure 52 Antibody specﬁcxty in IHC. Sagittal, 4 |Lmlluck
serial brain secfions from coritrol gilthead sea bream were ireated
immunohistochemically with four differsnt primary antibodies,

:@ PLoS ONE | M.p!qmne.org .

normal ovine brain homogenate were staimed with H&E (A, D), or
immunolabeled with SaurPrP1 (1:2000) without PK—dlgeshon (B,
E) and with PK-digestion {C, F). Images show diencephalon. The
mean number of deposits {per section -of fish containing dcposns)
observed in different brain regions without PK-treatment is
indicated by the fill-type in the schematic drawings at the far
left.” Abbreviations as in Figure 2 of the main manuseript. The
following areas were not examined: OB; OIN; OG; P. Rectangles
indicate areas of magnification shown in the panels direetly below,
Scale bars, 100 pm.

Found at: doi:10.1371/journal.pone 0006175.5007 (3.00 MB TIF)

Figure 84 Temporal observation of the brains from.control fish
challenged with normal bovine brain homogcnatc Sagittal brain
sections taken at the indicated timepoints p.i. from fish challenged
with normal bovine brain homogenate were stained with H&E (A,
D, G), or immunolabeled with SaurPrP1 (1:2000) without PK-
digestion (B, E, H) and with PK-digestion (C, F, I}. Images show

_diencephalon. The mean number of deposits (per section of fish

containing deposits) cbserved in different brain regions without
PK-treatment is_indicated by. the fill-type in the schematic
drawings at the far Jeft. Abbreviations as in Figure 2 of the main .
manuscript. The following areas were-not examined: OB; OIN;
OC; P. Rectangles indicate areas of magnification shown in the
panels directly below. Scale bars, 100 jtm.

Found at; doi10:1371/journal pone.0006175.5008 (4.48 MB TTF)

\F!gu.re 85 Sensitivity to proteinase K treatment of' TSE-
-challenged sea bream brain tissues 24 months p.i. After a short -

purification treatment, 0.4 mg brain equivalents from brain
homogenates of either scrapie- (lanes 1, 3, 5 & 7) or BSE- .
challenged (lanes 2, 4, 6 & 8) fish, were digested with increasing
proteinase K. concengrations (0 fig/ml, lanes 1 & 2; 0.1 pug/ml,
lanes 3 & 4; 1 pg/ml, lanes 5 & 6; 10 ptg/ml, lanes 7 & 8) for 1 hr
at 37°C. The samples were analyzed on a 12% SDS-PAGE gel,
then electrotransferred onto 2 PVDF membrane and probed with

- SaurPrP1 polyclonal antibody (1:20000). After incubation with the

B7, B8); SaucPrPl (1:20000; laries

appropriate secondary antibody,. the immunoblots were finally
developed with the ECL western blotting substrate. Arrowhead

"47.5 kDa.

Found at: doi:10.1371/journal. pone.0006175.5009 {0.27 MB TIF)

Text §1 Statistical analysis of data derived from the scrapie -
challenged group.

Found, at: doi:10. l?;'li/_}Oumal pone.00061755010 {0 02 M.B
DOCG)
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