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Although the pathologic role of the prion protein in
transmissible spongiform encephalopathic diseases
has been widely investigated, the physiologic role of
the cellular prion protein (PrPC) is not known.
Among the many functions attributed to PrPC, there is
increasing evidence that it is involved in cell survival
and mediates neuroprotection. A potential role in the
immune response has also been suggested. However,
how these two functions interplay in autoimmune
disease is unclear. To address this, autoimmune optic
neuritis, a model of multiple sclerosis, was induced in
C57Bl/6 mice, and up-regulation of PrPC was observed
throughout the disease course. In addition, compared
with wild-type mice, in PrPC-deficient mice and mice
overexpressing PrPC, histopathologic analysis demon-
strated that optic neuritis was exacerbated, as indicated
by axonal degeneration, inflammatory infiltration, and
demyelination. However, significant neuroprotection of
retinal ganglion cells, the axons of which form the optic
nerve, was observed in mice that overexpressed PrPC.
Conversely, mice lacking PrPC demonstrated signifi-
cantly more neurodegeneration. This suggests that PrPC

may have a neuroprotective function independent of its
role in regulating the immune response. (Am J Pathol

2011, 178:2823–2831; DOI: 10.1016/j.ajpath.2011.02.046)

Cellular prion protein (PrPC) is a cell-surface copper-
binding glycoprotein1 that is linked to the cellular mem-
brane by a glycosylphosphatidylinositol anchor and is
highly expressed in the central nervous system on the
surface of both neuronal and glial cells.2,3 In a variety of

prion disorders, also known as transmissible spongiform
encephalopathic diseases including scrapie and bovine
spongiform encephalopathy in animals and Creutzfeldt-
Jakob disease in humans, it is believed that PrPC under-
goes a conformational change into an abnormal pro-
tease-resistant isoform (PrPsc) that can form pathologic
extracellular aggregates.4,5 However, to date, the normal
physiologic function of PrPC remains unclear. It is thought
to be involved in a wide range of cellular processes
including neuronal adhesion,6 neuritogenesis,7 neurite
outgrowth,8 and cell survival9,10 and has also been sug-
gested to act as a putative receptor for a number of
ligands including laminin, heparin, and a variety of syn-
aptic proteins.11–13 Furthermore, it is required for long-
term maintenance of myelin.14

Recently, much evidence has suggested that PrPC is
anti-apoptotic and may promote neuronal survival. In in
vitro experiments, it prevented neuronal apoptosis medi-
ated by the pro-apoptotic protein Bax,9 and oxidative
stress.15 Further evidence of a neuroprotective role for PrPC

has been demonstrated in in vivo models of cerebral isch-
emia,16–21 contusion injury,22 axotomy,23 and epilepsy.24 In
addition, it has been proposed that PrPC interacts with sev-
eral signal transduction pathways involved in apoptosis and
cell survival such as the phosphatidylinositol 3-kinase/Akt,
protein kinase A, and mitogen-activated protein kinase
pathways.25–27

It has been suggested that neurodegeneration during
the disease course might not be caused by a toxic gain
in function due to accumulation of pathologic PrPsc but
by loss of the neuroprotective function of PrPC.28

PrPC is also expressed by a variety of nonneuronal cells
including those of the immune system. It is expressed by T
lymphocytes and cells of myeloid lineage,29–31 and is
thought to have a role in many T-cell physiologic features
including activation,29,30 antigen presentation,32 phagocy-
tosis,33 differentiation, and survival.34 Collectively, the data
suggest that PrPC may have multiple roles in autoimmune
diseases such as multiple sclerosis. To investigate its po-
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tential role in both autoimmunity and neuroprotection, the
present study used experimental autoimmune encephalo-
myelitis (EAE), an animal model of multiple sclerosis that is
associated with optic neuritis in more than 90% of animals.
This was achieved via myelin oligodendrocyte glycoprotein
(MOG) immunization of both PrPC-deficient mice and mice
overexpressing PrPC compared with wild-type (WT) coun-
terparts. Despite the inflammatory attack of the optic nerve
being elevated in both genetically modified mice, there was
a strong correlation between PrPC expression levels and
neuronal survival.

Materials and Methods

Animals

Female mice aged 6 to 8 weeks were used in all experi-
ments, and were kept under environmentally controlled
conditions. Mice were used with a targeted disruption of the
prnp gene, originally termed Zürich I,35 that had been back-
crossed into a C57Bl/6 background for 10 generations. WT
C57Bl/6N mice were purchased from Charles River Labo-
ratories, Inc. (Sulzfeld, Germany). The Tg35 transgenic line
of PrPC overexpressing mice was also used. These animals
carry a cosmid transgene that encodes the mouse PrPC b
allele, leading to a four- to fivefold increase in expression of
PrPC.36 The WT animals for this strain were C57Bl/6 �
129/sv(ev) crossbreeds, as previously described.35

All experiments were performed in compliance with the
relevant laws and institutional guidelines. The experi-
ments were approved by the local authorities of the Saar-
Pfalz Kreis, Germany.

Induction and Evaluation of EAE

Mice were immunized subcutaneously in the flanks with 300
�g MOG 35–55 in PBS emulsified in an equal volume of com-
plete Freund’s adjuvant (Sigma-Aldrich Corp., St. Louis, MO)
supplemented with Mycobacterium tuberculosis H37RA (Difco
Laboratories Inc., Detroit, MI) to a final concentration of 10
mg/mL. Immediately afterward and again 48 hours later,
mice received intraperitoneal injections of 300 ng pertussis
toxin (List Biological Laboratories, Inc., Campbell, CA). Ev-
ery day, animals were weighed and disease severity as-
sessed. Disease severity was scored on a scale of 0 to 5,
where 0 indicated no clinical disease; 0.5, distal paresis of
the tail; 1.0, complete paralysis of the tail; 1.5, paresis of the
tail and slightly impaired righting reflex; 2.0, gait ataxia and
severely reduced righting reflex; 2.5, bilateral severe
hindlimb paresis; 3.0, complete bilateral hindlimb paralysis;
3.5, complete bilateral hindlimb paralysis and weakness of
forelimbs; 4, paralysis of hindlimbs and paresis of forelimbs;
4.5, paralysis of hindlimbs and paralysis of forelimbs; and 5,
moribund state or death. Mice sham-immunized with emul-
sion lacking MOG 35–55 served as controls.

Retrograde Labeling of Retinal Ganglion Cells

One week before immunization, all mice were anesthe-

tized via intraperitoneal injection of 10% ketamine (150
mg/kg; Atarost GmbH and Co., Twistringen, Germany)
and 2% xylazine (10 mg/kg; Albrecht GmbH & Co. KG,
Aulendorf, Germany), the skin was excised mediosagi-
tally, and holes were drilled in the skull above each su-
perior colliculus (2.92 mm dorsal and 0.5 mm lateral from
Bregma). Both superior colliculi were injected stereotac-
tically with 1.5 �L fluorescent dye (Fluoro-Gold 5% in
normal saline solution; Fluorochrome LLC, Denver, CO)
at a rate of 0.75 �L/min.

Quantification of Retinal Ganglion Cell Density

Retinas were dissected and flat-mounted onto glass
slides. Retinal ganglion cells (RGCs) were visualized via
fluorescence microscopy (Axioplan 2; Carl Zeiss Micro-
Imaging GmbH, Göttingen, Germany) using a UV filter
(365/397 nm). RGC density was determined by counting
labeled cells in three areas (62,500 �m2) per retinal quad-
rant at three different eccentricities (1/6, 3/6, and 5/6) of the
retinal radius, in a minimum of eight animals at each time
point (both retinas were considered individual data points).
Cell counts were performed by two independent investiga-
tors who were blinded to the protocol.

Histopathologic Analysis

From each strain, a minimum of 10 mice on each of EAE
days 1, 8, and 21 and four control mice received an
overdose of ketamine/xylacine and were transcardially
perfused with 4% paraformaldehyde in PBS. Retinas
were removed, and optic nerves were processed for par-
affin embedding. Histopathologic analysis was per-
formed on 0.5-�m paraffin-embedded transverse sec-
tions of the optic nerve. Luxol fast blue staining and
Bielschowsky’s silver impregnation were performed to
assess demyelination and axonal disease, respectively,
as previously described.37 Immunohistochemistry (IHC)
was performed on 0.5-�m paraffin-embedded sections.
After antigen retrieval in citrate buffer and blocking, an-
tibodies against Mac-3 (1:200; BD Biosciences Pharmin-
gen Inc., San Diego, CA) to detect activated microglia or
macrophages, CD3 (1:150; Dako A/S, Glostrup, Den-
mark) to detect T cells, and �-amyloid precursor protein
(1:1000; Millipore Corp., Billerica, MA) to detect injured
axons were diluted in the appropriate serum and incu-
bated overnight at 4°C. After incubation in biotinylated
secondary antibodies, avidin-biotin amplification was
performed (ABC Elite kit; Vector Laboratories, Inc., Bur-
lingame, CA). For all histopathologic analyses, a mini-
mum of 10 sections from throughout the length of each
optic nerve were quantified.

Analysis of Spinal Cord Lesions

Histologic analysis was performed on paraformaldehyde-
fixed paraffin-embedded serial sections of spinal cords,
in a minimum of eight mice from each strain, at EAE day
21. Demyelination was assessed using Luxol fast blue
stain, and inflammation was analyzed by IHC using anti-
bodies against Mac-3 and CD3 (see Histopathologic Anal-

ysis). Spinal cord histopathologic features were analyzed
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as previously described.37 The degree of demyelination
was evaluated semiquantitatively using the following
scoring system: 0.5, traces of perivascular or subpial
demyelination; 1, marked perivascular or subpial demy-
elination; 2, confluent perivascular or subpial demyelina-
tion; 3, demyelination of half spinal cord cross section;
and 4, transverse myelitis. Quantitative assessment of
Mac-3– and CD3-positive cells and �-amyloid precursor
protein–positive axons was achieved by determining the
number of positive cells or axonal profiles in an average
of 15 complete spinal cord cross sections. Values were
converted to millimeters squared.

Western Blot Analysis

Animals were sacrificed using CO2, and retinas,
brains, spinal cords, and optic nerves were removed.
Samples were mechanically homogenized in ice-cold
lysis buffer (50 mmol/L Tris HCl, 150 mmol/L NaCl, and
1% Triton X-100) containing inhibitors (complete pro-
tease inhibitor cocktail; Roche Diagnostics GmbH,
Mannheim, Germany), and protein concentration was
determined (BCA assay; Pierce Chemical Co., Rock-
ford, IL). Lysates were separated by reducing SDS-
PAGE, and protein was transferred to a polyvinylidene
difluoride membrane and blocked with 5% skim milk
powder in 0.1% Tween-20 in PBS. Membranes were
incubated in the primary antibody [PrPC, 1:100 (Bio-
Rad Laboratories GmbH, Munich, Germany); �-tubulin,
1:1000 (Sigma-Aldrich Corp.); Phospho-Stat1, 1:1000
Phospho-SAPK/JNK, 1:1000, and phospho-p44/42
MAPK, 1:1000 (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA); and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH), 1:250 (Millipore Corp., Billerica,
MA)] in either 5% skim milk powder (PrPC, phospho-
p44/42 MAPK, and GAPDH) or 5% bovine serum albu-
min (Phospho-Stat1 and Phospho-SAPK/JNK) in 0.1%
Tween-20, overnight at 4°C. Membranes were then
washed and incubated with horseradish peroxidase–
conjugated secondary antibodies (1:7000; GE Health-
care, Munich, Germany), and proteins were detected
(ECL Plus reagent; GE Healthcare). Western blot anal-
ysis was repeated three times on lysates from four
animals at each time measured.

Statistical Analysis

Student’s t-tests were used for comparison. All data are
given as mean � SEM. P � 0.05 was considered statis-
tically significant.

Results

PrPC Is Up-Regulated Throughout the Course
of EAE

EAE was induced in C57Bl/6 mice via immunization
with MOG 35–55, resulting in autoimmune optic neuri-
tis, as characterized by inflammation and demyelina-
tion of the optic nerves, in 95% of mice (data not

shown). The expression levels of PrPC were assessed
using Western blot analysis in tissue of the optic sys-
tem (retina and optic nerve) and central nervous sys-
tem (brain and spinal cord). Although detectable levels
were observed in all healthy samples, levels were up-
regulated in all tissue examined on the first day of
clinical symptoms (EAE day 1), and remained high
throughout the course of the disease to day 21 after
onset of clinical symptoms (EAE day 21), the last time
examined (Figure 1, A and D).

Both PrPC-Deficient Mice and Mice
Overexpressing PrPC Have
Increased EAE Disease Severity

Levels of PrPC expression were confirmed in brain lysates
from Prnp�/� and Tg35 mice and their respective WT
counterparts [WT-PrnP (C57Bl/6) and WT-Tg35 (129B6)].
As expected, and in accordance with previously pub-
lished results,36 Tg35 mice demonstrated an approxi-
mate four- to fivefold higher level of PrPC expression, as
compared with WT controls [4.12-fold (� 0.97-fold) higher;
n � 4; Figure 1C], whereas Prnp�/� mice demonstrated
undetectable levels of PrPC (Figure 1, B and C).

Subsequently, 15 animals of each strain were immu-
nized as previously described and followed up until EAE

Figure 1. PrPC is up-regulated during EAE. A: PrPC expression was analyzed
in WT C57Bl/6 mice in various tissue compartments throughout EAE. In all
compartments analyzed (brain, spinal cord, retina, and optic nerves), PrPC

expression was increased from the first day of symptoms of EAE and re-
mained elevated until 21 days after onset of EAE, the last day of the exper-
iment. B: PrPC levels were compared between brains from the prion-over-
expressing Tg35 mouse line, the Prnp�/� knockout line, and their respective
WT counterparts (WT-Tg35 mice, 129B6; and WT-Prnp, C57Bl/6). As ex-
pected, PrPC expression was greatly enhanced in the Tg35 line compared
with the level in WT mice (Tg35 4.12-fold higher than WT), and was com-
pletely abolished in the Prnp�/� line. Two glycosylated forms (solid arrow)
and one nonglycosylated form (open arrow) were visible. C: Quantification
of PrPC expression in transgenic mice compared with their WT counterparts.
D: Quantification of PrPC expression in various tissue compartments
throughout EAE. *P � 0.05.
day 21, during which period the clinical deficit was
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scored daily on a scale of 0 to 5 (Figure 2, A and B). The
disease score was significantly elevated in both Tg35
and Prnp�/� mice throughout the disease course, as
compared with WT control mice, and analysis of spinal
cords from all strains was performed on EAE day 21 to
investigate the histopathologic changes responsible for
the observed increase in disease severity. Correspond-
ingly, compared with WT control mice, both Prnp�/� and
Tg35 mice demonstrated significantly more demyelina-
tion: Prnp�/�, 1.12 � 0.077 versus WT, 1.46 � 0.075
(P � 0.036); and Tg35, 1.28 � 0.116 versus WT, 1.67 �
0.1 (P � 0.026) (Figure 2C). Furthermore, Prnp�/� and
Tg35 mice exhibited an increased number of Mac-3–
positive activated microglia and macrophages in the spi-
nal cord at EAE day 21: Prnp�/�, 281.74 � 57.56 versus
WT, 136.93 � 28.47 (P � 0.049); and Tg35, 335.19 �
31.77 versus WT, 155.03 � 28.47 (P � 0.047) (Figure
2D). These data were mirrored by a significant increase
in the number of CD3-positive T cells in both Prnp�/�

and WT mice at EAE day 21: Prnp�/�, 244.37 � 54.99

Figure 2. Clinical EAE symptoms and spinal cord lesions in Prnp transgenic
were monitored after active immunization with MOG. Scores were significan
Prnp�/� mice and their WT counterparts, C57Bl/6 (WT-Prnp) mice, disea
histopathologic analysis at EAE day 21, and demonstrated an increase in bot
respect to demyelination (C), infiltration of Mac-3–positive cells (D) and CD
versus WT, 112.15 � 35.46 (P � 0.031); and Tg35,
352.07 � 89.79 versus WT, 96.71 � 17.94 (P � 0.032)
(Figure 2E).

The extent of axonal degeneration in the spinal cord was
also determined by IHC for �-amyloid precursor protein. At
EAE day 21, compared with WT control mice, both Prnp�/�

and Tg35 mice demonstrated a significant increase in the
number of �-amyloid precursor protein–positive axonal pro-
files: Prnp�/�, 23.82 � 1.63 versus WT, 17.17 � 2.78 (P �
0.049); and Tg35, 28.59 � 4.21 versus WT, 18.26 � 1.02
(P � 0.047) (Figure 2F).

Tg35 and Prnp�/� Mice Have More Severe
Optic Neuritis

To evaluate the extent of optic neuritis, infiltration of in-
flammatory cells was studied together with an assess-
ment of the extent of demyelination of the optic nerves.
The number of inflammatory cells in the optic nerves in
immunized animals was assessed by IHC for activated

: Clinical scores of Tg35 mice and their WT counterparts, 129B6 (WT-Tg35),
ted in Tg35 mice. B: On comparing the clinical progression of EAE between
ity was more severe in the Prnp�/� mice. Spinal cords were assessed by
enic strains (Prnp�/� and Tg35) compared with their WT counterparts with
ve cells (E), and axonal degeneration (F). *P � 0.05.
mice. A
tly eleva
se sever
microglia and macrophages and for T cells. Ten animals
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were assessed at each time point measured. As ex-
pected, in the WT mouse strains, infiltration of both CD3-
positive and Mac-3–positive cells was observed in the
optic nerves of mice, starting on EAE day 1 (Figure 3, E
and J). However, the number of positive cells counted in
optic nerve cross-sections from the genetically modified
mice was significantly increased. Prnp�/� mice demon-
strated significantly elevated numbers of CD3-positive
cells starting on EAE day 1 [Prnp�/�, 1886.85 � 397.46
versus WT, 1007.06 � 128.33 (P � 0.011)] and continu-
ing at both EAE day 8 [Prnp�/�, 1226.10 � 106.74 versus
WT, 1007.61 � 163.04 (P � 0.00078)] and EAE day 21
[Prnp�/�, 1025.40 � 81.61 versus WT, 615.97 � 93.63

Figure 3. Inflammatory infiltration of optic nerves during EAE. A–D: Repre
at EAE day 1 in WT-Prnp (A), Prnp�/� (B), WT-Tg35 (C), and Tg35 (D) mi
WT mice, significantly greater numbers of CD3-positive cells were observed
21 of EAE. F–I: Representative images of optic nerve cross-sections labeled w
(H), and Tg35 (I) mice. J: Quantification of infiltrating Mac-3–positive cells d
Prnp�/� and Tg35 mice, as compared with their WT counterparts. Scale ba
(P � 0.00078)]. Similarly, Tg35 mice demonstrated
greater numbers of CD3-positive cells at EAE day 1
[Tg35, 3645.73 � 521.51 versus WT, 1102.54 � 201.65
(P � 0.000079)], EAE day 8 [Tg35, 2131.23 � 581.65
versus WT, 60.87 � 219.51 (P � 0.018)], and EAE day 21
[Tg35, 1364.40 � 396.57 versus WT, 464.10 � 85.09
(P � 0.0013)] (Figure 3, A–E).

The numbers of Mac-3–positive activated microglia
and macrophages were also significantly increased at all
time points measured in both the Prnp�/� and Tg35 mice
(Figure 3, F–J). Compared with their WT counterparts,
Prnp�/� mice demonstrated significantly more Mac-3–
positive cells at EAE day 1 [Prnp�/�, 1464.60 � 401.88
versus WT, 713.51 � 108.51 (P � 0.027)], EAE day 8

images of optic nerve cross-sections labeled with an antibody against CD3
uantification of CD3-positive cells at various stages of EAE. Compared with
nerves of Tg35 mice at all stages analyzed and Prnp�/� mice at days 1 and
ntibody against Mac-3 at EAE day 1 in WT-Prnp (F), Prnp�/� (G), WT-Tg35
ated increased numbers of Mac-3–positive cells at all times analyzed in both
m (A–D and F–I). *P � 0.05. **P � 0.01.
sentative
ce. E: Q
in optic
ith an a
[Prnp�/�, 545.29 � 74.28 versus WT, 394.8 � 56.94
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(P � 0.032)], and EAE day 21 [Prnp�/�, 567.2 � 109.28
versus WT, 338.87 � 49.33 (P � 0.0092)]. Similarly, Tg35
mice demonstrated greater numbers of Mac-3–positive
cells at EAE day 1 [Tg35, 2212.2 � 428.75 versus WT,
541.35 � 221.01 (P � 0.041)], EAE day 8 [Tg35, 1699.32 �
217.01 versus WT, 541.35 � 221.01 (P � 0.0019)], and EAE
day 21 [Tg35, 1208.20 � 192.43 versus WT, 498.98 �
144.04 (P � 0.0039)].

In agreement with the data for inflammation, demyelina-
tion of the optic nerves was also more severe in both the
Prnp�/� and Tg35 mice (Figure 4, F–J). Compared with
their WT counterparts, Tg35 mice demonstrated increased
demyelination starting on EAE day 1 [Tg35, 12.33% �
2.13% versus WT, 4.28% � 1.00% (P � 0.0056)] and con-
tinuing at both EAE day 8 [Tg35, 32.51% � 7.20% versus
WT, 6.37% � 1.35% (P � 0.0035)] and EAE day 21 [Tg35,
48.05 � 5.54% versus WT, 15.64% � 1.68% (P �
0.00052)]. Prnp�/� mice demonstrated a trend toward in-
creased demyelination; however, this reached significance
only on EAE day 8 [Prnp�/�, 13.94% � 2.94% versus Tg35,
7.47% � 1.66% (P � 0.049)].

In parallel with the increased inflammation and demy-
elination observed in the genetically modified mice, ax-
onal numbers were also significantly decreased in these
animals (Figure 4, A–E). As observed using Biel-
schowsky’s silver impregnation method, Prnp�/� mice
demonstrated significantly reduced numbers of axons at
EAE day 1 [Prnp�/�, 71.1% � 9.57% versus WT, 89.03% �
1.90% (P � 0.00092)] and EAE day 8 [Prnp�/�, 63.95% �
10.14% versus WT, 83.22% � 1.94% (P � 0.013)]. Sim-
ilarly, compared with WT mice, Tg35 mice demonstrated
significantly reduced numbers of surviving axons at EAE
day 1 [Tg35, 72.05 � 5.02% versus WT, 91.17 � 2.40%
(P � 0.0014)], EAE day 8 [Tg35, 56.24 � 6.88% versus
WT, 82.05 � 4.67% (P � 0.033)], and EAE day 21 [Tg35,
45.37 � 4.49% versus WT, 63.43 � 6.16% (P � 0.0256)].

These findings suggest that inflammation was greater
in both Tg35 and Prnp�/� mice as compared with their
WT controls and is presumed responsible for the greater
levels of demyelination and axonal degeneration ob-
served in these animals. This was in agreement with both
the spinal cord analysis and clinical scores (Figure 2).

PrPC Expression Correlates with
Neuroprotection of RGCs

To assess the neuroprotective effect of PrPC expression
on RGC survival during autoimmune optic neuritis, RGCs
were prelabeled via injection of the retrograde tracer
Fluoro-Gold into the superior colliculi 1 week before im-
munization. After immunization, animals were kept until
day 21 after onset of clinical symptoms before retinas
were removed and flat-mounted for analysis. Healthy
nonimmunized animals that were labeled with Fluoro-
Gold but kept until the end of the EAE experiments
(approximately 50 days after labeling) served as age-
matched controls (n � 4 in each group). Each group
comprised similar numbers of Fluoro-Gold–labeled RGCs
(WT-Prnp, 2031.99 � 73.52; Prnp�/�, 1983.93 � 109.09;

WT-Tg35, 2060 � 69.09; and Tg35, 2215.52 � 41.22; n �
Figure 4. Axonal degeneration and demyelination of optic nerves during
EAE. A–D: Representative images of optic nerve cross-sections stained using
Bielschowsky’s silver impregnation to label axons at EAE day 21 in WT-Prnp
(A), Prnp�/� (B), WT-Tg35 (C), and Tg35 (D) mice. B: Red arrow indicates
an axon, and white arrow, a macrophage. E: Quantification of the number
of surviving axons at various stages of EAE. Significantly decreased numbers
of axons were present in Prnp�/� mice at EAE days 1 and 8, and in Tg35 mice
at EAE days 1, 8, and 21, as compared with their respective WT counterparts.
F–I: Representative images of optic nerve cross-sections at EAE day 21
stained using Luxol fast blue to label myelin in WT-Prnp (F), Prnp�/� (G),
WT-Tg35 (H), and Tg35 (I) mice. J: Quantification of the percentage of
demyelination of optic nerves showed significantly higher demyelination in

�/�
Prnp mice on EAE day 8 and in Tg35 mice at EAE days 1, 8, and 21. Scale
bars: 20 �m (A–D); 100 �m (F–I). *P � 0.05. **P � 0.01.
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6 per group), which demonstrated that age-related loss
of RGCs did not interfere with the experiment; therefore,
the observed loss of RGCs was due to MOG-induced
EAE. Quantification of surviving RGCs revealed that in
mice deficient in PrPC expression (Prnp�/�), significantly
lower numbers of RGCs were present at EAE day 21
(757.49 � 23.59, n � 10; Figure 5 E), as compared with
their WT controls (1121.82 � 109.22, n � 14, P � 0.036).
In contrast, significantly greater numbers of RGCs were
detected in Tg35 mice (1530.84 � 142.59, n � 12), as
compared with Tg35 WT controls (WT-Tg35, 1116.78 �
142.59, n � 12, P � 0.026). In both WT strains, values
were similar. Thus, the level of PrPC expressed correlated
with the survival of RGCs at EAE day 21.

To assess signaling pathways affected in Prnp�/� and
Tg35 mice, retinas from animals at EAE day 21 were
analyzed using Western blot analysis for the levels of
phosphorylated Jun-amino-terminal kinase (pJNK) 1 and
2, extracellular signal-regulated kinase (pERK) 1 and 2,
and pStat1 because these proteins have been implicated
in the effects of PrpC on neuronal survival.19,38 In retinal
lysates obtained from animals on EAE day 21, significant
elevation of pJNK 1 and 2 was observed in Prnp�/� mice
as compared with their WT counterparts [pJNK 1, 1.791 �
0.027 (P � 0.0084); pJNK 2, 1.725 � 0.31 (P � 0.016)];
however, these were unchanged in Tg35 mice (Figure 5,
F and G). Conversely, pERK 1 and 2 were both elevated
in Tg35 mice as compared with WT mice [pERK 1, 2.055 �
0.30 (P � 0.039), and pERK 2, 2.225 � 0.03 (P � 0.0029)]
but were not significantly changed in Prnp�/� mice (Figure
5, H and I). No significant changes were observed in pStat1

Figure 5. Neurodegeneration of RGCs at EAE day 21 and influences of PrPC o
demonstrate Fluoro-Gold–labeled RGCs at EAE day 21, taken from WT-Prnp (A),
in healthy (nonimmunized) age-matched mice demonstrates no significant diffe
EAE day 21 demonstrates that relative to their WT counterparts, a significant decr
increase in the number of surviving RGCs is observed in Tg35 mice. F: Represe
and 54 kDa, respectively). G: Quantification of pJNK 1 and 2 levels (relative to
Representative Western blots using antibodies against phosphorylated forms o
(relative to GAPDH levels) in genetically modified mice as compared with thei
in either genetically modified mouse strain (data not shown).
Discussion

To assess the potential neuroprotective role of PrpC, in the
present study, a knockout mouse strain deficient in PrpC

(Prnp�/�) and a PrpC-overexpressing transgenic mouse
strain (Tg35) were used. Autoimmune optic neuritis was in-
duced in these animals and their WT counterparts via immu-
nization using MOG 35–55. Analysis of the EAE disease
course revealed that both genetically modified strains demon-
strated an increased clinical score, associated increased de-
myelination, increased infiltration of T cells and activated mi-
croglia and macrophages in the spinal cord, and increased
axonal degeneration. In the optic nerves, increased infiltration
of inflammatory cells was also observed, correlating with in-
creased demyelination and axonal loss that was also ob-
served in both strains of mice as compared with their respec-
tive WT counterparts. In contrast, by analyzing the numbers of
surviving RGCs at EAE day 21, a clear neuroprotective role of
PrpC was demonstrated. In PrpC-deficient mice, there was a
decrease in the number of surviving RGCs, whereas in PrpC-
overexpressing mice, there was a significant increase in the
number of surviving RGCs. These results confirm a potential
neuroprotective role for PrpC, as has been suggested in pre-
vious studies, predominantly in models of ischemic brain in-
jury,16–21 in which expression levels of PrpC correlated with
infarct volume.18,19

It was not demonstrated that this neuroprotection is func-
tional. Although PrpC overexpression resulted in preserva-
tion of RGC cell bodies, it did not protect axons from de-
generation, presumably because of the concomitant increase
in infiltration. Because of this reduced axonal survival, func-

llular signaling pathways. A–D: Representative images of retinal whole mounts
(B), WT-Tg35 (C), and Tg35 (D) mice. E: Quantification of the number of RGCs
etween all mice strains, and quantification of the number of surviving RGCs at
e number of surviving RGCs is observed in Prnp�/� mice, whereas a significant
estern blots using antibodies against phosphorylated forms of JNK 1 and 2 (46
levels) in genetically modified mice compared with their WT counterparts. H:
and 2 (44 and 42 kDa, respectively). I: Quantification of pERK 1 and 2 levels
unterparts. Scale bars: 20 �m (A–D). *P � 0.05. **P � 0.01.
n intrace
Prnp�/�

rences b
ease in th
ntative W
tional protection could not be demonstrated via measure-
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ment of pattern visual evoked potentials, which depend on
maintenance of axonal integrity (data not shown).

Increased levels of PrpC were also observed throughout
the central nervous system from onset of EAE and for the
next 3 weeks. In other studies, PrpC was also observed to
be up-regulated after both permanent and transient focal
ischemia in mice.16,17,20 It could be hypothesized that PrpC

is up-regulated as part of an adaptive neuronal survival
mechanism, as supported by the observation of increased
mitogen-activated protein kinase phosphorylation in PrPC-
overexpressing mice or, alternatively, from decreased pro-
tein turnover. However, it is highly likely that much of the
increased PrPC protein level observed was due to the infil-
tration of the central nervous system by both T cells and
activated microglia and macrophages that occurs in EAE.
Since cell surface expression of PrpC increases in T cells on
activation,39 this provides an additional mechanism for PrpC

up-regulation during the course of EAE.
Analysis of the EAE clinical scores demonstrated no sig-

nificant changes in the day of onset of disease; however, in
Prnp�/� mice, the course of disease was more severe,
consistent with findings of other recent studies.34,39,40 In
addition, the disease course in Tg35 mice was also more
severe, in contrast to previously published data.34 The
study by Hu et al34 used not only a different mode of EAE
induction (adoptive T-cell transfer as opposed to active
immunization with MOG) but also a different transgenic
PrpC-overexpressing mouse line (Tga20 as opposed to
Tg35), which may be crucial in explaining these varying
results. Differences in immune cell phenotype have been
reported between Tga20 mice and a further PrpC-overex-
pressing line, Tga19, possibly due to the positional genomic
insertion of the Tga20 transgene near a region of the chro-
mosome important for T-cell development.41

During EAE, increased inflammatory activity occurs in mice
lacking prion protein.

40 However, this study did not directly
analyze the degeneration of neuronal cell bodies, and only
axonal survival was quantified. Since increased inflammation
was observed, it is difficult to determine whether the axonal
loss observed resulted from loss of the neuroprotective role of
PrpC or from the increased inflammation. Due to the higher
disease score and greater infiltration observed in both strains,
determination of the neuroprotective role of PrpC in an inflam-
matory model is necessary. To achieve this, the EAE-associ-
ated autoimmune optic neuritis model was used, which en-
ables consecutive analysis of the inflammatory effects within
the optic nerves, where RGC axons reside, as well as any
neurodegenerative changes in the RGC cell bodies, which are
compartmentalized in the retina.

In the Prnp�/� mice, neurodegeneration, as assessed by
quantification of surviving RGCs, was elevated at the end of
the disease course. It was presumed that this resulted from
loss of the protective PrpC function, although it could have
resulted from enhanced inflammatory activity in these mice.
However, in the Tg35 mice, although increased axonal loss in
the optic nerves was observed along with increased demyeli-
nation and inflammatory activity, this did not correlate with the
numbers of cell bodies surviving in the retina when there was
a distinct neuroprotective effect. To explain the increased in-
flammation observed in the Tg35 mice, it is possible that the

anti-apoptotic effects of prion protein9,10,25 may also protect
immune cells from apoptosis, resulting in an increase in their
number. In contrast, the lack of prion protein in the Prnp�/�

mice may have exacerbated the immune response by shifting
the cytokine profile affecting the balance of Th1- to Th17-
positive T cells, as hypothesized by Ingram et al.39 This has
been suggested to result in increased proliferation and activa-
tion of T cells, which may also increase macrophage infiltration
through active breakdown of the blood-brain barrier, and di-
rect activation of macrophages.

Analysis of signaling pathways affected in the genetically
modified mice strains provided further evidence in support of
the neuroprotective role of PrPC. The increased neurodegen-
eration in Prnp�/� mice was accompanied by an increase in
the activity of JNK, which is a key regulator of apoptosis.42

Correspondingly, the increased survival of RGCs in the Tg35
mice was accompanied by an increase in ERK 1 and ERK 2
activity, which is indicative of an elevation in endogenous neu-
roprotection, as previously documented in our autoimmune
optic neuritis.43 Although previously, elevated ERK activity was
reported in Prnp�/� mice, in contrast to PrpC-overexpressing
mice,38 this was observed rapidly after acute damage in-
duced by ischemia, and, therefore, may represent a rapid
pro-apoptotic signaling arm associated with this model44

rather than a more sustained elevation representing its docu-
mented function as a mediator of cell survival.45,46 Considered
together, JNK and ERK activity work antagonistically to deter-
mine whether a cell progresses to apoptosis or survival,47 and,
thus, it is conceivable that one of the physiologic functions of
PrpC may be to regulate the balance of signaling pathways
that determine cell fate. The neuroprotection observed may
also be mediated by an as yet unidentified pathway, and
further studies are required to directly demonstrate the mech-
anism by which PrPC promotes neuronal survival in this model.

In conclusion, although PrPC has an important role in
determining the immune response, it also independently
regulates the susceptibility of neurons to degeneration. Fur-
ther work to determine whether both functions are mediated
by the same downstream signaling pathways may aid at-
tempts to reduce immune responses during autoimmune
diseases while concomitantly increasing the ability of neu-
rons to withstand degeneration.
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