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Although the physiological roles of the cellular prion
protein (PrPC) remain to be fully elucidated, PrPC has
been proposed to represent a potential regulator of
cellular immunity. To test this hypothesis, we evalu-
ated the consequences of PrPC deficiency on the
course of experimental autoimmune encephalomyeli-
tis induced by immunization with myelin oligo-
dendrocyte glycoprotein peptide. Consistent with
augmented proliferative responses and increased cy-
tokine gene expression by myelin oligodendrocyte
glycoprotein-primed Prnp�/� T cells, PrPC-deficient
mice demonstrated more aggressive disease onset and
a lack of clinical improvement during the chronic
phase of experimental autoimmune encephalomyeli-
tis. Acutely, Prnp�/� spinal cord, cerebellum, and
forebrain exhibited higher levels of leukocytic infil-
trates and pro-inflammatory cytokine gene expres-
sion, as well as increased spinal cord myelin basic
protein and axonal loss. During the chronic phase, a
remarkable persistence of leukocytic infiltrates was
present in the forebrain and cerebellum, accompa-
nied by an increase in interferon-� and interleukin-17
transcripts. Attenuation of T cell-dependent neuroin-
flammation thus represents a potential novel func-
tion of PrPC. (Am J Pathol 2008, 173:1029–1041; DOI:
10.2353/ajpath.2008.071062)

The cellular prion protein (PrPC), a highly conserved gly-
cosylphosphatidylinositol-anchored cell surface glycop-
rotein concentrated in lipid rafts,1 is abundantly ex-
pressed in the central nervous system (CNS).2,3 PrPC

may serve as a receptor for a variety of putative ligands,
including: heparan sulfate,4 laminin,5 neural cell adhe-
sion molecule,6 various synaptic proteins,7 and stress-

inducible protein-1.8 These ligand-receptor interactions
suggest that PrPC could have a role in diverse processes,
including neurodevelopment, synaptic function, neurite
outgrowth, and neuronal survival. Evidence for the latter
has supported the notion that neuroprotection is one
physiological function of PrPC. For example, deletion of
PrPC increased neuronal predisposition to damage by
modulating susceptibility to apoptosis9,10 and the nega-
tive consequences of oxidative stress.11–13 Furthermore,
in vivo studies demonstrated that PrPC-deficient mice
were more prone to seizure induction,14 and exhibited an
increased extent of cerebral damage following an isch-
emic challenge.15 In contrast, adenovirus-mediated PrPC

overexpression reduced CNS damage in a rat model of
cerebral ischemia.16 While the mechanism(s) underlying
these phenomena remain unclear, such in vivo findings
have lent strong support to the idea that PrPC may have
a neuroprotective function.

PrPC is expressed on the surface of cells of the
human and murine lympho-hematopoietic system, in-
cluding dendritic cells (DCs), follicular dendritic cells,
macrophages/microglia, and in humans, T-lympho-
cytes.17–20 With regard to the latter, in mice PrPC was only
detected in a relatively small subset of mature B and T
lymphocytes.21,22 Recent studies have concluded that
PrPC may play a role in T cell activation,23 the phagocytic
ability of macrophages,24 and T cell-DC interactions.25

The interaction between T cells and DCs represents a
critical event for the initiation of primary immune re-
sponses, and hence the finding that both T cells and DCs
express PrPC, raised the possibility that PrPC plays a role
in immune system homeostasis. Precisely how PrPC
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might regulate the in vivo activities of cells of the immune
system during normal or autoimmune T cell-mediated
responses, however, remains nebulous.

Since PrPC is expressed in cells of the murine immune
system, we hypothesized that mice lacking this molecule
might show an alteration in their response to an induced
T cell-mediated autoimmune disease. We report that
mice lacking PrPC develop earlier onset, more severe
EAE, and also that they fail to recover during the chronic
phase of EAE. This novel phenotype was accompanied
by histopathological evidence of greater involvement of
cerebellum and forebrain, more extensive spinal cord dam-
age, as well as a striking persistence of monocytic and T
cell infiltrates in the CNS. PrPC thus appears to be an
important regulator of T cell-mediated neuroinflammation.

Materials and Methods

Induction of EAE

Mice with a targeted disruption of the prion gene (Prnp) of
the Zurich I strain26 and their controls (of a mixed 129 and
Friend Leukemia virus B background) were obtained
from the European Mouse Mutant Archive (EM:0158,
EMMA-Rome Italy) and interbred to generate Prnp�/�

and Prnp�/� littermates used in the experiments. The
Zurich I mice, backcrossed for multiple generations (N �
7 to 8) into a C57BL/6 genetic background, were also
used in some of the experiments. To induce EAE, 11 to 14
week-old females were injected subcutaneously at the
base of the tail with 50 �g of myelin oligodendrocyte
glycoprotein (MOG35–55)27 emulsified in complete
Freund’s adjuvant CFA (Difco Laboratories, Sparks, MD),
together with 300 ng of reconstituted lyophilized pertus-
sis toxin (List Biological Laboratories, Campbell, CA) ad-
ministered intraperitonealy. Pertussis toxin injection was
repeated after 48 hours.28 Animals were assessed for
EAE clinical severity for 60 days (Prnp�/� and Prnp�/�

animals) using a 0 to 5 rating scale28 as follows: 0 � no
disease; 1 � limp tail; 2 � partial paralysis of one or two
hind limbs; 3 � complete paralysis of hind limbs; 4 �
hind limb paralysis and fore limb paraparesis; and 5 �
moribund. Mice were euthanized by cardiac puncture
while under methoxyfluorane anesthesia at 60 days post-
EAE induction. Animals were maintained in accordance
with Canadian Council on Animal Care and University of
Calgary Animal Care Committee regulations.

Dendritic Cell, Total T Cell, and CD4� T Cell
Isolation and Fluorescence-Activated Cell
Sorting Analysis

Spleens were obtained from non-immunized C57BL/6
Prnp�/� and Prnp�/� animals. DC-enriched populations
and CD4� T cells were then isolated from dissociated
splenocytes by negative selection using two magnetic
separation systems: StemSep mouse dendritic cell en-
richment kit and EasySep mouse CD4� T cell enrichment
kit, in accordance with the manufacturer’s instructions
(StemCell Technologies Inc., Vancouver, BC, Canada).

CD4� T cells were cultured in serum-free AIM V media
containing 3% IL-2 conditioned media and 2 �mol/L
�-mercaptoethanol; cells were stimulated with 1 �g/ml
anti-CD3 antibody for 48 hours. For flow cytometric anal-
ysis, 1 � 106 cells/ml of either DCs or CD4� T cells were
resuspended in 1% fetal bovine serum in PBS and incu-
bated with anti-mouse CD16/32 (24G2, FcR block, BD
Biosciences PharMingen, San Diego, CA) to prevent non-
specific staining. Cells were incubated with 5 �g/ml of
anti-mouse PrPC antibody (SAF-83, Cayman Chemical
Company, Ann Arbor, MI) or mouse IgG1 isotype control
(BD Biosciences, San Jose, CA), and then incubated with
5 �g/ml of fluorescein isothiocyanate-conjugated goat
anti-mouse Ig (BD Biosciences). Live cells were collected
and gated using a FACSCalibur with CellQuest software
(BD Biosciences) and quantified using FlowJo software
(version 3.6; TreeStar, Ashland, OR).

T Cell Proliferation Assay

DC-enriched cells isolated from non-immunized C57BL/6
Prnp�/� and Prnp�/� mice were irradiated, suspended at
a density of 1 � 106 cells/ml, and pulsed with 40 �g/ml
MOG35–55 peptide for 30 minutes. DC-enriched cells in-
cubated with vehicle served as the ‘No MOG’ controls.
Draining lymph nodes were removed from MOG peptide-
immunized (using the same protocol as for EAE induction
described above) C57BL/6 Prnp�/� and Prnp�/� animals
at 10 days post-immunization (dpi). Lymph nodes were
homogenized in Roswell Park Memorial Institute (RPMI)
1640 media and total T cells were isolated from dissoci-
ated lymph nodes, using the EasySep mouse T cell en-
richment kit, and suspended at a density of 2.5 � 106

cells/ml. DCs and T cells were plated 1:1 in 96-well
U-bottom microtiter plates containing enriched RPMI
1640 media [RPMI 1640, 10% fetal calf serum, 1% L-
glutamine, 1% minimum essential medium-nonessential
amino acids, 2 �mol/L �- mercaptoethanol, 1% penicillin-
streptomycin, and 1% sodium pyruvate]. Cells were then
incubated at 37°C for 48 hours before adding 1 �Ci [3H]
thymidine (MP Biomedicals Inc., Irvine, CA) to each well.
Cells were harvested 24 hours later and counted on a
liquid scintillation counter (LS3801, Beckman Instru-
ments, Fullerton, CA).

Histological Analysis

Brains and spinal cords were removed from euthanized
animals, immersed in 10% neutral buffered formalin and
embedded in paraffin wax as described previously.27

Sections (4 �m) taken from cervical and lumbosacral
spinal cords were stained by Bielschowsky’s silver im-
pregnation method. Axonal number was quantified by
counting silver-positive axonal fibers in four fields in white
matter from each spinal cord section and scanned using
a Leica DMLB upright microscope and QI Cam digital
imaging system (Q Imaging, Pleasanton, CA) to provide
digital images. Quantitative analysis of axonal damage
was performed using the Adobe Photoshop and the pub-
lic domain program, Image J as described previously.29

1030 Tsutsui et al
AJP October 2008, Vol. 173, No. 4



Immunofluorescence and Confocal Laser
Scanning Microscopy

Immunohistochemistry was performed on sections (4
�m) taken from hippocampi, cerebella, and lumbar
spinal cords. Deparaffinized sections were pre-incu-
bated with 10% normal goat serum, 2% bovine serum
albumin, and 0.2% Triton X-100 overnight at 4°C to
prevent nonspecific binding.29 Antigen retrieval was
achieved as previously reported.30 Double staining
was performed using Alexa Fluor 488-conjugated goat
anti-rabbit secondary antibody (1:500 dilution; Molec-
ular Probes, Eugene, OR) to detect the ionized calci-
um-binding adapter molecule-1 (Iba-1) antibody (1:
500; Wako Chemicals, Richmond, VA, Wako, Japan),
and Cy-3-conjugated goat anti-mouse secondary anti-
body (1:500 dilution; Jackson ImmunoResearch Labo-
ratories, Inc., West Grove, PA) to detect the mouse
anti-myelin basic protein (MBP) (1:1000 dilution; Stern-
berger Monoclonals, Lutherville, MD) and anti-CD3
(CD3-�, 6B10.2, 1:100 dilution; Santa Cruz Biotech.
Inc., Santa Cruz, CA) monoclonal antibodies. Control
stains omitted the primary antibody. Images from each
spinal cord section were scanned using a Laser Scan-
ning System (LSM 510, Carl Zeiss Canada, Burlington,
ON). The quantitative analysis of Iba-1 cell counts per
square millimeter and the percentage of MBP-positive
area in the white matter of spinal cords were performed
as previously described.29

Real-Time RT-PCR

Animals were euthanized at the onset (12 dpi), peak of
clinical disease (17 to 22 dpi), and the chronic phase
(60 dpi) of EAE. CNS tissues were dissected-out, ho-
mogenized and then lysed in TRIzol (Invitrogen Can-
ada, Burlington, ON) according to the manufacturer’s
guidelines. Total cellular RNA was isolated, dissolved
in diethylpyrocarbonate-treated water; 1 �g of RNA
was used for the synthesis of cDNA, and then the
real-time PCR reactions were performed as described
previously.29 All mouse primer sequences were previ-
ously reported.31,32 Semiquantitative analysis was per-
formed by monitoring in real-time the increase of fluo-
rescence of the SYBR-green dye on a Light Cycler
(Roche, Canada, Mississauga, ON). Real-time fluores-
cence measurements were performed and a threshold
cycle value for each gene of interest was determined.
All data were normalized to GAPDH mRNA expression
and expressed as the relative fold-change in mRNA
level.

Statistical Analyses

Statistical analyses were performed using GraphPad
Prism version 4.0 (GraphPad Software, San Diego, CA)
for both parametric and nonparametric comparisons; P
values of less than 0.05 were considered significant.

Results

PrPC Deficiency Increases the Clinical Severity
of EAE

To examine the effects of PrPC deficiency on MOG-in-
duced EAE, we compared disease onset and severity
between Prnp�/� mice on a mixed genetic background
and their Prnp�/� littermates. Relative to Prnp�/� mice,
onset of detectable neurological dysfunction occurred
earlier in Prnp�/� animals (2.1 � 0.7 days earlier, P �
0.05 (Figure 1A). No significant difference in clinical dis-
ease severity was observed between Prnp�/� and
Prnp�/� mice starting from 12 dpi, and through the first

Figure 1. Neurobehavioral outcomes during EAE in Prnp�/� and Prnp�/�

animals. (A) EAE in Prnp�/� animals showed an earlier onset (Prnp�/�:
15.6 � 0.7 vs. Prnp�/�: 13.5 � 1.3; 2.1 � 0.7 days earlier, P � 0.05). Results
are representative of two independent experiments with both experiments
exhibiting the same trend. (Prnp�/�, n � six; Prnp�/�, n � six; No EAE
control, n � three). (B) Prnp�/� animals showed higher mean clinical scores
(�SEM) than wild-type littermates (Prnp�/�). This experiment was per-
formed independently from the early time-course experiment depicted in
panel (A) (Prnp�/�, n � eight; Prnp�/�, n � six). (C) EAE clinical scores
(�SEM) of Prnp�/� (n � eight) and Prnp�/� (n � six) mice on a C57BL/6
background. (*P � 0.05; **P � 0.01; ***P � 0.001; Student’s t test.)
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peak of disease and up to approximately 26 dpi (Figure
1B). Prnp�/� mice reached the peak of disease at 17 dpi,
exhibited a partial remission until �25 dpi, and this was
followed by a second cycle of relapse and remission
(Figure 1B). Prnp�/� mice, in contrast, not only failed to
recover after the initial peak of disease, but showed
increasing EAE severity, leading to sustained neurologi-
cal impairment that started at approximately 28 dpi and
was maintained out to 60 dpi (Figure 1B). The Prnp�/�

and Prnp�/� control mice that were injected with com-
plete Freund’s adjuvant plus pertussis toxin alone, and
the ‘no EAE’ controls that received no treatment, did not
show any signs of neurological disease. To determine
whether the phenotypic difference in EAE observed be-
tween Prnp�/� and Prnp�/� mixed background mice
would also be observed when mice were more geneti-
cally homogenous, we induced EAE in mice that had
been backcrossed onto a C57BL/6 genetic background
(N � 7 to 8). Mice lacking the prion gene again exhibited
earlier onset of EAE, and a more severe clinical disease
course than littermate controls, out to 50 dpi (Figure 1C).
These two sets of observations, made in mice that dif-
fered in their genetic backgrounds, demonstrated that
the lack of PrPC was associated not only with worsening
of clinical EAE, but particularly with chronic neurological
signs suggestive of irreversible CNS damage and/or dys-
function stemming from persistent neuroinflammation.

PrPC Expression is Up-regulated on Activated T
Cells and PrPC Deficiency Alters the in Vitro
Responses of MOG-Primed T cells

Generation of myelin component-reactive T cells and the
subsequent infiltration of autoreactive T cells into the CNS
represents a key pathogenic event in EAE.33 The finding
that PrPC is expressed on cells of the human immune
system19,20 has suggested the possibility of a role for
prion protein in the regulation of T cell responses.34,35

However, a number of studies of PrPC expression in the
murine immune system have shown that while follicular
dendritic cells, DCs, and activated lymphocytes in skin,
gut- and bronchus-associated and secondary lymphoid
tissues express the prion protein, most T and B cells
obtained from peripheral lymphoid organs do not ex-
press detectable cell surface PrPC.21,22 To assess PrPC

expression on cells relevant to EAE pathogenesis, we
performed flow cytometric analysis on purified popula-
tions of DCs and CD4� T lymphocytes. After gating (us-
ing the isotype control plus secondary antibody), we
detected PrPC surface expression on freshly isolated
Prnp�/� DCs (Figure 2, A and B), but not on the negative
control population, Prnp�/� DCs. With the anti-PrPC anti-
body that we used, cell surface expression of PrPC was
undetectable on freshly-isolated resting Prnp�/� CD4� T
cells. However, 48 hours after anti-CD3 antibody stimu-
lation the majority (�80%) of CD4� cells expressed PrPC

(Figure 2, A and B). Thus, although resting naı̈ve CD4� T
cells from wild type mice failed to express detectable
PrPC, following antigen receptor-mediated activation
these cells clearly express this molecule. These results

are consistent with PrPC being an activation marker in
murine CD4� cells, and they demonstrate the potential
for this protein to regulate some aspect of CD4� T cell
activation, proliferation, or differentiation.

Figure 2. Cell surface PrPC expression on DC and CD4� T cell populations,
and in vitro studies of MOG-primed T cells from Prnp�/� and Prnp�/�

animals. (A) Flow cytometry of Prnp�/� and Prnp�/� DCs and CD4� T cells
(isolated from non-immunized animals) stained with an anti-PrPC antibody
(SAF-83). (B) PrPC was expressed on Prnp�/� DCs, and although significant
staining was not seen on resting Prnp�/� CD4� T cells, anti-CD3 antibody
stimulation increased PrPC expression on the majority of Prnp�/� CD4� T
cells. (% �SEM, n � four per group; aP � 0.0001 vs. Prnp�/� DCs, Student’s
t-test; bP � 0.01 vs. Prnp�/� CD4� T cells, analysis of variance, Tukey’s
multiple comparison test). (C) T cells from MOG-primed Prnp�/� mice
(C57BL/6 background) showed higher proliferative responses to MOG pep-
tide than T cells from MOG-primed Prnp�/� mice (C57BL/6 background).
Total T cells isolated from lymph nodes of in vivo MOG-primed Prnp�/�

(n � three), or Prnp�/� animals (n � three), were co-cultivated with
irradiated MOG-pulsed DCs obtained from non-immunized Prnp�/� or
Prnp�/� animals (C57BL/6 background). [3H] thymidine incorporation was
significantly higher in MOG-primed Prnp�/� T cells, regardless of the source
of the DCs. Results shown are representative of two independent experi-
ments and both experiments showed the same trend. (D–F) Real-time RT-
PCR analysis of mean cytokine mRNA relative fold-change (�SEM) in DC-
lymph node T cell co-cultures: mRNA levels for IFN-� (D) and IL-17A (E)
were significantly higher in Prnp�/� T cell cultures with either Prnp�/� or
Prnp�/� DCs following MOG stimulation than in the corresponding Prnp�/�

T cell cultures with either Prnp�/� or Prnp�/� DCs. IL-2R� (CD25) mRNA
expression (F) was up-regulated in MOG stimulated groups and Prnp�/� T
cell/Prnp�/� DC co-cultures showed levels that were significantly higher
than those in the Prnp�/� T cell/Prnp�/� DC co-cultures (n � five per
group; *P � 0.05; **P � 0.01; Student’s t-test).
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To functionally evaluate PrPC-deficient lymph node T
cells, CD4� T cells from MOG-primed Prnp�/� and
Prnp�/� animals (C57BL/6 background) were co-culti-
vated with Prnp�/� or Prnp�/� MOG peptide-pulsed irra-
diated DCs (isolated from non-immunized mice having a
C57BL/6 background) as a source of antigen-presenting
cells. T lymphocyte proliferation, as assessed by [3H]-
thymidine incorporation, was significantly higher in the
MOG-primed Prnp�/� CD4� lymph node T cells, regard-
less of whether these were cultivated in the presence of
Prnp�/� or Prnp�/� MOG-pulsed DCs (Figure 2C). The
source of the MOG-loaded DCs did not appear to have
an effect on the proliferation of the MOG-primed T cells.
These results suggested that immunization of Prnp�/�

mice with MOG peptide led to the generation of higher
numbers of MOG-reactive T cells. Although this in vitro
assay failed to reveal a difference in Prnp�/� versus
Prnp�/� DC function in terms of cell proliferation, it did
not exclude the possibility of a Prnp�/�-specific DC de-
fect being exerted during the in vivo priming of naı̈ve
Prnp�/� T cells. Increased proliferation of Prnp�/� T cells
may have accounted in part for the increased numbers of
anti-CD3�-positive cells observed in 12 dpi spinal cords
of Prnp�/� mice with EAE (see Supplemental Figure S1 at
http://ajp.amjpathol.org).

We next determined whether the increased prolifera-
tion of Prnp�/� T cells in vitro would be accompanied by
the altered expression levels of specific cytokines. We
selected two cytokines that correspond to key T cell
subsets involved in EAE pathogenesis: (i) interferon
(IFN)-�, a product of Th1 CD4� T cells, and (ii) inter-
leukin (IL)-17A, a cytokine elaborated by Th17 CD4� T
cells.36–38 Using real-time RT-PCR, we found that expres-
sion of both IFN-� and IL-17A mRNAs were significantly
up-regulated in MOG-primed Prnp�/� CD4� T cells co-
cultivated with either Prnp�/� or Prnp�/� MOG-pulsed
DCs (Figure 2, D and E). Interestingly, IFN-� and IL-17A
transcripts both showed a trend toward greater up-regu-
lation when Prnp�/� CD4� T cells were cultivated with
MOG-pulsed Prnp�/� DCs, however, this did not reach
statistical significance. To monitor the effectiveness of
MOG-induced T cell activation in the co-cultures we used
expression levels of IL-2R� (CD25) mRNA as an indicator
(Figure 2F). Thus, besides showing an increase in both
MOG-pulsed DC-induced proliferation and effector cyto-
kine mRNA generation by MOG-primed Prnp�/� T cells,
the results suggest that Prnp�/� DCs might have a role in
regulating cytokine gene expression by T cells (Figure 2,
D and E), although further studies are needed to support
this notion. The increased proliferation and cytokine ex-
pression of Prnp�/� T cells in response to MOG provides
a plausible explanation for disease exacerbation in the
prion-deficient mice.

PrPC Deficiency Exacerbates Spinal Cord
Inflammation in MOG-Immunized Mice

Inflammatory cell infiltrates and the cytokines they pro-
duce are responsible for demyelination, alterations in

neuronal function, and axonal damage in both multiple
sclerosis and EAE.39,40 Since motor dysfunction can cor-
relate over time with spinal cord axonal patho-
logy,41,42 three periods were selected for analysis of the
EAE spinal cords: onset (12 dpi); initial peak (17 to 22
dpi); and chronic phase (60 dpi) of disease. Within these
periods, Prnp�/� and Prnp�/� mice were compared with
respect to severity of inflammation, extent of demyelina-
tion, and degree of axonal loss. To gauge the extent of
cellular infiltration, spinal cord sections were stained with
H&E as well as an antibody specific for Iba-1, a marker
for macrophages and microglia. At a time when no patho-
logical changes were evident in Prnp�/� littermates with
EAE (Figure 3A), H&E staining revealed the presence of
inflammatory infiltrates in the dorsal, ventral, and lateral
columns of 12 dpi Prnp�/� spinal cords (Figure 3B). Iba-1
immunoreactivity of lumbar cord sections was markedly
increased, with cellular hypertrophy and infiltration in
Prnp�/� animals (Figure 3F), as compared with the min-
imal Iba-1 immunoreactivity at 12 dpi (Figure 3E) exhib-
ited by the controls.

At the first peak of disease (17 to 22 dpi), marked
immune cell infiltration (Figure 3, C and D) and microglial
activation (Figure 3, G and H) were present in both
Prnp�/� and Prnp�/� mice, respectively, although quan-
titative analysis revealed that Iba-1-positive cells were
significantly more abundant in the Prnp�/� sections (Fig-
ure 3Q). These findings were consistent with the intensity
of inflammation being increased in Prnp�/� animals at the
initiation of the EAE, a finding that was consistent with the
earlier disease onset of Prnp�/� animals.

Since demyelination in EAE is typically related to the
level of inflammation, we estimated the extent of demy-
elination at both disease onset and the initial peak of
disease (17 to 22 dpi) by anti-MBP antibody immunoflu-
orescence, with loss of MBP being reflective of white
matter damage. Decreased MBP staining in the white
matter of Prnp�/� EAE spinal cords (Figure 3, J and L)
was greater than that of controls (Figure 3, I and K) both
at 12 dpi and at the initial peak of disease, respectively.
Of note, MBP-deficient regions contained increased den-
sities of Iba-1-positive cells (Figure 3, O and P). Quanti-
tative analysis of the MBP-positive spinal cord areas con-
firmed that MBP loss was significantly higher in Prnp�/�

animals with EAE, at both 12 dpi and 17 to 22 dpi (Figure
3R), a result mirrored by the increase in Iba-1-positive
cells (Figure 3Q).

In keeping with the MBP deficit observed in the dorsal
cord white matter, silver staining during the chronic stage
(60 dpi) of EAE revealed anatomical disruption and de-
creased numbers of axons in cross sections of Prnp�/�

tracts (Figure 4A); this was verified by axonal counts
obtained from multiple regions of the spinal cords (Figure
4, B and C). In summary, EAE in Prnp�/� mice led to a
greater loss of MBP immunoreactivity in spinal cord white
matter acutely, and this was accompanied in the chronic
phase by an increased level of axonal drop-out, consis-
tent with the more severe clinical disease scores seen in
this phase (Figure 1, B and C).
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Figure 3. Neuropathological changes within representative lumbar spinal cord sections obtained from Prnp�/� and Prnp�/� animals with EAE. The columns
of photomicrographs show (A) Prnp�/� lumbar cord at 12 dpi; (B) Prnp�/� lumbar cord at 12 dpi; (C) Prnp�/� lumbar cord at 17 dpi; (D) Prnp�/� lumbar cord
at 17 dpi (original magnification �200). (E–H) show Iba-1 immunoreactivity (green); (I–L) MBP immunoreactivity (red); and (M–P) overlay of MBP and Iba-1
immunoreactivity. (Q) Quantification of Iba-1� immunoreactivity showed higher mean numbers of cells (�SEM) in Prnp�/� EAE that in Prnp�/� EAE. (R) MBP
loss was determined by quantitative analysis of mean percentage of the MBP-positive area (�SEM) in Prnp�/� and control EAE animals from spinal cord sections
taken at both 12 and 17 dpi (n � three per group, *P � 0.05; **P � 0.01; m, Student’s t-test; n, analysis of variance, Dunnette’s multiple comparison test).
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Figure 4. Spinal cord axonal damage during EAE. (A) Silver-stained axons within lumbar spinal cord white matter sections were less abundant in Prnp�/� than
in Prnp�/� EAE (original magnification �400). (B) Quantitative analysis was based on counts of silver stain-positive axons in four different areas per spinal cord
section. (C) Mean axonal counts (�SEM) were significantly lower in Prnp�/� animals with EAE (n � five per group, *P � 0.05, analysis of variance, Dunnette’s
multiple comparison test) than in controls. (D–F) Analyses of mean pro-inflammatory molecule mRNA relative fold-change (�SEM) in the lumbosacral spinal cord
in healthy and EAE-induced Prnp�/� and Prnp�/� animals. Real-time RT-PCR showed that transcript levels for (D) IFN-�, (E) TNF-�, and (F) iNOS were
significantly higher in Prnp�/� EAE (filled bars) at 12 dpi compared to EAE controls when expressed as fold-increase over expression in non-EAE Prnp�/� animals
(open bars). Basal mRNA levels for each gene did not differ between Prnp�/� and Prnp�/� animals. All real-time experiments were done in duplicate for each
RNA sample (n � three per group, *P � 0.05, **P � 0.01, ***P � 0.001; analysis of variance, Tukey’s multiple comparison test).
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Increased Inflammatory Mediators in the Cords
of PrPC-Deficient Mice with EAE

Since PrPC might modulate both innate and adaptive
immunity by regulating the synthesis and release of cy-
tokines and other mediators, we quantified the levels of
IFN-�, tumor necrosis factor-� (TNF-�), interleukin-1�,
and inducible nitric oxide synthase (iNOS/NOS2) tran-
scripts in EAE spinal cords by real-time RT-PCR. Consis-
tent with the increased production of IFN-� by MOG-
primed T cells stimulated in vitro (Figure 2D), mRNA
expression of this cytokine was significantly up-regulated
within Prnp�/� lumbosacral spinal cords at 12 dpi com-
pared to EAE controls (Figure 4D). However, expression
levels did not differ between Prnp�/� and controls at the
initial peak of disease (17 to 22 dpi) or during the chronic
stage of EAE (60 dpi) (Figure 4D). While not reaching
significance, Prnp�/� animals exhibited a trend toward
increased TNF-� mRNA expression in lumbosacral cords
at 12 dpi compared to Prnp�/� animals (Figure 4E); and
IL-1� expression was not significantly increased in
Prnp�/� lumbosacral cords (data not shown). Since nitric
oxide can contribute to inflammation, oligodendrocyte
injury, axonal degeneration, and neuronal death, we
quantified iNOS mRNA expression in Prnp�/� and
Prnp�/� EAE lumbosacral spinal cords (Figure 4F). As
compared with controls, we found highly significant iNOS
up-regulation in Prnp�/� samples at 12 dpi. These find-
ings demonstrated that EAE in prion-deficient mice was
accompanied by the increased generation of mRNAs
encoding specific pro-inflammatory molecules, primarily
IFN-� and the macrophage/microglial cell product, iNOS/
NOS2. Thus, PrPC may play a role in regulating specific
aspects of CNS inflammation.

Forebrain and Cerebellar Inflammation are
Increased in PrPC Deficient Mice with EAE

To search for forebrain and cerebellar pathology in prion-
deficient mice with EAE, we performed histological and
mRNA expression studies. Prnp�/� brains demonstrated
striking perivascular leukocytic cell infiltrates and tissue
edema that were most marked in the inner layer of
Prnp�/� cerebella (Figure 5A), as well as the fimbria
(Figure 6A) of 12 dpi mice. Even at the initial peak of
disease (17 to 22 dpi), such infiltrates were never evident
in control mice (data not shown). Figures 5A and 6A
demonstrate the prominence of Iba-1-positive cells in
Prnp�/� brain lesions. Consistent with the increase in
inflammatory infiltrates, transcripts for IFN-�, TNF-�, IL-
1�, iNOS, and RANTES (detected by real-time RT-PCR),
were more abundant in 12 dpi Prnp�/� cerebella than in
the controls (Figure 5B). Only IL-17A failed to show a
difference between Prnp�/� and Prnp�/� cerebella at this
early stage in the neuroinflammatory disease.

Striking levels of perivascular and parenchymal infiltra-
tion by Iba-1-positive cells, and CD3-positive cells, were
also observed in the chronic stage (60 dpi) of EAE in
Prnp�/� brains (Figure 6B and Figure 7A) as compared
with Prnp�/� EAE brains. These lesions were accompa-

nied by increased IFN-� mRNA expression (Figure 7B),
as well as a trend toward increased levels of mRNAs
encoding several pro-inflammatory molecules: TNF-�, IL-
1�, iNOS, and RANTES (Figure 7B). Importantly, and
unlike earlier on in the disease course (Figure 5B), IL-17A
was significantly up-regulated in the cerebella of Prnp�/�

of 60 dpi mice (Figure 7B). Our findings support the idea
that PrPC deficiency leads to an exacerbation and a
persistence of EAE-associated neuroinflammation, pos-
sibly as a result of a heightened T cell response to MOG
immunization, with pathology in the chronic phase being
driven by the accumulation and/or persistence of IL-17
producing T cells.

Discussion

We have shown that PrPC deficiency leads to an increase
in the severity of EAE-related neurobehavioral and neu-
ropathological outcomes, increased anti-MOG T cell re-
activity, and a more extensive and persistent monocytic/
microglial infiltration of CNS, accompanied by greater
MBP loss and axonal injury. In addition to lower spinal
cord involvement, striking perivascular infiltrates were
observed in the white matter of the cerebella and fore-
brains of Prnp�/� mice, and these were also prominent
during the chronic phase (60 dpi) of the disease. These
pathological features were largely lacking from the control
mice with EAE, suggesting that the endogenous prion gene
has a suppressive effect on MOG-induced peripheral T cell
responses and/or T cell-mediated neuroinflammation.

MOG peptide-induced EAE reproduces some aspects
of multiple sclerosis; for example, in both diseases en-
cephalitogenic T cells are thought to initiate neuropathol-
ogy via the release of cytokines and chemokines that in
turn recruit and activate macrophages and microglia.43

The latter two cell types appear to be responsible for
much of the CNS damage observed in these diseases. In
the present study we found that Prnp deficiency was
associated with earlier onset of clinical disease, and this
correlated with the increased T cell infiltration and mac-
rophage and microglial cell recruitment seen in the CNS
at 12 dpi. Consistent with the more rapidly evolving pace
of EAE we observed in Prnp�/� mice, T lymphocytes from
these animals following in vivo priming demonstrated
augmented proliferative responses to MOG peptide. The
increased proliferation likely being reflective of a larger
pool of MOG-primed T cells present in the Prnp�/� mice.
Although the in vitro T cell proliferative response to MOG-
pulsed Prnp�/� DCs was not different from that of MOG-
pulsed Prnp�/� DCs, this result does not exclude the
possibility that Prnp�/� DCs might exhibit a differential
effect(s) during in vivo priming phase of the MOG pep-
tide-reactive T cells. In summary, the greater MOG-pep-
tide-stimulated in vitro responses of Prnp�/� T cells pro-
vided a plausible explanation for the earlier disease onset
we observed in the CNS of Prnp�/� animals.

Assuming that the atypical EAE we observed in
Prnp�/� mice was primarily attributable to a T cell defect,
how might loss of this molecule alter T cell function? The
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Figure 5. Representative examples of cerebellar neuropathology during the initial stages of EAE in Prnp�/� and Prnp�/� animals. (A) Marked perivascular
infiltration was observed at 12 dpi only in Prnp�/� animals. Infiltrating cells were mostly Iba-1 positive and were more abundant than CD3�-positive cells in both
Prnp�/� and Prnp�/� animals at 12 dpi. (B) Analysis of mean pro-inflammatory molecule mRNA relative fold-change (�SEM) in lumbar spinal cords of healthy
and EAE Prnp�/� (open bars) and Prnp�/� (filled bars) animals. Real-time RT-PCR showed that mRNA levels for IFN-�, TNF-�, IL-1�, iNOS, and RANTES were
significantly higher in Prnp�/� EAE at 12 dpi relative to Prnp�/� EAE, when expressed as fold-increase above expression seen in healthy Prnp�/� animals. IL-17A
did not show significant difference between Prnp�/� and Prnp�/� EAE at this time point. Basal mRNA levels for each gene did not differ between Prnp�/� and
Prnp�/� animals. All real-time experiments were done in duplicate for each RNA sample (n � three per group, *P � 0.05; **P � 0.01, ***P � 0.001; ANOVA,
Tukey’s multiple comparison test).
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prion gene has been linked to various intracellular sig-
naling pathways44 and as with other types of glyco-
sylphosphatidylinositol-linked glycoproteins and signal
transduction complexes, PrPC has been shown to be
present in lipid rafts.1 There is also evidence that the
molecule has cytoprotective activity against a variety of
insults,44 although antibody-mediated cross-linking of
PrPC, or treatment of PrPC-positive cells with the toxic
fragment (PrP105-126) led to neurotoxicity.44 Thus, if T

cell PrPC engagement by a ligand were to similarly deliver a
pro-apoptotic stimulus to T cells, then lack of PrPC would
plausibly increase survival of T cells, perhaps accounting
for the increased MOG-specific proliferative responses of
Prnp�/� T cells (Figure 2C). Much still remains to be learned
about the nature of the signaling pathways that are regu-
lated by the prion molecule in T cells,17,45–47 and how their
alteration in Prnp�/� mice might lead to the EAE phenotype
we observed.

Figure 6. Representative neuroinflammatory changes in the fimbria at both the early (12 dpi) and the chronic stage of EAE (60 dpi) in Prnp�/� and Prnp�/�

animals. (A) Only Prnp�/� animals showed marked perivascular and parenchymal infiltration at 12 dpi. Infiltrating cells included Iba-1� cells (green), which were
more abundant than CD3�� cells (red) in both the Prnp�/� and Prnp�/� mice at 12 dpi. (B) Iba-1 and CD3 immunoreactivity in Prnp�/� EAE fimbria as compared
to Prnp�/� EAE at 60 dpi (original magnification �200).
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PrPC is up-regulated during T cell activation in hu-
mans, and we demonstrated that murine T cells also
demonstrated PrPC expression in response to T cell re-
ceptor-mediated cell activation (Figure 2, A and B).48

PrPC has been shown to be present within the T cell-DC

‘immunological synapse’,46 and in keeping with this lo-
calization, there is some evidence of alterations in either
DC function and/or T cell responses to mitogenic stimuli
in Prnp�/� cells.17 In contrast to our results, loss of prion
protein was associated with either no change, or rela-

Figure 7. Neuroinflammation in Prnp�/� and Prnp�/� cerebella of mice in the chronic phase of EAE (60 dpi). (A) Intense Iba-1 immunoreactivity (green) was
evident in Prnp�/� EAE animals at 60 dpi with CD3�-positive cells (red) being present as compared to Prnp�/� EAE (original magnification �200). (B) Analyses
of mean pro-inflammatory cytokine mRNA relative fold-change (�SEM) within lumbar spinal cord samples from healthy as well as Prnp�/� (open bars) and
Prnp�/� (closed bars) animals with EAE. Real-time RT-PCR showed that transcript levels for IFN-� and IL-17A were significantly higher in Prnp�/� EAE animals
at 60 dpi relative to controls with EAE. Basal mRNA levels for each gene did not differ between Prnp�/� and Prnp�/� animals. All real-time experiments were
done in duplicate for each RNA sample (Prnp�/�, n � eight; Prnp�/�, n � six, *P � 0.01; analysis of variance, Tukey’s multiple comparison test).
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tively modest decreases, in the in vitro proliferative re-
sponses of T cells to stimuli, including mitogens and the
mixed lymphocyte reaction.17,25 To our knowledge, how-
ever, the consequences of prion deficiency on T cell-
dependent immune responses in vivo have not been re-
ported, nor has there been a study examining the
potential regulatory role of PrPC on the antigen-specific
recall responses of in vivo primed T cells (i.e., memory
cell responses). In this context, and unlike a previous
study using the allogeneic mixed lymphocyte reaction to
show that prion-deficient antigen-presenting cell function
was reduced,25 we found Prnp�/� MOG-pulsed DCs
were equivalent to wild-type DCs in their ability to induce
T cell proliferation and even superior in terms of their
ability to elicit IFN-� and IL-17A transcripts from these
cells (Figure 2, C–E).

In view of the increased expression of IFN-�, TNF-�,
and IL-1�, it was not surprising that iNOS transcripts were
greatly increased in the 12 dpi cerebella (Figure 5B),
given that such cytokines activate expression of the
NOS2 gene.49 NOS2 expression, and hence nitric oxide
generation, is known to induce inflammation, as well as
oligodendrocyte and neuronal cell damage in EAE.50

Lastly, given that PrPC deficiency has been reported to
increase cellular susceptibility to oxidative stress-in-
duced damage,11–13 some portion of the CNS damage
that we observed in Prnp�/� EAE animals was potentially
attributable to ROS generated by the abundant macro-
phages and microglia present in the EAE lesions of
Prnp�/� mice. The elevated levels of IFN-� in the MOG-
peptide activated T cells and the CNS samples from 12
dpi Prnp�/� animals were in keeping with the importance
of CD4� Th1 cells during the initial phase of EAE, where
this cytokine appears to have an important role in endo-
thelial cell activation, as well as in the priming of microglia
and macrophages.43,51

Increased levels of IL-17A transcripts were particularly
evident in the chronic phase of the disease in the Prnp�/�

cerebella (Figure 7B), as were IFN-� transcripts. Whether
the two cytokines were being elaborated by the same cell
type,52 or by distinct infiltrating CD4� populations of Th1
and Th17 cells was not determined. Within the EAE le-
sions, IFN-� may act to attenuate immunopathology re-
sulting from the effects of IL-17A, in addition to its role in
facilitating lymphocyte extravasation via its effects on the
endothelium.51 With respect to IL-17 in the chronic EAE
lesions of Prnp�/� mice, it is interesting that expression-
microarray analysis of multiple sclerosis samples identi-
fied IL-17 as a gene that was up-regulated in chronic
lesions in humans.53 Precisely how loss of the prion gene
leads to the sustained leukocytic accumulations ob-
served in the 60 dpi mice will require further investigation.
However, if loss of PrPC were to reduce TCR activation
thresholds of anti-MOG T cell memory populations, tend
to skew T cell polarization toward the Th17 phenotype, or
promote the longevity of effector T cell populations (via
an anti-apoptotic effect), then chronic neuroinflammation
would be the predicted outcome.

Ascending progressive spinal paralysis is typical of
most inbred mouse strains with EAE; however, there have
been reports of atypical disease with mice showing axial

rotatory locomotion and/or forelimb paralysis, in the ab-
sence of hind limb involvement, in conjunction with le-
sions of forebrain, cerebellum, and/or brainstem.54 Along
with the increased chronicity and CNS damage of the
Prnp�/� EAE lesions, and in keeping with an atypical
pattern of EAE, there was a striking difference in the
extent of the forebrain and cerebellar inflammation in
Prnp�/� mice as compared with controls. Clearly, prion
gene deficiency was associated with a more aggressive
disease phenotype, and also with a shift in the pattern of
EAE to a disease that was relatively more concentrated
on upper CNS structures. EAE in prion-deficient mice
thus represents a novel model of neuroinflammation, with
the striking lesions in the chronic phase in particular
offering an opportunity for elucidating novel pathogenic
mechanisms that may underlie chronicity. Our findings
also raise the possibility that human prion gene polymor-
phisms might impact the clinical course of multiple scle-
rosis. Lastly, it will be of interest to determine whether the
lack of PrPC also modulates other types of adaptive im-
mune responses, such those directed at clearing micro-
bial infections.
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