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Ligand up-regulation does not correlate with a role
for CCR1 in pathogenesis in a mouse model of
non–lymphocyte-mediated neurological disease

Meryll E Corbin, Susan Pourciau, Timothy W Morgan, Marc Boudreaux, and Karin E Peterson

Department of Pathobiological Sciences, School of Veterinary Medicine, Louisiana State University,
Baton Rouge, Louisiana, USA

CCR1 ligands, including CCL3, CCL5, and CCL7, are up-regulated in a number
of neurological disorders in humans and animal models. CCR1 is expressed
by multiple cell types in the central nervous system (CNS), suggesting that
receptor signaling by neuronal cell types may influence pathogenesis. In the
current study, the authors used a mouse model of retrovirus infection to study
the contribution of CCR1 to neuropathogenesis in the absence of lymphocyte
recruitment to the CNS. In this model, infection of neonatal mice with the
neurovirulent retrovirus Fr98 results in increased expression of proinflamma-
tory chemokines in the CNS, activation of glial cells, and development of severe
neurological disease. Surprisingly, no difference in neuropathogenesis was ob-
served between CCR1-sufficient and CCR1-deficient mice following infection
with the neuropathogenic virus Fr98. CCR1 was also not necessary for control
of virus replication in the brain or virus-induced activation of astroglia. Addi-
tionally, CCR1 deficiency did not affect the up-regulation of its ligands, CCL3,
CCL5, or CCL7. Thus, CCR1 did not appear to have a notable role in Fr98-
induced pathogenesis, despite the correlation between ligand expression and
disease development. This suggests that in the absence of inflammation, CCR1
may have a very limited role in neuropathogenesis. Journal of NeuroVirology
(2006) 12, 241–250.
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Introduction

Increased expression of many proinflammatory cy-
tokines and chemokines has been detected in the
brain and/or cerebrospinal fluid of patients with
several neurological disorders. For example, CCL2
(monocyte chemoattractant protein-1; MCP-1), CCL3
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(macrophage inflammatory protein-1 ; MIP-1α), and
CCL5 (RANTES) have been associated with patho-
genesis in Alzheimer’s disease (AD), multiple scle-
rosis (MS), and human immunodeficiency virus
(HIV)-associated dementia (HAD) (Kelder et al, 1998;
McManus et al, 1998; Schmidtmayerova et al, 1996;
Van Der Voorn et al, 1999; Xia et al, 1998, 2000).
One function of chemokine expression is the recruit-
ment of lymphocytes and other inflammatory cells to
sites of infection and/or damage, including the cen-
tral nervous system (CNS) (Dufour et al, 2002; Glass
et al, 2005; Huang et al, 2002; Youssef et al, 1999).
In addition, several studies have demonstrated that
multiple cell types in the brain express chemokine
receptors, indicating that chemokines may have a
role in activating and regulating functions of intrin-
sic brain cells (Bajetto et al, 1999, Bonavia et al,
2003; Cowell and Silverstein, 2003; Flynn et al, 2003;
Klein et al, 1999; Rezaie et al, 2002; Tran et al,
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2004). Chemokines added to in vitro cultures in-
duced activation of astroglia and neurons and al-
tered cytokine/chemokine production by these cells
(Andjelkovic et al, 2002; Bonavia et al, 2003; Klein
et al, 1999; Luo et al, 2002). Chemokines also in-
duced calcium flux in neurons and were shown to
protect neurons from N-methyl-d-asparate (NMDA)
and HIV tat–induced cell death (Eugenin et al, 2003;
Klein et al., 1999). Thus, the induction of chemokines
in response to infection or damage to the CNS may
alter the basal activation state and/or normal func-
tions of these cell types and thereby contribute to
neuropathogenesis.

We have studied the contribution of chemokines to
neuropathogenesis in the absence of substantial lym-
phocytic inflammation by utilizing a mouse model
of polytropic retrovirus infection. In this model,
infection of neonatal mice with the neurovirulent
retrovirus Fr98 results in the development of se-
vere neurological disease characterized by ataxia,
seizures, and/or death (Portis et al, 1995). Increased
mRNA and protein expression of multiple proinflam-
matory cytokines and chemokines is detected in the
brain of Fr98-infected mice (Peterson et al, 2001,
2004; Peterson and Chesebro, 2006). This cytokine
and chemokine response is not simply associated
with virus infection because infection with a highly-
related but avirulent retrovirus, Fr54, does not in-
duce chemokine expression (Peterson et al, 2001;
Peterson and Chesebro, 2006). Despite the signifi-
cant increase in chemokine expression in the CNS
following Fr98 infection, no substantial infiltrate of
lymphocytic cells is observed in the brain by histo-
logical examination and no increase in gene expres-
sion of T-cell or B-cell markers is detected (Peterson
et al, 2001; Portis et al, 1995; Robertson et al, 1997).
Instead, the primary neuroinflammatory pathology
associated with Fr98-induced disease is microglial
nodules and the activation of microglia and astro-
cytes (Portis et al, 1995; Robertson et al, 1997). As
Fr98 primarily infects microglia and endothelia, but
not neurons, the mechanism of neuropathogenesis
appears to be indirect (Portis et al, 1995; Robertson
et al, 1997).

Of the 10 cytokines and chemokines up-regulated
prior to the onset of Fr98-induced disease, 3 interact
with the chemokine receptor CCR1. Ccl3 and Ccl5
mRNA and protein levels are up-regulated in Fr98-
infected mice compared to mock or Fr54-infected
controls (Peterson et al, 2001; Peterson and Chese-
bro, 2006). Kinetic analysis revealed that mRNA
expression of Ccl3 and Ccl5 occurs prior to the on-
set of clinical disease in Fr98-infected mice, suggest-
ing a possible role for these factors in the induc-
tion of pathogenesis (Peterson et al, 2001). mRNA
expression of a third ligand, Ccl7 (MCP-3), is also
up-regulated prior to disease but returns to basal lev-
els by the time of clinical signs appear (Peterson et al,
2004). In the current study, we used knockout mice to
examine the role of CCR1 in the neuroinflammatory

response to Fr98 infection as well as in the develop-
ment of neurological disease.

Results

Fr98-induced up-regulation of CCR1
and CCR1 ligands
Both CCL3 and CCL5 bind to multiple chemokine
receptors, including CCR1 and CCR5 (Boring et al,
1996; Gao et al, 1993; Neote et al, 1993). Previ-
ous studies demonstrated that CCR5 was not re-
quired for Fr98-induced neurological disease (Pe-
terson et al, 2004). To analyze the potential role
of CCR1 in Fr98 infection, we backcrossed CCR1-
deficient C57BL/6 mice with susceptible 129SvEv
mice for a minimum of seven generations. To con-
firm that Fr98 infection induced up-regulation of
chemokines in CCR1+/− mice, brain tissue from
clinically ill Fr98-infected CCR1+/− mice was ana-
lyzed by multiplex bead array. Increased protein lev-
els of CCL2, CCL3, CCL4 (MIP-1β), and CCL5 were de-
tected in Fr98-infected CCR1+/− mice as compared
to age-matched uninfected controls (Figure 1A). Ccr1
mRNA expression in CCR1+/− mice was analyzed
by quantitative real-time polymerase chain reaction
(PCR) analysis. A significant increase in Ccr1 mRNA
expression was observed in Fr98-infected mice as
compared to uninfected controls (Figure 1B). This in-
crease was not consistently detected at the protein
level by Western blot detection (data not shown),
possibly due to the sensitivity of the assay. How-
ever, the increase in Ccr1 mRNA and the increase
in protein expression of CCR1 ligands suggests that
CCR1 stimulation may contribute to Fr98 mediated
pathogenesis.

Cellular expression of Ccl3 and Ccl5
To determine if the CCR1 ligands, Ccl3 and Ccl5,
were produced by the same cell types in the CNS,
we analyzed sagittal brain tissue sections from Fr98
and mock-infected mice by in situ hybridization
and immunohistochemistry. Cells expressing Ccl3
or Ccl5 mRNA were found in multiple regions of
the brain and were generally located in the prox-
imity of, but not in, blood vessels (Figure 2). Ccl3-
positive cells were found to dual stain with the
microglia/macrophage marker Iba1 and had pro-
cesses indicating that these cells were microglia
(Figure 2A). Ccl5-positive cells were found in clus-
ters and did not appear to be microglia cells as
they lacked Iba1 positive processes (Figure 2B).
A few of the Ccl5-positive cells appeared to be
macrophages as they were also Iba1 positive, but did
not have Iba1 processes (Figure 2B). Thus, although
Ccl3 and Ccl5 are both up-regulated by Fr98 infec-
tion, they appear to be produced by different cell
types.
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Figure 1 (A) Chemokine protein levels in brain tissue from uninfected and Fr98-infected CCR1+/− mice. Neonatal CCR1+/− mice were
infected by i.p. inoculation of 104 FFU of Fr98 within 24 h of birth. Mice were then followed for the development of clinical signs of severe
ataxia, seizures, or death. Brain tissue from Fr98-infected mice at the time of disease and age-matched uninfected controls were processed
for multiplex protein analysis as described in Materials and Methods. Protein levels were determined using an in-plate standard curve and
subsequently converted to fg/mg of brain tissue. Results are the mean ± standard error of four mice per group. Statistical analysis was done
by Mann-Whitney analysis. Statistical differences between uninfected and Fr98-infected groups were P < .05 for all four chemokines.
(B) Ccr1 mRNA expression in uninfected and Fr98-infected CCR1+/− mice. Mice were infected as described in (A). Brain tissue was
processed for mRNA as described in Materials and Methods. Ccr1 mRNA expression was detected as described in Materials and Methods.
Data are the mean ± standard error for eight mice per group. Statistical analysis was done by Mann-Whitney analysis. Statistical difference
between uninfected and Fr98-infected mice was P = .002.

Effect of CCR1 deficiency on Fr98-induced
neurological disease
To analyze the role of CCR1 in neuropathogenesis,
heterozygous CCR1+/− and CCR1−/− littermates
were infected with Fr98 within 24 h of birth and fol-
lowed for the development of clinical neurological
disease. No significant difference in the development
of neurological disease was observed in CCR1−/−
mice compared to CCR1+/− mice (Figure 3). Addi-
tionally, no significant difference in disease develop-
ment was observed between Fr98-infected CCR1+/−

Figure 2 Cellular localization of Ccl3 and Ccl5 mRNA expression in the brain. Midsagittal sections from Fr98-infected 129SvEv mice
were analyzed for Ccl3 (A) and Ccl5 (B) mRNA expression by in situ hybridization (red cytoplasmic color, black arrows). No Ccl3 or
Ccl5 positive cells were observed in mock-infected mice (data not shown). Sections were then incubated with anti-Iba1 antibodies for
the detection of microglia and macrophages (brown color, white arrows). Sections were counterstained with hematoxylin. Photos were
taken with a digital camera. 1000× magnification.

mice and the parental 129SvEv strain (Figure 3). Sim-
ilar to previous findings with Fr98 virus infection,
saggital sections of cerebrum, cerebellum, and brain-
stem from virus-infected CCR1+/− and CCR1−/−
mice did not contain substantive histologic evidence
of neuronal degeneration or inflammation as com-
pared to age matched uninfected controls (data not
shown). Thus, despite the up-regulation of two CCR1
ligands and Ccr1 mRNA following Fr98-infection,
CCR1 does not appear to play a significant role in
Fr98-induced neurological disease.
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Figure 3 Development of neurological disease in CCR+/− and
CCR1−/− 129SvEv mice infected with Fr98. Neonatal CCR1+/−
and CCR1−/− littermates were infected by i.p. inoculation of 104

FFU of Fr98 within 24 h of birth. Mice were then followed for the
development of clinical signs of severe ataxia, seizures, or death.
At the time of clinical disease or at 21 days of age, mice were
genotyped for CCR1 wild-type and knockout alleles. Data are pre-
sented as the percentage of mice with severe ataxia or dead of
11 CCR1+/− mice and 12 CCR1−/− mice. Statistical analysis was
done with the Kaplan-Meir survival curve analysis. The P value for
the two-tailed logrank (Mantel-Haenszel) test for trend was .093.

Increased expression of the CCR1 ligands CCL3,
CCL5, and CCL7 in wild-type and knockout mice
To determine if CCR1 had an autocrine affect in the
upregulation of the CCR1 ligands Ccl3, Ccl5, and
Ccl7, we analyzed mRNA expression of these genes
in heterozygous and homozygous CCR1-deficient
mice. Interestingly, mRNA levels of Ccl3, Ccl5, and
Ccl7 were upregulated to a similar extent in both
Fr98-infected CCR1+/− and CCR1−/− mice com-
pared to CCR1+/− and CCR1−/− uninfected con-
trols (Figure 4). Thus, CCR1 was not necessary for
the upregulation of CCR1 ligands following Fr98
infection.

Effect of CCR1 deficiency on Fr98-induced
astrocyte activation
In vitro cultured astrocytes express CCR1 and are ac-
tivated in response to stimulation with CCL3 and
CCL5 (Luo et al, 2002). Activation of astrocytes

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 4 Expression of Ccl3 (A) or Ccl5 (B) and Ccl7 (C) mRNA
following polytropic retrovirus infection. Brain tissue was re-
moved from uninfected and Fr98-infected CCR1+/− and CCR1 −
/− mice at 17 to 30 days post infection and processed for mRNA as
described in Materials and Methods. mRNA expression was deter-
mined using quantitative PCR with triplicate wells for each sam-
ple. Data are shown as the gene expression as % of Gapdh mRNA
expression. Each symbol represents an individual animal. Statisti-
cal analysis was done using a one-way ANOVA with the Newman-
Keuls post-test. The P values for uninfected versus Fr98-infected
CCR1+/− or CCR1−/− mice was <.05 for all three chemokines.
No significant difference (P > .05) was observed between Fr98-
infected CCR1+/− mice and Fr98-infected CCR1−/− mice. Data
shown represent one of two similar experiments. Figure 4



CCR1 and MuLV-induced neuropathogenesis
ME Corbin et al 245

Figure 5 (A) Expression of Gfap mRNA following polytropic retrovirus infection. mRNA expression was analyzed as described for
Figure 4. Data are shown as the gene expression as % of Gapdh mRNA expression. Each symbol represents an individual animal. Data
shown represents one of two similar experiments. Statistical analysis was done using a one-way ANOVA with the Newman-Keuls post-
test. The P values for uninfected versus Fr98-infected CCR1+/− or CCR1−/− mice was <.001. No statistical difference was found between
Fr98-infected CCR1+/− mice and Fr98-infected CCR1−/− mice. (B) CCL2 protein levels in uninfected and Fr98-infected CCR1 deficient
mice. Data are shown as the fg of CCL2 per mg of brain tissue. Analysis was completed as described for Figure 1A. Results are the mean
± standard error of four mice per group. Statistical analysis was done by Mann-Whitney analysis, with a P value of .028 for uninfected
versus Fr98-infected CCR1−/− mice.

is one of the primary pathologies associated with
Fr98 infection (Portis et al, 1995; Robertson et al,
1997). To examine if CCR1 was involved in Fr98-
induced activation of astrocytes, we analyzed het-
erozygous and homozygous CCR1-deficient mice
for the expression of glial fibrillary acidic protein
(GFAP), which is up-regulated on astrocytes follow-
ing activation. No difference was observed in Fr98-
induced activation of astrocytes between heterozy-
gous and homozygous CCR1-deficient mice either by
real-time PCR analysis (Figure 5A) or immunohis-
tochemistry (data not shown). Additionally, CCL2,
which is primarily produced by astrocytes (Peterson
et al, 2004), was significantly up-regulated in Fr98-
infected CCR1-deficient mice compared to unin-
fected controls (Figure 5B). The level of CCL2 expres-
sion in Fr98-infected CCR1−/− mice was similar to
levels in Fr98-infected wild-type mice (Figure 1A).
Thus, CCR1 does not appear to play a role in Fr98-
induced astrocyte activation, as measured by either
GFAP or CCL2 expression.

Effect of CCR1 on virus replication in the CNS
CCR1, as well as other chemokine receptors, are of-
ten involved in controlling virus infections, by regu-
lating the trafficking of immune cells to the sites of
infection. To determine if CCR1 altered virus replica-
tion in the CNS, we analyzed virus levels in the brain
by real-time PCR and immunohistochemistry. No dif-
ference in virus gag RNA levels was observed be-
tween heterozygous and homozygous CCR1-deficient
mice (Figure 6). Additionally, no notable difference

in virus spread or virus infection of endothelia or
microglia was observed between heterozygous and
homozygous CCR1-deficient mice by immunohisto-
chemistry analysis (data not shown). Thus, despite
the increased expression of the CCR1 ligands CCL3,
CCL5, and CCL7 during the course of Fr98 infection
of the CNS, it appears that CCR1 does not influence
the pathogenesis of Fr98 infection, as deficiency in
CCR1 does not impact the infection or pathogenesis
of the virus and does not appear to be necessary for
the induction of the innate immune response.

Discussion

In the current study, we analyzed the effect of the
chemokine receptor CCR1 on the nonlymphocyte me-
diated neuroinflammation induced by the murine
retrovirus Fr98. Previous studies had shown a cor-
relation between the expression of CCR1 ligands,
CCL3 and CCL5, and the development of neuro-
logical disease (Peterson et al, 2001; Peterson and
Chesebro, 2006). Surprisingly, a significant differ-
ence in disease development was not observed be-
tween CCR1 deficient mice and CCR1 heterozygous
mice (Figure 3). Additionally, CCR1 did not ap-
pear to have a significant role in the induction of
the neuroinflammatory response to Fr98 infection,
as CCR1 deficiency did not alter the up-regulation
of proinflammatory chemokines (Figure 4) or astro-
cyte activation (Figure 5) following Fr98 infection.
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Figure 6 Expression of virus gag mRNA in CCR1 + /− and
CCR1−/− mice infected with Fr98. mRNA expression was ana-
lyzed as described for Figure 4. Data are shown as the gene ex-
pression as a ratio of Gapdh mRNA expression. Each symbol rep-
resents an individual animal. Data shown represents one of two
similar experiments. Statistical analysis was done using a one-
way ANOVA with the Newman-Keuls post-test. The P values
for uninfected versus Fr98-infected CCR1+/− or CCR1 − /− mice
was <.001. The difference between virus gag expression in Fr98-
infected CCR1+/− mice and Fr98-infected CCR1−/− mice was not
significant (P > .05).

Furthermore, CCR1 did not appear to be important for
the regulation of virus infection, as no difference in
virus levels were observed in CCR1+/− or CCR1−/−
mice (Figure 6).

CCR1 protein is detected in the rodent brain as
early as 3 days post birth, with peak expression be-
tween 7 to 21 days of age (Cowell and Silverstein,
2003). CCR1 has been detected on neuronal cells, in-
cluding Purkinje cells and molecular interneurons, as
well as astrocytes and endothelia in neonates (Cowell
and Silverstein, 2003). As murine astrocytes have
been shown to express CCR1, and to migrate in re-
sponse to CCL3 stimulation (Tanabe et al, 1997),
it was surprising that CCR1 deficiency did not af-
fect Fr98-induced activation of astrocytes. A possi-
ble explanation for this is the presence of CCR5 on
astrocytes (Dorf et al, 2000). CCR5 binds to CCL3
and may induce a similar activation signal to astro-
cytes following Fr98 infection (Boring et al, 1996).
Alternatively, other mechanisms such as direct virus
stimulation or the production of other cytokines such
as tumor necrosis factor α (TNFα) may play a more
prominent role in the activation of astrocytes.

The promiscuous nature of chemokines and
chemokine receptors may also account for the lack of
an effect of CCR1 deficiency on Fr98 neuropathogen-
esis. As stated above, CCR5 is an additional receptor
for CCL3 (Boring et al, 1996). Moreover, CCR3, CCR4,
and CCR5 are additional receptors for CCL5 and
CCR2 is an additional receptor for CCL7 (Blanpain

et al, 2001; Kurihara and Bravo, 1996). Previous
studies with CCR5-deficient mice demonstrated that
CCR5 is also not required for Fr98 mediated patho-
genesis (Peterson et al, 2004). In contrast, CCR2,
which has a less promiscuous set of ligands, did con-
tribute to Fr98 pathogenesis (Peterson et al, 2004).
Possibly, the deficiency in CCR1 is overcome by the
ability of CCR1 ligands to signal through CCR5, and
vice versa.

CCR1 has been shown to play an nonredundant
role in the neuropathogenesis in other models of neu-
ropathogenesis, including experimental autoimmune
encephalitis (EAE). In EAE, CCR1-deficient mice had
significantly reduced incidence and severity of clin-
ical signs compared to wildtype controls (Rottman
et al, 2000). This was associated with decreased cel-
lular infiltrates in the CNS of CCR1-deficient mice
(Rottman et al, 2000). Unlike EAE, Fr98-induced neu-
ropathogenesis is not associated with substantial in-
flux of inflammatory cells in the brain, possibly due to
the neonatal age of virus infection (Portis et al, 1995).
Thus, CCR1 may play a critical role in the recruitment
of inflammatory cells to the CNS, but may not influ-
ence pathogenesis in the absence of inflammation.

This study also indicates that CCR1 does not af-
fect Fr98 infection and replication in the brain. CCR1
was important for recruiting immune cells to the site
of virus infection and eliciting antiviral host defense
for both paramyxovirus and herpes simplex virus
(Domachowske et al, 2000b; Sorensen and Paludan
2004), but was not responsible for regulating host de-
fense or inflammation following respiratory syncytial
virus or West Nile virus infections (Domachowske
et al, 2000a; Glass et al, 2005). In the instance of
West Nile virus, the host response was mediated by
CCR5, rather than CCR1 (Glass et al, 2005). In the
case of Fr98 infection, a strong adaptive immune re-
sponse does not appear to be generated. Additionally,
lymphocytes do not appear to play a role in regulat-
ing Fr98 virus levels in the brain, as no significant
numbers of CD3 or B cells are detected in the brain
following Fr98 infection. Thus, the lack of a strong
adaptive immune response to Fr98 may limit the role
of specific chemokine or chemokine receptors in con-
trolling virus infection. Instead, virus replication and
spread may be limited by the requirement of cell di-
vision for infection and replication by murine retro-
viruses. Possibly, the limited number of dividing mi-
croglial cells in the brain along with the lack of in-
filtrating cell types may suppress the replication of
Fr98 in the CNS and limit the spread of the virus in
lieu of protective immune responses.

Materials and methods

Mice
CCR1-deficient C57BL/6 mice were a gift from Phil
Murphy (National Institute of Allergy and Infectious
Diseases, National Institutes of Health) and were
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backcrossed for seven generations or more with
129S6 (129SvEv) mice. Mice were subsequently
intercrossed to generate CCR1+/− and CCR1−/−
breeder pairs. These mice were then mated to pro-
duce litters of 50% CCR1+/− and 50% CCR1−/−
mice. All mice were maintained at Louisiana State
University School of Medicine or at Rocky Moun-
tain Laboratories. All animal experiments were car-
ried out in accordance with the regulations of
the Louisiana State University Animal Care and
Use Committee and the guidelines of the National
Institutes of Health.

Detection of CCR1 wild-type and knockout alleles
CCR1 wild-type alleles were detected using the for-
ward primers m3 × s300 (GCT GTC TCT GAT CTG
GTC TTC CTT) and m3 × s600 (GAG TTC ACT CAC
CGT ACC TGT AGC) and reverse primer m3×RT3
(TTT GAC CTT CTT CTC ACT GGG TCT TC) to gener-
ate products of 480 and 180 bp . CCR1-neomycin alle-
les were detected using the forward primer m3 × s300
and reverse primers m3 × RT3 and AneoPCR (TGG
GTG GAG AGG CTT TTT GCT TCC TCT TGC) to
generate products of 1.4 kb and 150 bp. Tail DNA
was purified using Qiagen Tail Isolation columns
(Qiagen, Valencia, CA) or Genomic DNA Isolation
columns (Sigma Aldrich, St. Louis, MO) follow-
ing manufacturers’ instructions. Products were am-
plified using the following conditions; 94◦C for 3
min, followed by 25 cycles of 94◦C for 30 s, 60◦C
for 30 s and 70◦C for 30 s, followed by 72◦C for
10 min.

Virus infection of mice
The construction of virus clone Fr98 has been pre-
viously described (Portis et al, 1995). Virus stocks
were prepared from the supernatants of confluent
cultures of Fr98-infected Mus dunni fibroblast cells.
Virus titers were determined by focus forming assays
using the envelope specific monoclonal antibodies
514 and 720 (Robertson et al, 1991). Mice were in-
fected within 24 h of birth with 100 μl of cell cul-
ture supernatant containing 104 focus-forming units
(FFU) of Fr98. Mice were observed daily for clini-
cal signs of CNS disease, which was characterized by
obvious signs of ataxia and/or seizures (Portis et al,
1995).

Histological analysis
Histologic samples were immersion fixed in 3.7%
neutral-buffered formalin for 24 h and then embed-
ded in paraffin. Paraffin-embedded blocks of hemi-
sected brain were cut in 4-μm para-central sagittal
sections that included cerebrum, cerebellum, and
brainstem. These sections were adhered to a glass
slide and stained with hematoxylin and eosin (H&E)
using an automated histologic stainer. Slides were
examined for neuronal degeneration and histopatho-
logic evidence of inflammation.

Multiplex assay for chemokine expression
Infected mice and uninfected controls were exsan-
guinated by axillary incision under deep isoflurane
anesthesia, followed by cervical dislocation. Brains
were removed from infected mice at the time of neu-
rological disease and at similar time points for age-
matched controls. Brain tissue was then divided into
two sections by midsagittal dissection. Tissue sec-
tions were immediately frozen in liquid nitrogen and
stored at −80◦C or placed in 3.7% neutral-buffered
formalin and processed for histology. To generate tis-
sue homogenates for analysis by multiplexing, sam-
ples were weighed and then homogenized in 400
μl of Bio-Plex cell lysis solution (Bio-Rad Labo-
ratories, Hercules, CA) containing Complete Mini
protease inhibitors (Roche Applied Science, Indi-
anapolis, IN) and 2 mM phenylmethylsulfonyl flu-
oride (Sigma-Aldrich). Samples were homogenized
using Kontes Disposable Pellet Pestles and a cord-
less motor (Fisher Scientific, Hampton, NH) and di-
luted to 400 μg/ml in lysis buffer. Cellular debris
was removed by centrifugation at 4500 × g for 15
min at 4◦C. Samples were analyzed for cytokine
protein expression using a Bio-Rad x-plex assay or
BioSource 20 plex assay (BioSource, Camarillo, CA)
on a Bio-Plex instrument (Bio-Rad) following man-
ufacturers’ instructions. Samples were calculated
as pg/ml using standard curve from in-plate stan-
dards and subsequently converted to fg/mg of brain
tissue.

Preparation of RNA for real-time PCR analysis
Total RNA from frozen sagittal sections of brain tis-
sue was prepared using TriZol reagent (Invitrogen,
Carlsbad, CA) according to manufacturer’s instruc-
tions. Total RNA for each sample was subsequently
treated with DNase (Ambion, Austin, TX) for 30 min
to remove any contaminating DNA, and purified over
Zymo RNA cleanup columns (Zymo Research, Or-
ange, CA). RNA was reverse-transcribed using iScript
reverse transcription kit (Bio-Rad) following manu-
factures’ instructions. The reverse transcription reac-
tion was diluted four fold in RNase free water prior
to use in real-time PCR reactions.

Real-time PCR analysis of gene expression
Primers for real-time PCR analysis are shown in
Table 1 and were designed using Primer3 software
(Rozen and Skaletsky, 2000). Primer pairs were
blasted against the GenBank, European Molecular Bi-
ology Laboratory (EMBL), DNA Data Bank of Japan
(DDBJ), and Protein Data Bank databases using the
National Center for Bioinformatics (NCBI) website
to confirm specificity. Reactions were run in trip-
licate using SYBR green mix with Rox (Bio-Rad)
in a 10 μl volume with approximately 10 ng of
DNase-treated total RNA and 500 nM each of forward
and reverse primers. Samples were run on an ABI
PRISM 7900 Sequence Detection System (Applied
Biosystems, Foster City, CA). Melting curve analysis
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Table 1 List of real-time PCR primers

Gene Forward primer Reverse primer

Ccl3 ACCATGACACTCTGCAACCA GATGAATTGGCGTGGAATCT
Ccl5 GGTTTCTTGATTCTGACCCTGTA AGGACCGGAGTGGGAGTAG
Ccl7 TTCTGTGCCTGCTGCTCATA TTGGGGATCTTTTGTTTCTTG
Gapdh AACGACCCCTTCATTGAC TCCACGACATACTCAGCAC
Gfap CGTTTCTCCTTGTCTCGAATGAC TCGCCCGTGTCTCCTTGA
Fb29gag CCCGTGGCGGATTCTACT TCGGAGAAAGAGGGGTTGTTA

demonstrated a single product for each primer pair.
Lack of DNA contamination was confirmed by run-
ning reactions without reverse transcriptase. Untran-
scribed controls were either negative for all genes
after 40 cycles or had at least a 1000-fold lower ex-
pression level than the analyzed samples. The cycle
number at which each sample reached a fixed flu-
orescence threshold (CT) was used to quantify gene
expression. Data were calculated as the difference in
CT value (log2) for Gapdh minus the CT value of the
gene of interest for each sample (�CT = CT Gapdh −
CT gene of interest) to control for variations in RNA
amounts in each sample. The data are presented as
a percentage of Gapdh expression for each gene of
interest.

Generation of probes for in situ hybridization
Digoxigenin (DIG)-labeled sense and antisense
probes were generated using the DIG RNA labeling
kit (Roche Molecular Biochemicals), T7 or T3 poly-
merase, and 1 μg of linearized template DNA for
Ccl3 or Ccl5 (BD Biosciences) following manufac-
turers’ instructions. DIG-labeled probes were puri-
fied over RNAeasy columns (Qiagen, Valencia, CA).
Probe concentration was calculated by limiting serial
dilutions of the probes on nylon membrane with
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