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Effectiveness of Anthracycline Against 
Experimental Prion Disease in Syrian Hamsters 

F. Tagliavini,* R. A. McArthur, B. Canciani, G. Giaccone, 
M. Porro, M. Bugiani, P. M.-J. Lievens, 0. Bugiani, E. Peri, 

P. Dall'Ara, M. Rocchi, G. Poli, G. Forloni, T. Bandiera, 
M. Varasi, A. Suarato, P. Cassutti, M. A. Cervini, J. Lansen, 

M. Salmona, C. Post 

Prion diseases are transmissible neurodegenerative conditions characterized by the 
accumulation of protease-resistant forms of the prion protein (PrP), termed PrPres, in the 
brain. Insoluble PrPres tends to aggregate into amyloid fibrils. The anthracycline 4'- 
iodo-4'-deoxy-doxorubicin (IDX) binds to amyloid fibrils and induces amyloid resorption 
in patients with systemic 'amyloidosis. To test IDX in an experimental model of prion 
disease, Syrian hamsters were inoculated intracerebrally either with scrapie-infected 
brain homogenate or with infected homogenate coincubated with IDX. In IDX-treated 
hamsters, clinical signs of disease were delayed and survival time was prolonged. 
Neuropathological examination showed a parallel delay in the appearance of brain 
changes and in the accumulation of PrPres and PrP amyloid. 

Prion diseases, such as scrapie of sheep, 
spongiform encephalopathy of cattle, and 
Creutzfeldt-lakob disease of humans. are 
transmissible neurodegenerative conditions 
characterized bv the accumulation of Dro- 
tease-resistant forms of the prion protein 
(PrP), termed PrPres, in the brain (1). Un- 
like the normal PrP, PrPres has a large 
amount of P-sheet secondary structure and 
a strong tendency to aggregate into amyloid 
fibrils (2). Deposition of PrPres and PrP 
amyloid is accompanied by nerve cell de- 
generation and glial cell proliferation, lead- 
ing to the clinical signs of disease (3). In 
scrapie-infected hamsters, survival time is 
prolonged by the amyloid-binding dye Con- 
go red (4). Congo red inhibits the accumu- 
lation of PrPres in scrapie-infected neuro- 

blastoma cells without affecting the metab- 
olism of normal PrP (5). 

The anthracycline 4'-iodo-4'-deoxy- 
doxorubicin (IDX) (Fig. 1A) is a recently 
develo~ed derivative of doxorubicin. a 
drug of proven efficacy in a large number 
of malignancies (6). The administration of 
IDX to eight patients with plasma cell 
dyscrasias complicated by immunoglobu- 
lin light-chain amyloidosis resulted in the 
partial resorption of amyloid deposits in 
three cases. In addition, four of the eight 
patients exhibited discernible clinical im- 
movement. two ~at ients  showed reduced 
symptoms of the disease, and the other 
two ~at ients  were rendered stable (7). . , 
This unexpected activity of the compound 

wis confirmed by further studies showing 
that IDX binds strongly to amyloid fibrils 
of different chemical composition, inhib- 
its in vitro assembly of insulin into amy- 
loid fibrils, and reduces amyloid deposits 
in a murine model of reactive amyloidosis 
(8). Thus, IDX can be regarded as a pro- 
totype of a class of drugs that are able to 
inhibit amyloidogenesis, reverse tissue 
deposition of amyloid fibrils, or both. 

To examine this activity of IDX, we first 
investigated the ability of the compound to 
bind to PrP amyloid. Serial sections of the 
cerebral cortex and cerebellum from 
scrapie-infected hamsters and patients with 
Creutzfeldt-Jakob disease were incubated 
with M aaueous solution of IDX or 
with the amyloid-binding fluorochrome 
thioflavine S and were analvzed bv fluores- 
cence microscopy (9). The comparison of 
adjacent sections showed that all amyloid 
deposits revealed by thioflavine S exhibited 
the characteristic fluorescence of IDX (Fig. 
1, B and C). 

We then investigated the effects of 
IDX on experimental scrapie, which is 
regarded as a model for prion diseases (1 ). 
Three groups of female Syrian hamsters 
(10 animals per group) were used for the 
study. The infected controls were injected 
intracerebrally with 30 ~1 of 1% (wlv) 
brain homogenate obtained from hamsters 
infected with the 263K strain of scrapie 
that were in the terminal stage of the 
disease. The IDX-treated hamsters were 
injected with the same inoculum, coincu- 
bated for 1 hour at room temperature with 
2.9 mM IDX before intracerebral inocula- 
tion. The uninfected controls were inject- 
ed with 30 ~1 of 1% suspension of normal 
hamster brain. Hamsters infected with 
scrapie agent coincubated with IDX lived 
significantly longer than those infected 
with scrapie alone (Fig. 2A). Thus, al- 
though all scrapie-infected hamsters had 
died by 94 days after infection (mean + 
SEM = 88.5 2 1.9 days), IDX-treated 
hamsters lived up to 128 days [mean + 
SEM = 116 2 5.6 days; P < 0.01, one-way 
analysis of variance (ANOVA)]. 

Next, separate groups of hamsters (12 
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Fig. 1. (A) Chem~cal structure of IDX. [Bi Blnd~ng of IDX and 
(C) thioflavine S to PrP amyloid in brain sections from a 
patient with Creutzfeldt-Jakob disease. Scale bar, 50 Fm. 
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animals per group) were treated as in the 
first experiment and were examined at 
least twice a week to detect the onset and 
progression of clinical signs of disease 
(10). The key features of scrapie infection 
were altered reactivity to external stimuli 
and postural abnormalities with an un- 
steady gait. The mean time (?SEM) be- 
fore the appearance of these symptoms was 
81.9 ? 2.2 days in infected controls and 
102.8 ? 3.8 days in IDX-treated hamsters 
(P < 0.01, one-way ANOVA). The initial 
phase of the disease was characterized by 
hyperreactivity to tactile and acoustic 
stimulation. Subsequently, hamsters began 
to lose balance and coordination and grew 
gradually less reactive. The infected con- 
trols spent a mean of 85.6 ? 2.5 and 
70.0 ? 3.1 days in a "normal" state of 
posture and balance, respectively, and 
94.3 ? 4.9 days without tremors. IDX 
significantly increased the time spent 
without postural abnormalities and trem- 
ors (Fig. 2C). These changes affected a 
characteristic escape response when the 
hamsters were placed in an enclosed area. 
Before infection, the animals were able 
to leave a rectangular box within 50 s of a 
180-s observation time by climbing over 
one of the walls. Progressive deterioration 
of posture and balance in infected ham- 
sters made it more difficult, indeed impbs- 
sible, for them to climb out of the cage. 
IDX significantly retarded this deteriora- 
tion in cage-leaving. The overall average 
cage-leaving latencies of uninfected con- 
trols, infected controls, and IDX-treated 
hamsters after inoculation were 75 ? 10.3, 
163 ? 12.9, and 80.2 ? 16.5 s, respective- 

Fig. 2 Effects of IDX on A 
the survival and behavior 
of Syrian hamsters infect- 
ed with scrapie (10). (A 
and B) Survival time of in- 
fected controls (shaded 
area) and of IDX-treated 
hamsters (white area) in 
the first (A) and second (B) 
experiments. Longevity 
was analyzed by Kaplan- 
Meier survival analysis. (C) 
Mean number of days 
(2SEM) the infected con- 
trols and IDX-treated 
hamsters of the second 
study remained in a state 
of normal posture and bal- 
ance and had no tremors 

= P < 0.01 versus in- 
fected controls, Tukey's q 
method for multiple com- 
parison). @) Mean latency 
( S E M )  with which unin- 

ly (Fig. 2D). Infected control hamsters 
began to die at a mean of 108.5 ? 2.4 
days after infection (Fig. 2B). Those treat- 
ed with IDX, however, showed significant- 
ly longer survival times (125.5 ? 3.1 days; 
P < 0.01, one-way ANOVA), confirming 
the mortality results seen in the first 
ex~eriment. 

Histological and immunohistochemical 
analvses (I  I ) of brains from four animals , . .  
of each group culled when behavioral 
changes were first apparent in the infected 
controls (days 68 and 80 of the first and 
second experiments, respectively) showed 
differences in PrP accumulation, spongi- 
form changes, and astrogliosis. Although 
the infected controls displayed distinct 
PrP and glial fibrillary acidic protein 
(GFAP) immunoreactivitv in the cerebral 
cortex, thalamus, hippocampus, cerebel- 
lum, and brain stem, PrP accumulation 
and astrogliosis were barely detected in 
the IDX-treated hamsters (Fig. 3). Fur- 
thermore, the infected controls showed 
spongiform changes in the brain stem and, 
less consistentlv. in the thalamus. the ar- , , 
chicortex, and neocortex, whereas the 
IDX-treated hamsters did not. 

Protein immunoblot analysis (12) of 
brain homoeenates with antibodies to PrP - 
confirmed the immunocytochemical ob- 
servation. The accumulation of proteinase 
K-resistant PrP-immunoreactive peptides 
was decreased in IDX-treated hamsters as 
compared with infected controls (Fig. 4, A 
and B, upper panels). In contrast, compa- 
rable levels of a- and B-tubulin subunits 
were detected in each 'group after immu- 
noblot analysis of brain homogenates (Fig. 

Daysafter infedon DaysafferinteCtiOn 

C 
Posture 

UTrernors 
Uninfected 
controls 

control %c ~ays-infeclion 

fected 'controls, infected ? 
controls, and IDX-treated hamsters escaped from an enclosed area (* = P < 0.05 and " = P < 0.01 versus 
infected controls, Tukey's q method for multiple comparison). 

4, A and B, lower panels). Quantitative 
evaluation of PrPres, normalized for levels 
of tubulin, indicated that this decrease was 
approximately 80% in both experiments. 
The PrPres-tubulin optical-density ratio 
between scrapie-infected and IDX-treated 
hamsters was 4.13 ? 0.22 versus 0.81 ? 
0.76 in the first experiment and 3.08 ? 
0.36 versus 0.63 ? 0.29 in the second 
experiment, respectively (P < 0.01, paired 
t test). Northern (RNA) blot analysis (13) 
showed similar concentrations of PrP tran- 
script in the brains of uninfected controls, 
infected controls, and IDX-treated ham- 
sters, which suggests that the decrease in 

Fig. 3. Effects of IDX on PrP accumulation and 
astrogliosis in the brain of scrapie-infected ham- 
sters, as revealed by immunohistochemical stain- 
ing (1 1). Coronal sections of the right cerebral 
hemisphere of an infected control (A and C) and 
an IDX-treated hamster (6 and D) killed at day 80 
of the second experiment. The sections are immu- 
nostained with antibodies to PrP (A and B) or to 
GFAP (C and D). Scale bar, 1 mm. 

I I 

Fig. 4. Effects of IDX on PrPres accumulation in 
the brain of scrapie-infected hamsters, as re- 
vealed by protein immunoblot analysis (12). (A 
and B) lmmunoblots of brain homogenates from 
hamsters killed at day 68 of the first experiment 
(A) or day 80 of the second experiment (B). The 
blots were probed with antibodies to PrP (upper 
panels) or to tubulin (lower panels). Lanes 1 
through 4 correspond to infected controls, and 
lanes 5 through 8 correspond to IDX-treated 
hamsters. Numbers at left and right are molecu- 
lar mass markers, in kilodaltons. 
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PrPres levels observed in the latter was not 
due to a decrease in PrP mRNA. Once the 
disease progressed and hamsters began to 
die of the infection, the differences be­
tween groups in PrP accumulation, spon­
giform changes, and astrogliosis were no 
longer apparent. 

A wide variety of compounds has been 
tested in the treatment of prion diseases 
(14). A few of these compounds, particu­
larly amphotericin B and sulfated polyan-
ions, were effective in retarding the ap­
pearance of clinical symptoms and pro­
longing the survival of animals experi­
mentally infected with scrapie (15). These 
compounds are structurally dissimilar and 
have diverse activity. Amphotericin B, for 
example, is an antifungal agent, whereas 
heteropolyanions such as HPA-23 are an-
tivirals. Although these molecules are 
known to be active at the cell membrane, 
their mechanism of action in experimen­
tal scrapie is still unknown. Other antivi­
ral compounds such as amantadine, vi-
darabine, and acyclovir have been used in 
patients with Creutzfeldt-Jakob disease 
with inconclusive results (14). 

According to the prion hypothesis, the 
major component of the agent responsible 
for transmission of prion disease is PrPres, 
and prion propagation results from the con­
formational conversion of normal PrP into 
an altered form, catalyzed by PrPres (I). 
IDX was administered intracerebrally at the 
same time as the scrapie agent. This exper­
imental design was dictated by IDX's intrin­
sic cytotoxicity and pharmacokinetic prop­
erties, as well as by its limited ability to pass 
the blood-brain barrier (16). It is conceiv­
able that the delay in PrPres accumulation 
and the neuropathological and behavioral 
changes seen may have been a consequence 
of IDX's binding to abnormal PrP, inhibit­
ing the availability of this protein to act as 
a template for the conversion of the normal 
protein. It is unlikely that the anti-scrapie 
effects of IDX could be due to its cytotoxic 
properties, because PrP mRNA levels and 
tubulin concentrations remained un­
changed by the treatment. Nevertheless, 
the possibility that changes in PrP expres­
sion could have occurred in IDX-treated 
animals during the early phase of infection 
cannot be ruled out. 

The results of this study indicate that 
IDX, although inappropriate for actual 
treatment of prion diseases because of its 
cytotoxicity and pharmacokinetic proper­
ties, is a prototype of a class of compounds 
having anti-prion effects. Furthermore, the 
ability of IDX to bind to different types of 
amyloid protein (8) suggests the possibility 
that these compounds could also be active 
in other amyloid-related neurodegenerative 
diseases. 
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scoring of observational data was carried out as fol­
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after falling from a thin wire. Posture and tremors 
were evaluated by observation. The behaviors were 
scored according to discrete item-ordinate scales as 
follows. Balance: 0, normal; 1, impaired; 2, unstable; 
and 3, loss. Posture: 0, normal; 1, abnormal; 2, limbs 
abducted; and 3, hunchback. Tremors: 0, absent; 1, 
mild; 2, present; and 3, increased. In order to quan­
tify and analyze these behaviors, the following con­
vention was adopted: The experiment was opera­
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to the day of death of the last scrapie-infected ham­
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killed for neuropathological and biochemical exami­
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plot factorial design, with the treatment group being 
the independent factor and the state of behavior fac­

tor being repeated. The cage leaving behavior of the 
hamsters was observed and recorded by video in a 
rectangular cage (22 by 36 by 12 cm). Recording 
sessions were carried out before infection and at var­
ious days after infection. The observation period last­
ed a maximum of 180 s. Post-hoc paired compari­
sons between means were evaluated by Tukey's q 
method for multiple comparisons, where * = P < 0.05 
and ** = P < 0.01 from infected controls. 

11. For neuropathological and biochemical examination, 
four hamsters from each group were killed (accord­
ing to the Policy on the Use of Animals in Neuro-
science Research of the Society for Neuroscience) 
when behavioral changes were first apparent in the 
infected controls. The remaining hamsters were an­
alyzed after dying at the terminal stage of the dis­
ease. The left cerebral hemisphere was frozen and 
stored at -80°C; the right hemisphere was fixed in 
Carnoy solution, cut coronally at four standard levels, 
and embedded in paraplast. Serial sections (8 |xm 
thick) from each block were stained with hematoxy-
lin-eosin and thioflavine S or incubated with a mono­
clonal antibody (mAb) to GFAP (Boehringer-Mann-
heim, Germany) (ratio, 1:100) or the mAb 3F4 (ratio, 
1:200), which recognizes an epitope including resi­
dues 108 to 111 of hamster PrP, Immunoreactions 
were revealed by the peroxidase-antiperoxidase 
method with the use of goat anti-mouse immuno­
globulins, PAP complex (DAKO, Denmark), and 
3-3'-diaminobenzidine. Negative control sections 
were incubated with normal mouse serum as prima­
ry antibody. The specificity of PrP immunoreactivity 
was verified by absorption. The antibody 3F4 was 
incubated with a synthetic peptide homologous to 
residues 101 to 119 of human PrP (10 mM) for 1 hour 
at 37°C and then overnight at 4°C. After centrifuga-
tion at 15,000g for 15 min, the supernatant was used 
as primary antibody. 

12. A 10% (w/v) homogenate of the left cerebral hemi­
sphere from each hamster was prepared in 100 mM 
NaCI, 10 mM EDTA, 0.5% NP-40, 0.5% sodium 
deoxycholate, and 10 mM tris (pH 7.4). After centrif-
ugation at 1000g for 10 min, the protein concentra­
tion in the supernatant was determined by the bicin-
choninic acid assay (Pierce, USA). Samples equiva­
lent to 100 |xg of protein were mixed with equal 
volumes of twice the concentration of Laemmli sam­
ple buffer and incubated with proteinase K (20 \xg/ 
ml) for 1 hour at 37°C. Proteolysis was terminated by 
the addition of phenylmethylsulfonyl fluoride (1 mM 
final concentration). The samples were fractionated 
on 12.5% SDS-polyacrylamide minigels under re­
ducing conditions, electrophoretically transferred to 
polyvinylidene difluoride membranes (Immobilon, 
Millipore, USA), and probed with the antibody 3F4 
(ratio, 1:50,000) as described previously {17). Fur­
ther aliquots of the original samples were probed 
with mAbs to a- and ^-tubulin subunits (Amersham, 
UK) (ratio, 1:5000). Immunoreactive bands were vi­
sualized with enhanced chemoluminescence (Amer­
sham), and quantified by densitometry with a Mitsub­
ishi Video Copy Processor (Model P68E), a IV-530 
Contour Synthesizer (FOR-A Co. Limited, France), 
and the Bio-Profil package of softwares (Vilber-Lour-
mat, France). The specificity of the reactions was 
checked with the use of normal mouse serum and 
absorbed 3F4 as primary antibodies. Densitometric 
data were analyzed according to ANOVA, examining 
the effects of IDX across the two experiments on the 
resolved optical density of PrP-immunoreactive 
bands normalized for tubulin. The significance of dif­
ference from respective controls was assessed by 
paired t test. 

13. Total RNA was isolated from brain homogenates of 
uninfected controls, infected controls, and IDX-
treated hamsters by a single-step method, with the 
use of the ultraspec RNA isolation system (Bio-
tecx). Fifteen \xg of RNA from each sample was 
fractionated by MOPS-EDTA agarose gel electro­
phoresis and transferred to Hybond-N+ mem­
branes (Amersham). The filters were hybridized 
with human PrP cDNA that was labeled to a spe­
cific activity >1 x 108 cpm/fxg, using [32P]deoxy-
cytidine triphosphate by the random primer label­
ing procedure {18). The membranes were washed 
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The human malaria parasite Plasmodium falciparum exports an interconnected network seen in untreated cells (1 2) .  PPMP does not 
of tubovesicular membranes (the TVM) that extends from the parasite's vacuolar mem- block the channel or transporter for LY at the 
brane to the periphery of the red cell. Here it is shown that extracellular solutes such as infected red cell metnbra~le (12). Together, 
Lucifer yellow enter the TVM and are delivered to the parasite. Blocking the assembly these data suggest that LY 1s delivered by the 
of the network blocked the delivery of exogenous Lucifer yellow, nucleosides, and amino TVhI to the parasite. 
acids to the parasite without inhibiting secretion of plasmodia1 proteins. These data We next investigated whether other 
suggest that the TVM is a transport network that allows nutrients efficient access to the charged, low molecular mass solutes such as 
parasite and could be used to deliver antimalarial drugs directly into the parasite. nucleosides, amino acids, and their toxic de- 

r~vatives are also transported hy the TVXl by 
comparing parasite-induced accuiln~lation of 
radiolaheled a~lalogs in PPMP-treated and LIII- 

Ma la r i a  afflicts 20C million to 30C million \ n t h  a few large loops (Flg. I A ) .  PPMP- treated cells. An important extracellular sol- 
people and kills over 1 million childreti each treated cells (Fig. 1B) mere found to contain ute for parasite growth is the purine nucleo- 
year. T h e  most fatal form of the disease is vesicles or rodlike elements, associated with side adenosine. The parasite needs purines for 
caused by the protozoan parasite Plnsmodi~im the red cell membrane, free in the cytoplasm growth hut cannot sy~ithes~ze them de novo. 
Jalcipnrum. During its asexual cycle the par- or in close associatiotl wit11 the parasite. Few The  uninfected erythrocyte has an endoge- 
asite invades and develops in  a vacuole in of the intraerythrocytic structures appeared nous nucleoside transporter that can he 
the mature erythrocyte, a cell devoid of all to he interconnected, suggesting that the blocked by derivatives of 6-thlopurine ~nlcleo- 
intracellular orga~ielles and Incapable of de network is either highly co~istricted in re- sides such as ~iitrobe~izyl thloinosi~le 
novo protein synthesis and membraile turn- gions that  do no t  s t am with Bodipy- (NBhIPR); however, these compo~~nds do not 
over ( 1 .  2).  In order to survive, the parasite ceramide, or it is fragmented. hlock parasite-induced ~ l~~c leos ide  accumula- 
exports antigens and imports extracelhllar 
nutrients (3-5) across the intraerythrocytic 

Table 1. lnhibtion of parasite-induced solute accumulation and use in infected red cells Infected 
'pace are largely "11- erythrocytes (at 10 to 2040 parasitemia) treated with 5 KM PPMP for 36 hours were washed free of 
kllowll. lVithin 33 hours of infectioll the serum and incubated w~ th  the indicated rad~olabeled substrates (74). The accumulation of [3H]ade- 
paraslte ~nduces the forlnation of the T\'M nosne or [3H]thymidine was measured over 30 s at room temperature. NBMPR (20 pM) was used to 
that emerges from the parasitophoro~ls vat- inhibt the endogenous red cell nucleoside transporter. Control cells were not treated w ~ t h  PPMP, \Where 

Llolar melllhrane and extell& out to the indlcated, 0.01?6 saponin was added. The accumulation of [3H]orotic ac~d  and [3H]glutamate was 

erythrocJjte lnelnhraIle i6 ,  suggestillg measured over 30 min at 37°C. PPMP treatment had no effect on the uptake of any rad~olabeled 
compound Into uninfected red cells. The ncorporation of [jH]adenos~ne and [3H]orotic acid was 

that it may he a transport organelle. measured over 24 hours. after which the cells were harvested on glass fiber f~lters and the counts 
T V M  asselnhly can be blocked inh1- deter~nined (8, 74). These incorporation assays were carr~ed out in the absence of NBMPR The 

bltion of a resident parasite sphingomyelin ~ncorporation of [3H]glutamate over 24 hours at 37°C was determned by measuring the acd-insoluble 
sy~i thase  (called the  sensitlye sphingomy- radioactivity precipitated on 3 MM Whatman fllters (1 7, 14). n.a., not applicable. 

elin synthase or  S S S )  by dl-threo-1- 
phenyl-2-palmitoylarnino-3-morpholitio- Solute accumulation 
1-propanol (PPblP;  Fig. 1 )  (8). Normal (1 0-5 nmol per 5 x 10' nh~bition of nh~bition of 

cells have shown a highly tuhular network Substrate parasites) accumulat~on incorporat~on 
("/I ("/I 

P P M P  +PPMP 
S A. Later. N. Shor~. Y Haldar. Deoartment of Mlcrob- 
ology and ~ n m ~ n o l o g y ,  Stanford Ijnlvers'ty School of 13H1Adenoslne 7.8 3 1 60 i 20 97 i- 2 
Medic~ne Stanford, CA 9i305-5402 USA P ~ j ~ d e n o s n e  + saponin 6.2 5 6 9 i  4 3 1 2  
P. r<. Rathod. Department of Biology. Institute for B omo- [3H]Orotic acid 
ect lar Stud~es, The Cathollc Unlverslty of Amerlca, 

17 1.5 91 +- 13 98 t 1 
,,,,,.-& nn nnno, , , "  A 13HlThvm~d~ne 46 10 7 8 i  6 n.a 
'!Ydbl I IdlUl I, UC, LUUUL, U3H. 

P ~ j ~ l i t a m a t e  14 3.6 74 i 20 91 t 5 
-To ~ v i i o ~ n  corresoondence siioud be addressed. 

1122 SCIENCE VOL. 176 16 MAY 1997 mwm.sc1encemag.org 


