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Visualization of Prion Infection in Transgenic Mice
Expressing Green Fluorescent Protein-Tagged Prion Protein
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Tg(PrP–EGFP) mice express an enhanced green fluorescent protein (EGFP)-tagged version of the prion protein (PrP) that behaves like
endogenous PrP in terms of its posttranslational processing, anatomical localization, and functional activity. In this study, we describe
experiments in which Tg(PrP–EGFP) mice were inoculated intracerebrally with scrapie prions. Although PrP–EGFP was incapable of
sustaining prion infection in Tg(PrP–EGFP)/Prn-p0/0 mice, it acted as a dominant-negative inhibitor that bound to, and fluorescently
marked, deposits of PrP Sc generated from endogenous PrP in Tg(PrP–EGFP)/Prn-p�/� mice. Scrapie infection of these latter animals
caused a progressive accumulation of fluorescent PrP–EGFP aggregates in neuropil, axons, and prominently in the Golgi apparatus of
neurons. Our results provide an entirely new picture of PrP Sc localization during the course of prion infection, and they identify for the
first time intracellular sites of PrP Sc formation that are not well visualized with conventional immunohistochemical techniques.
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Introduction
Prions are infectious proteins of mammals, yeast, and fungi that
propagate themselves by autocatalytic changes in conformational
state (Aguzzi and Polymenidou, 2004; Wickner et al., 2004).
PrP Sc is a mammalian prion that is associated with several neu-
rodegenerative disorders, including Creutzfeldt-Jakob disease,
Gerstmann-Sträussler syndrome, and kuru in humans, as well as
scrapie and bovine spongiform encephalopathy in animals
(Prusiner, 2004). PrPSc is a conformationally altered isoform of
PrPC, a surface glycoprotein of uncertain function that is expressed
primarily on neurons and glia in the CNS (Prusiner, 1998).

PrP Sc itself, or an intermediate generated as a result of the
PrP C-PrP Sc conversion process, is presumed to be responsible
for the neurodegeneration seen in prion diseases (Chiesa and
Harris, 2001). Therefore, determining the anatomical and sub-
cellular localization of PrP Sc is crucial for understanding the
pathogenesis of these disorders. However, there is a serious tech-
nical difficulty in localizing PrP Sc in tissue sections and cultured
cells using traditional immunocytochemical staining techniques.
Antibodies that recognize PrP C usually display weak affinity for
PrP Sc, attributable to epitope masking as a result of protein ag-
gregation or conformational alterations (Serban et al., 1990;
Peretz et al., 1997). Therefore, the detection of PrP Sc in situ relies

on antigen retrieval techniques that enhance the antigenicity of
PrP Sc by denaturing or hydrolyzing the protein (Kitamoto et al.,
1986, 1987, 1992; Taraboulos et al., 1990). Unfortunately, these
procedures also irreversibly damage cellular structures and can
degrade or redistribute PrP Sc. The requirement for antigen re-
trieval creates particular difficulties in localizing PrP Sc at the sub-
cellular level, and most PrP Sc deposits visualized in brain sections
by light or electron microscopic techniques are extracellular
(Jeffrey et al., 1992, 1994b; DeArmond et al., 2004). Thus, we
know very little about the intracellular compartments in which
PrP Sc accumulates and in which the initial events in PrP Sc for-
mation are likely to occur.

To circumvent these difficulties, we have constructed trans-
genic mice expressing PrP–EGFP, a fusion of wild-type PrP with
enhanced green fluorescent protein (EGFP), under control of a
PrP promoter. In a previous study, we showed that PrP–EGFP is
posttranslationally processed and anatomically localized in neu-
rons in the brains of transgenic mice in a way that is similar to that
of endogenous PrP (Barmada et al., 2004). In that study, we also
demonstrated that PrP–EGFP retains functional activity based on
a genetic test in which the fusion protein was able to rescue the
neurodegenerative phenotype induced by an N-terminally trun-
cated form of PrP (�32–134). In the present study, we inoculated
Tg(PrP–EGFP) mice with scrapie prions to directly visualize
PrP Sc in the brain without the need for antibody staining and
antigen retrieval procedures. We demonstrate that, although
PrP–EGFP is not itself a substrate for formation of PrP Sc–EGFP,
it acts as a ligand and inhibitor that binds specifically to PrP Sc

derived from endogenous PrP C, thus revealing sites where PrP Sc

is likely to be formed.

Materials and Methods
Transgenic mice. Construction of Tg(PrP–EGFP) mice has been de-
scribed previously (Barmada et al., 2004). Transgene-positive animals
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were maintained on the Prn-p�/� background by mating to C57BL/6J �
CBA/J mice and on the Prn-p0/0 background by mating to Prn-p0/0 mice
obtained from Charles Weissmann (Scripps Research Institute, Palm
Beach, FL). The latter animals, which were originally created on a C57BL/
6J/129 background (Büeler et al., 1992), have been maintained in our
laboratory by crossing with C57BL/6J � CBA/J mice. Tg(PrP–EGFP �/

�)/Prn-p0/0 mice were created by intercrossing Tg(PrP–EGFP �/0)Prn-
p0/0 mice. Tg(PrP–EGFP �/0)/tga20 �/0/Prn-p0/0 animals were derived by
crossing Tg(PrP–EGFP �/0)Prn-p0/0 mice with homozygous tga20 mice
(Fischer et al., 1996) obtained from the European Mouse Mutant Archive
(GSF National Research Center for Environment and Health, Institute of
Experimental Genetics, Munich, Germany).

Scrapie infections. Inocula were prepared from the brains of terminally
ill Tg(WT-E1 �/�)/Prn-p0/0 mice (Chiesa et al., 1998) that express 3F4-
tagged wild-type PrP and that had been infected with CD1-passaged
Rocky Mountain Laboratory (RML) scrapie (obtained from Byron
Caughey and Richard Race at Rocky Mountain Laboratories). Twenty-
five percent (w/v) brain homogenates were prepared in sterile PBS using
motorized tissue grinders. Homogenates were clarified by centrifugation
for 5 min at 900 � g. Brain homogenates were diluted to 1% using sterile
PBS, and 25 �l was injected intracerebrally into the right parietal lobes of
4- to 6-week-old recipient mice using a 25 gauge needle. Animals were
monitored regularly for the appearance of clinical symptoms, including
ataxia, weight loss, kyphosis, hyperexcitability, and hindlimb paralysis.
Ataxia was assessed by observing the mice walking on a metal grid appa-
ratus (Chiesa et al., 1998). Mice were scored as ill if they exhibited two or
more clinical symptoms.

Protease-digestion assays. Twenty-five percent (w/v) brain homoge-
nates were prepared as described above, and the protein concentrations
were determined using a BCA assay kit (Pierce, Rockford, IL). The equiv-
alent of 300 �g of protein was resuspended in 180 �l of BH buffer (0.5%
sodium deoxycholate, 0.5% Triton X-100, 0.5% NP-40, 0.2% Sarkosyl,
150 mM NaCl, and 50 mM Tris-HCl, pH 7.5) and then incubated with
proteinase K (PK) (final concentration, 20 �g/ml) for 30 min at 37°C.
Digestion was terminated by addition of phenylmethylsulfonyl fluoride
(PMSF) to a final concentration of 5 mM and incubation on ice for 10
min. Proteins were precipitated with methanol and then analyzed by
SDS-PAGE and Western blotting using the following antibodies: anti-
PrP monoclonal antibody 3F4 (Bolton et al., 1991), anti-PrP monoclonal
antibody 8H4 (Zanusso et al., 1998), and anti-GFP rabbit polyclonal
antibody (provided by Maurine Linder, Washington University).

Immunoprecipitation of PrP–EGFP. Two hundred microliters of 25%
brain homogenate were combined with 300 �l of PBS and 500 �l of 2%
Triton X-100 (in PBS), and the mixture was incubated for 20 min at 4°C.
Samples were precleared by incubation with 50 �l of protein
G-Sepharose beads (Sigma, St. Louis, MO) for 20 min at 4°C, and the
supernatants were transferred to siliconized microfuge tubes. For immu-
noprecipitation of PrP–EGFP, 10 �l of anti-GFP rabbit polyclonal anti-
body was added to each sample, together with protease inhibitors (1
�g/ml pepstatin, 1 �g/ml leupeptin, 2 mM EDTA, and 0.5 mM PMSF). As
a control, some samples were also immunoprecipitated with 10 �l of
nonspecific rabbit polyclonal IgG (Antibodies Incorporated, Davis, CA).
Samples were mixed end-over-end at 4°C for 16 h, after which immune
complexes were collected by addition of 500 �l of protein G-Sepharose
beads. Beads were washed three times with 1% Triton X-100 (in PBS),
washed twice with 150 mM NaCl and 50 mM Tris-HCl, pH 7.5, and then
boiled in SDS-PAGE sample buffer before analysis by SDS-PAGE and
Western blotting using 3F4, 8H4, or anti-GFP antibodies. In some cases,
the beads were resuspended in 200 �l of 0.1% Sarkosyl and treated with
PK (final concentration, 20 �g/ml) for 30 min at 37°C. Digestion was
terminated by addition of PMSF to a final concentration of 5 mM, after
which proteins were precipitated with methanol and analyzed by SDS-
PAGE and Western blotting as above.

Sodium phosphotungstate precipitation. Two hundred microliters of
25% brain homogenate were combined with 300 �l of PBS and 500 �l of
2% Sarkosyl (in PBS), and the mixture was incubated for 10 min at 37°C.
MgCl2 (final concentration, 1 mM) and 50 U of benzonase (Sigma, St.
Louis, MO) were added, and samples were incubated for 30 min at 37°C.
Sodium phosphotungstate (Sigma) from a 4% stock solution was added

to reach a final concentration of 0.3%, and samples were incubated for 30
min at 37°C. Precipitates were then collected by centrifugation at
14,000 � g for 30 min at room temperature. Supernatants were removed,
and the pellets were resuspended in 18 �l of 0.1% Sarkosyl. In some cases,
resuspended proteins were treated with PK (final concentration, 50 �g/
ml) for 1 h at 37°C. Ten microliters of SDS-PAGE sample buffer were
added to each sample, after which proteins were separated by SDS-PAGE
and then analyzed by Western blotting with 3F4, 8H4, or anti-GFP
antibodies.

Fluorescence microscopy and immunostaining. Mice were perfused
transcardially with 50 ml of 0.1 M phosphate buffer, pH 7.2, followed by
100 ml of 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.2. Brains
were postfixed in the same fixative for 3 h at 4°C, transferred to 0.1 M

phosphate buffer, pH 7.2, and stored at 4°C. Sagittal sections (50 –100
�m thickness) were cut using a vibratome (The Vibratome Company, St.
Louis, MO) and placed in sterile PBS containing 0.02% sodium azide.
For visualization of intrinsic PrP–EGFP fluorescence, sections were
mounted on glass slides using Gel/Mount solution (Biomeda, Foster
City, CA).

To colocalize PrP–EGFP with other proteins, floating sections were
rinsed three times in PBS and then blocked and permeabilized by incu-
bation for 1 h at room temperature in PBS containing 0.3% Triton X-100
and 1% goat serum. Sections were then incubated for 16 h at 4°C using
the following antibodies and dilutions: rat anti-mouse CD90.2 (Thy1.2)
monoclonal antibody (1:50; BD Biosciences Pharmingen, San Diego,
CA), rabbit anti-giantin polyclonal antibody (1:1000; Covance, Berkeley,
CA), rabbit anti-translocon-associated protein � (TRAP�) polyclonal
antibody (1:1000; Upstate Biotechnology, Lake Placid, NY), rat anti-
lysosome-associated membrane protein 1 (LAMP1) monoclonal anti-
body (1D4B; 1:500; Developmental Studies Hybridoma Bank, University
of Iowa, Iowa City, IA), 3F4 (1:1000), 8H4 (1:1000), and anti-GFP anti-
body (1:1000). Sections were rinsed three times in PBS before incubation
for 1 h at room temperature with secondary antibodies (Alexa 594-
coupled goat anti-mouse, anti-rabbit, or anti-rat IgG from Molecular
Probes, Eugene, OR) diluted 1:500 in PBS. After rinsing in PBS, sections
were mounted on glass slides as above.

For PrP Sc immunostaining, floating sections were pretreated with
96% formic acid for 15 min at room temperature. After rinsing in PBS,
sections were then blocked and permeabilized in PBS containing 0.3%
Triton X-100 and 1% goat serum. Sections were incubated with 8H4
antibody (1:250) for 16 h at 4°C and then rinsed in PBS before incubation
for 1 h at room temperature with secondary antibody (Alexa 488-
coupled goat anti-mouse IgG). Sections were rinsed in PBS and then
mounted on glass slides as above.

Sections were viewed with a Zeiss (Oberkochen, Germany) LSM 510
confocal microscope with an Axiovert 200 laser-scanning system. Pro-
cessing of digital images was accomplished using Zeiss LSM WS 510
software and Adobe Photoshop 6.0 (Adobe Systems, San Jose, CA).

Results
PrP–EGFP is not converted to PrP Sc–EGFP, but it inhibits
formation of PrP Sc from endogenous PrP C

To determine whether PrP–EGFP could be converted to PrP Sc–
EGFP during prion infection, we inoculated Tg(PrP–EGFP�/�)/
Prn-p0/0 mice with the RML strain of scrapie. The scrapie inocu-
lum had been passaged through Tg(WT) mice (Chiesa et al.,
1998) to introduce the 3F4 epitope tag, which is also present in
the PrP–EGFP substrate. Tg(PrP–EGFP�/�)/Prn-p0/0 mice,
which are homozygous for the transgene array, do not express
endogenous PrP, and they express PrP–EGFP at approximately
twice the level of endogenous PrP found in wild-type mice. These
animals showed no signs of illness as late as 550 d postinoculation
(dpi), similar to nontransgenic Prn-p0/0 mice inoculated with the
same preparation of RML scrapie (Table 1, Fig. 1). These results
indicate that prion infection cannot be sustained efficiently in
Tg(PrP–EGFP�/�) mice in the absence of endogenous PrP, sug-
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gesting that PrP–EGFP may not be a substrate for formation of
PrP Sc–EGFP.

In contrast, Tg(PrP–EGFP�/0)/Prn-p�/� mice, which express
endogenous PrP as well as transgenically encoded PrP–EGFP, did
become ill after inoculation with RML prions, with an incubation

time of 206 � 17 d (Table 1, Fig. 1). This incubation time was
significantly longer ( p � 0.0001; unpaired t test) than that for
nontransgenic Prn-p�/� mice, which became ill at 157 � 10 d
after RML inoculation. Thus, the presence of PrP—EGFP, in
addition to wild-type PrP, delayed the onset of symptoms by
�30%, suggesting that the fusion protein was inhibiting prion
propagation in transgenic animals. A similar effect of PrP–EGFP
was observed in tga20�/0/Prn-p0/0 mice that overexpress a wild-
type PrP transgene by fivefold (Fischer et al., 1996) (Table 1, Fig.
1). In the absence of the PrP–EGFP transgene, these animals
became ill at 92 � 4 d after inoculation. In contrast, Tg(PrP–
EGFP�/0)/tga20�/0/Prn-p0/0 mice did not exhibit symptoms un-
til 109 � 7 dpi. This 18% delay in incubation time was statistically
significant ( p � 0.0001; unpaired t test). Together, these data
show that PrP–EGFP delays the development of prion disease
sustained by wild-type PrP.

We tested for the presence of PrP Sc in the brains of inoculated
animals by Western blotting brain homogenates after protease
digestion. PK treatment of PrP Sc produces a protease-resistant
core fragment of 27–30 kDa (PrP 27–30), whereas under the same
conditions, PrP C is completely degraded. For these experiments,
blots were developed with either of two anti-PrP antibodies: 8H4
(Zanusso et al., 1998), which recognizes both endogenous mouse
PrP and transgenically encoded PrP–EGFP, or 3F4 (Bolton et al.,
1991), which recognizes only PrP–EGFP because the appropriate
epitope was engineered into the PrP moiety of the fusion protein.
Brain homogenates from Tg(PrP–EGFP�/�)/Prn-p0/0 mice
killed at 530 dpi showed no evidence of PrP 27–30, or other
protease-resistant fragments, when blots were probed with either
8H4 or 3F4 antibodies (Fig. 2A,B, lanes 1, 2). This result demon-
strates that PrP–EGFP is not converted into PrP Sc–EGFP in these
animals, consistent with the absence of clinical illness noted
above. In contrast, significant amounts of PrP 27–30 were de-

tected in the brains of Tg(PrP–EGFP�/0)/
Prn-p�/� mice by 200 dpi, correlating
with the onset of symptoms in these ani-
mals (Fig. 2A, lanes 11–18). PrP 27–30 was
detected in these samples with 8H4 anti-
body, but not with 3F4 antibody, indicat-
ing that the PrP Sc produced was derived
from endogenous PrP and not from PrP–
EGFP (Fig. 2, compare A, B, lanes 11–
18). Brain homogenates from nontrans-
genic Prn-p �/� mice also demonstrated
a significant accumulation of PK-
resistant PrP when blotted with 8H4 an-
tibody, but, in these animals, PrP 27–30
was detectable by 160 dpi, consistent
with the earlier development of clinical
symptoms in the nontransgenic mice
(Fig. 2 A, lanes 7, 8). As expected, no PK-
resistant PrP could be detected by im-
munoblotting samples from Prn-p �/�

mice with 3F4 antibody (Fig. 2 B, lanes
5– 8) or by immunoblotting samples
from Prn-p0/0 mice with either 8H4 or
3F4 antibodies (Fig. 2 A, B, lanes 3– 4). In
addition, uninoculated mice displayed
no PK-resistant PrP (Fig. 2 A, B, lanes 5,
6, 9, 10). These results confirm that PrP–
EGFP does not convert to PrP Sc–EGFP
and that it inhibits the formation of
PrP Sc from endogenous PrP C.

Figure 2. PrP–EGFP does not convert to PrP Sc–EGFP. Brain homogenates from scrapie-infected mice and uninfected mice (Un)
of the indicated genotypes were incubated with PK (� lanes) or left untreated (� lanes) before analysis by SDS-PAGE and
Western blotting to detect PrP. A, Blots were probed with the anti-PrP antibody 8H4, which recognizes both PrP–EGFP (arrow-
head at 60 –70 kDa, to the right of lane 18) and endogenous PrP (30 –36 kDa). B, Blots were probed with anti-PrP antibody 3F4,
which recognizes only PrP–EGFP (arrowhead at 60 –70 kDa, to the left of lane 9). Lanes representing PK-digested samples contain
10-fold more protein than those corresponding to undigested samples. The bands at 25 kDa in lanes 10, 16, and 18 are nonspecific
and are not related to infection, because they appear in samples from uninoculated mice (lane 10). Molecular size markers are
given in kilodaltons.

Table 1. Clinical illness in mice inoculated with RML scrapie

Genotype Onset (dpi) Death (dpi) n

PrP–EGFP�/�/Prn-p0/0 �550a N/A 20
Prn-p0/0 �550a N/A 4
PrP–EGFP�/0/Prn-p�/� 206 � 17 206 � 17 19
Prn-p�/� 157 � 10 190 � 22 21
PrP–EGFP�/0/tga20�/0/Prn-p0/0 109 � 7 112 � 9 12
tga20�/0/Prn-p0/0 92 � 17 106 � 11 20
aFor mice that remained healthy, the time after inoculation at which the animals were killed to terminate the
experiment is given. n, Number of animals; N/A, not applicable.

Figure 1. PrP–EGFP does not sustain scrapie propagation in Prn-p0/0 mice, and it delays the
development of disease in Prn-p�/� and tga20 mice. Mice were inoculated with scrapie and
monitored for the development of clinical illness.
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PrP–EGFP binds to PrP Sc in the brains of infected animals
The inhibitory effect of PrP–EGFP on the conversion of endoge-
nous PrP C to PrP Sc suggested the possibility that PrP–EGFP in-
terferes with some step in the conversion reaction by physically
associating with PrP Sc. To test for binding of PrP–EGFP to PrP Sc,
we immunoprecipitated PrP–EGFP from the brains of terminally
ill Tg(PrP–EGFP�/0)/Prn-p�/� mice using anti-GFP antibodies
and analyzed the immunoprecipitates for the presence of PrP Sc

by PK digestion and immunoblotting with 8H4 antibody. Before
PK digestion, the immunoprecipitated fraction contained PrP–
EGFP (60 –70 kDa), as well as endogenous PrP (30 –35 kDa) (Fig.
3A, lane 2). After PK digestion, PrP–EGFP in the immunopre-
cipitate was degraded, but PrP 27–30 was clearly visible (Fig. 3A,
lanes 3, 4). No PK-resistant protein was detected by probing the
immunoprecipitated material with 3F4 antibody (data not
shown), indicating again that PrP–EGFP does not adopt a PK-
resistant form and that most of the PrP 27–30 visualized with 8H4
antibody was derived from endogenous PrP Sc bound to PrP–
EGFP. As specificity controls, immunoprecipitation of brain ho-
mogenate from terminally ill Tg(PrP–EGFP�/0)/Prn-p�/� ani-
mals using nonspecific IgG failed to isolate either PrP–EGFP or
endogenous PrP (Fig. 3A, lanes 5–7), and no PrP Sc was immuno-
precipitated from the brains of terminally ill Prn-p�/� animals

using anti-GFP antibodies (Fig. 3A, lanes 8 –11). These data sug-
gest that PrP–EGFP encoded by the transgene and PrP Sc derived
from endogenous PrP C specifically bind to one another in the
brains of infected Tg(PrP–EGFP�/0)/Prn-p�/� mice.

As a second way of demonstrating a physical interaction be-
tween PrP–EGFP and PrP Sc, we precipitated PrP Sc from brain
homogenates of infected and uninfected Tg(PrP–EGFP�/0)/Prn-
p�/� mice using sodium phosphotungstate (NaPTA) and ana-
lyzed the pellets for the presence of PrP–EGFP. NaPTA precipi-
tation has been shown to selectively concentrate and purify PrP Sc

from tissue homogenates (Wadsworth et al., 2001). Western blots
of NaPTA precipitates from the brains of Tg(PrP–EGFP�/0)/Prn-
p�/� animals were probed with either 8H4, 3F4, or anti-GFP
antibodies. Although a small amount of PrP–EGFP could be
found in NaPTA precipitates from the brains of uninfected ani-
mals (Fig. 3B, lanes 1, 3, 5), approximately fivefold more PrP–
EGFP was found in precipitates from infected animals (Fig. 3B,
lanes 2, 4, 6), indicating that PrP–EGFP was binding to precipi-
tated PrP Sc. Actin immunoblotting of the supernatants left after
NaPTA precipitation demonstrated equivalent protein concen-
trations in each sample (Fig. 3D). After PK digestion of the
NaPTA precipitates, PrP 27–30 was found only in samples from
infected animals and was detectable only when the precipitates
were probed with 8H4 but not with 3F4 or anti-GFP antibodies
(Fig. 3C, lanes 2, 4, 6). This result indicates once again that the
PrP Sc found in infected Tg(PrP–EGFP�/0)/Prn-p�/� mice was
derived from endogenous PrP C and not from PrP–EGFP. More-
over, because NaPTA precipitation efficiently concentrates even
small amounts of PrP Sc from large volumes of tissue homoge-
nates (Wadsworth et al., 2001), the absence of detectable PK-
resistant PrP–EGFP in NaPTA precipitates from Tg(PrP–
EGFP�/0)/Prn-p�/� mice suggests that conversion of PrP–EGFP
to PrP Sc–EGFP must be minimal in these animals.

Together, the results obtained using anti-GFP immunopre-
cipitation (Fig. 3A) and NaPTA precipitation (Fig. 3B–D) indi-
cate that PrP–EGFP binds specifically to endogenously derived
PrP Sc in the brains of Tg(PrP–EGFP�/0)/Prn-p�/� mice.

Prion infection causes accumulation of fluorescent aggregates
of PrP–EGFP
To determine whether PrP Sc accumulation in infected mice al-
tered the distribution of PrP–EGFP, brain sections from termi-
nally ill Tg(PrP–EGFP�/0)/Prn-p�/� animals and from age-
matched, uninoculated control mice were examined by confocal
fluorescent microscopy. Prominent fluorescent aggregates of Pr-
P–EGFP were detected in the brains of the infected mice (Fig.
4A–D) but were absent from uninoculated control mice (Fig.
4E–H). The aggregates in the infected animals were seen in al-
most every brain region examined, although they were especially
obvious in the granule cell layer of the cerebellum (Fig. 4A),
layers II–V of the cerebral cortex (Fig. 4B), the thalamus (Fig.
4C), the corpus callosum (Fig. 4D), the dentate gyrus (see Fig.
6A–C), and the hippocampus (data not shown). Fluorescent ag-
gregates were found in neuropil regions, in which they appeared
as fine, granular deposits (Fig. 4A) as well as larger, plaque-like
accumulations (Fig. 4C, arrowheads). Aggregates of PrP–EGFP
were also frequently present within the cell bodies of neurons,
where they often assumed a perinuclear distribution (Fig. 4B,
arrows). These intracellular deposits were present in neurons
throughout the brain but were most apparent in larger neurons,
such as those in the interposed nuclei of the cerebellum (Fig.
5B–E), the hilus of the dentate gyrus (Fig. 6B,C), and the cerebral
cortex (Fig. 6E,F). White matter tracts, such as those in the cor-

Figure 3. PrP–EGFP binds to PrP Sc derived from endogenous PrP in the brains of infected
mice. A, PrP–EGFP was immunoprecipitated from brain homogenates prepared from scrapie-
infected mice of the indicated genotypes using anti-GFP antibodies (�GFP, lanes 1– 4, 8 –11) or
nonspecific IgG antibodies (IgG, lanes 5–7). The immunoprecipitates (IP) were incubated with
PK (� lanes) or left untreated (� lanes) before analysis by SDS-PAGE and immunoblotting
with 8H4 antibody. Lanes 1 and 8 represent input (In) samples before immunoprecipitation.
Lanes marked 10x represent 10-fold more protein than lanes marked 1x. PrP–EGFP migrates at
60 –70 kDa, and endogenous PrP migrates at 30 –36 kDa (arrowhead and bracket, respectively,
to the left of lane 1). The band at 55 kDa (asterisk to the left of lane 1) is nonspecific. The position
of PrP 27–30 is indicated by the bracket to the right of lane 4. B, PrP Sc was precipitated from the
brains of uninfected and scrapie-infected Tg(PrP–EGFP �/0)/Prn-p �/� mice using NaPTA,
separated by SDS-PAGE, and probed with antibodies 8H4 (lanes 1 and 2), 3F4 (lanes 3 and 4), or
anti-GFP (�GFP, lanes 5 and 6). The arrowhead to the right of lane 6 indicates the position of
PrP–EGFP. C, Same as B, but NaPTA pellets were digested with PK before SDS-PAGE and West-
ern blotting. The 30 kDa band in lanes 5 and 6 corresponds to an intrinsically protease-resistant
fragment GFP (Cody et al., 1993). D, The supernatants left after NaPTA precipitation of brain
homogenates from uninfected (Un) and infected (Inf) Tg (PrP–EGFP �/0)/Prn-p �/� mice were
probed with anti-actin antibodies to demonstrate equal protein content.
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pus callosum, exhibited linear, fluorescent
deposits that appeared to fill dystrophic
neurites and axonal swellings (Fig. 4D).
PrP–EGFP aggregates were not observed
in GFAP-positive astrocytes (data not
shown). We observed similar kinds of
PrP–EGFP aggregates in the brains of
scrapie-infected Tg(PrP–EGFP�/0)/
tga20�/0/Prn-p0/0 mice (not shown). The
aggregates in these animals were less
prominent, however, most likely reflecting
the relatively low level of PrP Sc that accu-
mulates in the brains of infected tga20
mice (Fischer et al., 1996).

We determined the time course of PrP–
EGFP redistribution by examining brain
sections from infected Tg(PrP–EGFP�/0)/
Prn-p�/� mice at various times after infec-
tion. At 100 dpi, the distribution of PrP–
EGFP appeared no different from that in
uninoculated animals (Fig. 5, compare B,
G, with A, F). By 150 dpi, significant intra-
cellular accumulations of PrP–EGFP were
detectable (Fig. 5C,H). This initial aggre-
gation of PrP–EGFP predates the develop-
ment of clinical symptoms and astrocyto-
sis, which were not apparent in these
animals until 200 dpi (Fig. 1 and data not
shown). By 200 dpi, intracellular deposits
of PrP–EGFP were found in many neu-
rons, and aggregates in the neuropil were
also visible (Fig. 5D, I). In terminally ill
animals (202–284 dpi), most neurons con-
tained large intracellular accumulations of
fluorescent protein, and extracellular de-
posits had increased in size and in number
throughout the thalamus, cortex, and
brainstem (Fig. 5E, J).

Together with the data demonstrating
binding of PrP–EGFP to PrP Sc, the fluo-
rescence images suggest that PrP–EGFP
acts as a specific ligand that marks the dep-
osition of PrP Sc in the brains of infected
mice. However, it is also possible that the
distribution of PrP–EGFP is altered non-
specifically during the course of infection as a result of neuronal
damage or dysfunction, which might cause changes in the cellular
structures in which the fluorescent protein is normally localized.
To rule out this possibility, we analyzed the distribution of Thy1,
a neuronal protein that, like PrP C, is glycosylphosphatidylinosi-
tol (GPI) anchored and is localized to detergent-insoluble lipid
rafts on the neuronal plasma membrane (Madore et al., 1999). In
the cerebral cortex of uninfected Tg(PrP–EGFP�/0)/Prn-p�/�

mice, both PrP–EGFP and Thy1 were distributed throughout the
neuropil, although Thy1 displayed a more punctate appearance
that probably reflects its presence in distinct raft subdomains
(Madore et al., 1999) (Fig. 6D–E). Both proteins were signifi-
cantly redistributed in terminally ill animals, but the pattern of
redistribution was unique for each protein. PrP–EGFP accumu-
lated in large intracellular and extracellular deposits (Fig. 6A),
whereas Thy1 was present in smaller, more punctate accumula-
tions (Fig. 6B) that showed little overlap with PrP–EGFP (Fig.
6C). The fact that PrP–EGFP aggregates do not colocalize with

Thy1, even at late stages of illness, indicates that the accumula-
tions of PrP–EGFP represent an independent and specific feature
of disease in transgenic animals. Moreover, the aggregation of
PrP–EGFP preceded the redistribution of Thy1, as well as the
onset of clinical symptoms and the development of astrocytosis
and neuronal loss (data not shown). These data strongly suggest
that the aggregation of PrP–EGFP observed in infected mice con-
stitutes an early event in the pathogenesis of disease, rather than a
secondary response to neurodegeneration.

PrP–EGFP accumulates in the Golgi apparatus of neurons
beginning early in the course of scrapie infection
To more precisely determine the subcellular location of intraneuro-
nal PrP–EGFP deposits in scrapie-infected Tg(PrP–EGFP�/0)/Prn-
p�/� mice, we colocalized these deposits with markers for several
intracellular organelles. For these experiments, we focused on rela-
tively large neurons found in the hilus of the dentate gyrus and in
layers II–III of the cerebral cortex because of their easily identifiable

Figure 4. Scrapie infection causes accumulation of fluorescent aggregates of PrP–EGFP. Brain sections from terminally ill
Tg(PrP–EGFP �/0)/Prn-p �/� mice (202–284 dpi; A–D) and from age-matched, uninoculated control mice (E–G) were viewed
using confocal fluorescence microscopy. Sections are from the granule cell layer of the cerebellum (A, E), layers II–III of the cerebral
cortex (B, F ), the thalamus (C, G), and the corpus callosum (D, H ). The red boxes over the anatomical models shown along the top
indicate the brain regions from which sections were taken. The arrowheads in C indicate plaque-like PrP–EGFP aggregates in the
neuropil, and the arrow in B indicates a perinuclear deposit of PrP–EGFP in a neuronal cell body. Scale bar: (in A) A–H, 20 �m.

Figure 5. Aggregation of PrP–EGFP occurs gradually during the course of scrapie infection. Brain sections from uninoculated
Tg(PrP–EGFP �/0)Prn-p�/� mice (A, F ) or from scrapie-infected Tg(PrP–EGFP �/0)Prn-p�/� mice at 100 dpi (B, G), 150 dpi (C,
H ), 200 dpi (D, I ), 284 dpi (E), or 202 dpi (J ) were viewed using confocal fluorescence microscopy. Sections were from the
interposed nuclei of the cerebellum (A–E) and the thalamus (F–J ). Scale bar: (in A) A–J, 20 �m.
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organelles and prominent intracellular PrP–EGFP aggregates. By
150 d after infection, 50 d before the onset of clinical symptoms,
animals displayed substantial intraneuronal accumulations of PrP–
EGFP that colocalized with the resident
Golgi protein giantin (Fig. 7B,E). PrP–
EGFP continued to accumulate within the
Golgi apparatus as the disease progressed,
and, by the terminal stages of illness, PrP–
EGFP aggregates completely filled the Golgi
and were present in the adjacent neuropil as
well (Fig. 7C,F). In contrast, PrP–EGFP ag-
gregates in terminally ill mice did not colo-
calize with TRAP�, a marker for the endo-
plasmic reticulum (ER), or with LAMP1, a
marker for lysosomes (Fig. 7G,H). In unin-
oculated, control mice, very little PrP–EGFP
was visible within the cell bodies of neurons
in the same brain regions (Fig. 7A,D). Thus,
PrP–EGFP accumulates progressively in the
Golgi apparatus of neurons beginning in the
presymptomatic phase of the disease. De-
posits are not visible in the ER or lysosomes,
although our results do not rule out the pos-
sibility that these or other organelles might
also be sites of PrP–EGFP deposition, partic-
ularly in the terminal stages of disease when
the neuronal cell bodies are filled with fluo-
rescent protein.

Comparison of PrP–EGFP fluorescence
with conventional
immunohistochemistry for
visualization of PrP Sc

We stained brain sections from scrapie-
infected Tg(PrP–EGFP�/0)/Prn-p�/�

mice using anti-PrP antibodies to com-
pare the distribution of PrP Sc seen by im-
munohistochemistry with the pattern ob-

served using the intrinsic fluorescence of
PrP–EGFP. Sections were treated with
96% formic acid before immunostaining,
which is a standard technique for enhanc-
ing the immunogenicity of PrP Sc (Kita-
moto et al., 1987). Sections from transgenic
mice stained with 8H4 antibody showed PrP
aggregates in the neuropil that had the same
appearance as those in terminally ill, non-
transgenic mice (Fig. 8B,C). Of note, these
immunostained sections lacked the intracel-
lular PrP deposits seen using EGFP fluores-
cence (Fig. 8A). Control sections from uni-
noculated transgenic mice showed a
relatively uniform pattern of PrP–EGFP lo-
calization, with no visible aggregates, when
viewed by either EGFP fluorescence (Fig.
8D) or immunostaining (Fig. 8E). Similar
results were obtained in these experiments
using 3F4 or anti-GFP antibodies for immu-
nostaining (data not shown). These results
suggest that the presence of EGFP–PrP facil-
itates the detection of intracellular aggregates
of PrPSc that are not visualized by immuno-
staining after formic acid treatment.

Discussion
Tg(PrP–EGFP) mice express an EGFP-tagged version of PrP that
behaves like endogenous PrP in terms of its posttranslational

Figure 6. PrP–EGFP does not colocalize with Thy1 during scrapie infection. Sections from the cerebral cortex of terminally ill
(267 dpi; A–C) and age-matched, uninfected (D, E) Tg(PrP–EGFP �/0)/Prn-p �/� mice were immunostained for Thy1 and
examined using confocal fluorescent microscopy. The intrinsic fluorescence of PrP–EGFP appears in green (A, D), and Thy1
immunofluorescence appears in red (B, E). Merged red and green images are shown in C and F. A, C, Arrowheads and arrows
indicate, respectively, neuropil and intracellular aggregates of PrP–EGFP. Scale bar: (in A) A–F, 20 �m.

Figure 7. PrP–EGFP accumulates in the Golgi apparatus of neurons beginning early in the course of scrapie infection. Brain
sections from the hilus of the dentate gyrus (A–C, G, H ) and layers II and III of the cerebral cortex (D–F ) of Tg(PrP–EGFP �/0)/
Prn-p �/� mice were immunostained for giantin (A–F ), TRAP� (G), or LAMP1 (H ) using Alexa 594-coupled secondary antibod-
ies. Sections were then viewed by confocal fluorescence microscopy to reveal the intrinsic green fluorescence of PrP–EGFP and the
red fluorescence from the immunostained marker proteins. All panels show merged green and red images. Mice were either
uninoculated (A, D) or inoculated with scrapie (B, C, E–H; dpi are indicated on each panel). Scale bar: (in A) A–H, 20 �m.
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processing, anatomical localization, and
functional activity (Barmada et al., 2004).
In this study, we describe experiments in
which Tg(PrP–EGFP) mice were inocu-
lated intracerebrally with scrapie prions.
We found that, although PrP–EGFP was
not itself converted to PrP Sc–EGFP, the
fusion protein served as a highly specific
ligand that bound to PrP Sc generated from
endogenous PrP C. This feature allowed us
to visualize the accumulation of PrP Sc in
situ by fluorescence microscopy without
the need for immunocytochemical stain-
ing and the application of antigen retrieval
techniques. Our results provide an entirely
new picture of PrP Sc localization during
the course of prion infection, and they
identify for the first time intracellular sites
in which PrP Sc formation is likely to occur.

Our results indicate that PrP–EGFP it-
self is incapable of sustaining a prion infec-
tion and of being converted to PrP Sc–
EGFP but that it acts as a dominant-
negative inhibitor of prion propagation
from endogenous PrP (supplemental Fig.
1, available at www.jneurosci.org as supple-
mental material). Tg(PrP–EGFP�/�)/
Prn-p0/0 mice that express high levels of PrP–
EGFP but lack endogenous PrP do not
become ill after scrapie inoculation and do not accumulate protease-
resistant PrP. In contrast, Tg(PrP–EGFP�/0)/Prn-p�/� mice that
coexpress PrP–EGFP and endogenous PrP do develop scrapie, but
with a significant prolongation of incubation time and disease dura-
tion compared with Prn-p�/� mice. Thus, the presence of PrP–
EGFP appears to interfere with the conversion of endogenous PrPC

to PrPSc. This inhibitory effect is likely to involve a physical interac-
tion between PrP–EGFP and PrPSc, either direct or via a complex
containing additional molecules. Consistent with this interpreta-
tion, PrPSc copurifies with PrP–EGFP isolated using anti-GFP anti-
bodies, and conversely, PrP–EGFP copurifies with PrPSc that has
been precipitated using NaPTA. In line with recent models for prion
propagation (Caughey, 2001), we hypothesize that PrP–EGFP binds
to PrPSc but that the presence of the bulky EGFP moiety prevents the
subsequent conversion step that would generate PrPSc–EGFP. Ad-
ditionally, we propose that PrP–EGFP competes with endogenous
PrPC for access to binding sites on PrPSc, thereby slowing prion
propagation in mice expressing both proteins. Interestingly, Meier et
al. (2003) have observed an analogous phenomenon in transgenic
mice expressing a soluble, dimeric form of PrP (PrP–Fc2) created by
the fusion of two PrP moieties to an Ig Fc region. These results,
coupled with our own, indicate that PrPC and PrPSc engage in a
physical interaction during prion propagation and that genetically
altered forms of PrPC can act as antagonists of this process.

Because of the specific affinity between PrP–EGFP and PrP Sc,
we envision that the fusion protein is incorporated into growing
aggregates of PrP Sc, thus marking the location of PrP Sc and per-
mitting its detection by fluorescence microscopy. Consistent
with this proposal, we observed a striking and progressive accu-
mulation of fluorescent aggregates in the brains of scrapie-
inoculated Tg(PrP–EGFP�/0)/Prn-p�/� mice during the course
of infection. PrP–EGFP aggregates were observed in many brain
areas and took several forms, including granular and plaque-like
deposits in the neuropil as well as intracellular accumulations in

neuronal somata and axon tracts. These aggregates were absent
from uninoculated control mice. The redistribution of PrP–
EGFP in infected animals preceded by �50 d the onset of clinical
symptoms, the appearance of astrocytosis, and the detection of
PrP Sc on Western blots. At no point in the disease process did
PrP–EGFP aggregates colocalize with Thy1, a GPI-anchored neu-
ronal protein that, like PrP C, transits the secretory pathway and is
present in lipid rafts on the plasma membrane (Madore et al.,
1999). These observations, coupled with the fact that PrP–EGFP
aggregates were first observed well before overt neuropathology
developed, support the conclusion that changes in PrP–EGFP
localization during infection are not secondary to pathological
alterations in cellular organelles in which the fusion protein
resides.

A novel finding of our study is that the earliest accumulation
of PrP–EGFP occurs intracellularly, within the Golgi apparatus of
neurons, suggesting that PrP Sc accumulates initially within this
organelle. Because PrP–EGFP acts as an inhibitor of prion prop-
agation, it may mark not only the location of existing PrP Sc de-
posits but also sites of active PrP Sc synthesis or places in which
PrP C-PrP Sc conversion intermediates accumulate. Thus, our re-
sults suggest that the production of PrP Sc from PrP C may occur
in the Golgi apparatus. As is the case for endogenous PrP C, a
steady-state pool of PrP–EGFP can be visualized on the plasma
membrane and within the Golgi complex of neurons in vitro
(Ivanova et al., 2001) and in vivo (Barmada et al., 2004), reflecting
transit of the protein through the Golgi apparatus toward the cell
surface. In one scenario, extracellular PrP Sc could gain access to
the Golgi apparatus via an endocytic pathway and initiate con-
version of PrP C within this organelle. This hypothesis is consis-
tent with the existence of cellular trafficking routes that connect
the endocytic pathway and the Golgi (Nichols et al., 2001) and
with experiments demonstrating that the initial steps in PrP Sc

synthesis occur on the cell surface or after endocytosis of PrP C

Figure 8. Comparison of PrP–EGFP fluorescence with conventional immunohistochemistry for visualization of PrP Sc. Sections
were taken from the cerebral cortex (layers II–III) of a terminally ill Tg(PrP–EGFP�/0)/Prn-p�/� mouse (284 dpi; A, B), a
terminally ill, nontransgenic Prn-p�/� mouse (218 dpi; C), an uninfected Tg(PrP–EGFP �/0)/Prn-p�/� mouse (D, E), and an
uninfected Prn-p�/� mouse (F ). A, D, The intrinsic fluorescence of PrP–EGFP. B, C, E, F, PrP Sc immunostaining using 8H4
antibody (with a red-coupled secondary antibody) after formic acid treatment of the sections. PrP immunostaining was relatively
weak in sections from uninfected mice (E, F ), resulting from loss of PrP C signal caused by formic acid pretreatment; staining was
slightly more intense in transgenic animals (E) because of the presence of PrP–EGFP. Scale bar: (in A) A–F, 20 �m.
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(Borchelt et al., 1992; Shyng et al., 1994). Alternatively, PrP Sc may
be formed initially in other cellular locations and later collect in
the Golgi. In either case, once PrP Sc accumulates in the Golgi it
might then be trafficked to the cell surface or be released into the
extracellular space when neurons degenerate. Previous studies
have reported partial colocalization of PrP Sc with markers for the
Golgi apparatus (Taraboulos et al., 1990) and lysosomes (McK-
inley et al., 1991) in scrapie-infected cells in culture, but the ap-
plicability of these results to neurons in brain has been uncertain.
Although we failed to detect accumulation of PrP–EGFP within
lysosomes of infected neurons, it is possible that the acidic envi-
ronment of these organelles disrupts the interaction between Pr-
P–EGFP and PrP Sc or quenches EGFP fluorescence (Kneen et al.,
1998).

Visualization of PrP Sc in Tg(PrP–EGFP) mice by fluorescence
microscopy represents a significant advance over conventional
immunohistochemical techniques because of the improved abil-
ity to detect intracellular deposits of PrP Sc. Immunohistochemi-
cal studies with the light microscope typically describe several
different patterns of PrP Sc deposition in the brain, depending on
prion strain and host, including dense plaques, diffuse plaques,
granular deposits within the neuropil (“synaptic-like”), and peri-
neuronal aggregates (Jeffrey et al., 1992, 1994b; DeArmond et al.,
2004). Most of these deposits appear to be extracellular, a conclu-
sion that is confirmed by electron microscopic studies that have
identified both fibrillar and nonaggregated forms of PrP Sc in
spaces surrounding neurons and their processes (DeArmond et
al., 1985; Jeffrey et al., 1994a, 1997). Published images showing
intracellular accumulation of PrP Sc in brain are rare (Piccardo et
al., 1990; Laszlo et al., 1992; Arnold et al., 1995; Fournier et al.,
2000; Kovacs et al., 2005). The difficulty in visualizing intracellu-
lar PrP Sc deposits may be a consequence of the antigen retrieval
techniques that are used to enhance the immunoreactivity of
PrP Sc. These procedures may cause loss or redistribution of
PrP Sc, particularly forms that are not strongly aggregated or pro-
tease resistant. In addition, these treatments can substantially
alter cellular architecture and denature proteins used as markers
for intracellular organelles. Consistent with published immuno-
histochemical studies of RML scrapie (Lloyd et al., 2004), we
observed only diffuse neuropil deposits of PrP when formic acid-
treated brain sections from infected Tg(PrP–EGFP�/0)/Prn-p�/�

mice were stained with antibodies to PrP or GFP (Fig. 8). Thus,
imaging the intrinsic fluorescence of PrP–EGFP reveals addi-
tional intraneuronal deposits of PrP Sc in the Golgi that are lost
after the application of antigen retrieval techniques.

We do not believe that the novel features of PrP Sc localization
reported here are an artifact resulting from the expression of a
foreign transgene. First, although Tg(PrP–EGFP�/0)/Prn-p�/�

mice display a delayed incubation time compared with Prn-p�/�

mice, the transgenic animals eventually show the same symptoms
and neuropathological features as the nontransgenic ones, and
they accumulate similar levels of PrP Sc. Second, after immuno-
histochemical staining of formic acid-treated sections, the distri-
bution of PrP Sc in the neuropil was very similar in Tg(PrP–
EGFP�/0)/Prn-p�/� and nontransgenic animals (Fig. 8). This
observation suggests that the expression of PrP–EGFP does not
cause a major redistribution of PrP Sc. However, visualization of
PrP Sc in Tg(PrP–EGFP�/0)/Prn-p�/� mice is indirect, because it
relies on binding of PrP–EGFP to PrP Sc. Thus, it is possible that
some deposits of PrP Sc may not be evident by fluorescence mi-
croscopy because of the dissociation of PrP Sc and PrP–EGFP.
Conversely, some PrP–EGFP aggregates could form indepen-
dently of PrP Sc.

Tg(PrP–EGFP) mice represent a unique system for examining
the pathogenesis and progression of prion disease in vivo. It may
be possible to visualize PrP Sc deposition in the brains or other
organs of these animals while they are alive and to assess the
effects of therapeutic agents. Moreover, the brains of scrapie-
infected Tg(PrP–EGFP) mice can serve as a source of fluores-
cently tagged PrP Sc to be used in cell biological experiments.
Finally, PrP–EGFP, by virtue of its specific interaction with PrP Sc,
could be used as an affinity reagent for the isolation of proteins
involved in prion replication.
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