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Prion protein (PrP) is expressed in many tissues and
is required for susceptibility to scrapie and other
prion diseases. To investigate the role of PrP expres-
sion in different cell types on pathology in retina and
brain after scrapie infection, we examined transgenic
mice expressing hamster PrP from the PrP promoter
(tg7), the neuron-specific enolase promoter (tgNSE),
or the astrocyte-specific glial fibrillary acidic protein
promoter (tgGFAP). After intraocular inoculation
with hamster scrapie, clinical disease developed in
tg7 and tgNSE mice by 100 days and in tgGFAP mice by
350 days. Astrogliosis and scrapie-associated pro-
tease-resistant PrP (PrP-res) were detected in retina
and brain before clinical onset. Retinal PrP-res was
present in high amounts in both tg7 and tgNSE mice,
however only tg7 mice developed retinal degenera-
tion and extensive apoptosis. In contrast, in all three
lines of mice high levels of brain PrP-res accompa-
nied by neurodegeneration were observed. Thus, PrP
expression on neurons or astrocytes was sufficient
for development of scrapie-induced degeneration in
brain but not in retina. The combined effects of PrP-
res production in multiple cell types was required to
produce retinal degeneration, whereas in brain PrP-
res production by neurons or astrocytes alone was
sufficient to cause neuronal damage via direct or indi-
rect mechanisms. (Am J Pathol 2004, 165:2055-2067)

Transmissible spongiform encephalopathies are a group
of fatal degenerative brain diseases that occur naturally

in primates and ruminants. They include scrapie in
sheep, bovine spongiform encephalopathy in cattle, and
several human diseases such as Creutzfeldt-Jakob dis-
ease, Kuru, and Gerstmann-Straussler-Sheinker syn-
drome. An important feature of transmissible spongiform
encephalopathies is the accumulation in the brain of a
protease-resistant form of prion protein, PrPS¢ or PrP-res,
which is formed by an incompletely understood post-
translational event from normal host-encoded protease-
sensitive prion protein, termed PrPC or PrP-sen.’ 2 Prion
protein (PrP) is required for propagation of the scrapie
agent and for development of clinical disease.*® PrP is
attached to the cell surface by a glycolipid anchor and is
normally expressed in a variety of cells and tissues, in-
cluding neurons,® astrocytes,”® lymphocytes,® follicular
dendritic cells,’® and tumor cell lines of various lineages.”

Studies of the pathology of scrapie have primarily fo-
cused on changes in the brain and spinal cord where the
most characteristic lesion consists of spongy vacuolar
degeneration of gray and sometimes white matter.'? As
an extension of the central nervous system, the retina has
increasingly featured in pathological studies because of
its relatively simple architecture and well-described
physiological properties. An early description of retinal
degeneration in natural scrapie of sheep'® was followed
by reports of retinal changes in laboratory rodents with
experimental scrapie, and there is now a significant
amount of information available about the targeting and
infectivity of mouse scrapie in the rodent visual sys-
tem."*'® Retinopathy in mice after intraocular inoculation
is dependent on the strain of scrapie and the genotype of
mouse.'® Some scrapie strains (22C, ME7, 87A, and 87V)
produce minimal or no retinal pathology, whereas other
strains (79A and 139A) produce degeneration of the
photoreceptor layer in several mouse genotypes. This
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pathology occurs in hamsters terminally sick with the
263K strain of scrapie,'”'® and retinal degeneration has
also been observed in mice after infection with human
Creutzfeldt-Jakob disease.’ Although neurons are
clearly affected in the disease process, it is still unclear
what role other cells have in scrapie pathogenesis.

The development of hamster PrP (HaPrP)-transgenic
mice has made it possible to experimentally separate
PrP-sen expression in neural or glial cell types in vivo. In
the present study we took advantage of mice that differ-
entially express hamster PrP (HaPrP) under the control of
the neuron-specific enolase (NSE) promoter (tgNSE);*°
the astrocyte-specific glial fibrillary acidic protein (GFAP)
gene promoter (tgGFAP);?! or the endogenous PrP pro-
moter (tg7), which drives the expression of HaPrP in
many tissues.?? In these original studies intracerebral
scrapie inoculation induced clinical disease in all three
transgenic lines, although the incubation period for tgG-
FAP mice was found to be considerably longer than for
the other two lines.

In this report, we have used the direct intraocular route
for scrapie infection of these transgenic mouse lines to
establish a localized infection for early histopathological
analysis. Disease susceptibility as well as pathological
effects on both retinal and brain tissue were analyzed. In
these experiments all three lines of transgenic mice were
susceptible to scrapie after intraocular inoculation, but
the appearance and distribution of PrP-res in the retinas
after infection varied in the different transgenic lines.
Furthermore, these lines differed in the extent of retinal
degeneration and apoptosis observed suggesting that
the cell types expressing PrP-sen had a strong influence
on the pathological processes in retina.

Materials and Methods

Infection of Mice

All mice were bred and raised at the Rocky Mountain
Laboratories and were handled according to policies of
the Rocky Mountain Laboratories Animal Care and Use
Committee and all applicable federal guidelines. Adult (6
to 8 weeks old) animals were used for all experiments.
The transgenic animals used in this study have been
described.?°22 Mice were inoculated intraocularly, and
for comparison were inoculated intracranially, intraperito-
neally, and orally with hamster scrapie strain 263K. Be-
fore inoculation, mice were deeply anesthetized by intra-
muscular injection of a combination anesthetic cocktail
containing ketamine, xylazine, and acepromazine. Ap-
proximately 2 X 10° intracranial 50% infectious doses
(IDgg) of hamster 263K scrapie infectivity in 1 ul of phos-
phate-buffered saline (pH 7.2) supplemented with 2%
fetal bovine serum (Hyclone, Logan, UT) was injected
unilaterally into the vitreous cavity using a 32-gauge nee-
dle attached to a 10-ul Hamilton syringe. After injection,
the needle was left in the vitreal chamber for 1 minute to
minimize leaking of the inoculum. Mice inoculated in-
tracranially or intraperitoneally received 1 X 107 ID4 in a

volume of 50 ul. Mice infected orally received 2 X 108
IDgo in 100 ul via a small-diameter flexible polypropylene
catheter inserted over the base of the tongue ~1to 2 cm
into the esophagus. All mice were observed several times
each week for clinical signs of scrapie, which included
weight loss, kyphosis, ataxia, and an exaggerated high-
stepping gait most noticeable in the hind limbs.?? Mice
exhibiting short incubation periods (less than 100 days)
died within 1 to 4 days after the appearance of clinical
symptoms, whereas mice exhibiting longer incubation
periods had more prolonged clinical disease that lasted
10 to 14 days. Brain samples from mice in each group
with clinical evidence of scrapie were analyzed for
PrP-res by Western blotting to confirm the clinical
diagnosis.?®

Pathology and Immunohistochemistry

Mice used for histopathological analysis were lightly
anesthetized, then trans-cardially perfused with 30 ml of
phosphate-buffered saline. The eyes were removed and
placed in Davidson'’s fixative (3 parts of 100% ETOH, 2
parts of 37 to 40% formaldehyde, and 1 part glacial
acetic acid) for 24 hours before dehydration and paraffin-
embedding. Whole brains were removed and placed in
3.7% phosphate-buffered formalin for 3 to 5 days, then
cut into 2- to 3-mm coronal sections before dehydration
and paraffin-embedding. Serial 4-um sections were cut
using a standard Leica microtome, placed on positive-
charged glass slides and dried overnight at 56°C. All
histopathological procedures were performed on brain
and eye sections from both mock-infected and scrapie-
infected animals including appropriate immunohisto-
chemical controls. Ocular sections of the retina were
stained by standard hematoxylin and eosin (H&E) and
analyzed for degeneration by measurement of retinal
thickness and the loss of normal retinal architecture. Im-
munohistochemical analysis was performed using the
Ventana automated Nexus stainer (Ventana, Tucson, AZ).
Slides were deparaffinized, rehydrated to Tris-HCI buffer,
pH 7.5 (GFAP staining), or 0.1 mmol/L citrate buffer, pH
6.0 (3F4 staining). Staining for GFAP used a standard
avidin-biotin complex immunoperoxidase protocol using
anti-GFAP at a dilution of 1:1000 (DAKO, Carpinteria,
CA), biotinylated goat anti-rabbit IgG at a dilution of 1:250
(Vector Laboratories, Burlingame, CA), and amino-ethyl
carbazole as substrate (Ventana). For the detection of
PrP-res, it is necessary to perform antigen retrieval by
treating the sections with formic acid, or subjecting them
to autoclaving and/or proteinase K digestion.?®2* The
sections in this study were rehydrated and autoclaved for
20 minutes at 122°C and 22 psi in 0.1 mmol/L citrate
buffer (pH 6.0). PrP-res was then stained with mouse
monoclonal antibody 3F4 cell culture supernatant
(1:50).2% Detection was performed with biotinylated horse
anti-mouse IgG diluted 1:250 (Vector Laboratories) fol-
lowed by supersensitive streptavidin diluted 1:3 in Tris-
HCI, pH 7.5, buffer (Biogenex, San Ramon, CA) and
amino-ethyl carbazole. Staining for caspase-3 used rab-
bit anti-cleaved caspase-3 at a dilution of 1:100 (Cell



Signaling, Beverly, MA), biotinylated goat anti-rabbit IgG
at a dilution of 1:250 (Vector Laboratories), and amino-
ethyl carbazole as a substrate. Terminal dUTP nick-end
labeling (TUNEL) staining of retinas was performed man-
ually using terminal deoxynucleotidyl transferase (TDT)
enzyme from a NeuroTacs Il in situ apoptosis detection kit
(Trevigen, Gaithersburg, MD) according to the manufac-
turer’s instructions.

Real-Time Quantitative Reverse Transcriptase
(RT)-Polymerase Chain Reaction (PCR)

Quantitative real-time RT-PCR was performed as previ-
ously described, with some modifications.?® Total RNA
was isolated from whole eye and brain tissue of individual
transgenic mice using an RNeasy mini kit (Qiagen, Va-
lencia, CA), plus DNase treatment. Each RNA sample
was reverse-transcribed and then PCR amplified in trip-
licate by using TagMan one-step RT-PCR master mix
(Applied Biosystems, Foster City, CA) in a total reaction
volume of 10 wl. The relative quantity of the PrP target
gene was normalized with glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) for each sample by amplifying
GAPDH in separate triplicate reaction tubes. Normalized
average relative PrP expression values for each sample
were compared with the gene expression level of PrP
from a normal hamster brain. Primer and probe se-
quences (Applied Biosystems) used for PrP RT-PCR
were: forward, 5’-CTG GAG CAG GCC CAT GAT G;
reverse, 5'-GCG GTA CAT GTT TTC ACG GTA GT;
probe, 5’-CGG TCC TCC CAG TCG TTG CCA AA.

Immunoblot Analysis for PrP

Eye and brain tissues were analyzed for the presence of
PrP-sen and PrP-res using Western blotting techniques
as previously described®® with some modifications. For
PrP-sen, 10% (w/v) homogenates of eye and brain tissue
were made in modified RIPA buffer (50 mmol/L Tris-HClI,
pH 7.4, 1% Triton X-100, 0.2% sodium deoxycholate, and
0.2% sodium dodecyl sulfate, with protease-inhibitor
cocktail tablets added according to the manufacturers’
recommendation; Roche, Indianapolis, IN). To remove
nucleic acids, the homogenates were treated with 20 U
Benzoase nuclease (Novagen, Madison, WI) for 30 min-
utes at 37°C, and debris was removed by centrifugation
at 12,000 X g for 10 minutes at 4°C. After normalization to
total protein (BCA protein quantification assay; Pierce,
Rockford, IL), homogenates were diluted in 2X sample
buffer to a concentration of 1 mg of tissue equivalents or
appropriate serial dilution per 10 wl, boiled for 5 minutes,
and run on 16% polyacrylamide gels. Proteins were
transferred to polyvinylidene difluoride membranes and
probed with a 1:3000 dilution of monoclonal antibody 3F4
anti-hamster PrP for 2 hours at room temperature. Detec-
tion was with a 1:2500 dilution of goat anti-mouse IgG-
alkaline phosphatase and standard enhanced chemifluo-
rescence procedures (Amersham, Arlington Heights, IL).
The blots were dried for 2 hours, scanned with a Storm
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phosphorimager, then analyzed with ImageQuaNT V5.2
software (Molecular Dynamics, Sunnyvale, CA).

PrP-res was isolated from eyes and brains of clinically
sick animals as previously described,®” except protein-
ase K digestion was performed with 1 mg/ml of protein-
ase K for 30 minutes at 37°C, and the final pellets were
resuspended by sonication in 100 ul of sample buffer.
Five-mg tissue equivalents were run on 16% polyacryl-
amide gels and proteins were transferred to polyvinyli-
dene difluoride membranes and probed with monoclonal
antibody 3F4 as described above, except detection was
with goat anti-mouse IgG-horseradish peroxidase
(1:3000) and standard enhanced chemiluminescence
procedures (Amersham).

Results

Susceptibility of Transgenic Mice to Hamster
Scrapie

To study the effect of PrP expression in neurons or astro-
cytes on scrapie infection via the ocular route, tg7,
tgNSE, and tgGFAP mice were inoculated intraocularly
with 2 X 10° 1D, of hamster scrapie strain 263K. Tg7
mice and tgNSE mice had the most rapid course to
clinical disease, and all mice died before 100 days after
infection (Figure 1). In contrast, tgGFAP mice developed
disease between 300 to 350 days after infection. These
results demonstrated that expression of PrP in either
neurons only or astrocytes only was sufficient to confer
susceptibility to typical scrapie disease after intraocular
scrapie inoculation.

In this experiment the ocular route was compared to
intracranial, intraperitoneal, and oral routes in the three
transgenic mouse lines. Intracranial inoculation of ham-
ster scrapie strain 263K resulted in more rapid disease
kinetics than was seen after intraocular inoculation (Fig-
ure 1). Tg7 and tgNSE mice became moribund and were
sacrificed at 50 to 60 days after infection, and tgGFAP
mice progressed more slowly to the endpoint clinical
stage at 230 to 240 days after infection. This difference in
the two routes was likely because of the 50-fold lower
dose of inoculum administered intraocularly, because
there was limited volume that can be given by this route.

Mice were also inoculated intraperitoneally and orally.
By both routes in tg7 and tgNSE animals the interval to
sacrifice was longer than with intracranial or intraocular
routes (Figure 1); however, all mice eventually suc-
cumbed to scrapie by 300 days. The tgGFAP mice de-
veloped scrapie around 350 days after infection after
intraperitoneal inoculation, and this time to disease
was in the same range as that seen after intraocular
infection. In contrast, only 5% of the tgGFAP mice
developed disease after oral inoculation. The reduced
susceptibility of tgGFAP mice to infection by the oral
route suggested that PrP-expressing cells or mecha-
nisms required for oral infection were limited in the
tgGFAP mice.
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Figure 1. Kinetics of death of tg7, tgNSE, and tgGFAP mice after intraocular
(i.0.), intracerebral (i.c.), intraperitoneal (i.p.), and oral inoculation of hamster
scrapie strain 263K. The doses used for each type of inoculation are described in
the Materials and Methods. The data are represented as percentage of animals
dead versus days after infection, which were pooled from at least two indepen-
dent experiments (tg7 mice: n = 6 intraocular, 7 = 15 intracranial, 7 = 13
intraperitoneal, and 7 = 19 oral; tgNSE mice: 7 = 5 intraocular, n = 10
intracranial, # = 10 intraperitoneal, and 7 = 12 oral; tgGFAP mice: n = 6
intraocular, 7 = 8 intracranial, # = 12 intraperitoneal, and 7 = 6 oral). The
results of the intracranial inoculation were similar to what was published previ-
ously.?°7%?
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Figure 2. Western blot of PrP-sen from transgenic mice. Eye (A) and brain
(B) tissue from hamster, tg7, tgNSE, tgGFAP, and nontransgenic (wt) mice
were blotted and hamster PrP was detected with 3F4 monoclonal antibody
and ECF as described in Materials and Methods. PrP-sen bands representing
multiple glycosylated forms are indicated by the approximate molecular
weights of 26 to 38 kd. A (right): Methanol-precipitated total protein from a
whole tgGFAP eye to demonstrate detection of PrP-sen. tgNSE and wt mouse
eyes are shown for comparison of positive and negative tissues, respectively.
To determine amounts of PrP-sen each homogenate was adjusted to 1 mg of
total protein/10 ul (tissue equivalents), then serial twofold dilutions were
analyzed starting with (A) undiluted (hamster), 1:4 (tg); or (B) 1:2 (hamster),
1:32 (tg). C: At least three mice per group were analyzed for densitometric
analysis. The relative amounts of PrP-sen from tg7, tgNSE, and tgGFAP were
calculated by densitometric analysis after comparison with standard curves
from hamster eye (undiluted to 1:16) or hamster brain (undiluted to 1:256).
The values are expressed as percentage = SD of PrP-sen in eye or brain
compared to the level of PrP in hamster eye or brain, which was set at 100%.

HaPrP Is Expressed in the Ocular Tissue of
Transgenic Mice

One possible explanation for the difference in disease
tempo in intraocular-inoculated tg7 and tgNSE versus
tgGFAP mice is that retinal or brain PrP-sen expression
could differ in these mice. To determine the possible
influence of PrP expression levels, we measured hamster
PrP-sen in the eyes and brains of tg7, tgNSE, and tgG-
FAP mice by Western blotting with serial dilutions. By this
method PrP-sen was readily detected from the ocular
tissue of tg7 and tgNSE mice (Figure 2A). However, in the
tgGFAP eye PrP-sen was detected only when the protein
extract from the entire eye was analyzed in a single gel
lane (Figure 2A, right). PrP-sen was detected at similar



levels in the eyes of tg7 and tgNSE mice, and these levels
were threefold to fourfold higher than in normal hamsters.
In the eyes of tgGFAP mice PrP-sen levels were ~10
times lower than hamster (Figure 2C).

Because PrP was difficult to detect from tgGFAP ocular
tissue, analysis of PrP mRNA expression was performed
to obtain additional comparative data. Real-time RT-PCR
analysis showed that the level of PrP expression in tgG-
FAP eyes was 10-fold lower than in normal hamsters
(data not shown); whereas the levels in tg7 and tgNSE
eyes were threefold to fourfold higher than in normal
hamsters. These results were in close agreement with the
values obtained by Western blotting of proteins. In brain
the relative PrP-sen levels in the three transgenic mouse
lines were similar to what was seen in eye (Figure 2B), but
as measured by RT-PCR each mouse line expressed
approximately fourfold more PrP mRNA in brain than in
eye (data not shown). In summary, the high levels of PrP
expression in both the eye and brain of tg7 and tgNSE
mice compared to tgGFAP mice could be contributing
to the differences in disease tempo after intraocular
inoculation.

PrP-res Accumulation in Transgenic Mouse
Retinas

The timing and location of PrP-res deposition within the
central nervous system are important features of the
pathogenic process of transmissible spongiform enceph-
alopathy diseases. To determine the extent of PrP-res
accumulation in the eye after ocular infection, tg7, tgNSE,
and tgGFAP retinas were examined throughout the
course of disease for the appearance and accumulation
of PrP-res by immunohistochemical staining using the
3F4 monoclonal antibody (Figure 3). In tg7 mice no PrP-
res was observed early in infection (28 days after infec-
tion). In these mice PrP-res accumulation was first de-
tected midway through the course of infection (45 days
after infection, compare Figure 3, D and G). At this time
point there was abundant diffuse and punctate PrP-res
staining in all layers of the retina (Figure 3G). This finding
was consistent in all animals evaluated (Table 1). By the
time clinical symptoms were apparent (90 to 100 days
after infection), the retinas had degenerated completely
and residual PrP-res staining was still present (Figure 3J).

In tgNSE mice, the retinas had a background level of
immunoreactivity characterized by small, uniform punc-
tate staining in the outer plexiform layer (OPL) (Figure
3B). Western blot analysis of eye homogenates after pro-
teinase K digestion confirmed this background staining
was not PrP-res (data not shown). The same time points
were evaluated for tgNSE mice as tg7 mice, and early in
infection there was no detectable increase in PrP-res
staining (Figure 3E). By the midway point, PrP-res was
detectable in the OPL and inner nuclear layer, and was
characterized by both diffuse and small punctate staining
(Figure 3H). At the time of clinical disease (90 to 100 days
after infection) both the intensity and distribution of PrP-
res staining were amplified in all layers of the retina,
especially in the inner retinal layers (inner and outer
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plexiforms and nerve fiber layers) (Figure 3K, IPL and
OPL), which exhibited the largest amount of PrP-res ac-
cumulation.

The retinas from tgGFAP mice were also examined at
several times from early to the clinical time of disease (28
to 355 days after infection). Because the disease course
was much slower in tgGFAP mice, the midway and clin-
ical time points were much later than in the other two
transgenic lines. Similar to tg7 and tgNSE mice, PrP-res
was first detected in these mice midway through the
course of disease (140 days after infection, Figure 3I). At
this time there was a uniform, diffuse PrP-res staining
pattern in the plexiform layers. The amount of PrP-res
staining in the plexiform layers increased as the disease
progressed to the clinical stage (355 days after infection)
(Figure 3, compare | and L). More PrP-res accumulated
as small plaque-like deposits in the OPL compared to the
inner plexiform layer, and this was consistent in all mice
that were evaluated (Table 1). There was very little or no
PrP-res staining observed in the outer nuclear layer or
photoreceptor layer at any time during the course of
infection (Figure 3; F, I, and L). Interestingly, in both
tgNSE and tgGFAP mice the appearance of PrP-res in the
retinas after intraocular infection was primarily in the plex-
iform layers; with lesser involvement of the nuclear layers
even late in disease.

Histopathology and Mdiller Cell Astrocytosis
after Intraocular Inoculation of Hamster Scrapie

The up-regulation of GFAP in glial astrocytes of the brain
is a prominent feature of transmissible spongiform en-
cephalopathy diseases. The retina contains a specialized
type of astroglia, the Mduller cell, which under normal
conditions express minimal levels of GFAP.2% However,
the levels of GFAP are markedly increased in Mller cells
after retinal degeneration, detachment, or disease. To
determine the extent of retinal damage after scrapie in-
fection, retinas of transgenic mice were examined for
pathology by H&E and for reactive astrocytosis by anti-
GFAP immunostaining (Figure 4). By midway through the
infection, some tg7 retinas had more degeneration or
atrophy of the outer nuclear layer (Table 1) as well as
some vitritis (Figure 4A, arrow) and retinal vasculitis. This
was in contrast to the tgNSE and tgGFAP retinas (Figure
4, B and C), which had no ocular inflammation (vitritis or
vasculitis), and thinning of the outer nuclear layer was
observed in only a few retinas at the midway point. By the
clinical stage of disease, the tg7 retinas had progressed
to loss of photoreceptor cells (Figure 4G). In contrast, the
overall architecture of the tgNSE and tgGFAP retinas
remained intact, but there was mild thinning of the outer
nuclear layer and some degeneration of the inner and
outer segments of the photoreceptor layer (PL) when
compared to retinas earlier in the course of disease (Fig-
ure 4, compare H with B and | with C).

Retinas from all three transgenic mice were examined
early (28 days after infection) for GFAP up-regulation,
and none demonstrated any anti-GFAP staining above
the levels seen in mock-infected retinas (Table 1). In tg7
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Figure 3. Immunohistochemical analysis of PrP-res in hamster PrP transgenic mouse retinas. Shown are representative sections of mock-infected retinas
age-matched from the midway or clinical time of disease (A—C), and retinas from early (28 days after infection) (D—F), midway (45 days after infection for tg7
and tgNSE; 140 days after infection for tgGFAP) (G-I), and clinical (90 to 100 days after infection for tg7 and tgNSE; 350 to 355 days after infection for tgGFAP)
(J-L) time points of disease after intraocular infection of tg7, tgNSE, and tgGFAP mice with hamster scrapie. A=F: No specific PrP-res immunoreactivity was
detected in mock-infected retinas or retinas from early time points of infection. The small amount of staining seen in the OPL of tgNSE mice at the early time point
was also seen in mock-infected mice and was therefore not PrP-res-specific. Specific PrP-res immunoreactivity was detected midway in infection in the plexiform
layers of all three transgenic retinas tested (G-I) and accumulated primarily in the inner retinal layers of the retinas of tgNSE and tgGFAP mice (J and K, IPL and
OPL). J: In contrast with the tgNSE and tgGFAP retinas, the retinas from tg7 mice were completely degenerated by the time of clinical disease. GL, ganglion cell
layer; IPL, inner plexiform layer; INL, inner nuclear layer; PL, photoreceptor layer; RPE, retinal pigment epithelium. Scale bar, 20 um. Original magnifications: X20
(A, I, K-L); X40 ().

and tgNSE mice, by the midway point of disease there
was a marked increase in the number and intensity of
GFAP-expressing Mller cells (Figure 4, D and E). The
Muller cell nuclei are located in the INL and their cell
processes extend across from external to internal limiting
membrane. Hence, the staining was observed in every

layer of the retina. However, this expression was transient
because there was much less GFAP staining by the
clinical time point (Figure 4, J and K). In contrast, in the
tgGFAP mice GFAP staining was not seen at the midpoint
of infection (Figure 4F), and was only slightly detectable
in these retinas by the clinical stage of disease (Figure
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Table 1. Summary of Retinal Pathology after Intraocular Infection of Transgenic Mice

Retinal
Time* Mice' degeneration* GFAPS PrP-res” Western blot!
Early tg7 0/7 o7 o/7 0/2
tgNSE 0/4 0/4 0/4 0/2
tgGFAP 0/4 0/4 0/4 0/2
Midway tg7 6/7 7/7 7/7 2/2
tgNSE 0/3 3/3 3/3 0/2
tgGFAP 0/3 0/3 3/3 0/2
Clinical tg7 5/5 5/5 5/5 2/2
tgNSE 0/3 3/3 3/3 2/2
tgGFAP 0/3 3/3 3/3 2/2

*Three time points were analyzed for each strain of tg mouse. Early, 28 dpi for all three strains; midway, 42 dpi for tg7 and tgNSE, and 140 dpi for
tgGFAP; clinical, 90 to 100 dpi for tg7 and tgNSE, and 320 to 350 dpi for tgGFAP.
TOne mock-infected animal from each strain was included for analysis at each time point, and always scored negative for disease-specific

pathology.

*Retinal degeneration was characterized by atrophy, cell loss, and disorganization of layers as shown in Figures 3J, 4G, and 4J. Number of positive

micef/total.

SStaining of up-regulated GFAP. Number of mice with staining exceeding controls/total mice studied. See Figure 4.

TNumber of mice with PrP-res staining/total studied. See Figure 3.

Iwestern blots for PrP-res were performed on 5-mg tissue equivalents of age-matched ocular tissues. Number of positive mice/total tested.

4L1). Notably, the relationship of GFAP staining to PrP-res
staining varied in the three transgenic strains studied. In
the tgNSE mice abundant GFAP expression preceded
the appearance of PrP-res (compare Figure 4E with Fig-
ure 3H); in tg7 mice GFAP and PrP-res expression were
synchronous (compare Figure 4D with Figure 3G); and in
tgGFAP mice GFAP expression was delayed compared
to PrP-res (compare Figure 4F with Figure 3l).

Retinal Apoptosis in Scrapie-Infected
Transgenic Mice

Because there was a marked difference in the levels of
PrP-res accumulation, astrocytosis, and ultimate retinal
destruction in the transgenic mice after intraocular
scrapie infection, we next studied the retinas for indica-
tions of apoptotic cell death. Serial sections of the same
ocular tissue used for PrP-res and GFAP immunohisto-
chemical analysis were stained for TUNEL at midway and
clinical time points (Figure 5). Midway through disease,
tg7 mice showed abundant TUNEL staining primarily in
the outer nuclear layer (Figure 5B), while retinas from
tgNSE and tgGFAP mice did not show any detectable
staining (data not shown). However, at the clinical time of
disease retinas from tgNSE and tgGFAP mice did show
occasional positive TUNEL staining, which was mostly in
the outer nuclear layer (Figure 5, C and D). In tg7 mice,
but not in tgNSE or tgGFAP mice, there was positive
immunostaining for anti-active caspase-3 (Figure 5E).
Furthermore, in these same mice in areas with more
advanced retinal degeneration there was no detectable
caspase staining. Instead, there was ample morpholog-
ical evidence of apoptosis with degenerative nuclear
changes and apoptotic bodies, particularly in the outer
nuclear layer (Figure 5F). Thus, the retinal degeneration
observed in the retinas from tg7 mice was associated
with apoptotic cell death.

PrP-res in Transgenic Eye and Brain Tissue

Because detection of PrP-res by immunohistochemistry
is not a quantitative method PrP-res was also measured
by Western blotting of retinal extracts from scrapie-in-
fected transgenic mice at the time of clinical disease. In
the eye, tg7 mice accumulated the highest levels of PrP-
res (Figure 6A). The levels in tgNSE mice were slightly
lower than in tg7, whereas in tgGFAP mice the levels
were markedly lower than both tg7 and tgNSE mice (Fig-
ure 6, B and C). Therefore, in all three transgenic mice the
relative amounts of PrP-res that accumulated in the retinal
tissues were consistent with the retinal PrP-sen expres-
sion levels (Figure 2).

Because intraocular inoculation resulted in brain dis-
ease for all three strains of transgenic mice, we also
evaluated the PrP-res from brains of clinically sick ani-
mals. Large amounts of PrP-res were detected from the
brains of all three strains of mice and the glycoform
patterns were typical of those seen after infection with
strain 263K (Figure 6). The tgGFAP mice accumulated
even more brain PrP-res compared to tgNSE and tg7
mice (Figure 6C). This was surprising because PrP-sen
expression in both brain and eye of tgGFAP mice was
~10% of the level seen in hamsters and ~3% of that seen
in tg7 and tgNSE (Figure 2C).

Pathology and PrP-res Distribution in the Brains
of Clinically Ill Transgenic Mice

Because there was a large accumulation of PrP-res in the
brains of tgGFAP mice after intraocular inoculation, we
investigated the distribution of PrP-res in brain tissue of
the transgenic mice at the clinical time of disease (Figure
7). The regional distribution of PrP-res in the brains of
both tg7 (Figure 7B) and tgNSE (Figure 7C) mice infected
with hamster scrapie intraocularly was similar to the dis-
tribution seen previously after intracranial inoculation of
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midway

clinical

tgNSE mice.?° In the tg7 mice, there was abundant dif-
fuse PrP-res found in the thalamus (Figure 7B). We also
observed diffuse staining in the superior colliculus and
olfactory bulb, and there was some focal, plaque-like

S

Figure 4. Histopathological analysis and Miiller cell astrocytosis in PrP-transgenic mouse retinas. Shown are representative retinal sections midway (A—F) and at
the clinical time (G-L) of disease (see Figure 3 legend for precise times). Retinal sections were stained with H&E for histopathological analysis (A—C and G-I)
and with anti-GFAP antibody for astrocytosis (D-F and J-L). A (arrow): Vitritis in tg7 mouse at the midway point of infection. Scale bar, 20 wm. Original
magnifications, X20.

staining in the cerebral cortex (not shown). There was
only rarely detectable PrP-res staining in the basal gan-
glia, hippocampus, or cerebellar cortex. In tgNSE mice,
the majority of PrP-res immunostaining in the thalamus
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Figure 5. Apoptosis in retinas of scrapie-infected transgenic mice. Shown are representative retinal sections stained by TUNEL of mock-infected tg7 mice (A) and
scrapie-infected tg7 (B), tgNSE (C), and tgGFAP (D) mice. tgGFAP and tgNSE retinas were stained at the clinical time of disease, and tg7 retinas were stained
midway through disease (see Figure 3 legend for precise times). B: Characteristic pyknotic nuclei from apoptotic cells in tg7 retinas are indicated by white
arrowheads (inset). E: Staining with anti-cleaved caspase-3 at a higher magnification shows typical cytoplasmic staining (white arrows). F: In a different mouse
with more severe retinal degeneration, H&E staining shows retinal atrophy and cell loss in outer nuclear layer with typical pyknotic nuclei and apoptotic bodies

(white arrows). Original magnifications, X40.

had a diffuse staining pattern similar to tg7 mice (Figure
7C). However, in the hypothalamic region the PrP-res was
located in or adjacent to neuronal perikarya and axons
and was characterized by intense focal, punctate stain-

A. tg7 B. tgNSE C. tgGFAP
eye brain eye brain eye brain
M12 M12 M12 M12 M12 M1 23

g - -
-30 -30

LI T BT Ry
[ 18 % 16

Figure 6. Western blot of PrP-res from clinically sick transgenic mice. Shown
are representative blots from tg7 (A), tgNSE (B), and tgGFAP (C) eye and
brain tissue at the clinical time of infection after intraocular inoculation with
hamster scrapie. Each 10% (w/v) homogenate was treated with proteinase K
as described in the Materials and Methods, and PrP-res bands representing
multiple glycosylation forms are indicated by approximate molecular weight
markers (16 to 30 kd). M (mock), uninfected brain or eye homogenate.
Lanes 1 to 3 represent protein from up to three individual animals. All blots
were loaded with an equivalent amount of protein (5 mg/10 ul tissue
equivalents). All exposure times were equivalent except for tgGFAP eye,
which was 100-fold longer because of low levels of detectable PrP-res. This
very long exposure also resulted in visualization of a band in the lane with
mock-infected eye. It is unclear whether this is a non-PrP protein or actual
PrP-res from the adjacent lane.

ing. In tgGFAP mice there was also abundant PrP-res
staining in thalamus, but these mice differed from tg7 and
tgNSE mice because they had unusual focal, spherical,
or ovoid PrP-res staining in the hippocampus (Figure 7D).
There was also abundant, more diffuse staining in the
cerebral cortex (Figure 7D, top), as well as intense stain-
ing in the cerebellar granule cell layer (data not shown).

In contrast to the observations in the retinas, in the
brain the accumulations of PrP-res correlated with the
appearance of spongiosis in all three lines of transgenic
mice. The most obvious spongiosis was observed in the
thalamic region of the brain (Figure 7; F, G, and H) where
the most intense diffuse staining for PrP-res was ob-
served for mice at the clinical stage of disease. However,
there was neurodegeneration with spongiosis and astro-
cytosis in all brain areas with detectable PrP-res. Brain
tissue from mock-infected animals did not have any de-
tectable immunostaining or show any evidence of spon-
giosis (Figure 7, A and E).

Similar to what has been observed previously after
intraocular inoculations of scrapie,’®?° the appearance
of PrP-res in both tg7 and tgNSE mice appeared sequen-
tially in ascending visual target regions of the brain
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Mock

.

Figure 7. Immunohistochemical analysis of PrP-res and spongiosis in hamster PrP transgenic mouse brains. Shown are representative sections of brains from
clinical time points of disease after intraocular infection with hamster scrapie of aged-matched mock-infected tg7 mice (A and E) and scrapie-infected tg7 (B and
F), tgNSE (C and G), and tgGFAP (D and H) mice. A-D: Thalamus (Th) and hippocampal (Hc) region immunohistochemically stained with monoclonal antibody
3F4, showing diffuse and punctate staining for PrP-res. D, inset: The hippocampal region of the tgGFAP mice. E-H: Representative sections of thalamus stained
with H&E to show characteristic spongy lesions (arrows) at the time of clinical disease. Scale bar, 20 wm. Original magnifications: X4 (A-D); X20 (E-H).

throughout the course of infection; firstly in the retina, next
in the contralateral lateral geniculate nucleus of the thal-
amus, then in the superior colliculus, and finally in the
visual projection of the cerebral cortex (data not shown).
In contrast, the accumulation of PrP-res in the tgGFAP
mice did not follow a clear progression through the visual
system throughout the course of disease (Table 2). PrP-
res was first observed in both the retina and lateral genic-
ulate nucleus at the midpoint of infection (140 days after
infection), however, subsequently PrP-res did not appear

Table 2. PrP-res Distribution in the Brain of tgGFAP Mice

in the superior colliculus, but instead was detected in
multiple brain regions outside the visual system including
the cortex, hippocampus, and granule cell layer of the
cerebellum at 200 days after infection. This widespread
distribution was maintained through the final disease pro-
gression to the clinical stage at 355 days after infection.
Therefore, in tgGFAP mice progression of PrP-res detec-
tion did not appear to follow the neurons of the visual
system as it did in tg7 and tgNSE mice. Instead, PrP-res
accumulations appeared to diverge into various adjacent

Days after infection 84 112 140 200 252 355

Visual projection regions

Retina - - 4 + 4+ PR

Lateral geniculate nucleus - - + + + 44

Superior colliculus - — — - _ _

Visual cortex (occipital) - - — - _ +
Other brain regions

Neocortex (frontal/parietal) - - - + T+ Ft

Hippocampus - - - + ++ +++

Cerebellum (deep - - - - — _

cerebellar nuclei)

Cerebellum (granule cell - - - + Tt 44+

layer)

*Indicates the intensity of PrP-res staining in that region.



regions after initial establishment in the retina and lateral
geniculate nucleus.

Discussion

In the present experiments intraocular inoculation of ham-
ster scrapie was used to infect three lines of transgenic
mice expressing PrP in differing cell types. Although all
three mouse lines succumbed to scrapie disease and
showed scrapie-induced spongiosis and neurodegen-
eration in brain, there were marked differences among
these mice in the extent of retinal damage observed. Tg7
mice had evidence of vitritis, retinal vasculitis, apoptosis,
and atrophy, whereas tgNSE and tgGFAP mice showed
minimal signs of retinal apoptosis and no retinal atrophy
(Figures 3, 4, and 5). In contrast to tgGFAP mice, tg7
mice and tgNSE expressed the transgene and protein at
similar high levels (Figure 2). Both had high levels of
PrP-res accumulation in retina, but differed in retinal de-
generation (Figure 3 and 6). One possible explanation for
the differences in retinal damage might be that slightly
higher ocular PrP-res levels in the tg7 mice compared to
the tgNSE mice (Figure 6) are sufficient to cause exten-
sive retinal degeneration. However, individual tgNSE
mice appeared to overlap with tg7 mice in their PrP-res
levels (Figure 6), so quantitative differences in PrP-res
accumulation are not likely to explain the consistent dif-
ferences seen in retinal degeneration in these two trans-
genic lines. An alternative possibility is that PrP-res ac-
cumulation in different retinal cell types could contribute
to degeneration in an additive or complementary manner.
Perhaps in the tgNSE mice, PrP-res generation exclu-
sively in neurons is not sufficient to induce the severe
retinal pathology, whereas in tg7 mice PrP-res generation
in neurons plus Muller cells, microglia, and/or other glial
cells might induce more severe damage by triggering
multiple pathogenic pathways.

Retinal Muller cells are likely to be involved in the
retinal pathology observed in this system. Numerous
GFAP-positive MUller cells were detected at 42 days after
infection in both the tg7 and the tgNSE mice; however,
these cells were not prominent at 90 to 100 days after
infection, ie, at the time of clinical scrapie (Figure 4). In
tg7 mice PrP-res may be generated directly by GFAP-
positive Muller cells, and injury to these cells could con-
tribute to the pathogenesis by interrupting one of their
normal neuron support roles, such as maintaining normal
glutamate levels.*° It is also possible that PrP-res-positive
Muller cells could release neurotoxic products such as
chemokines, cytokines, or oxidative molecules.®"3? In
the tgNSE mice Muller cells appeared to be activated
transiently in response to the neuronal injury caused by
the neuronal PrP-res generation, but this process did not
proceed to neuronal death. We cannot exclude the pos-
sibility that the observation of transient GFAP-positive
staining was because of death of the Mdller cell by the
clinical stage of disease, however this is unlikely because
the TUNEL staining of tgNSE retinas was minimal
throughout the course of disease (Figure 5 and data not
shown). An alternative possibility could be that GFAP-
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positive staining disappeared in the tgNSE mice because
the neuronal injury incurred was itself minor and transient.

Microglia might also play a role in the retinal degener-
ation seen in tg7 mice. In typical scrapie brain pathogen-
esis microglial activation is a prominent feature®® and in
recent experiments ocular inoculation using scrapie-in-
fected cell homogenates resulted in rapid recruitment of
microglia into the retina.®* In these same experiments
neurons and astrocytes exposed to scrapie in vitro were
able to secrete soluble factors capable of attracting mi-
croglia. It is possible microglia can participate both as a
primary cause of injury and as a component of the host
response to the injury.®® In tg7 mice microglia could
express PrP-sen, so they would also generate PrP-res,
which could contribute to the retinal damage. Whether or
not activated microglia are simply a consequence of the
neurodegeneration or if they contribute to disease pro-
gression in chronic neurodegenerative diseases is not
known,®¢ and further experiments will be required to de-
termine the possible contributions of both microglia and
Muller cells to the retinal degeneration seen in tg7 mice.

In all three transgenic mouse lines studied by intraoc-
ular inoculation in the present experiments generation of
PrP-res was detected in the brain and in the contralateral
retina (data not shown). These data were in agreement
with previous results showing that scrapie infectivity
spreads from the eye to the brain via the optic nerve and
follows the neuroanatomy of the visual system in the
brain' and that spread also proceeds down the optic
nerve from the brain to the eye.®” Similarly, in the present
study PrP-res could be detected sequentially in the visual
system in retina, lateral geniculate nucleus, and finally in
the superior colliculus of tg7 and tgNSE mice. In contrast,
in tgGFAP mice the pathway of spread of PrP-res from
eye to brain was different. PrP-res was first detected in
retina at 140 days after infection and appeared simulta-
neously in the lateral geniculate nucleus (Table 2). At the
next time point tested (200 days after infection) PrP-res
was detected in several regions not associated with the
visual system including cerebral cortex, hippocampus,
hypothalamus, and cerebellum. Thus, our data suggest
that in tgGFAP mice PrP-res did not spread via the neu-
rons of the visual system, but more likely spread by
another mechanism, possibly by sequential conversion in
adjacent glial cells.®®=°

In the present experiments all three transgenic mouse
lines developed typical scrapie central nervous system
signs of disease including ataxia, kyphosis, weakness,
tremor, paralysis, and somnolence. Brain pathology and
neurodegeneration was also typical of scrapie with PrP-
res deposition, astrogliosis, and vacuolation, even in the
two mouse lines (tgGFAP and tgNSE) that had no obvious
evidence of retinal degeneration. The time to death was
much shorter in tg7 and tgNSE mice (100 days) com-
pared to tgGFAP mice (335 days), and these differences
appeared to correlate with the levels of hamster PrP
transgene expression in brain in these mouse lines. In
contrast to what was seen in the retina, the amount of
PrP-res deposition in brain was far higher in the tgGFAP
mice than in tg7 and tgNSE (Figure 6). Our previous
electron microscopic studies of the tgGFAP mice indi-
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cated that PrP-res was deposited exclusively around as-
trocytes,*° and in these earlier studies there was evi-
dence of severe damage to adjacent neuronal
processes, suggesting that the PrP-res generated by
astrocytes had an indirect pathological effect on PrP-
negative neurons. Similar conclusions were drawn from in
vitro studies using cells from tgGFAP mice after stimula-
tion with a toxic PrP peptide.*' Possibly the indirect neu-
rotoxic effects of astrocytic PrP-res are less toxic than the
direct effects of neuronal PrP-res, thus requiring accumu-
lation of astrocytic PrP-res to higher levels to achieve a
significant clinical effect. This would explain the longer
incubation times to clinical disease and the higher PrP-
res levels in brain of tgGFAP mice at the time of sacrifice.
An alternative hypothesis is that the early sites of PrP-res
accumulation in tgGFAP mice are less important clinically
than those involved early in the tg7 and tgNSE mice. If so,
the tgGFAP mice would survive longer until the more
clinically important regions were damaged, and during
this time higher levels of PrP-res would accumulate as we
observed. We consider this latter hypothesis less likely
because in all three transgenic lines the earliest site of
PrP-res appears to be the thalamus; and in tgNSE mice
this thalamic accumulation appears to be sufficient to
cause clinical signs leading to death. Whereas in tgGFAP
mice thalamic PrP-res is found midway through the dis-
ease course, but higher levels in thalamus and elsewhere
appear to be required for clinical disease and death.
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