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Viral infections of the heart are a causative factor of myocarditis as well as of sudden, unexpected deaths of
children, yet the mechanisms of pathogenesis remain unclear, in part due to the relatively few animal models
of virus-induced myocarditis. In the current study, we examined the ability of polytropic murine retroviruses
to infect the heart and induce cardiac dysfunction. In situ hybridization and immunohistochemistry analysis
detected virus-infected cardiomyocytes and macrophages in the heart. A significant decrease in left ventricle
function, as measured by fractional shortening, was detected in mice infected with the neurovirulent retrovirus
Fr98 but not in mice infected with the nonneurovirulent retrovirus Fr54. Virus infection was not associated
with consistent findings of fibrosis or substantial cellular infiltrate. Fr98-induced left ventricle dysfunction was
associated with a higher virus load, increased mRNA expression of the macrophage marker F4/80, increased
chemokine production, and a small number of apoptotic cells in the heart.

Viruses, including Coxsackie virus, influenza virus, cytomeg-
alovirus, hepatitis C virus, and human immunodeficiency virus,
have been detected in the heart muscles of children with car-
diovascular diseases and may play an important role in myo-
carditis as well as in sudden, unexpected deaths of children (6,
8, 15-17). Despite the detection of these viruses in the heart,
the mechanisms by which these viruses contribute to cardiac
disease remain unclear. In some cases, only minimal virus
infection and diffuse regions of cellular infiltrate are associated
with virus-associated heart disease (4, 8). Mechanisms such as
the release of cytokines or the recruitment of inflammatory
cells to the heart may contribute to cardiac damage. However,
there are only a limited number of small-animal models of
viral-induced myocarditis; these include Coxsackie B3 virus,
the ecotropic retrovirus complex LP-BMS5, and herpes virus
infection in mice (2, 3, 7, 13).

In the current study, we investigated the use of murine
polytropic retrovirus infection in mice as a model to study viral
pathogenesis in the heart. The receptor for polytropic retrovi-
ruses is xenotropic/polytropic receptor 1 (XPR1) (37, 40). Xpr!
mRNA was observed in heart tissue, suggesting that polytropic
retroviruses may target and infect cells in the heart (37). Ad-
ditionally, virus-infected macrophages may infiltrate the heart
in a manner similar to what is observed with other viral infec-
tions (8, 39, 41). We compared the ability of two different
polytropic viruses to induce cardiac dysfunction: Fr98, a highly
neurovirulent retrovirus that induces neurological disease in
mice, and Fr54, a nonneurovirulent retrovirus that replicates in
the central nervous system at a lower level than Fr98 does (27).
The neurological disease induced by Fr98 is characterized by
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ataxia, seizures, and death and is associated with a strong
innate immune response in the central nervous system (25, 27).
The primary difference between Fr98 and Fr54 is the envelope
gene, although both viruses infect the same cell types, which
include macrophages (27, 32).

An analysis of heart tissue from mice infected with either
Fr98 or Fr54 showed virus-infected macrophages and cardio-
myocytes, as detected by both in situ and immunohistochem-
istry analysis. Interestingly, pathogenesis in the heart corre-
lated with neuropathogenesis, as the neurovirulent virus Fr98
induced left ventricular dysfunction, while the nonneuroviru-
lent virus Fr54 did not induce detectable cardiac damage.

MATERIALS AND METHODS

Mice. All animal experiments were conducted with 129S6 (129SvEv) mice
maintained at the Louisiana State University School of Veterinary Medicine and
were carried out in accordance with the regulations of the Louisiana State
University Animal Care and Use Committee and the guidelines of the NTH.

Virus infection of mice. The construction of virus clones Fr98 and Fr54 has
been described previously (27). Virus stocks were prepared from the superna-
tants of confluent cultures of infected Mus dunni fibroblasts. Virus titers were
determined by focus-forming assays using the envelope-specific monoclonal an-
tibodies 514 and 720 (31). Mice were infected within 24 h of birth by intraper-
itoneal injection with 100 pl of cell culture supernatant containing 10* focus-
forming units of Fr98, Fr54, or supernatant from mock-infected cells. Mice were
observed daily for clinical signs, which were characterized by hyperexcitability for
2 to 3 days, starting around 14 to 21 days postinfection. This sign was followed by
the onset of multiple seizures and then progressive development of ataxia and/or
death within a 2-week period (9, 24). Some infected mice also showed signs of
weight loss compared to littermates and uninfected controls.

Echocardiogram analysis. Echocardiography was performed using a Toshiba
Aplio SSH770 (Toshiba Medical Systems, Tustin, CA) fitted with a PLT 1202
linear transducer (12 or 14 MHz), which generates two-dimensional images at
frame rates ranging from 300 to 500 frames per second. Mice were ear tagged
prior to analysis by echocardiogram, and the echocardiograms were performed
and analyzed in a blind study. Prior to analysis, mice were anesthetized with
Avertin (2.5% wt/vol, 8 pl/g, intraperitoneally). Each anterior chest was shaved,
and acoustic gel was applied to the chest wall to enhance sound transduction.
Images were obtained using a linear array probe at a center frequency of 14.0
MHz. Two-dimensional and M-mode echocardiographic measurements of the
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TABLE 1. List of primers used for real-time PCR analysis
Common protein name Gene (NCBI no.) Forward primer Reverse primer

Alpha-1 type I collagen Collal (gi/12842) GAGAGCATGACCGATGGATT CCTTCTTGAGGTTGCCAGTC
Atrial natriuretic peptide (Anp) Nppa (gi/230899) GGAGGTCAACCCACCTCTG GCTCCAATCCTGTCAATCCTAC
Brain natriuretic peptide (Bnp) Nppb (gi/18158) GAGGCGAGACAAGGGAGAA TGCATCTTGAATTGCTCTGG
Chemokine ligand 4/MIP-1B (Ccl4) Ccl4 (gi/20303) AGTCCCAGCTCTGTGCAAAC CCACGAGCAAGAGGAGAGAG
Chemokine ligand 5/RANTES (Ccl5)  Ccl5 (gi/20304) GGTTTCTTGATTCTGACCCTGTA  AGGACCGGAGTGGGAGTAG
CD3 antigen, epsilon polypeptide Cd3e (gi/12501) GAGCACCCTGCTACTCCTTG TGAGCAGCCTGATTCTTTCA

(Cd3e)
Chemokine receptor 1 (Cerl)

Chemokine receptor 5 (Cer5)

Friend murine leukemia virus FB29
gag (gag)

F4/80

Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh)

Interferon beta (Ifnb1)

Interferon gamma (Ifng)

Nitric oxide synthase 2 (iNos)

Tumor necrosis factor alpha (Tnf)

Cerl (gi/1276)

Cers (gi/12774)
gag (gi/1491876)

Emrl (gi/13733)
Gapdh (gi/407972)

Ifnbl (gi/15977)
Ifng (gi/15978)
Nos2 (gi/18126)
Tnf (2i/21926)

TCAAAGCATGACCAGCATCTA

CGAAAACACATGGTCAAACG
CCCGTGGCGGATTCTACT

ACAAGTGTCTCCCTCGTGCT
TGCACCACCAACTGCTTAGC

AGCACTGGGTGGAATGAGAC
CCATCGGCTGACCTAGAGAA
GACGGATAGGCAGAGATTGG
CCACCACGCTCTTCTGTCTAC

CTTGTAGTCAATCCAGAAAGG
TAAA

CCATTCCTACTCCCAAGCTG

TCGGAGAAAGAGGGGTTGTTA

AACATGGTGCTTTCCACAGTC
TGGATGCAGGGATGATGTTC

TCCCACGTCAATCTTTCCTC
ATGAGGAAGAGCTGCAAAGC
CACATGCAAGGAAGGGAACT
GAGGGTCTGGGCCATAGAA

interventricular septum, posterior wall, and left ventricle diameter (LVD) were
recorded for the parasternal long-axis view of the left ventricle as well as for the
parasternal short-axis view at the level of the papillary muscles. Ventricle dys-
function was measured by the percentage of fractional shortening (LVD diastole-
LVD systole/LVD diastole), which determines the change in diameter of the left
ventricle between contracted and relaxed states. All measurements were per-
formed for three different cardiac cycles, and the values were averaged. The
procedure lasted for less than 10 min, after which the mice were allowed to
recover and returned to their cage.

Preparation of RNA for real-time PCR analysis. Infected mice and uninfected
controls were exsanguinated by axillary incision under deep isoflurane anesthe-
sia, followed by cervical dislocation. Brains and hearts were removed from
infected mice at the time points indicated. Brain tissue was divided into two
sections by midsagittal dissection. Hearts were placed in 0.9% saline or 1X
phosphate-buffered saline (PBS), pH 7.0, for 2 to 5 min to pump out residual
blood and were cut by cross-sectional division. Tissue sections were immediately
frozen in liquid nitrogen and stored at —80°C or placed in 10% neutral buffered
formalin and processed for histology. Total RNA from frozen tissue was pre-
pared using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manu-
facturer’s instructions. 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, Orange, CA). RNA
was reverse transcribed by using the iScript reverse transcription kit (Bio-Rad
Laboratories, Hercules, CA) according to the manufacturer’s instructions. The
reverse transcription reaction was diluted fourfold in RNase-free water prior to
use in quantitative real-time PCRs.

Quantitative real-time PCR analysis of gene expression. Primers for real-time
PCR analysis are shown in Table 1 and were designed using Primer3 software
(34). Primer pairs were blasted using the National Center for Biotechnology
Information website to confirm specificity. Reactions were run in triplicate by
using SYBR green mix with Rox (Bio-Rad) in a 10-pl volume with approximately
10 ng of cDNA and a final concentration of 1.8 wM of forward and reverse
primers. Samples were run on an ABI PRISM 7900 sequence detection system
(Applied Biosystems, Foster City, CA). Melting curve analysis demonstrated a
single product for each primer pair. Lack of DNA contamination was confirmed
by conducting reactions without reverse transcriptase; untranscribed controls
either tested negative for all genes after 40 cycles or had an expression level at
least a 1,000-fold lower than that of the analyzed samples. The cycle number at
which each sample reached a fixed fluorescence threshold (C;) was used to
quantify gene expression. Data were calculated as the C; value (log,) for Gapdh
minus the Cvalue of the gene of interest for each sample (AC; = C; Gapdh —
Cy gene of interest) to account for variations in RNA in each sample. The data
are presented as a percentage of Gapdh expression for each gene of interest.

Histological analysis. Histologic samples were immersion fixed in 10% neutral
buffered formalin for a minimum of 24 h and then embedded in paraffin. These
sections were adhered to a glass slide. Hematoxylin and eosin and trichrome
stains of longitudinal sections and cross-sections of heart tissue were completed

by an American Journal of Clinical Pathology-certified histology technician at
the Louisiana State University School of Veterinary Medicine histology labora-
tory. The slides were examined by a board certified pathologist in a blind study.

Immunohistochemistry for virus, Ibal, XPR1, and desmin detection. Tissue
sections incubated at room temperature (rt) for a minimum of 24 h in 10%
neutral buffered formalin were processed for histology and embedded in paraffin;
4-pm sections were cut and placed on Superfrost slides. Slides were incubated
overnight at 56°C to fix tissues. Slides were then placed in xylene for 15 min,
followed by rehydration. Antigen retrieval was performed by incubating slides in
0.018 M citric acid, 8.2 uM sodium citrate dihydrate, pH 6.0, for 20 min at 120°C
in a decloaking chamber (Biocare Medical, Concord, CA) at 12 to 15 Ib/in? and
cooled to 90°C. Following equilibration to rt, slides were incubated in 0.2% fish
skin gelatin (FSG) (Sigma-Aldrich, St. Louis, MO) in PBS for 10 min. This
solution was also used to wash slides between all incubations. Tissues were
blocked in a humidity chamber for a minimum of 30 min with blocking solution
consisting of 2% donkey serum (Sigma), 1% bovine serum albumin (BSA)
(Sigma), 0.05% FSG, 0.1% Triton X-100 (Sigma), and 0.05% Tween 20 (Bio-
Rad) in PBS. For the detection of virus-infected cells, slides were incubated
overnight at 4°C with a 1/500 dilution of goat polyclonal anti-gp70 serum (32).
For the detection of XPR1, slides were incubated with rabbit polyclonal anti-
XPR1 (Imgenex, San Diego, CA). Slides were then incubated with 5 pg/ml of
biotinylated rabbit anti-goat immunoglobulin G (IgG) or goat anti-rabbit IgG
(Molecular Probes) for 30 min at rt and then incubated with 4 wg/ml of strepta-
vidin conjugated to Alexa Fluor 594 (Invitrogen) or Alexa Fluor 488 for 30 min
at rt. For dual staining or detection of macrophages, slides were incubated in
blocking solution for 30 min, incubated with 2.5 pg/ml of rabbit polyclonal
anti-Ibal (Wako USA, Richmond, VA) in 0.2% FSG in PBS at 4°C overnight or
30 min at rt. For the detection of myocytes, sections were incubated with rabbit
polyclonal anti-desmin (Abcam, Cambridge, MA). Slides were then incubated
with 6.7 wg/ml Alexa Fluor 594- or Alexa Fluor 488-conjugated goat anti-rabbit
IgG for 30 min at rt. Slides were counterstained with 100 ng/ml of 4’,6-diamidino-
2-phenylindole (DAPI) (Molecular Probes) for 25 min. Slides were mounted
with ProLong Gold antifade reagent (Molecular Probes) and allowed to set for
at least 2 h at 4°C. The lack of nonspecific staining was confirmed using unin-
fected mice with the gp70 primary antibody as well as no primary antibody
controls (data not shown).

Generation of probes for in situ hybridization. Approximately 1 pg of a
plasmid containing a 200-bp fragment of the N-terminal region of the Fr98
envelope gene (plasmid 1579) was digested with EcoRI for 1 h, and diluted in
0.1x Tris-EDTA buffer, pH 8.0; enzymes were removed by phenol-chloroform
extraction. DNA was precipitated using lithium chloride (0.4 M final concentra-
tion) and 100% ethanol. The DNA was resuspended in 0.1X Tris-EDTA buffer.
Digoxigenin (DIG)-labeled sense and anti-sense probes were generated using
the DIG RNA labeling kit (Roche Molecular Biochemicals, Indianapolis, IN),
T7 polymerase, and 1 ug of linearized template DNA according to the manu-
facturer’s instructions. DIG-labeled probes were purified over Zymo RNA
cleanup columns. Probe concentration was calculated by limiting serial dilutions
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FIG. 1. Virus expression in (A) brain and (B) heart over 3 wpi in 129SvEv mice. Newborn mice were infected with 10* focus-forming units of
Fr98 or Fr54 by intraperitoneal injection. Brain and heart tissue were removed from Fr98- and Fr54-infected mice at the indicated time. Virus gag
RNA levels were determined using quantitative real-time PCR using SYBR green detection. The PCR product was sequenced to confirm the
amplification of the correct gene. Data are expressed as virus mRNA levels as a percentage of Gapdh mRNA levels in each sample. Data are the
means * standard errors for four to eight samples per group per time point. Error bars indicate standard deviations.

of the probes on nylon membrane with comparison to a known standard (Roche
Molecular Biochemicals).

In situ hybridization. In situ hybridization was performed as described previ-
ously (9, 23). DIG-labeled probes were detected with alkaline-phosphatase-
labeled anti-DIG antibodies (Roche Molecular Biochemicals) by using the Fast-
Red substrate (Roche Molecular Biochemicals). Sections were counterstained
with hematoxylin. The specificity of the probe to Fr98/Fr54 virus was confirmed
by the absence of staining in uninfected mice as well as by the use of nonspecific
probes (Fig. 3A and data not shown).

Multiplex assay for chemokine expression. Heart tissue was removed from
mice at 3 weeks postinfection (wpi). Hearts were placed in 0.9% saline or 1X
PBS for 2 to 5 min to pump out residual blood and cut once by cross-sectional
division. Tissue sections were immediately frozen in liquid nitrogen and stored at
—80°C. To generate tissue homogenates for bead analysis, samples were homog-
enized in 200 pl of Bio-Plex cell lysis solution (Bio-Rad) containing complete
mini protease inhibitors (Roche Molecular Biochemicals) and 2 mM phenyl-
methylsulfonyl fluoride (Sigma-Aldrich). Samples were homogenized using
Kontes disposable pellet pestles (Fisher Scientific, Hampton, NH). Cellular
debris was removed by centrifugation at 4,500 X g for 15 min at 4°C. Samples
were analyzed for cytokine protein expression by using a Bio-Rad 6-plex Bio-Plex
assay on a Bio-Plex instrument following the manufacturer’s instructions and
were calculated as picograms per milliliter by using a standard curve from
in-plate standards before subsequently converting them to femtograms per mil-
ligram of brain tissue.

Apoptosis detection. Apoptotic cells were detected by using the CardioTACS
apoptosis detection kit (R&D Research, Minneapolis MN) according to the
manufacturer’s instructions. The lack of nonspecific staining was confirmed by
using uninfected mice as well as by using kit controls.

Statistical analysis. All statistical analysis described the figure legends was
completed using GraphPad Prism software (GraphPad, San Diego, CA).

RESULTS

Comparison of virus RNA levels in heart and brain tissue.
Analysis of virus replication in the brain and heart was de-
tected by quantitative real-time reverse transcriptase PCR us-
ing primers to the gag gene, which is identical for Fr98 and
Fr54. Fr98 RNA was readily detectable in the brains of
129SvEv mice at 1 wpi by quantitative real-time reverse trans-
criptase PCR, with a substantial increase in virus RNA levels at
2 wpi (Fig. 1A); prior to the onset of disease at 3 wpi, RNA of

the nonneurovirulent retrovirus Fr54 was also detectable in the
brain between 1 and 3 wpi, but at a substantially lower level
compared to Fr98 (Fig. 1A). At 1 wpi, the level of virus RNA
in both Fr98- and Fr54-infected mice was approximately a log
higher in the heart than in the brain (Fig. 1A and B). However,
at 2 and 3 wpi, virus levels were similar between the heart and
brain. Fr54 virus RNA levels in the heart were substantially
lower than Fr98 virus RNA levels in both the heart and brain
(Fig. 1B). Thus, both Fr98 and Fr54 can infect heart tissue, but
with different kinetics than those observed in the brain.

Virus infection of macrophages. We determined which cell
types were infected in the heart by using immunohistochemical
analysis for the virus envelope protein. Virus-infected cells
were detected throughout the heart, with many positive cells
located near blood vessels, suggesting the infiltration of virus-
infected cells from the blood (Fig. 2A). Immunohistochemical
analysis for the macrophage marker Ibal confirmed the
presence of macrophages around the blood vessels (Fig.
2B). Dual labeling with both Ibal and virus envelope protein
demonstrated that these macrophages were infected with
virus (Fig. 2C).

Virus infection of myocytes. In addition to virus-positive
macrophages, multiple cardiomyocytes were also positive for
virus envelope in both Fr54- and Fr98-infected mice (Fig. 2E).
Dual staining with gp70 and the myocyte-specific marker
desmin confirmed the infection of myocytes by polytropic ret-
rovirus (Fig. 2F). To determine whether myocytes were pro-
ductively infected, we used in situ hybridization analysis to
detect viral RNA. Viral RNA was detected in numerous cells
of Fr98-infected mice (Fig. 3B). The probe did not cross-react
with endogenous retroviral transcripts, as no signal was ob-
served in uninfected or mock-treated animals (Fig. 3A). Virus
RNA expression was observed in myocytes (Fig. 3C) in numer-
ous areas in the heart. Interestingly, some of the virus-positive
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FIG. 2. Immunohistochemistry analysis of cell types in heart tissue. (A) Virus envelope protein (green fluorescence, white arrows) was detected
on small cells located near blood vessels in Fr98-infected mice. (B) Macrophages were detected by Ibal staining (red fluorescence, white arrows)
near blood vessels in the heart. (C) Dual staining for virus envelope protein (red, white arrows) and macrophage marker Ibal (green fluorescence,
yellow arrows) show virus-infected macrophages (yellow fluorescence) in the heart. (D) XPR1-expressing cells in heart tissue. (E) Detection of
virus envelope protein (red fluorescence) in multiple cells of the heart, including myocytes (white arrows). (F) Colocalization of virus envelope
(green fluorescence, white arrows) and desmin (red fluorescence, yellow arrows) demonstrate virus infection of myocytes. Heart tissue from
uninfected or Fr98-infected mice was removed at 18 to 21 dpi and processed for immunohistochemistry as described in Materials and Methods.
Images were captured using Image Pro Plus 5.0 software. Magnification, X200 (A, B, C, and D), X100 (E), and X1,000 (F).

cells appeared to be undergoing apoptosis based on nuclear
morphology (Fig. 3C).

As the infection of myocytes was surprising, we analyzed
heart tissue for the expression of the virus receptor XPRI.
Multiple XPR1-positive cells were detected around blood ves-
sels in the heart, indicating the expression of XPR1 on mac-
rophages (Fig. 2D). However, myocytes were not positive for
the receptor by immunohistochemistry. We then examined

whether other muscle tissue was infected by the virus. No
positive cells were detected in skeletal muscle from Fr98- or
Fr54-infected mice (data not shown).

Lack of significant fibrosis in heart tissue from Fr98-in-
fected mice. Viral infection in the heart can be associated with
pathology that includes diffuse to marked lymphocytic infiltra-
tion, apoptosis of cardiomyocytes, and/or fibrosis (4, 6, 8, 14).
Apoptotic cells were detectable in heart tissue from Fr98-
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FIG. 3. (A to C) Confirmation of virus infection of myocytes by detection of viral RNA (red stain, white arrows) in myocytes. DIG-labeled RNA
probe specific for the virus envelope gene was used to detect Fr98 viral RNA in (A) uninfected or (B and C) Fr98-infected mice. (D) Detection
of TUNEL-positive apoptotic cells (blue nuclei, white arrows) near left ventricles of Fr98-infected mice. No TUNEL-positive cells were detected
in heart tissue from uninfected or Fr54-infected mice. Heart tissue from uninfected or Fr98-infected mice was removed at 18 to 21 dpi and
processed for in situ hybridization as described in Materials and Methods. Sections were counterstained with (A to C) hematoxylin or (D) neutral
red. Images were captured using Image Pro Plus 5.0 software. Magnification, X100 (A and B), X1,000 (C), and X100 (D).

infected mice at 3 wpi by staining with terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling
(TUNEL) (Fig. 3D) and were not present in either uninfected
or Fr54-infected mice (data not shown). However, less than 25
apoptotic cells were detected per cross-sectional tissue section,
suggesting that virus infection of myocytes did not result in
substantial apoptosis of cardiomyocytes or destruction of tis-
sue. Mild fibrosis was detected in some heart tissue samples, as
determined by trichrome staining, but was not consistent in
Fr98-infected mice (data not shown). The lack of consistent
fibrosis correlated with a lack of increased « type 1 collagen
(Collal) mRNA expression in heart tissue from Fr98-infected
mice (Fig. 4A). Thus, Fr98 infection does not lead to substan-
tial apoptosis and fibrosis in the heart.

Increased macrophage infiltration in heart tissue following
Fr98 infection. Inflammatory lesions were not consistently de-
tected in heart tissue from Fr98 mice, with a few regions of
mild inflammatory infiltrate detected in hematoxylin-and-
eosin-stained tissue sections from a small percentage of Fr98-
infected mice at 3 wpi (data not shown). However, mRNA
expression of the macrophage marker F4/80 was significantly
increased in heart tissue from Fr98-infected mice at 3 wpi,
compared to that from uninfected or Fr54-infected mice (Fig.
4B). This finding suggested an increased presence of macro-
phages in the heart tissue in Fr98-infected mice, even in the
absence of marked inflammation. No consistent increase in
Cd3 mRNA expression was observed in heart tissue, in agree-
ment with the lack of consistent lymphocytic infiltration in the
heart (data not shown).

Increased expression of cytokine genes/proteins in heart
tissue following Fr98 infection. Increased expression of proin-

flammatory cytokines is often associated with cardiac disease
(1, 5, 18, 35, 36). Quantitative real-time PCR analysis was
used to determine whether specific cytokines or chemokines
were upregulated by Fr98 infection compared to either Fr54-
infected or uninfected controls. Chemokine ligand 5 (Ccl5/
RANTES) mRNA expression was increased significantly in
Fr98-infected mice as early as 1 wpi and remained high at 3 wpi
(Fig. 4F). Ccl4 (macrophage inflammatory protein 1f [MIP-
1B]) mRNA was upregulated at 1 wpi, but was not increased at
either 2 or 3 wpi (Fig. 4E). Beta interferon (Fig. 4C) and
interleukin-la (/I-/o) (data not shown) mRNA were not up-
regulated at the early days of infection, but they were signifi-
cantly increased in Fr98-infected mice at 3 wpi. The expression
of mRNA for other cytokines and chemokines, including
gamma interferon (Fig. 4D), tumor necrosis factor (7nf), and
Ccl33 (MIP-1a) (data not shown), either were not upregulated
consistently by Fr98 infection or were upregulated to the same
level by Fr98 and Fr54 infection. Thus, Fr98 infection did
induce the upregulation of mRNA for specific cytokines and
chemokines in the heart. Inducible nitric oxide synthetase,
which is upregulated in other models of virus-induced myocar-
ditis (10, 33), was only slightly upregulated in Fr98-infected
mice at 2 wpi.

Heart tissue at 3 wpi was also analyzed for cytokine proteins
by multiplex bead array. Similar to mRNA analysis, CCL5 was
significantly upregulated in the hearts of Fr98-infected mice
compared to that in the hearts of uninfected or Fr54-infected
mice (Fig. 5B). CCL2 protein was also upregulated in the
hearts of Fr98-infected mice (Fig. 5A). IL-12p70, CCL3,
CCLA4, and TNF protein were below detectable levels by mul-
tiplex bead array (data not shown). Thus, Fr98 infection of the
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divided into two cross-sectional pieces, and snap-frozen in liquid nitrogen. mRNA levels were determined by using quantitative real-time PCR
using SYBR green detection. Data were calculated as a percentage of Gapdh mRNA for each sample. Data are shown as the means *+ standard
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FIG. 5. Protein expression of CCL2 and CCLS in heart tissue from
uninfected, Fr54-infected, and Fr98-infected mice. Mice were infected
as described for Fig. 3. Heart tissue was homogenized in lysis buffer
and analyzed for protein expression by mutliplex bead array. Data
were calculated as femtograms of chemokine per milligram of tissue
homogenate. Data are shown as the means = standard errors (error
bars) of five mice per group. Statistical analysis was completed using
a one-way analysis of variance with a Newman-Keul’s posttest. *,
P < 0.05.

heart induces a limited level of proinflammatory cytokines and
chemokines that include CCL2 and CCLS5, but not CCL3,
CCLA4, IL-12p70, or TNF protein.

Heart tissues were also examined to determine whether che-
mokine receptor expression was altered by Fr98 infection. In-
terestingly, Ccr5 mRNA was upregulated at 3 wpi in Fr98-
infected mice (Fig. 4H). The increase in Ccr5 mRNA, which is
expressed by macrophages, correlated with the increase in
F4/80 mRNA expression (Fig. 4B). Possibly, the increase in
Ccr5 mRNA is due to an influx of macrophages in the heart
in response to the increased levels of CCLS.

Left ventricle dysfunction in 129SvEv mice infected with
Fr98. To examine whether polytropic retrovirus infection in-
duced measurable cardiac dysfunction, 129SvEv mice infected
with Fr54 or Fr98 or uninfected controls were analyzed by
echocardiogram at 3 wpi, the time frame in which Fr98-in-
fected mice develop clinical signs of neurological disease. Mice
were analyzed for the percentage of fractional shortening, a
common measurement of left ventricle dysfunction (21, 26,
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FIG. 6. Echocardiogram analysis of left ventricular dysfunction in
Fr98-infected mice. (A) Mean percentage of fractional shortening
from Fr98-infected, Fr54-infected, or uninfected mice at 3 wpi (18 to
25 days postinfection). Data are the means * standard errors (error
bars) of six to nine mice per group and are the combined results from
three separate experiments. (B) Mean heart rates of Fr98-infected,
Fr54-infected, and uninfected mice at 3 wpi (18 to 25 days). Data are
the means * standard errors (error bars) of three to seven mice per
group. *, P < 0.05.

29). A significant decrease in the percentage of fractional
shortening was observed for Fr98-infected mice compared to
that for uninfected controls and Fr54-infected mice (Fig. 6A),
indicating that Fr98 virus infection leads to cardiac dysfunc-
tion. No difference was observed in heart rate between any of
the groups (Fig. 6B). Earlier kinetic studies of heart function
were not possible due to the sizes of 1- to 2-week-old mice.
Additionally, as the Fr98-infected mice developed severe clin-
ical disease at 3 to 4 wpi, it was not possible to examine them
at further time points.

No difference in the percentage of fractional shortening was
detected between Fr54-infected mice and the uninfected con-
trols at 3 wpi (Fig. 6A). As Fr54 virus does not induce severe
neurological disease, we examined Fr54-infected mice and un-
infected controls for cardiac dysfunction over a 3-month pe-
riod. No difference in the percentage of fractional shortening
was detected between Fr54 and uninfected controls over this
time period (data not shown). Thus, Fr54 did not appear to
induce cardiac damage.

Cardiac hormones, such as atrial natriuretic peptide and
brain natriuretic peptide, which regulate water and electrolyte
homeostasis, are upregulated in patients with chronic myocar-
ditis but not acute myocarditis (38). No difference in Anp or
Bnp mRNA was observed in heart tissue from Fr98-infected
mice compared to heart tissue from uninfected or Fr54-in-
fected mice (data not shown). This result suggested that Fr98
infection in the heart was not sufficient to induce significant
changes in gene regulation of cardiac hormones in the heart.

DISCUSSION

In the current study, Fr98 retrovirus was found to infect
cardiomyocytes and macrophages in the heart and induce left
ventricular dysfunction (Fig. 2 and 6). Fr54 also infected the
heart, but to a much lesser extent, and did not induce patho-
genesis in the heart (Fig. 1 and 6 and data not shown). The
pathogenesis induced by Fr98 infection was not associated with
significant lymphocytic inflammation or fibrosis in the heart,
but was associated with an increase in F4/80, Ifnbl, Ccl5, and
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Ccr5 mRNA expression as well as CCL2 and CCLS5 protein
expression (Fig. 4 and 5). Thus, proinflammatory responses as
well as direct virus infection may contribute to left ventricle
dysfunction.

The kinetics of viral gag RNA expression differed substan-
tially between the heart and the brain. In the brain, virus RNA
levels were low at 1 wpi, but they increased logarithmically by
2 wpi to reach levels similar to those observed in the heart (Fig.
1). In contrast, at 1 wpi virus RNA levels were roughly 10-fold
higher in the heart, but the levels increased only at a linear rate
over the next 2 weeks. This result suggests two different mech-
anisms of virus spread. In the brain, virus infection is restricted
around blood vessels early after infection and then spreads
away from these blood vessels by virus-infected microglia and
macrophages (27, 32). In the heart, virus infection was scat-
tered throughout the heart, with a similar numbers of virus-
infected cells at 1 wpi and 3 wpi as detected by in situ hybrid-
ization (data not shown). This finding suggests that the cells in
the heart are infected with virus early on and that the virus
does not spread between cells. Possibly, myocytes can be in-
fected only within a certain time frame, thus preventing spread
of virus after 1 wpi. The small increase in viral RNA in the
heart between 2 to 3 wpi may be the recruitment of virus-
infected macrophages to the heart.

Only a small number of cells were positive for apoptosis in
Fr98-infected heart tissue, as detected by TUNEL staining
(Fig. 3D). Thus, cardiomyocyte apoptosis does not appear to
be a primary mechanism of Fr98-induced cardiac dysfunction.
Technical difficulties prevented detection of the colocalization
of apoptotic cells. The number of virus-infected cardiomyo-
cytes per section was substantially greater than the number of
apoptotic cardiomyocytes per section. Thus, Fr98 infection of
cardiomyocytes did not correlate directly with myocyte apop-
tosis, although a few virus-infected cells had the appearance of
condensed fragmented nuclei (Fig. 3C). No apoptotic cells
were detected in Fr54-infected mice despite virus infection
(data not shown). Thus, persistent retrovirus infection of car-
diomyocytes in vivo does not appear to be detrimental to this
cell type.

In patients with viral myocarditis, the primary pathology is
generally patchy inflammation of lymphocytes and macro-
phages as well as some necrosis of myocytes (6, 8). The mouse
model of Coxsackie B3 virus and mouse herpes virus-induced
myocarditis are associated with patchy inflammatory infiltrate
of lymphocytes in the heart, suggesting the involvement of the
adaptive immune response (10, 13, 28, 33). The inflammatory
response to Fr98 retrovirus infection in the heart is not asso-
ciated with a strong lymphocytic infiltrate, but instead is more
associated with macrophage infiltration. This finding suggests
that the innate, rather than adaptive, immune response may
play a more prominent role in Fr98 pathogenesis.

The lack of substantial lymphocytic inflammation in the
heart tissue of Fr98-infected mice was surprising, considering
the amount of virus present. Possibly, the neonatal age at
which the mice are infected limits the development of a strong
adaptive response and subsequent inflammation of the heart
tissue. Endogenous retroviral sequences may also limit the
availability of virus-specific epitopes for immune recognition
(12, 20). The lack of detectable lymphocytic infiltrate may also
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explain the lack of substantial fibrosis as the cardiomyocytes
are not being destroyed by cytotoxic T lymphocytes.

Cytokines produced by lymphocytes or other infiltrating cells
may play an important role in viral myocarditis. The produc-
tion of multiple cytokines, including TNF and IFN-v, as well as
increased iNOS levels are associated with Coxsackie B3 virus-
induced damage to the heart (10, 33). Furthermore, the injec-
tion of lipopolysaccharide induces left ventricle dysfunction
and this response is associated with increased production of
proinflammatory cytokines in the heart (22). Recent studies
demonstrated that the constitutive production of IFN-y in
serum alone can result in inflammation, fibrosis, and/or atro-
phy of the heart muscle (30). Our present data with polytropic
retrovirus infection did not demonstrate a consistent increase
in TNF or IFN-y levels in the heart (Fig. 4), possibly due to the
lack of infiltrating T cells. However, other cytokines and che-
mokines, including CCL2, CCLS, and IFN-B, were upregulated
in response to Fr98 and correlated with left ventricle dysfunc-
tion (Fig. 4, 5, and 6). Thus, these proinflammatory factors may
contribute to left ventricle dysfunction.

Increased expression of Ccl5 mRNA was detected in heart
tissue of Fr98-infected mice at all time points analyzed (Fig.
4F). Interestingly, one of the receptors for CCLS, CCRS, was
also upregulated in the heart, although only at 3 wpi (Fig. 4H).
The increased expression of CCRS correlated with increased
expression of the macrophage marker F4/80 (Fig. 4B). Possi-
bly, CCL5 production recruited CCRS5-expressing macro-
phages to the heart. CCRS has been shown to contribute to
pathogenesis in other models of heart disease, including auto-
immune myocarditis and Trypanosoma cruzi-induced myocar-
ditis (11, 19), suggesting that it may also play a role in Fr98
pathogenesis.
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