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Activation of microglia and astroglia is seen in many neurodegenerative diseases including prion diseases.
Activated glial cells produce cytokines as a protective response against certain pathogens and as part of the
host inflammatory response to brain damage. In addition, cytokines might also exacerbate tissue damage
initiated by other processes. In the present work using multiplex assays to analyze protein levels of 24 cytokines
in scrapie agent-infected C57BL/10 mouse brains, we observed elevation of CCL2, CCL5, CXCL1, CXCL10,
granulocyte-macrophage colony-stimulating factor (GM-CSF), gamma interferon (IFN-�), interleukin 1�
(IL-1�), IL-1�, IL-6, and IL-12p40. Scrapie agent-infected wild-type mice and transgenic mice expressing
anchorless prion protein (PrP) had similar cytokine responses in spite of extensive differences in neuropa-
thology. Therefore, these responses may be primarily a reaction to brain damage induced by prion infection
rather than specific inducers of a particular type of pathology. To study the roles of astroglia and microglia in
these cytokine responses, primary glial cultures were exposed to scrapie agent-infected brain homogenates.
Microglia produced only IL-12p40 and CXCL10, whereas astroglia produced these cytokines plus CCL2, CCL3,
CCL5, CXCL1, G-CSF, IL-1�, IL-6, IL-12p70, and IL-13. Glial cytokine responses from wild-type mice and
transgenic mice expressing anchorless PrP differed only slightly, but glia from PrP-null mice produced only
IL-12p40, indicating that PrP expression was required for scrapie agent induction of other cytokines detected.
The difference in cytokine response between microglia and astroglia correlated with 20-fold-higher levels of PrP
expression in astroglia versus microglia, suggesting that high-level PrP expression on astroglia might be
important for induction of certain cytokines.

Prion diseases are fatal infectious neurodegenerative disor-
ders that affect both humans and animals (43). These diseases
include scrapie in sheep and goats, bovine spongiform en-
cephalopathy in cattle, chronic wasting disease in cervids,
and Creutzfeldt-Jakob disease in humans. A key event in the
pathogenesis is the conformational change of a normal host
protease-sensitive prion protein (PrPsen), also known as cel-
lular PrP (PrPC) into an abnormal, partially protease-resistant,
disease-associated form (PrPres), also known as PrP scrapie
(PrPSc). The accumulation of PrPres in brain is associated with
gray matter spongiform degeneration, neuronal death, and gli-
osis involving activation of both microglia and astroglia (45,
61). The specific roles of glia in prion disease pathogenesis are
still not clear; however, glia that appear to be activated by
morphological criteria are usually found in the same brain
areas as PrPres (65).

Glia are important in controlling central nervous system
(CNS) damage in many situations including wounds, ischemia,
hemorrhage, autoimmunity, infections, and degenerative pro-
cesses (3, 50, 57). Alternatively, activated glia may also con-
tribute to progression of some CNS diseases including prion
diseases (7, 23, 25, 27, 37, 53). Moreover, activated glia are

known to produce cytokines including chemotactic cytokines
(chemokines) as well as neurotrophic and neurotoxic factors
(10, 49), all of which might contribute to the overall effect of
glia on disease.

In previous studies, microglia and astroglia stimulated by
aggregated PrP peptide p106-126 were neurotoxic (8, 36). PrP
expression by glia was required for this effect, suggesting that
cellular PrP might be involved in recognition of the aggregated
PrP peptides (5, 22). The mechanism of this neurotoxic effect
was not demonstrated, but other studies showed upregulation
of cytokine expression in microglia or N9 cells stimulated by
aggregated PrP peptides (41, 59, 62). Furthermore, studies of
brain samples from prion agent-infected mice demonstrated
upregulation of multiple cytokines and chemokines, including
tumor necrosis factor (TNF), interleukin 1� (IL-1�), IL-1�,
IL-6, transforming growth factor �, chemokine (C-X-C motif)
ligand 10 (CXCL10), chemokine (C-C motif) ligand 2 (CCL2),
CCL3, CCL4, CCL5, CCL6, CCL9, CCL12, CXCL9, and
CXCL13 (1, 6, 12, 21, 28, 32, 33, 46, 47, 66, 67, 69). In contrast,
another study of scrapie agent-infected mouse brain samples
did not find elevation of mRNA for IL-1�, IL-6, gamma inter-
feron (IFN-�), or inducible nitric oxide synthase (63). How-
ever, these studies were done by quantitative analysis of
mRNA levels or nonquantitatively by immunohistochemistry.
Since increased mRNA does not always correlate with in-
creased protein (40, 42), quantitative cytokine analysis at the
protein level might give more accurate information.

The development of multiplex bead array assays now per-
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mits quantitative analysis of many individual proteins simulta-
neously from the same sample. This method has been used
previously to study expression of cytokines and other proteins
in brain tissue homogenates (11, 24, 26). Therefore, in the
present study, we used this method to analyze cytokine levels
from scrapie agent-infected brain samples and correlated these
findings with those from scrapie agent-stimulated primary as-
troglial and microglial cell cultures. The roles of PrP expres-
sion in these in vivo and in vitro systems were also studied by
comparing scrapie agent-infected wild-type mice, which de-
velop classical prion disease spongiform pathology, versus
scrapie agent-infected transgenic mice expressing anchorless
PrP, which develop nonspongiform amyloid brain pathology.
The cytokine responses were similar in these two models, sug-
gesting that these cytokines may be primarily a response to
brain damage rather than specific inducers of a particular type
of pathology.

MATERIALS AND METHODS

Mouse lines. In vivo scrapie agent infection experiments and in vitro primary
glial cultures were performed using the following three mouse strains: C57BL10/
SnJ (also referred to as wild-type mice, as they express the wild-type PrP gene
[Prnp]), C57BL10/SnJ-PrP�/� (made at Rocky Mountain Laboratories by serial
backcrossing of 129/Ola-PrP�/� mice [35] with C57BL10/SnJ mice), and trans-
genic mice expressing anchorless mouse PrP (lines 23 and 44) on C57BL10/SnJ-
PrP�/� background, lacking normal glycosylphosphatidylinositol (GPI)-an-
chored PrP (15). These two separate founder lines were used to show that the
effects seen were due to the presence of the transgene and not to the site of
transgene integration. Mice homozygous for the transgene were used in the
current experiments. All mice were maintained at Rocky Mountain Laboratories
and handled according to protocols approved by the Rocky Mountain Labora-
tories Animal Care and Use Committee and all applicable federal guidelines.

Preparation of brain homogenate. Three- to 4-week-old mice were inoculated
intracerebrally with scrapie agent-infected brain homogenate containing the 22L
scrapie strain as described previously (44, 60). Wild-type mice were euthanized
at the time of clinical signs, around 150 to 160 days postinoculation (dpi).
Transgenic anchorless PrP-expressing mice were euthanized at various times
between 150 and 350 dpi. PrP-null mice were euthanized at 500 dpi. Infected
brains and uninfected brains were homogenized using a Mini-BeadBeater (Bio-
Spec Products) for 20 s in a tube with 2 to 4 mm of glass beads and cold culture
medium (Dulbecco modified Eagle medium with nutrient mixture F12 [DMEM-
F12] [Gibco, Carlsbad, CA], 10% fetal bovine serum [FBS] [HyClone, Logan,
UT], penicillin-streptomycin [P-S] [Gibco, Carlsbad, CA], and L-glutamine
[Gibco, Carlsbad, CA]) to produce a 20% (wt/vol) brain homogenate. Brain
homogenates were sonicated for 1 min, vortexed aggressively for 30 s, and frozen
in aliquots at �80°C for future use.

Primary glial cell cultures. Glial cells were obtained from cerebral cortices of
1- to 3-day-old mice. Meninges were removed by teasing with forceps, and
meninx-free cortices were dissociated by pipetting in phosphate-buffered saline
(Gibco, Carlsbad, CA) containing 0.25% trypsin (Invitrogen, Carlsbad, CA) for
10 min at 37°C and then diluted 1:1 in phosphate-buffered saline (Gibco, Carls-
bad, CA) supplemented with 10% FBS (HyClone, Logan, UT). Dissociated cells
were centrifuged at 200 � g for 5 min. Pellets were resuspended in DMEM-F12
supplemented with 0.5 ng/ml granulocyte-macrophage colony-stimulating factor
(GM-CSF) (R&D Systems, Minneapolis, MN), N2 supplement (Invitrogen,
Carlsbad, CA), 10% FBS, P-S, and 2 mM L-glutamine for microglial cells and the
same medium without GM-CSF and N2 supplement for astrocytes. The cells
were triturated with a Pasteur pipette, pelleted, and resuspended in medium;
cells from three brains were plated in each T-75 plastic culture flask. Cells were
grown for 10 days at 37°C under 5% CO2; the medium was changed after 2 days.

To harvest microglia, flasks were rotated at 200 rpm using an orbital shaker for
2 h at 37°C. Cell suspensions were centrifuged at 200 � g, resuspended in culture
medium, and plated in 96-well plates containing poly-D-lysine (R&D Systems,
Minneapolis, MN) at a density of 5 � 104 cells/well in a volume of 200 �l.

Astrocytes were retrieved from the shaken culture by trypsinization. Cell
suspensions were centrifuged at 200 � g for 5 min, resuspended in DMEM-F12
supplemented with 10% FBS, P-S, and 2 mM L-glutamine and plated in 96-well

plates containing poly-D-lysine at a density of 5 � 104 cells/well in a volume of
200 �l.

One hour after plating, the medium was changed to remove cellular debris,
and 24 h later, the cells were exposed to scrapie agent-infected brain homoge-
nates (see below). The proportion of microglial cells in microglia culture and
astrocytes in astroglia culture was estimated at 99% based on indirect immuno-
fluorescence detection with an antibody specific for ionized calcium binding
adaptor 1 (Iba-1) (Wako Chemicals, Richmond, VA) for microglial cells and an
antibody specific for glial fibrillary acidic protein (GFAP) (Dako, Carpinteria,
CA) for astrocytes (data not shown).

Stimulation of glial cells with scrapie agent-infected and healthy uninfected
brain homogenates. For glial cells, 24 h after the cells were plated, the cultures
were overlaid with fresh medium containing 1% brain homogenate (10 �l of 20%
homogenate in 200 �l total medium) from mice clinically infected with the 22L
strain of scrapie agent or the equivalent dilution of healthy uninfected brain
homogenate. For negative and positive controls, cultures were overlaid with
medium alone or medium containing lipopolysaccharide (LPS) (1 �g/ml) (Invi-
vogen, San Diego, CA), respectively. All of these treatments were assayed in
duplicate in two different wells. All cultures were incubated for an additional
24 h, and the supernatants were then removed and stored at �20°C until analysis
with the Bio-Plex system.

Cytokine testing. Bio-Plex 23-plex kits (Bio-Rad, Hercules, CA) were used to
determine the concentrations of 23 cytokines (IL-1�, IL-1�, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-12p70, IL-13, IL-17, IFN-�, CCL11
[eotaxin], G-CSF, GM-CSF, CXCL1 [KC {keratinocyte-derived chemokine}],
CCL2 [MCP-1 {monocyte chemotactic peptide 1}]), CCL3 [MIP-1� {macro-
phage inflammatory protein 1�}], CCL4 [MIP-1�], CCL5 [RANTES {regulated
upon activation, normal T-cell expressed and secreted}], and TNF) in brain
tissue homogenates and in glial culture supernatant fluids. Invitrogen 10-plex and
single-plex kits were used to analyze CXCL10 in brain tissues and in glial culture
supernatants.

For the Bio-Plex assay, a wide range (1.95 to 32,000 pg/ml) of assay standards
resuspended in culture medium was used to plot the standard curves for the 23
cytokines. All reagents needed for the assays were provided in the kits. Calibra-
tion of the instrument was performed for each use, along with the monthly
recommended system validation, and all samples were assayed in duplicate. Data
were obtained using the Bio-Plex Manager software program (Bio-Rad version
4.1.1) for standardization and standard curve acquisition followed by conversion
to Excel (Microsoft Corporation, Seattle, WA) for further analysis.

For testing of brain tissue, 50 �l of a 1% homogenate was analyzed in dupli-
cate by a multiplex assay. The concentrations of cytokines were determined by
comparison to a set of standards. For glial cell cultures, 50 �l of a 200-�l total
culture volume was analyzed, and the scrapie agent-induced cytokine concentra-
tion was calculated according to the following formula: scrapie agent-induced
cytokine level � S � N, where S is the cytokine level after stimulation with 1%
scrapie agent-infected brain homogenate minus the cytokine level detected in
1% scrapie agent-infected brain homogenate and N is the cytokine level after
stimulation with 1% healthy uninfected brain homogenate minus the cytokine
level detected in 1% healthy uninfected brain homogenate. Statistical analysis
was done for each cytokine using the Wilcoxon matched-pair test on S and N
values for pairs of individual glial cell cultures stimulated with scrapie agent-
infected or with healthy uninfected brain tissues.

Preparation of RNA for real-time reverse transcriptase PCR analysis. For the
study of mRNA from cells, RNA was isolated from confluent flasks of cells using
the Mini RNA Isolation Kit (Zymo Research, Orange, CA). The RNA was then
treated with DNase (Ambion, Austin, TX) for 30 min to remove any contami-
nating DNA and purified using RNA Clean-up Kit (Zymo Research, Orange,
CA). Each RNA was reversed transcribed into cDNA using Bio-Rad iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA).

Primers for gene detection. F4/80 mRNA expression was detected using the
forward primer F4/80-1321F (5�-ACA AGT GTC TCC CTC GTG CT-3�) and
the reverse primer F4/80-1430R (5�-AAC ATG TGC TTT CCA CAG TC-3�).
Gfap mRNA expression was detected using the forward primer GFAP-16F
(5�-CGT TTC TCC TTG TCT CGA ATG AC-3�) and the reverse primer
GFAP-112R (5�-TCG CCC GTG TCT CCT TGA-3�). Prnp mRNA expression
was detected using the forward primer PRNP-590F (5�-GGA CCG CTA CTA
CCG TGA AA-3�) and the reverse primer PRNP-768R (5�-TCA TCT TCA CAT
CGG TCT CG-3�). Ccr1 mRNA expression was detected using the forward
primer CCR1-535F (5�-TCA AAG CAT GAC CAG CAT CTA-3�) and the
reverse primer CCR1-622R (5�-CTT GTA GTC AAT CCA GAA AGG TAA
A-3�). Ccr2 mRNA expression was detected using the forward primer CCR2-
276F (5�-CCA GTG TGA AGC AAA TTG GA-3�) and the reverse primer
CCR2-351R (5�-TTG CCC ACA AAA CCA AAG AT-3�). Ccr5 mRNA expres-
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sion was detected using the forward primer CCR5-1017F (5�-CGA AAA CAC
ATG GTC AAA CG-3�) and the reverse primer CCR5-1195R (5�-CCA TTC
CTA CTC CCA AGC TG-3�). Gapdh mRNA expression was detected using the
forward primer GAPDH2-152F (5�-AAC GAC CCC TTC ATT GAC-3�) and
the reverse primer GAPDH2-342RF (5�-TCC ACG ACA TAC TCA GCA-3�)
(11).

Real-time PCR analysis of gene expression. All primers used for real-time
analysis were designed using Primer3 software (52). Primer sequences were
checked against the National Center for Biotechnology Information (NCBI)
database with BLAST to confirm that all primer pairs were specific for the gene
of interest and that no homology to other genes was present. Reactions were run
using SYBR green mix with Rox (Bio-Rad Laboratories) in a 10-�l volume with
approximately 10 ng of cDNA and 1.8 �M forward and reverse primers. Samples
were run in triplicate on an ABI PRISM 7900 sequence detection system (Ap-
plied Biosystems, Foster City, CA). Analysis of dissociation curves was used to
confirm the amplification of a single product for each primer pair per sample.
Confirmation of a lack of DNA contamination was achieved by analyzing sam-
ples that had not undergone reverse transcription. Untranscribed controls had at
least a 1,000-fold-lower expression level than analyzed samples or were negative
for all genes after 40 cycles. Gene expression was quantified by the cycle number
at which each sample reached a fixed fluorescence threshold (CT). To control for
variations in RNA amounts among samples, data were calculated as the differ-
ence in CT values (log2) between Gapdh and the gene of interest for each sample
(	CT � CT of Gapdh � CT of the gene of interest). Data are presented as a
percentage of Gapdh expression for each gene of interest.

RESULTS

Induction of cytokines in C57BL/10 mouse brain following
infection with scrapie agent. To measure the levels of cyto-
kines in the brains of mice after infection with the scrapie
agent, we analyzed brain homogenates from clinical, scrapie
agent-infected mice (150 to 160 dpi) and healthy uninfected
control C57BL/10 mice by multiplex bead array. Ten cytokines
were found to be elevated in scrapie agent-infected brains
compared to healthy control brains (Fig. 1A and Table 1).
These 10 cytokines were CCL2, CCL5, CXCL1, CXCL10,
GM-CSF, IFN-�, IL-1�, IL-1�, IL-6, and IL-12p40. In con-
trast, CCL3, CCL4, CCL11, G-CSF, IL-2, IL-3, IL-4, IL-5,
IL-9, IL-10, IL-12p70, IL-13, IL-17, and TNF were either not
elevated or not detected in scrapie agent-infected brain. These
results showed that there was a significant cytokine response to
scrapie agent infection. However, the number of elevated cy-
tokines and the levels observed were low compared to those
seen in brain following a bacterial or viral infection where
there is usually a prominent adaptive immune response (6, 27,
56). Interestingly, we found no increase in TNF, CCL3, or

FIG. 1. Cytokine expression in scrapie agent-infected mouse brain. (A) Wild-type C57BL/10SnJ mice. Brain homogenates from 21 scrapie
agent-infected mice and 14 uninfected age-matched mice were tested for cytokine levels by multiplex bead arrays. The cytokine levels of scrapie
agent-infected mice are shown as solid circles, and the cytokine levels of healthy uninfected (normal) brains are open circles. Each symbol
represents the value for one mouse. CCL2, CCL5, CXCL1, CXCL10, GM-CSF, IFN-�, IL-1�, IL-1�, IL-6, and IL-12p40 were expressed at
significantly higher levels in the scrapie agent-infected brains than in the healthy brains. Statistical significance by the Mann-Whitney test is
indicated as follows: *, P 
 0.05; ***, P 
 0.001; ns, not significant. Other cytokines tested, but not detected, in wild-type mouse brains were CCL3,
CCL4, CCL11, G-CSF, IL-2, IL-3, IL-4, IL-5, IL-9, IL-10, IL-12p70, IL-13, IL-17, and TNF. (B) Transgenic mice expressing anchorless PrP. Brain
homogenates from homozygous transgenic scrapie agent-infected mice (lines 23 [L23] and 44 [L44]) were obtained at 350 to 400 dpi and were
tested for cytokine levels by multiplex bead arrays. Uninfected age-matched transgenic mice were used as controls. The cytokine levels of scrapie
agent-infected mice are shown as solid symbols, and the cytokine levels of healthy uninfected (normal) brains are shown as open symbols. Each
symbol represents the value for one mouse. CCL2, CCL5, CCL11, CXCL1, CXCL10, GM-CSF, IFN-�, IL-1�, IL-1�, and IL-12p40 were expressed
at significantly higher levels in the scrapie agent-infected mice than in the uninfected mice. Statistical significance by the Mann-Whitney test is
indicated as follows: *, P 
 0.05; **, P 
 0.005; ***, P 
 0.001; ns, not significant. Other cytokines tested, but not detected, in brains were CCL3,
CCL4, G-CSF, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p70, IL-13, IL-17, and TNF.
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CCL4 protein, whereas several earlier reports noted an in-
crease in these mRNAs. This difference suggested that TNF,
CCL3, and CCL4 are regulated posttranscriptionally (18, 19).

Induction of cytokines by scrapie agent infection in trans-
genic mice expressing anchorless PrP. We also studied scrapie
agent induction of cytokines in a type of scrapie agent-induced
disease where the pathology was induced by the presence of
amyloid and not by typical spongiform degeneration seen in
most prion diseases. For these experiments, we used two lines
of transgenic mice expressing anchorless PrP (lines 23 and 44),
which show no differences in their response to scrapie agent
infection (15). These mice lack the usual GPI anchor for PrP.
Thus, the PrP is not attached to the cell plasma membrane but
rather is secreted into the extracellular fluid. These mice are
susceptible to scrapie agent infection, but they do not develop
typical prion disease. Instead they develop slowly progressive
amyloid brain pathology. In scrapie agent-infected transgenic
mice, no elevation of cytokines was seen at 150 or 250 dpi (data
not shown). However, at approximately 350 dpi, elevation in
the levels of nine cytokines was observed (Fig. 1B and Table 1),
indicating that the timing of cytokine production was corre-
lated with development of brain pathology. The two transgenic

lines tested had similar cytokine responses to scrapie agent
(Fig. 1B). These cytokines were the same as those detected
after scrapie agent infection of C57BL/10 mice, with the ex-
ception of IL-6 and CCL11 (Fig. 1B and Table 1). The simi-
larity of the cytokines induced by scrapie agent infection in the
C57BL/10 and transgenic mouse models with differing patho-
genic processes suggested that the cytokines themselves were
not the primary mediators of the pathogenesis but were more
likely to be part of a host response to the brain damage in-
duced in both these models.

Scrapie agent induction of cytokines in primary astroglia
and microglia. During scrapie agent infection, there is a strong
activation of both microglia and astroglia in the brain, and both
of these cell types are known to produce cytokines in various
disease states. To determine which brain cytokines might be
produced by scrapie agent-stimulated astroglia and micro-
glia, we studied primary astroglial or microglial cultures
stimulated with scrapie agent-infected brain homogenates.
Cytokines were tested in supernatant fluid of paired cultures
exposed to either scrapie agent-infected or healthy uninfected
brain homogenate for 24 h, and these values were subtracted to
obtain the cytokine level attributable to stimulation by scrapie
agent (Fig. 2).

Astroglia stimulated with scrapie agent-infected brain ho-
mogenate produced CCL2, CCL3, CCL5, G-CSF, IL-1�,
IL-6, IL-12p70, IL-13 (Fig. 3A), and CXCL1 (Table 1),
which were not elevated in microglia. However, scrapie
agent-stimulated astroglia and microglia both made
IL12p40 and CXCL10 in vitro (Fig. 3A). In control experi-
ments, stimulation by LPS, a strong stimulator of cytokines
in many cell types, elevated all cytokines to levels higher
than those induced by scrapie agent-infected brain homog-
enates (10 cytokines shown in Fig. 3B).

Scrapie agent induction of cytokines is altered in PrP-null
cells. To test the role of PrP expression in cytokine induction

FIG. 2. In vitro stimulation of IL-12p40 in microglial cells by
scrapie agent-infected and healthy uninfected brain homogenates. S
(f) is the cytokine level in glial culture supernatant 24 h after stimu-
lation with scrapie agent-infected brain homogenate minus the back-
ground cytokine level detected in scrapie agent-infected brain homog-
enate prior to use as a stimulant. N (Œ) is the cytokine level in glial
culture supernatant 24 h after stimulation with healthy brain homog-
enate minus the background cytokine level detected in healthy brain
homogenate prior to use as a stimulant. Values for paired cultures in
each experiment are linked by lines. S � N subtracted values for each
pair are shown in the right-hand side of the figure (●). The S and N
values were significantly different (P 
 0.001) by the Mann-Whitney
matched-pair test (***). Data shown in Fig. 3A, 4A, and 5A are S �
N values.

TABLE 1. Summary of scrapie agent-induced cytokines in vivo and
in vitro in wild-type mice, PrP-null mice, and anchorless PrP

transgenic mice

Cytokinesa

Cytokine productionb

Wild-type PrP PrP-null Anchorless PrP

Brain MG AG Brainc MG AG Brain MG AG

CCL2 (MCP-1) � � � � � � � � �
CCL3 (MIP-1�) � � � � � � � � �
CCL5 (RANTES) � � � � � � � � �
CCL11 (eotaxin) � � � � � � � � �

CXCL1 (KC) � � � � � � � ND ND
CXCL10 (IP-10) � � � � � � � � �

G-CSF � � � � � � � � �
GM-CSF � � � � � � � ND ND

IFN-� � � � � � � � � �

IL-1� � � � � � � � � �
IL-1� � � � � � � � � �

IL-6 � � � � � � � � �

IL-12p40 � � � � � � � � �
IL-12p70 � � � � � � � � �

IL-13 � � � � � � � � ND

a Only cytokines produced in scrapie agent-infected brain homogenates or in
the supernatants of glial cells exposed to scrapie agent-infected brain homoge-
nates are shown. The following cytokines were not detected in scrapie agent-
infected brain homogenates and supernatant of glial cells exposed to scrapie
agent-infected brain homogenates: CCL4 (MIP-1�), IL-2, IL-3, IL-4, IL-5, IL-9,
IL-10, IL-17, and TNF. Glial cultures stimulated with LPS were positive for all
cytokines tested.

b Significant cytokine production (�) or no significant cytokine production (�)
from C57BL/10 mice and transgenic mice. The brains of C57BL/10 mice pro-
ducing wild-type PrP, PrP-null C57BL/10 mice, and transgenic mice expressing
anchorless PrP mice were tested for cytokines or used to derive glial cells
(microglia �MG and astroglia �AG). ND, not determined.

c Scrapie agent-inoculated PrP-null mice (n � 2) were euthanized at 500 dpi
for analysis of brain homogenates.
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in primary glial cell cultures, we used glia from PrP-null mice.
In both PrP-null astroglia and microglia, IL-12p40 was ele-
vated by exposure to scrapie agent compared to healthy unin-
fected brain homogenates (Fig. 4A and Table 1). All the other
cytokines previously found to be specifically elevated in wild-

type astroglia and microglia by scrapie agent-infected brain
were not elevated in PrP-null glia, indicating that PrP expres-
sion was required for the stimulation process. In contrast to
scrapie agent-infected brain homogenates, LPS gave a broad
stimulation of all cytokines tested in PrP-null glia, showing that

FIG. 3. Cytokine expression in C57BL/10SnJ glial cells exposed to scrapie agent-infected brain homogenate. (A) Exposure to scrapie agent-
infected or healthy uninfected brain homogenates. Purified microglia (MG) or astroglia (AG) were stimulated by overlay with scrapie agent-
infected or healthy brain homogenates. Supernatants were analyzed by multiplex assay 24 h after stimulation. The data show the scrapie
agent-induced cytokine level as explained in Materials and Methods. Statistical analysis was done using the Wilcoxon matched-pair test comparing
the S and N values for cultures from 16 independent experiments for each cytokine (6 experiments for CXCL10). Subtracted values for scrapie
agent-infected brain stimulation minus healthy brain stimulation (S � N) are shown (see the legend to Fig. 2 and Materials and Methods for
details). The cytokine levels from microglia are shown as solid circles, and the cytokine levels from astroglia are shown as open circles. MG
produced IL-12p40 and CXCL10, and AG produced these two cytokines plus CCL2, CCL3, CCL5, G-CSF, IL-1�, IL-6, IL-12p70, IL-13, and
CXCL1 (not shown). Statistical significance by the Mann-Whitney matched-pair test is indicated as follows: *, P 
 0.05; **, P 
 0.005; ***, P 

0.001; ns, not significant. (B) Stimulation of glia by LPS. Supernatants of microglia and astroglia cultures stimulated for 24 h with LPS at a
concentration of 1 �g/ml were analyzed for cytokines using Bio-Plex multiple-cytokine assay kits. The values represent the means plus standard
errors of the means (error bars) for seven different experiments.
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PrP-null glia were capable of making a wide variety of cyto-
kines (Fig. 4B).

Scrapie agent induction of cytokines in glial cells expressing
anchorless PrP. On the basis of the preceding results, PrP
expression by glia was required for scrapie agent stimulation of
most cytokines. Furthermore, mice expressing either wild-type
anchored PrP or transgenic anchorless PrP both made signif-
icant cytokine responses to scrapie agent infection in vivo (Fig.
1A and B). Therefore, we next tested whether primary astro-
glial or microglial cells expressing only anchorless PrP could
produce a cytokine response after exposure to scrapie agent-
infected brain homogenate. Astroglia stimulated with scrapie
agent-infected brain produced elevated levels of eight cyto-

kines: CCL2, CCL5, CXCL10, G-CSF, IL-1�, IL-1�, IL-6, and
IL-12p40 (Fig. 5A and Table 1). Microglia stimulated with
scrapie agent-infected brain had elevated levels of five cyto-
kines: CCL2, CXCL10, IL-1�, IL-6, and IL-12p40 (Fig. 5A and
Table 1). Therefore, GPI anchoring of PrP was not required
for scrapie agent stimulation of production of these cytokines
by glial cells. As before, stimulation by LPS gave very high
levels of all cytokines tested (Fig. 5B).

Microglia express less PrP mRNA than astroglia do. Since
PrP expression was required for scrapie agent stimulation of
most cytokines, we hypothesized that the production of 11
cytokines by astroglia compared to only two cytokines by mi-
croglia in wild-type mice (Fig. 3A and Table 1) might be due in
part to a difference in levels of PrP expression on these glial
cell types. Therefore, we tested PrP expression by reverse
transcriptase PCR and found that astroglia expressed 20-fold-
more PrP mRNA than did microglia (Fig. 6A). These levels
were not altered by stimulation with scrapie agent or healthy
uninfected brain homogenates. We found similar results at the
protein level using immunofluorescence on glial cell cultures
(data not shown). Higher PrP expression in astroglia versus
microglia might be related to the larger number of cytokines
produced by astroglia after stimulation by scrapie agent-in-
fected brain homogenates.

In control experiments, the mRNA levels of the astroglia-
specific marker, GFAP was 45-fold higher in astrocyte culture
than in microglial culture, and the microglia-specific marker,
F4/80, was 15-fold higher in microglial culture than in astrocyte
culture, indicating that the cultures were indeed highly en-
riched for either astroglia or microglia (Fig. 6B and C).

The lack of high PrP expression on microglia suggested that
other receptors might be contributing to the release of IL-
12p40 and CXCL10 by microglia after scrapie agent stimula-
tion. We tested three chemokine receptors, chemokine (C-C
motif) receptor 1 (CCR1), CCR2, and CCR5, capable of bind-
ing chemokine CCL2, CCL5, and CCL11, respectively, found
in scrapie agent-infected brain (Fig. 1A). We found that mi-
croglia expressed 10- to 16-fold-higher levels of CCR1, CCR2,
and CCR5 mRNAs than did astroglia (Fig. 6D, F, and E,
respectively). Since some of the ligands for these receptors
were found to be elevated in scrapie agent-infected brain,
these ligands might act to directly stimulate microglia.

DISCUSSION

In the present experiments, the levels of 10 out of 24 cyto-
kines tested were found to be significantly increased in the
brains of scrapie agent-infected mice. This is the first report of
the examination of protein levels of many cytokines in a prion
agent-infected brain. We found upregulation of CCL2, CCL5,
CXCL10, IL-1�, IL-1�, and IL-6, which were noted earlier in
quantitative experiments measuring mRNA (12, 28, 32, 33, 47)
as well as in some qualitative experiments detecting cytokine
protein by immunohistochemistry (21, 66, 67). However, we
also noted an increase in CXCL1, GM-CSF, IFN-�, and IL-
12p40, which were not previously reported. CCL3, CCL4,
CCL11, G-CSF, IL-2, IL-3, IL-4, IL-5, IL-9, IL-10, IL-12p70,
IL-13, IL-17, and TNF were not elevated or not detected in
scrapie agent-infected brain. Compared to bacterial or viral
infections of the CNS (6, 27, 49), the brain cytokine response

FIG. 4. Scrapie agent-induced cytokine profiles in astroglia and
microglia from PrP-null mice. Supernatants of PrP-null glial cell cul-
tures were analyzed for cytokines by using Bio-Plex multiple-cytokine
assay kits 24 h after overlay with scrapie agent-infected or healthy
uninfected brain homogenates. Scrapie agent-induced cytokine level is
shown as explained in Materials and Methods. Statistical analysis was
done using the Wilcoxon matched-pair test comparing the S and N
values for cultures from 14 independent experiments for each cytokine.
Subtracted values for scrapie agent-infected brain stimulation minus
healthy brain stimulation (S � N) are shown (see the legend to Fig. 2
and Materials and Methods for details). (A) Only IL-12p40 was sig-
nificantly elevated in astoglia and microglia. Twenty-three other cyto-
kines were found to be negative; CXCL10/IP-10 is shown as an exam-
ple. Statistical significance by the Mann-Whitney matched-pair test is
indicated as follows: ns, not significant; **, P 
 0.005; ***, P 
 0.001).
(B) LPS stimulation. The levels of cytokines produced by microglia
(MG) and astroglia (AG) are shown. The values represent the means
plus standard errors of the means (error bars) for seven different
experiments after stimulation for 24 h with LPS at a concentration of
1 �g/ml. Ten cytokines are shown; however, all 24 cytokines tested
were produced at elevated levels.
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after scrapie agent infection in mice was restricted to fewer
cytokines and lower levels. This was particularly surprising
considering the extensive microgliosis and astrogliosis present
at sites of prion disease pathology (45, 49, 65). One reason for
the lower cytokine levels might be the fact that PrPres, the
major abnormal molecule produced in scrapie, is derived by

misfolding of a self-protein, PrPsen. Therefore, PrPres might
not be recognized by pattern recognition receptors which in-
duce a strong innate immune response following detection of
foreign microbes (38). The lack of a lymphocytic response to
scrapie agent in the CNS might also contribute to the low
cytokine levels observed.

FIG. 5. (A) Scrapie agent-induced cytokine profiles in astroglia and microglia from transgenic mice expressing anchorless PrP. Supernatants
of glial cell cultures from transgenic mice were analyzed for amounts of cytokines by using the Bio-Plex multiple-cytokine assay kits 24 h after
overlay with brain homogenates. Stimulated culture supernatants of microglia (MG) and astroglia (AG) were analyzed for scrapie agent-induced
cytokine level as described in Materials and Methods. Statistical analysis was done using the Wilcoxon matched-pair test comparing the S and N
values for cultures from 18 independent experiments for each cytokine. Subtracted values for scrapie agent-infected brain stimulation minus
healthy uninfected brain stimulation (S � N) are shown (see the legend to Fig. 2 and Materials and Methods for details). After scrapie agent
stimulation, astroglia significantly produced CCL2, CCL5, CXCL10, G-CSF, IL-1�, IL-1�, IL-6, and IL-12p40. Statistical significance by the
Mann-Whitney matched-pair test is indicated as follows: ns, not significant; *, P 
 0.05; **, P 
 0.005; ***, P 
 0.001). Other cytokines were not
significantly elevated. Microglia significantly produced CCL2, CXCL10, IL-1�, IL-6, and IL-12p40 after scrapie agent stimulation. Other cytokines
were not significantly elevated. (B) LPS stimulation. Supernatants of MG and AG cultures stimulated for 24 h with LPS at a concentration of 1
�g/ml were analyzed for cytokines using Bio-Plex multiple-cytokine assay kits. The values represent the means plus standard errors of the means
(error bars) for eight different experiments.
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The mechanisms of cytokine induction in scrapie and other
prion diseases are not well understood at this time. Several
lines of evidence suggest that the disease-associated protease-
resistant PrPres is likely to be involved in this process. First,
PrPres is often colocalized with brain damage (9, 30, 61, 64);
second, in PrP-null mice, which do not generate PrPres or
develop brain pathology, there is no cytokine response to
scrapie agent inoculation (Table 1). In our present experi-
ments, PrPsen expression was found to be required for scrapie
agent-induced stimulation of 10 of the 11 cytokines produced
by astroglia. This finding correlated with our data showing that
astroglia expressed higher levels of PrPsen mRNA than did
microglia (Fig. 6). PrPsen is known to bind PrPres in cell-free
experiments (14, 29) as well as in experiments involving live
cells (58). Such binding might trigger cytokine release from
astroglia, and if so, PrPres might be an important molecule in
initiating the cytokine response to scrapie. However, it was
surprising that PrP anchoring to the plasma membrane was not
required for this stimulatory process, as brain and primary glia
from transgenic mice expressing anchorless PrP were stimu-
lated by scrapie agent to produce most of these same cytokines
(Table 1). This result suggested that secreted or cytoplasmic
anchorless PrPsen might form complexes with PrPres and bind
glial scavenger receptors which might contribute to signaling
for microglial and astroglial activation (2, 16, 68).

Interestingly, IL-12p40 production by both astroglia and mi-
croglia did not require PrPsen expression. Significant induction
by scrapie agent-infected brain homogenates was observed in
PrP-null glia (Fig. 4), and PrPres interactions with endogenous
PrPsen could not have initiated this process. However, micro-
glia were found to express high levels of the CCR1, CCR2, and
CCR5 cytokine receptors (Fig. 3), and other cytokine recep-
tors, including chemokine (C-X-C motif) receptor 3 (CXCR3),

have also been found on both astroglia and microglia. Sev-
eral ligands for these receptors were elevated significantly in
scrapie agent-infected brain homogenates and were also
produced by astroglia and microglia in vitro. Thus, these
receptor-ligand interactions might have been involved in a
PrPsen-independent stimulation of microglia and possibly
also astroglia.

The present data raise the question of whether glial activa-
tion including the cytokine response to prion infection is part
of the pathogenic process or part of the host response to brain
damage induced by other factors. This conundrum has been
faced in other neurodegenerative and neuroinflammatory dis-
eases, such as Alzheimer’s disease (20), amyotrophic lateral
sclerosis (4), Parkinson’s disease (51), and multiple sclerosis
(13). In these diseases, the general opinion seems to be that
glia contribute to both disease control and disease progression.
Data from studies of prion diseases has also given mixed con-
clusions. For example, mice lacking expression of cytokine
receptor IL-1 receptor type I (54) or chemokine receptor
CXCR3 (48) showed increased survival following scrapie agent
infection, indicating that signaling via these receptors might
contribute to disease pathogenesis. In contrast, other studies
using mice lacking expression of CCR1 (31) or having a mu-
tation affecting TLR4 (Toll-like receptor 4) signaling (55)
showed decreased survival after scrapie, indicating that signal-
ing via these receptors might contribute to damage control
during prion infection. Last, mice with deficient expression of
cytokine TNF or IL-6 had no alteration in survival after intra-
cerebral scrapie agent infection (34). Together these data in-
dicate that glial activation and the accompanying cytokine re-
sponses to prion infection might have negative, positive, or no
effect on the disease outcome. The similarity of the scrapie
agent-induced cytokine responses in wild-type mice and trans-

FIG. 6. Expression of PrP mRNA in microglia and astroglia. Expression of mRNA encoding PrP and five other genes in microglia (MG)
and astroglia (AG) was determined using quantitative real-time reverse transcriptase PCR. Data are shown as the percent difference relative
to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA expression for the following genes: PrP (A), GFAP (B), F4/80 (C), CCR1
(D), CCR5 (E), and CCR2 (F). Two different litters of mice were analyzed in separate experiments with six wells of PCR per experiment.
Statistical analysis was performed by a one-tailed Mann-Whitney test (***, P 
 0.001). Microglia expressed approximately 20-fold-less PrP
mRNA than astroglia did. Microglia expressed significantly higher levels of chemokine receptors CCR1, CCR2, and CCR5 than astroglia did.
Each symbol shows the amount of mRNA from one mouse, and the black bar shows the mean value.
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genic mice expressing anchorless PrP, which differ in neuropa-
thology (Fig. 1 and Table 1), suggested that the cytokine levels
found in the present experiments were mostly responses to
brain damage rather than initiators of a particular pathogenic
mechanism. However, the presence of cytokines might also
exacerbate the prion disease pathology as appears to be the
case in Alzheimer’s disease (17, 39).
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