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Chronic neurodegenerative diseases such as prion disease and Alzheimer’s disease (AD) are reported to be
associated with microglial activation and increased brain and serum cytokines and acute-phase proteins
(APPs). Unlike AD, prion disease is also associated with a peripheral component in that the presumed
causative agent, PrPSc, also accumulates in the spleen and other lymphoreticular organs. It is unclear whether
the reported systemic acute-phase response represents a systemic inflammatory response to prion disease or
merely reflects central nervous system (CNS) inflammation. For this study, we investigated whether intrace-
rebrally initiated prion disease (ME7 model) provokes splenic, hepatic, or brain inflammatory and acute-phase
responses. We detected no significant elevation of proinflammatory cytokines or activation of macrophages in
the spleens of these animals, despite clear PrPSc deposition. Similarly, at 19 weeks we detected no significant
elevation of transcripts for the APPs serum amyloid A, complement C3, pentraxin 3, and �2-antiplasmin in the
liver, despite CNS neurodegeneration and splenic PrPSc deposition at this time. However, despite the low CNS
expression levels of proinflammatory cytokines, there was robust expression of these APPs in degenerating
brains. These findings suggest that PrPSc is not a stimulus for splenic macrophages and that neither peripheral
PrPSc deposition nor CNS neurodegeneration is sufficient to produce a systemic acute-phase response. We also
propose that serum cytokine and APP measurements are not useful during preclinical disease. Possible
consequences of the clear chronic elevation of APPs in the CNS are discussed.

The prion diseases (transmissible spongiform encephalopa-
thies) share similarities with other neurodegenerative condi-
tions, such as amyotrophic lateral sclerosis and Alzheimer’s,
Parkinson’s, and Huntington’s diseases, in that they are char-
acterized by the deposition of insoluble protein plaques, neu-
rodegeneration along neuroanatomical pathways, and marked
astrocytosis and microglial activation (19, 41, 48). However,
unlike these diseases (1), prion diseases also have a non-cen-
tral nervous system (CNS) component in that there is an ac-
cumulation of PrPSc plaques in the spleen and other lymphore-
ticular organs (34). There are reports that proinflammatory
cytokines and acute-phase proteins (APPs) are elevated in the
sera of Creutzfeldt-Jakob disease (CJD) patients (15, 30, 51).
It is not clear, however, whether such cytokine and APP syn-
thesis is a general feature of the disease. It is also unknown
whether the synthesis of cytokines and APPs is a result of
inflammatory activity occurring in the brain, as has been pro-
posed for Alzheimer’s disease (AD) patients (30), a systemic
response to non-CNS aspects of prion disease pathology, such
as PrPSc accumulation in the spleen, or indeed merely a con-
sequence of an undetected coincident infection. This relation-
ship is examined in the present study.

We have previously shown that during ME7-induced prion
disease, there is an atypical CNS inflammatory response (38)
characterized by microglial activation in regions of synaptic
loss rather than in areas of PrPSc deposition (17) and domi-

nated by the anti-inflammatory cytokine transforming growth
factor beta 1 (TGF-�1) rather than the proinflammatory cyto-
kines interleukin-1� (IL-1�), tumor necrosis factor alpha
(TNF-�), and IL-6 (5, 16, 52). Microglial cells are of the mac-
rophage lineage (39) but remain in a down-regulated state in
the healthy adult brain, as judged by the low expression levels
of cell surface and endosomal markers (23, 57). Tingible body
macrophages are known to phagocytose PrPSc in the spleen
white pulp (26), and it would be interesting to know whether
these macrophages show a similar anti-inflammatory pheno-
type as their counterparts in the brain. For the present study,
we investigated the degree to which spleen macrophage pop-
ulations are activated by the presence of PrPSc deposits.

In peripheral tissues, infection or injury results in the secre-
tion of cytokines, including IL-1�, TNF-�, and IL-6, which
circulate to the liver and induce the synthesis of APPs, collec-
tively termed the acute-phase response (APR) (49). APPs are
a diverse group of molecules that include complement pro-
teins, antiproteases, clotting factors, and pentraxins such as
serum amyloid P component (SAP) and C-reactive protein
(CRP). In general, the APPs function to isolate and neutralize
pathogens and proteases, opsonize and clear debris, and atten-
uate the local inflammatory response in order to effect a return
to homeostasis and to minimize damage to healthy tissue (49).
Although the synthesis of APPs is generally associated with the
liver, both hepatic and CNS expression of APP mRNA has
been shown after acute CNS inflammation (53). There have
been some reports of acute-phase protein expression in the
CNS during prion disease (11, 15), but no systematic analyses
of these proteins have been performed.

Thus, the present study was aimed to determine whether
PrPSc deposition in the spleen provokes local macrophage ac-
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tivation and/or cytokine synthesis and to assess whether prion
disease provokes a hepatic acute-phase response. Splenic mac-
rophage activation and splenic-hepatic cytokine and acute-
phase gene transcription were assessed in ME7 prion-diseased
and normal brain homogenate (NBH)-injected animals at 19
weeks postinoculation. This particular time point was chosen
in order to fulfill the following important criteria for the va-
lidity of our conclusions that are not met by other time points
of the disease: (i) clear PrPSc deposition is apparent in the
spleen, (ii) robust neurodegeneration is present, and (iii) ani-
mals have not yet progressed to terminal disease, whereupon
urinary incontinence (9) causes inflammation of the urogenital
area that is sufficient to provoke a hepatic acute-phase re-
sponse that is not caused by either neurodegeneration or PrPSc

deposition per se. Finally, we also aimed to perform a system-
atic analysis of the time course of CNS expression of acute-
phase proteins and inflammatory cytokines during neurode-
generation.

MATERIALS AND METHODS

Animals and stereotaxic surgery. Male C57BL/6J mice were obtained from
Harlan-Olac Ltd. (Bicester, United Kingdom), housed in groups of five with
standard light and temperature regimens, and fed pelleted food and water ad
libitum. They were anesthetized intraperitoneally with 2,2,2-tribromoethanol
(Avertin) and positioned in a stereotaxic frame, and 1 �l of a 10% (wt/vol)
ME7-infected C57BL/6J brain homogenate, made in phosphate-buffered saline
(PBS), was injected into the right dorsal hippocampus (coordinates from bregma:
anterior-posterior, �2.0 mm; lateral, �1.6 mm; depth, �1.5 mm) via a 10-�l
Hamilton syringe. Control animals were injected with 10% (wt/vol) NBH, de-
rived from a naive C57BL/6J mouse, in PBS. ME7 in this mouse strain has an
incubation period of approximately 165 days, and animals show the first clinical
signs at approximately 133 days. All procedures were performed in accordance
with a United Kingdom Home Office license.

Tissue preparation for prion time course studies. Twelve, 15, 18, 20, and 23
weeks after ME7 injection, animals (three, four, or five at each time point) were
anesthetized with sodium pentobarbitone and then transcardially perfused with
heparinized saline. Thick coronal sections (approximately 2 mm) were taken at
the level of the hippocampus, and the hippocampus and thalamus was quickly
removed for total RNA extraction, immediately frozen in liquid nitrogen, and
stored at �80°C. NBH tissues were treated in exactly the same way, but only the
12- and 23-week time points were examined. Three ME7- and three NBH-
treated animals were also killed by terminal anesthesia immediately prior to the
appearance of overt clinical symptoms at 19 weeks postinoculation. These ani-
mals were perfused as follows. During perfusion with heparinized saline, parts of
the liver and spleen were removed for total RNA extraction as described above.
Further spleen tissue was removed and frozen in OCT embedding medium
(Sakura, Zoeterwoude, The Netherlands) over isopentane for immunocytochem-
istry for CD68 and other macrophage markers, and perfusion was then continued
with 10% formalin in order to fix the brain and remaining spleen tissue for PrPSc

detection. Spleens were postfixed in the same fixative overnight and then em-
bedded in paraffin.

LPS-challenged mice. At 19 weeks postinoculation, ME7 (n � 5)- and NBH (n
� 5)-treated mice were injected intraperitoneally with 10 �g of bacterial endo-
toxin (lipopolysaccharide [LPS]). These animals were anesthetized and perfused
with heparinized saline 6 h after the injection of LPS. Spleen and liver samples
were removed and stored as described above for RNA extraction and analysis.

RNA extraction. Total RNA was extracted from brain, spleen, and liver sam-
ples by the use of RNeasy mini columns (QIAGEN, Crawley, United Kingdom)
according to the manufacturer’s instructions. Contaminating genomic DNAs
were degraded during extraction by use of the QIAGEN DNase I enzyme.
Typical yields were 8, 50, and 40 �g per 10 mg of tissue for brains, spleens, and
livers, respectively. RNAs were stored at �80°C until assay.

Taqman RT-PCR. All equipment and reagents were supplied by Applied
Biosystems Ltd. (Warrington, United Kingdom) unless otherwise stated. Assays
for the absolute quantification of serum amyloid A (SAA), �2-antiplasmin (�2-
AP), and complement C3 were performed as previously described (53). Assays
for pentraxin 3 (PTX3), IL-1�, IL-6, TNF-�, TGF-�1, macrosialin, and scaven-
ger receptor types A I and II (SRA-I and SRA-II, respectively) were designed by

using the published sequences of their genes in Primer Express software. When
possible, probes were designed to cross an intron such that they were cDNA
specific. Table 1 lists the sequences of the primers and probes used for each
assay. All primer pairs were checked for specificity by standard reverse transcrip-
tion-PCRs (RT-PCRs) using Promega PCR reagents (Southampton, United
Kingdom) followed by gel electrophoresis. Each primer pair produced a discrete
band of the expected amplicon size (not shown).

For Taqman PCRs, cDNAs were generated from the total RNA by the use of
Taqman Gold RT reagents. Two hundred nanograms of total RNA was reverse
transcribed in a 10-�l reaction volume. One microliter of the RT reaction mix
(equivalent to 20 ng of RNA) was subsequently used for PCR, which was
performed as previously described (53). The housekeeping gene glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) was measured in each sample by use of
an Applied Biosystems rodent GAPDH Taqman kit.

For absolute quantification of the SAA, �2-AP, C3, and PTX3 transcripts,
standard curves were made from in vitro transcripts of each gene, as previously
optimized in our laboratory and described elsewhere (59). Acute-phase protein
mRNA levels were thus expressed as numbers of copies per nanogram of total
RNA (as determined by normalization with GAPDH). This method is signifi-
cantly more time-consuming than relative quantification, and the advantage of
absolute quantification was judged as insufficient to merit its continuance in
subsequent assay designs. Thus, cytokine and scavenger receptor mRNA expres-
sion in prion-diseased and healthy animals was assessed by relative quantifica-
tion. Briefly, an intracerebral (i.c.) challenge with 2.5 �g of LPS, known to
up-regulate all target transcripts in the mouse brain, was performed, and tissues
were harvested after 6 h. The total RNA was isolated, and 1 �g was used to
synthesize cDNAs. A standard curve was made with serial one-in-five dilutions of
these cDNAs, with the undiluted standard being assigned an arbitrary value from
which all other values followed. Plotting these values against the cycle threshold
(CT) values produced in the quantitative PCR allowed us to construct a linear
standard curve from which relative concentration values could be calculated
from the CT values of unknown samples. Thus, all data for these quantifications
are expressed in relative units (arbitrary units). Like the data for acute-phase
genes, these data were normalized to GAPDH expression. The principles of
quantitative PCR and methods for relative quantitation have been described in
detail elsewhere (10).

Immunocytochemistry. Paraffin-embedded formalin-fixed tissues from both
brains and spleens were rehydrated and immunolabeled for PrPSc as follows.
Sections were autoclaved in distilled water for 15 min at 121°C to destroy PrPSc.
After being washed in PBS, the sections were placed in 90% formic acid for 5 min
and then washed in distilled water and PBS. To avoid nonspecific binding that
may occur with monoclonal mouse antibodies, we added a mouse-on-mouse
blocking solution. The primary antibody 6H4 (1:4,000; Prionics, Zurich, Switzer-
land) was left overnight before being incubated with biotinylated anti-mouse
immunoglobulin G (IgG; 1:250). Sections were then incubated with ABC (Vec-
tor Labs), and after washing, were reacted with hydrogen peroxide and diami-
nobenzidine (DAB) for approximately 2 min. The sections were counterstained
with hematoxylin before being dehydrated and covered with coverslips. Neuronal
loss in CA1 of the dorsal hippocampus was verified by hematoxylin staining of
formalin-fixed tissues from ME7- and NBH-treated animals at 19 weeks posti-
noculation.

FA11 staining for CD68-positive red and white pulp macrophages in the
spleen was performed as follows. Sections were dried in an oven at 37°C for 30
min before a 10-min fixation in alcohol at 4°C. Endogenous peroxidase activity
was quenched by the use of 0.3% hydrogen peroxide in methanol. After a
thorough washing, the slides were blocked with 10% normal rabbit serum before
being stained with FA11 (Serotec, Oxford, United Kingdom) at a 1/20 ratio for
2 h at room temperature. A biotinylated rabbit anti-rat secondary antibody was
added for 45 min, and the sections were washed again prior to the ABC perox-
idase reaction. Sites of antibody binding were revealed by using DAB and
hydrogen peroxide as substrates. The sections were counterstained with cresyl
violet before being dehydrated and covered with coverslips. Sections were sim-
ilarly stained for 3D6 (sialoadhesin-positive metallophil macrophages), 4C11
(follicular dendritic cells in germinal centers), MOMA-1 (unknown metallophil
macrophage antigen), and ED31 (marginal-zone macrophages positive for the
scavenger receptor MARCO). All of these antibodies were also raised in rats
against mouse antigens and were applied at the following ratios: 1/400 (3D6),
1/200 (4C11), and 1/120 (ED31).

Statistics. Spleen and liver cytokine and acute-phase response gene transcrip-
tion levels were compared by analysis of variance (ANOVA) with the Bonferroni
post hoc test. Time course data were analyzed by ANOVA. Comparisons be-
tween NBH- and ME7-treated animals at 12 weeks postinjection were also
performed as planned pair-wise comparisons by use of the t test. Animal groups
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in the peripheral LPS challenge groups were compared by ANOVA, and data
were treated as significant at the 95% confidence interval.

RESULTS

PrPSc deposition in the spleen does not cause activation of
local macrophages. A clear deposition of PrPSc was apparent
in the white pulp of the spleens of prion-infected animals at 19
weeks postinoculation, as visualized by 6H4 staining (Fig. 1d).
Approximately one-third of all white pulp areas examined
showed clear PrPSc deposition. NBH-injected animals showed
no positive staining with 6H4 (Fig. 1a), although deposits of
lipofuscin and iron were visible in the spleens of both animal
groups, presumably as a feature of aging in this tissue. These
have previously been described as being present in the spleen
(58). However, there was no obvious activation of local mac-
rophages in response to PrPSc deposition, as visualized by the
use of markers for spleen macrophage populations. Macro-
phage activation in the region of PrP deposition, the white
pulp, was assessed by use of the FA11 antibody against the type
D scavenger receptor CD68. Although this marker is not spe-
cific for white pulp macrophages, its location in the white pulp
and its function as a phagocytic receptor make it an appropri-
ate marker for assessments of this macrophage population,
which is known to phagocytose the PrPSc generated in follicu-

lar dendritic cells. This antibody showed no clear difference in
patterns of staining between animal groups, with clear staining
in tingible bodies (Fig. 1b and e) and proximal to the central
arteriole (not shown). FA11 staining also showed essentially
uniform staining of the red pulp in both animal groups.
4C11 staining for follicular dendritic cells in germinal cen-
ters of the white pulp showed a pattern that was clearly
distinguishable from that of FA11 staining (Fig. 1c and f)
but did not appear different between prion-diseased and
healthy animals. Other splenic macrophage populations
were also assessed. The metallophil macrophages appeared
similar by both sialoadhesin (3D6) (Fig. 1g and j) and
MOMA-1 (Fig. 1i and l) staining. Staining for scavenger
receptor A (types I and II) in the marginal-zone macro-
phages was unsuccessful in this tissue due to a polymor-
phism in C57BL/6J mice that alters the expression of the
epitope to which the 2F8 antibody binds (18). However,
there was no apparent up-regulation of the scavenger recep-
tor MARCO in this population, as judged by ED31 staining
(Fig. 1h and k). Since the antibodies used for this study
required different tissue preparations, it was not possible to
perform double staining for macrophage markers and PrPSc,
but given the frequency of PrPSc deposits (one in three white
pulp areas), it was judged that macrophage responses to

TABLE 1. Mouse scavenger receptor, cytokine, and APP Taqman primer and probe sequences

Target Accession no. Oligonucleotide Sequence (5�-3�) Amplicon size (bp)

CD68 NM009853 Forward primer CAAGGTCCAGGGAGGTTGTG 75
Reverse primer CCAAAGGTAAGCTGTCCATAAGGA
Probe CGGTACCCATCCCCACCTGTCTCTCTC

SRA-I L04274 Forward primer GGATCAACCCCCCTTAAGACAG 69
Reverse primer GATCTCCACTCGGCCCTCA
Probe CGACTGGTTGGTGGTAGTGGAGCCC

SRA-II L04274 Forward primer GTTCCTGTGTCATGCCATGC 76
Reverse primer ATGTCAATGGAGGCCCCA
Probe TGGCTTCTTGTAACTTCTTCTAACCCTGGGTG

C3 J00367 Forward primer CCATGTATTCCATCATTACTCCCAA 72
Reverse primer CGTGGGCCTCCAGTCAGA
Probe CCTACGGCTGGAGAGCGAAGAGACC

PTX3 X83601 Forward primer ACAACGAAATAGACAATGGACTTCAT 62
Reverse primer CTGGCGGCAGTCGCA
Probe CCACCGAGGACCCCACGCC

SAA M13522 Forward primer GCCATGGAGGGTTTTTTTCATT 80
Reverse primer CCTTTGGGCAGCATCATAGTTC
Probe CACATGTCTCCAGCCCCTTGGAAAGC

SAP X16899 Forward primer GTCTTCACCAGCCTTCTTTCAGA 146
Reverse primer TCAGATTCTCTGGGGAACACAA
Probe CTTCCTCTTGAGGTCTGTCTGACAAAAGGC

�2-AP Y12312 Forward primer GCGGTTCACAGTGTCGGT 66
Reverse primer TCCAGCAGGAACCATCGAA
Probe ACATGATGCACGCGGTGTCATATCCT

IL-1� M15131 Forward primer GCCACCCACCCTGCA 69
Reverse primer ACCGCTTTTCCATCTTCTTCTT
Probe TGGAGAGTCTGGATCCCAAGCAATACCC

TNF� M11731 Forward primer CTCCAGGCGGTGCCTATG 149
Reverse primer GGGCCATAGAACTGATGAGAGG
Probe TCAGCCTCTTCTCATTCCTGCTTGTGG

IL-6 NM031168 Forward primer TCCAGAAACCGCTATGAAGTTC 72
Reverse primer CACCAGCATCAGTCCCAAGA
Probe CTCTGCAAGAGACTTCCATCCAGTTGCC

TGF-�1 AJ009862 Forward primer CGTGGAAATCAACGGGATCA 84
Reverse primer GGCCATGAGGAGCAGGAA
Probe ACCTGGGCACCATCCATGACATGA
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FIG. 1. PrPSc deposition in the spleen does not activate local macrophages. PrPSc immunolabeling was performed with the spleen white pulp
from NBH-treated (a) and ME7-injected (d) animals at 19 weeks postinjection. White pulp macrophages in healthy (b) and ME7-infected (e)
spleens were stained with FA11. Staining for follicular dendritic cells in white pulp germinal centers of healthy (c) and ME7-injected animals (f)
was done with 4C11. Metallophil macrophages were stained with antibodies against sialoadhesin (3D6) (g and j) and MOMA-1 (i and l). Staining
with ED31 for the scavenger receptor MARCO was performed with spleens of NBH-treated (h) and ME7-injected (k) animals.
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these deposits, if ongoing, should be apparent throughout
the spleen tissue. Such responses were not apparent.

Semiquantitative Taqman RT-PCRs of isolated RNAs from
spleens of healthy and prion-diseased animals revealed a de-
creased expression of both scavenger receptors SRA-I (Fig. 2a)
and SRA-II (Fig. 2b) in ME7-injected animals compared to
NBH-treated controls (P � 0.005 by ANOVA with the Bon-
ferroni post hoc test). No up-regulation of the phagocytic
marker CD68 was observed when compared by ANOVA (P �
0.79). Similar analyses of the expression of the proinflamma-
tory cytokines IL-1� (P � 0.69) and TNF-� (P � 0.24) revealed
no significant up-regulation, while IL-6 mRNA was not detect-
able in prion-diseased or healthy animals, although it was
clearly up-regulated after an LPS challenge (Fig. 2d, e, and f).
Conversely, there was a twofold up-regulation of TGF-�1 gene
expression (Fig. 2g) that was statistically significant (P �
0.0051 by ANOVA with the Bonferroni-Dunn post hoc test).
There was a robust synthesis of proinflammatory cytokines
after LPS challenges to both healthy and prion-diseased ani-
mals. These macrophages did not appear to be primed in the
manner that we have previously described for brain microglia,
in that they did not produce exaggerated responses to a pe-
ripheral challenge with LPS, i.e., there was no difference be-
tween cytokine production after ME7-LPS and NBH-LPS
challenges.

Prion disease does not cause a peripheral APR. At 19 weeks
postinoculation, there was no statistical difference in the
mRNA expression levels of the SAA, �2-AP, and C3 genes
between the livers of ME7 prion-infected and NBH-treated
mice (Fig. 3). PTX3 mRNA was invariably below the limits of
the assay (not shown). Prion disease does not appear to cause
any significant elevation of hepatic acute-phase protein gene
transcription. The peripheral injection of LPS (20 �g intraperi-
toneally) induced a very robust hepatic elevation of the acute-
phase genes SAA (4.25 	 106 copies of mRNA per ng of total
RNA) and C3 (5 	 105 copies of mRNA per ng of total RNA).
The time point at which this assessment was made (19 weeks
postinoculation) encompasses clear PrPSc deposition in the
spleen (Fig. 1d), considerable PrPSc deposition in the brain
(Fig. 4b), and robust neurodegeneration in the hippocampus
(Fig. 4d).

APP mRNA expression in the brain during prion disease
progression. All brain APP mRNAs investigated were up-reg-
ulated throughout prion disease compared with mRNAs taken
from NBH-injected control mice (Fig. 5). This trend was sta-
tistically significant over time for �2-AP (P � 0.01), C3 (P �
0.01), and PTX3 (P � 0.05), and increases were evident at the
earliest time point studied (12 weeks). At 12 weeks, increases
in the mean values of �2-AP and C3 were approximately sev-
enfold and fivefold, respectively (P � 0.05). All genes contin-
ued to have increased expression, with �2-AP and C3 reaching
40- and 55-fold increases, respectively. �2-AP expression
peaked at week 18 and had declined slightly by week 23. C3
transcripts increased in an exponential fashion and were max-
imal in this experiment at 23 weeks. For PTX3 and SAA, the
data were more variable than those for �2-AP and C3. At its
peak, the PTX3 mRNA had increased eightfold with respect to
the controls. SAA never increased more than threefold over
control levels and approached the lower limits of the assay.
SAP was not detected in the brains of the animals in this study.

Cytokine mRNA expression in the brain during prion dis-
ease progression. Proinflammatory cytokine gene expression
was measured by using the same cDNA samples as those as-
sayed for APP transcripts. All three cytokine transcripts were
expressed at markedly lower levels than when measured fol-
lowing an acute i.c. challenge with LPS (Fig. 5). Notwithstand-
ing, there was a statistically significant increase in the expres-
sion of IL-1� and TNF-� (Fig. 6) (for IL-1�, P � 0.01; for
TNF-�, P � 0.001 by ANOVA). Increases in IL-1� mRNA
(increased approximately threefold compared to NBH-treated
mice) were seen 18 weeks after infection, and the transcript
levels decreased thereafter. TNF-� mRNA showed changes in
expression at early time points of disease; at 12 weeks, an
8-fold increase was observed compared to control levels (P �
0.05), and a progressive rise in transcript numbers was seen
throughout the disease, reaching an approximately 40-fold in-
crease at week 23 compared with NBH-treated controls at this
time point, although this was also 
50-fold less than that
induced by i.c. LPS. IL-6 mRNA was strongly induced by the
LPS challenge but was barely detectable in prion-diseased and
control brains and was below the lower limits of quantitation of
the assay (data not shown).

DISCUSSION

In the present study, we have addressed a number of ques-
tions about peripheral and CNS macrophage and acute-phase
responses to chronic neurodegeneration and deposition of
PrPSc. We demonstrated that PrPSc accumulation in the spleen
white pulp does not cause a significant activation of local mac-
rophage populations on the basis of cytokine and phagocytic
marker expression at both the mRNA and protein levels. Sim-
ilarly, neither the deposition of PrPSc nor extensive chronic
CNS neurodegeneration results in the induction of APP gene
expression in the liver, a marker of systemic inflammatory
activity. We also showed that in the brain, increasing amounts
of APP mRNA are synthesized throughout disease progres-
sion, despite the low expression levels of the typical proinflam-
matory cytokines IL-1�, TNF-�, and IL-6.

Spleen and brain macrophage response to PrPSc. We have
shown that spleen macrophages remain inactivated by the
presence of PrPSc deposits. Despite the i.c. injection of an
ME7-infected homogenate, PrPSc deposition can clearly be
shown in the spleens of infected animals. This splenic deposi-
tion occurs slowly and in an atraumatic fashion, unlike the
acute intraperitoneal injection of PrPSc peptides or homoge-
nate, but is known to increase approximately 200-fold between
2 and 20 weeks after injection (43, 50). As such, the time point
of 19 weeks post-i.c. inoculation coincides with the peak of
splenic PrPSc accumulation and provides a useful model system
with which to assess peripheral macrophage responses to PrPSc

in the absence of the inflammatory trauma that the direct
injection of a homogenate may cause. PrPSc replication is
known to occur in follicular dendritic cells in the white pulp,
and extracellularly deposited protein is taken up by CD68-
positive tingible body macrophages (27). It is not known which
macrophage receptors are involved in the phagocytosis of
PrPSc. The marginal-zone macrophages are a highly phagocytic
population of macrophages that reside at sites of antigen entry
into the spleen (31) and are known to respond to modified
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FIG. 2. PrPSc does not activate proinflammatory genes in the spleen. The graphs show the levels of transcription of the genes for CD68 (a), SRA-I
(b), SRA-II (c), IL-1� (d), TNF-� (e), IL-6 (f), and TGF-�1 (g) in spleens of healthy and prion-infected animals at 19 weeks postinfection. The data were
normalized to GAPDH expression and are expressed as relative concentrations in arbitrary units. Bars represent means � standard errors of the means
(SEM). *, P values were �0.005 for comparisons of TGF-�1, SRA-I, and SRA-II between the NBH- and ME7-treated groups (ANOVA with the
Bonferroni-Dunn post hoc test; n � 5 for all groups). P values were 
0.24 for all other comparisons between NBH- and ME7-treated mice.
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proteins through receptors such as scavenger receptor types
AI, AII, B, and MARCO (25). These receptors are also known
to be involved in the phagocytosis of other fibrillar proteins,
such as �-amyloid (3, 20, 21), and thus are possible candidates
for the uptake of deposited PrPSc.

For the present study, we observed no up-regulation of
CD68, a down-regulation of SRA-I and SRA-II mRNAs, no
increase in immunocytochemical staining for CD68, MOMA-1,
sialoadhesin, or MARCO, and no proinflammatory cytokine
induction in the spleen. In addition, whatever the splenic re-
sponse, it was not sufficient to provoke a hepatic acute-phase
response. Conversely, we did observe an increase in the ex-
pression of the anti-inflammatory cytokine TGF-�1. This anti-
inflammatory cytokine has been reported to down-regulate the
expression of scavenger receptors and to hamper phagocytic
function (2, 59) and thus is consistent with the scavenger re-
ceptor gene expression observed here and with the persistence
of PrPSc in the spleen. Thus, the present data suggest that
PrPSc accumulation in the spleen down-regulates macrophage
responses, and they provide in vivo evidence that PrPSc is not
inherently proinflammatory. Indeed, if there is any proinflam-
matory response to the deposition of PrPSc at any time during
disease, it is clearly insufficient to effect PrPSc clearance. This
failure to activate innate immunological pathways may be an
important factor in the inefficiency of its clearance by these
macrophages.

Currently, the only data suggesting that PrPSc is proinflam-
matory come from in vitro studies in which microglia no longer

show a quiescent phenotype (8, 40). We have previously shown
that the acute in vivo CNS responses to injected prion-infected
and normal brain homogenates are indistinguishable (4), dem-
onstrating that initial microglial activation is a nonspecific re-
sponse to the injection of brain homogenate rather than to the
PrPSc contained in the homogenate. Consistent with the
present data, it has now also been shown that the coating of
inert latex beads with a fibrillar prion peptide (106-126) actu-
ally hampers their phagocytosis by cultured microglia (14).
Taking these data together, it seems unlikely that PrPSc is a
stimulus for microglial activation in vivo. While extrapolating
from our present data on splenic macrophages to brain micro-
glia remains speculative, it should be noted that this is a diffi-
cult issue to address directly in the brain since activated mi-
croglia, degenerating neurons and synapses, and PrPSc coexist
in the brain throughout disease. Our own observations on early
prion pathology showed that the spatial distribution of acti-
vated microglia is more correlated with areas of synaptic de-
generation than with regions of PrPSc staining (17). Earlier
studies on murine prion disease also showed that microglial
activation is more marked in areas of vacuolar degeneration
than in areas of PrPSc deposition (54). These data reinforce the
view that microglial activation in vivo is a response to the
earliest events of neurodegeneration rather than to the depo-
sition of PrPSc.

Systemic acute-phase response to prion disease. There have
been some reports of acute-phase protein expression in serum
and in the CNS during prion disease (11, 15), and it has been

FIG. 3. ME7-induced prion disease does not evoke hepatic expression of APPs. A comparison of expression of mRNA levels for SAA, �2-AP,
and C3 in the livers of ME7 prion-infected mice and NBH-treated mice was performed at 19 weeks postinfection. There was no significant
difference in the expression of any of the APPs, as measured by ANOVA with the Bonferroni-Dunn post hoc test. Open bars represent data for
NBH-treated controls, and filled bars represent data for ME7 prion-infected mice. The data shown are absolute copy numbers of mRNA,
normalized to GAPDH, and bars represent means � SEM. For the NBH group, n � 5; for the ME7 group, n � 3.

FIG. 4. Prion-associated pathology at 19 weeks postinoculation. PrP staining was performed by 6H4 immunolabeling of brains of NBH-treated
(a) and ME7-infected (b) mice, with clear diffuse staining throughout the hippocampus and thalamus and more punctate staining in the dorsal
thalamus and dentate gyrus/CA3. Hematoxylin-stained sections through the hippocampi of NBH-treated (c) and ME7-injected (d) animals show
marked neurodegeneration of the pyramidal neurons of the hippocampal CA1. Bar � 1 mm (a) or 50 �m (d).
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suggested for AD that ongoing CNS neurodegeneration is suf-
ficient to provoke a systemic acute-phase response (30). Acute
CNS inflammation has been shown to evoke a hepatic acute-
phase response (12), although acute neurodegeneration in-
duced by NMDA (N-methyl-D-aspartate) does not (53). Thus,
it would be interesting to know whether chronic CNS neuro-
degeneration evokes this response. Coe et al. reported ele-
vated serum acute-phase proteins in animals with prion dis-
ease, but only in those with terminal disease (15). We chose the
period immediately preceding terminal signs to study this is-
sue, since the urinary incontinence that accompanies terminal
disease (9, 24) causes urogenital inflammation with consequent
activation of an APR that is not a direct result of neurodegen-
eration or PrPSc deposition. Despite the robust neurodegen-
eration shown in this study at 19 weeks, there was no significant
hepatic elevation of transcripts for the APPs. It was previously
shown that neither proinflammatory cytokines nor �1-antichy-
motrypsin is expressed in the livers or spleens of prion-diseased
animals (11), and the present data show that this is true for a
range of APRs. However, a systemic challenge with LPS re-
sulted in marked liver transcription of these genes. In view of
the present results, we propose that interpreting serum
changes in APPs during CJD as an early indicator of prion
disease pathology is unlikely to be informative since APPs are
not induced by neurodegeneration and since elevated APP
levels in sera are more likely to reflect ongoing undetected

peripheral inflammation rather than being products of the
disease per se.

Chronic CNS synthesis of APPs and cytokines. We showed
here that chronic neurodegeneration evokes an APR in the
brain. Moreover, the levels of APP mRNAs were comparable
to those previously reported following excitotoxic injury or
proinflammatory challenges in the striatum (53). While the
proinflammatory cytokines IL-1�, TNF-�, and IL-6 are the
principal regulators of the acute-phase response (35, 44, 45),
their expression in the ME7 model of prion disease is not
marked. We have previously failed to find statistically signifi-
cant increases in IL-1�, TNF-�, and IL-6 by either PCRs or
enzyme-linked immunosorbent assays while reporting signifi-
cant increases in mRNA and protein for the anti-inflammatory
cytokine TGF-�1 (16, 52). These results have been repeated
here with the Taqman RT-PCR method, which showed con-
sistently low levels of IL-1� and IL-6 expression and larger
increases in TNF-� than previously detected. However, the
TNF-� protein is not detectable by an enzyme-linked immu-
nosorbent assay during ME7-induced prion disease (16). The
levels of transcripts for proinflammatory cytokines are also
extremely low in the ME7/CV model of prion disease (7) and
in transgenic models of AD (47) and are 50-fold lower than
those induced by an i.c. challenge with LPS. While it is possible
that these low levels of cytokines induce APP expression, it is
also possible that other mediators are responsible for this reg-

FIG. 5. Temporal expression of APP genes in the brains of ME7 prion-infected mice. At time points throughout prion disease progression,
brain samples containing the hippocampus and dorsal thalamus were assayed for APP mRNAs by quantitative RT-PCRs. All gene transcripts
showed a trend of increased expression during disease progression compared with NBH-treated controls (for �2-AP, P � 0.01; for C3, P � 0.01;
for PTX3, P � 0.05 [all by ANOVA]). Open bars represent data for NBH-treated controls, and filled bars represent data for ME7 prion-infected
mice. The data shown are absolute copy numbers of mRNA normalized to GAPDH expression and are presented as means � SEM. *, P � 0.05
by the t test. For the NBH group, n � 4; for the ME7 group at 12 weeks, n � 3; for the ME7 group at 15 weeks, n � 3; for the ME7 group at
18 weeks, n � 4; for the ME7 group at 23 weeks, n � 5.
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ulation. Proteins such as IL-11, oncostatin M, cardiotropin-1,
and leukemia inhibitory factor have been reported to induce
the expression of acute-phase proteins that, in some cases,
cannot be induced by IL-6 (13, 29, 46).

The proinflammatory cytokines IL-1�, IL-6, and TNF-� are
not essential for prion disease progression (32, 42), but acute-
phase proteins may have some influence. The systemic circu-
lation of APPs following injury or infection typically attenuates
local inflammation and mediates a return to homeostasis (44).
However, unresolved inflammatory events may lead to the
chronic overproduction of APPs, with deleterious effects. Few
studies have been undertaken on this subject with regards to
prion disease. It has been shown, after i.c. inoculations, that
the progression to the terminal stages of scrapie is delayed only

marginally in complement C3-deficient mice (28). In a trans-
genic mouse model of AD, the inhibition of C3 caused a
substantial increase in amyloid deposition and overt neurode-
generation (56). The latter study suggests an amyloid-clearing
and consequently neuroprotective role for C3.

The pentraxins SAP, CRP, and pentraxin 3 are structurally
related proteins involved in the osponization of pathogens for
phagocytosis and the activation of complement (55). Although
we did not find SAP transcripts in the brains of these mice, we
did show PTX3 up-regulation. PTX3 can induce complement
activation by an interaction with C1q (6) or can block this
interaction (37). As a potential opsonin or producer of by-
stander damage, PTX3 may be beneficial or deleterious in
ME7. This issue has not been studied.

Increased protease activity may be a necessary host response
to the extracellular protein deposition observed during prion
disease and AD but may also cause the lysis of healthy tissue.
Antiproteases may similarly have a beneficial or deleterious
role. The overexpression of �1-ACT, a gene product which is
also up-regulated during murine prion disease (11), increases
amyloid loads in mice that also overexpress amyloid precursor
proteins, which is associated with increased synaptic loss (36).
This suggests that protease activation is a necessary part of the
host response to extracellular protein deposition. In the
present study, we also found evidence for elevated �2-AP, and
it will be interesting to see whether this reflects a general
disturbance of the plasmin cascade, since increased proteolytic
activity may also have beneficial or deleterious roles in these
disease processes. Plasminogen has previously been shown to
interact directly with PrPSc (33), and the aberrant prion protein
has also been shown to activate plasminogen activity (22).

Conclusion. The present results show that PrPSc is not a
stimulus for splenic macrophages and suggest that PrPSc is not
inherently proinflammatory. The data also indicate that nei-
ther the splenic accumulation of PrPSc nor chronic neurode-
generation is sufficient to provoke a systemic acute-phase re-
sponse. These findings suggest that measures of serum
cytokines and acute-phase proteins are not useful as surrogate
markers of prion disease. In contrast, acute-phase reactants
are found in the brains of prion-diseased animals, despite a
minimal expression of the proinflammatory cytokines. Further
studies on these acute-phase reactants may provide insights
into disease pathogenesis.
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