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Spontaneous Cardiac Calcinosis in BALB/cBy] Mice

Aaron M Glass, Wanda Coombs, and Steven M Taffet’

BALB/c mice are predisposed to dystrophic cardiac calcinosis—the mineralization of cardiac tissues, especially the right ven-
tricular epicardium. In previous reports, the disease appeared in aged animals and had an unknown etiology. In the current study,
we report a substrain of BALB/c mice (BALB/cBy]) that develops disease early and with high frequency. Here we analyzed hearts
grossly to identify the presence and measure the severity of disease and to compare BALB/c substrains. Histologic analysis and
fluorescent and immunofluorescent microscopy were used to characterize the calcinotic lesions. BALB/cBy] mice exhibited more
frequent and severe calcium deposition than did BALB/c mice of other substrains (90% compared with 3% at 5 wk). At this age,
lesions covered an average of 30% of the total ventricular surface area in BALB/cBy] mice, compared with less than 1% in other
strains. In bone-marrow—chimeric mice, green fluorescent protein was used as a marker to show that the lesions contain an infiltra-
tion of cells of bone marrow origin. Lesion histology showed that calcium deposits were surrounded by fibrosis with interspersed
immune cells. Lymphocytes, macrophages, and granulocytes were all present. Internalization of the gap-junction protein connexin
43 was observed in myocytes adjacent to lesions. In conclusion, BALB/cBy]J mice exhibit more frequent and severe dystrophic car-
diac calcinosis than do other BALB/c substrains. Our findings suggest that immune cells are actively recruited to lesions and that

myocyte gap junctions are altered near lesions.

Abbreviations: Cx43, connexin 43; DCC, dystrophic cardiac calcinosis; GFP, green fluorescent protein.

Calcification of soft tissues can be broadly divided into 2 cat-
egories: dystrophic mineralization, which is associated with
degenerative conditions including chronic inflammation, and
metastatic mineralization, which occurs in response to disrupt-
ed calcium or phosphate metabolism. Ectopic mineralization
accompanies many cardiovascular disease processes, includ-
ing atherosclerosis. Dystrophic calcification of heart tissues has
been observed in several species, including humans'® and mice.®
Several inbred mouse strains, including BALB/c, DBA, and C3H,
are reportedly susceptible to spontaneous cardiac calcification.*
This disorder manifests as focal, calcium-laden lesions, which
are often so prominent that they can be observed without visual
aid.*!® Here we describe the appearance of spontaneous dystro-
phic mineralization in the BALB/cByJ] mouse strain.

BALB/c mice are particularly susceptible to cardiac calcinosis.
A study in 1975 included 3360 BALB/cStCrL mice and reported
that 10.5% of male mice and 3.6% of female mice had histologic
evidence of calcinosis." Similarly, in 1976, a manuscript described
spontaneous lesions in 60% of female and 30% of male BALB/cCr
mice assessed at 2 mo of age.* Other authors noted that calcinosis
in BALB/c mice developed later in life, with a mean age of onset
of 110 to 150 d in male mice.’ They noted that among the strains
of mice included in their study, BALB/c mice were unique in that
they developed calcinosis of the right ventricular epicardium.’
These studies evaluated disease in specific substrains of BALB/c
but did not examine differences among various substrains.
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In the current study, we have identified a substrain of BALB/c
mice, BALB/cBy], that uniquely develops a severe epicardial
calcinosis, when compared with BALB/c mice from other sources
or with other substrains. Mineralized lesions in BALB/cBy] mice
contained numerous immune cells, including lymphocytes and
macrophages. Analysis of myocytes adjacent to the lesions by
immunofluorescence microscopy revealed alterations to the car-
diac gap junction protein connexin 43 (Cx43), which forms in-
tercellular channels responsible for allowing the propagation of
action potentials and passage of metabolic secondary messengers
between cardiac myocytes.” These changes may be indicative of
an ongoing cycle of tissue destruction.

Materials and Methods

Animals. BALB/cBy], BALB/cJ, C3H/HeJ, and DBA /2] mice
were purchased from The Jackson Laboratory (Bar Harbor, ME);
BALB/cAnTac mice were from Taconic (Hudson, NY); and BALB/
cAnNCR mice were obtained from NIH (Bethesda, MD). Mice
expressing green fluorescent protein (GFP) under the human ubiq-
uitin C promoter of the strain CBy].B6-Tg(UBC-GFP)30Scha/]
were purchased from The Jackson Laboratory. All animals used
in this study were male. Most animals that were examined for
the presence of lesions were euthanized on or near (within 2 d)
the day of their arrival at our facility; mice appeared healthy and
did not exhibit any outward signs suggestive of disease. Animals
were housed under SPF conditions at the Department of Labora-
tory Animal Resources of Upstate Medical University. All pro-
cedures were JACUC-approved. Husbandry at our facility was
identical in regard to water, food, bedding, and stocking density
for all mice in our study. Based on information from the suppliers

29

$S9008 981] BIA |,0-90-GZ0Z 18 /woo"Alojoeignd-poid-swid-yewlsiem-ipd-swiid//:sdyy Wwol) papeojumo(



Vol 63, No 1
Comparative Medicine
February 2013

of the mice, they received rodent chow ad libitum, which con-
tained similar levels of vitamin D, calcium, and phosphorus, both
at the source and once housed at our facility.

Evaluation of lesion severity. Inmediately after euthanasia,
hearts were removed by dissection, flushed with ice-cold PBS,
and immediately placed in fresh 1% formaldehyde in PBS.
Hearts were examined at a magnification of 2x under a dissecting
microscope fitted with a digital camera. Each specimen was pho-
tographed at least 4 times, to produce a montage of images cover-
ing the entire surface area of the heart. Total ventricular area and
lesional area were measured by using Image] software (rsbweb.
nih.gov/ij/). Statistical analysis was performed by using one-
way ANOVA followed by a Bonferroni posttest (Prism, GraphPad
Software, La Jolla, CA).

Paraffin sections. Hearts were fixed in formalin solution over-
night at 4 °C, followed by processing for paraffin embedding by
standard procedures and staining with hematoxylin and eosin,
Alizarin red S, and Masson trichrome. Bright-field microscopy
was performed on an Eclipse E800 microscope (Nikon, Tokyo,
Japan) equipped with a SPOT RT Slider (SPOT Imaging Solu-
tions, Sterling Heights, MI) digital camera.

Immunofluorescence on paraffin sections. Rehydrated sections
(15 um) were subjected to antigen retrieval by using Tris-EDTA
solution (pH 9) in a microwave oven. Slides were allowed to cool
to room temperature and were washed twice with PBS. Blocking
was performed by incubation in normal goat serum in PBS with
0.2% Triton X100 for 1 h at room temperature. Rabbit antiCx43
(dilution, 1:500; catalog no. AB1728, EMD Millipore, Billerica,
MA) was diluted in blocking solution and incubated overnight at
4 °C. Sections were incubated with species-specific fluorochrome-
conjugated secondary antibodies and cover slips were mounted
by using Prolong Gold with DAPI (Invitrogen, Carlsbad, CA).
These sections were visualized on a confocal microscope (model
LSM510, Zeiss, Oberkochen, Germany). Z-series of myocytes ad-
jacent to and distant from calcinotic lesions were prepared at 0.38
um for each consecutive z-section.

Immunofluoresence on cryosections. Hearts were excised and
placed in fresh 1% paraformaldehyde solution, followed by a
2-step series of 15% and 30% sucrose in PBS for cryoprotection.
The next day, hearts were frozen in aqueous-based embedding
medium (OCT, Tissue-Tek, Sakura Finetek, Torrance, CA) with
2-methyl butane on dry ice and stored at —80 °C until sectioning.
Sections (thickness, 7 um) were prepared and fixed by acetone-
methanol treatment for 15 min at —20 °C. Slides were washed in
PBS (3 washes for 5 min each) and blocked by using antimouse
blocking solution (MOM Solution, Vector Laboratories, Burl-
ingame, CA) with 0.1% Triton X100, according to the manufac-
turer’s instructions. Primary antibodies (rabbit antiCD3, catalog
no. ab5690, Abcam, Cambridge, MA; rabbit antimyeloperoxidase,
catalog no. RB375A1, Thermo Fisher Scientific, Waltham, MA;
rat antiCD4, catalog no. 100402, Biolegend, San Diego, CA; rat
antiCDB8, catalog no. 100702, Biolegend; rat antiCD11b, catalog no.
64347, Abcam) were diluted 1:50 (MOM Solution, Vector Labora-
tories) for staining and analysis of paraffin-embedded sections as
described earlier; prepared sections were visualized under light
microscopy (Eclipse E800, Nikon).

Sequencing of the Abcc6 (Dyscalc1) gene. Genomic DNA was
extracted from tail biopsies from 2 mice each of the C3H, BALB/c,
C57BL/6, DBA (Taconic), and BALB/cBy] (Jackson) mouse strains
by using the DNEasy Blood and Tissue kit (Qiagen, Valencia, CA)
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according to the manufacturer’s protocol. A 156-bp fragment
of exon 14 of the Abcc6 gene was amplified by using Extensor
Hi-Fidelity PCR Mastermix (catalog no. Ab0792, Abgene, Thermo
Fisher Scientific) and the “del-bp-ex14” primer pair.! The prod-
ucts were sequenced in both the forward and reverse directions
by the SUNY Upstate DNA Sequencing Core Facility.

Generation of GFP chimeric mice. BALB/cBy] mice (age, 3 wk)
were irradiated with 2 doses of 450 rads each and then injected
retroorbitally with 5 x 10° bone marrow cells from GFP-positive
donor mice. The mice were maintained on acid water and tetra-
cycline (Terramycin, AgriLabs, St Joseph, MO; 0.5 tablespoon per
250 mL acidified water [pH 3.0, approximately], changed every
2 d) for 1 wk prior to and 1 mo after transplantation. Mice were
housed for 8 wk to allow for hematopoietic reconstitution, after
which hearts were examined for surface GFP fluorescence (IVIS
50, Caliper—Xenogen, Waltham, MA). After imaging, hearts were
cryosectioned and studied for GFP fluorescence by microscopy.
To ensure sufficient reconstitution, peripheral blood was exam-
ined for GFP fluorescence as described following.

Flow cytometry. Peripheral blood was obtained by retroorbital
bleed and placed immediately into EDTA anticoagulant tubes
(Microvette, Sarstedt, Newton, NC). Erythrocytes were lysed by
using ammonium chloride—potassium buffer. Cells were stained
with antiCD45 conjugated to phycoerythrin (catalog no. 103105,
BioLegend) and examined for GFP fluorescence (to quantify re-
constitution of chimeric animals). Alternatively, cells were stained
for the minor histocompatibility marker Qa2 by using a FITC-
conjugated antibody (catalog no. 11-5996-82, eBioscience, San
Diego, CA). Samples were analyzed by flow cytometry, during
which at least 1 x 10* live cells were collected. Cytometric data
were evaluated by using Flow]o software (Tree Star, Ashland, OR).

CBC analysis. Peripheral blood was drawn from 10 BALB/cBy]
and 4 BALB/cAnTac mice and analyzed in an automated blood
analyzer (Hemavet, Drew Scientific, Dallas, TX). The machine
was calibrated and a control sample was run and checked prior
to each sample batch.

Results

Spontaneous epicardial calcinosis appeared at high frequency
and severity in BALB/cBy) mice. After euthanasia, all 122BALB/
cBy] mice and none of the 12 BALB/cAnTac mice analyzed had
evidence of calcinosis. In BALB/cBy]J mice, mineralization was
evident on gross inspection, often manifesting as prominent,
white epicardial lesions (Figure 1 A). BALB/c mice and related
substrains are known to display similar patterns of calcifica-
tion.** However, the overall frequency of calcinosis was much
higher in BALB/cBy] mice than in other BALB/c substrains. In
the present study, 90% of BALB/cBy] mice had disease by 5 wk of
age (Table 1). Other BALB/c substrains had much lower frequen-
cies of disease: the BALB/cAnTac strain had a frequency of 3.0%,
whereas mice of the BALB/cAnNCR strain were disease-free. The
BALB/cBy] line is derived from the progenitors of these 2 strains.
The more distant substrain, BALB/cJ, which diverged from
the Andervont line in the mid-1930s,'*?> had much less disease
(frequency of 17%) than did BALB/cBy] mice, even though both
of these strains were obtained from the same source. We examined
kidneys, spleens, and livers from mice of each of these strains but
did not note any calcification of these organs. Overall, more than
100 male BALB/cBy] mice at various ages and treatments were
examined, and the vast majority had visible signs of disease.
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Figure 1. BALB/cBy] mice developed severe cardiac calcinosis by 5 wk
of age. (A) Gross appearance of a mineralized lesion on the epicardial
surface of an affected BALB/cBy] subject. (B) Epicardium of an unaf-
fected BALB/cAnTac mouse. (C) Plot comparing the percentages of the
ventricular surface occupied by lesion in BALB/cBy] (/cBy]) mice at
3,5, and 12 wk and in BALB/c mice at 5 and 12 wk. Each symbol rep-
resents a single animal; horizontal lines represent the mean. Statistical
significance (*, P < 0.01; +, P < 0.001) was determined by using one-way
ANOVA followed by the Bonferroni posttest.

Table 1. Prevalence of epicardial calcinosis in 5-wk-old mice of
BALB/c substrains

No. of mice with lesions/ % of hearts with
total no. of mice lesions
BALB/NCR 0/7 0.0
BALB/cAnTac 1/33 3.0
BALB/cJ 1/6 16.7
BALB/cBy] 44/49 89.8

In 5-wk-old BALB/cByJ mice, lesions occupied variable per-
centages of the ventricular surface area (Figure 1 C), ranging from
no lesion to 83% of the ventricular surface being affected, with an
average of 30% coverage in evaluated animals. In some BALB/
cBy]J mice, lesions were visible at 3 wk of age, whereas lesions
were not present by 12 wk in most of the BALB/c mice examined
(Figure 1 C). Because we were unable to study disease progres-
sion in individual animals, we could not determine whether this
reduction in severity represents resolution of disease in older ani-
mals or simply batch-to-batch variation.

Epicardial lesions contained calcium deposits, collagen fibers,
and bone marrow-derived cells. Histology was performed on
hearts from 5-wk-old BALB/cBy]J mice. The calcium-specific stain
Alizarin red S was used to demonstrate the presence of calcium in
the lesions, which occurred mainly on the right ventricular epicar-
dial surface (Figure 2 A). Masson trichrome staining highlighted
the presence of abundant collagen fibers surrounding denser-
staining mineralized areas (Figure 2 B and C). Staining with he-
matoxylin and eosin demonstrated degenerating muscle fibers
within lesions, many containing cytoplasmic granules that likely
represent accumulating calcium. More severe lesions contained
compact mineralized foci (Figure 2 D). Much of the lesioned area
was highly cellular; both mononuclear cells and eosinophils were
observed in many cases (Figure 2 D). Histology of the kidneys of
these mice revealed no pathology, and the tissue was negative for
calcinosis as assessed by Alizarin red staining (data not shown).

Cardiac calcinosis in BALB/cBy]J mice

GFP-chimeric mice were generated by transplanting donor
GFP-expressing bone marrow cells into BALB/cByJ host mice.
In this model system, responding bone marrow cells strongly
express the GFP reporter and can easily be differentiated from
nonfluorescent host cells and tissues. Peripheral blood from chi-
meric mice was analyzed by flow cytometry to determine the de-
gree of reconstitution by using GFP fluorescence as a marker for
donor-derived cells. On average, donor cells represented 78.4% +
2.3% of CD45-positive leukocytes (data not shown).

When chimeric hearts were harvested, epicardial lesions exhib-
ited intense GFP fluorescence (Figure 3 B). Subsequently, sections
of tissue from chimeric hearts were examined by fluorescence
microscopy, and GFP-positive cells were noted prominently with-
in lesions (Figure 3 C and D).

Cells within lesions expressed myeloperoxidase, CD3, CD4, and
CD11b. Immunofluorescence microscopy was used to further
characterize the cells within the calcinotic lesions of BALB/cBy]
mice. Cells positive for myeloperoxidase, a marker of myeloid
cells (particularly neutrophils), were present (Figure 4 A). In ad-
dition, lesions were rich in CD3-positive cells, indicating the pres-
ence of T lymphocytes and the possibility of an inflammatory or
autoimmune etiology (Figure 4 B through D). Many of these cells
were also positive for the T, marker, CD4 (Figure 4 B), but CD8-
positive cells within lesions were rare (data not shown). Myeloid
cells were common, as indicated by lesional areas that contained
CD11b-positive cells (Figure 4 D). Despite the inflammation in
the heart, we did not note overt leukocytosis in affected BALB/
cBy] mice compared with nonaffected BALB/cAnTac mice (data
not shown).

Cardiac myocytes adjacent to calcinotic lesions displayed aber-
rant subcellular localization of the gap-junction protein Cx43. The
present study was initiated as part of a larger study of the devel-
opment of arrhythmias during myocarditis. Because calcinotic
lesions in BALB/cBy] mice were associated with focal myocardi-
tis, immunfluorescent confocal microscopy was used to localize
several proteins involved in cardiac intercalated disks. A consistent
finding in BALB/cBy] mice with epicardial lesions was a speck-
led pattern of Cx43 staining in myocytes adjacent to calcinotic
lesions. Cx43 was present at high concentrations at the intercalated
disks between myocytes in healthy tissues (Figure 5 A through C).
In hearts with lesions, however, Cx43 fluorescence was present
in the sarcoplasm of myocytes and in the intercalated disks
(Figure 5 D through F). This internalization could represent a fail-
ure of Cx43 to localize to the intercalated disk, or the internalized
speckles could represent gap junctions undergoing degradation.

Epicardial calcinosis in BALB/cBy] mice was not due to the
Dyscalc1 gene or Qa2 status. Cardiac calcinosis occurs in several
inbred strains of mice, including BALB/c, C3H, and DBA.? Early
reports suggested a genetic predisposition for disease develop-
ment in DBA mice,’ and several loci were identified by quantita-
tive trait loci analysis in C3H mice, the most important of which
is thought to be located on chromosome 7.8 The cause of disease
in C3H mice has been reported to be a missense mutation in the
Abcc6 gene.* We sequenced several BALB/ ¢ substrains, including
BALB/ cBy], for this mutation. The previously described mutation
was present in DBA and C3H strains but not BALB/c and BALB/
cBy]J mice (Table 2). In addition, a deletion at the immunoregula-
tory Qa2 locus has been identified in several BALB/c substrains.'®
Flow cytometry analysis of calcinosis-susceptible BALB/cBy] leu-
kocytes indicated that they did not express Qa2, a phenotype they
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Figure 2. BALB/cBy] lesions contained calcium, collagen, and inflammatory cells. (A) BALB/cBy] heart sectioned transversely and stained with Ali-
zarin red S. Orange-brown areas indicate the presence of calcium (darker area at top right is an artifactual fold in the tissue. (B and C) Heart stained
with Masson trichrome, showing abundant collagen fibers within lesions. (D) Note the presence of both mononuclear and polymorphonuclear cells;
hematoxylin and eosin stain. The images in panels A and B are composites acquired at a magnification of 100x.

share with nonsusceptible BALB/cAnTac and BALB/cAnNCR
mice (Table 2). We also analyzed serum calcium concentrations
in BALB/cBy] mice and compared them with those in BALB/
cAnTac mice and found no difference (data not shown). There-
fore, the susceptibility of BALB/cBy]J mice to calcinosis is not due
to a previously described genetic trait.

Discussion
Although the presence of cardiac calcinosis has been noted
among substrains of BALB/c mice, the current study highlights
the extremely high frequency of the disease in mice of the BALB/
cBy] substrain. Three large studies have focused specifically on
BALB/c epicardial mineralization: one found lesions in 10.5%
of male BALB/cStCrl mice;" another found the frequency to be
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7.6% in BALB/cCr mice of both sexes;? and the remaining study
reported disease in 34% of BALB/c mice. None of these studies
compared different substrains from different sources. We com-
pared several related strains of BALB/c mice and found a distinct
predisposition for calcinotic lesions among BALB/cBy] mice.

Of the 4 BALB/c substrains we tested, BALB/cBy] mice were
most likely to exhibit calcinosis. Another substrain (BALB/cNCR)
had no lesions. Disease was much less prevalent in 2 substrains
that are closely related to the BALB/cBy] strain, BALB/cAnTac
and BALB/AnNCR, than in their BALB/cBy] counterparts,
despite the fact that all 3 substrains are derived from a common
line, BALB/cAn. We could not identify a genetic cause for this
difference, even though a mutation in Abcc6 has been identified
to correlate with calcinosis in DBA and C3H mice.! Despite the
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Cardiac calcinosis in BALB/cBy]J mice

20 um

Figure 3. Mineralized lesions in BALB/cBy] GFP-chimeric mice were GFP-positive. (A) Exteriors of GFP-chimeric hearts viewed under visible light.
(B) Chimeric hearts showing GFP fluorescence pseudocolored in red-yellow, such that red areas fluoresce GFP-positive and yellow areas are strongly
GFP-positive. (C and D) Fluorescence microscopy of epicardial lesions showing GFP-positive cells in green and DAPI-stained nuclei in blue. Calibra-

tion bars are 50 um.

relationship between the BALB/c, DBA, and C3H strains (a de-
rivative of the BALB/c line was crossed with a DBA mouse to
produce the C3H line),” mice of the BALB/c lineages (including
BALB/cBy]J) do not share this aberrant allele.” Similarly, expres-
sion levels of the immunoregulatory Qa2 minor histocompat-
ibility molecule did not correlate with development of disease.
Therefore, no single gene studied was implicated in the develop-
ment of calcinosis in BALB/cBy]J mice.

The present study focused on young animals (approximate age,
5 wk), resulting in more than 87% of BALB/cBy]J mice exhibiting
disease. Previous studies have reported that the incidence of min-
eralized cardiac lesions appears to increase with increasing age.**
The age of onset of disease was calculated in a previous study
to be between 16 and 21 wk of age in male BALB/c¢ mice, much
older than our BALB/cBy]J animals.’ In the current study, we
found that both frequency and severity (in terms of the propor-
tion of ventricular area covered by lesion) significantly increased

from 3 wk to 5 wk but then decreased at 12 wk (Figure 1 C). One
explanation for this pattern is the possibility that a subpopula-
tion of the infiltrating immune cells (such as macrophages) acts
to resolve the lesions by clearing accumulated mineralization.
Macrophages express osteopontin, an inhibitor of calcification,
after recruitment to the heart in models of rat and mouse myo-
cardial necrosis initiated by freeze—thaw injury.” However, a
limitation of the current study was that we were unable to track
the development (and potential resolution) of disease within a
single animal. Therefore, the apparent reductions in incidence
and severity, although statistically significant, may simply repre-
sent batch-to-batch variation.

Although the exact role of innate immunity in cardiac calcinosis
is unclear, the presence of granulocytes (Figure 2 D) and positivity
for CD11b and myeloperoxidase (Figure 4) indicate that these cells
are commonly found within lesions. Interestingly, most character-
izations of dystrophic cardiac calcinosis in mice make no specific
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Figure 4. Cells within epicardial lesions stained positively for myeloperoxidase, CD3, CD4, and CD11b. (A) Cells shown in green are positive for the
neutrophil marker myeloperoxidase. (B) Cells shown in green were positive for the T lymphocyte marker CD3, whereas those in red were positive for
CD4. (C and D) Both CD3- and CD11b-staining cells were found within lesions. All sections were counterstained with DAPI (blue)

mention of the accompanying myocarditis that we describe here.
This difference may be implicit evidence of phenotypically differ-
ent types of dystrophic calcinosis in different strains of mice or in
different animal models. An earlier study of calcinotic disease in
BALB/cCr mice reported the presence of polymorphonuclear and
mononuclear cells, even in some cases where identifiable lesions
had yet to form.* This finding suggests that innate immune cells
are present throughout all stages of calcinotic disease, perhaps
arriving during the very earliest stages.

The influence of diet on the development of dystrophic calci-
nosis has been investigated in several studies, and reports have
included increasing severity of disease in C3H mice with increas-
ing dietary fat,” increased dietary protein levels in DBA mice,’
and even the administration of tobacco products in feed.® In the
current study, mice received feed containing essentially the same
contents of calcium, phosphorous, and vitamin D when housed
at each of the suppliers’ facilities and at our own, eliminating the
possibility that the differences observed in the development of
calcinotic disease arose due to diet. A possibility that our study
did not address is the contribution of the intestinal microbial
flora to the development of calcinosis. Calcinosis of both cardiac
and skeletal muscle can be induced by damage due to physical
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trauma® or toxins,” suggesting that any source of myocyte dam-
age can precipitate calcinosis in predisposed strains. Although a
source of damage is not readily apparent in BALB/cBy]J mice, an
environmental agent could serve as the trigger. Such a situation
has been reported in other BALB/ ¢ substrains after infection with
the murine gammaherpes virus MHV68,** encephalomyocarditis
virus,* murine cytomegalovirus,'? and Francisella novicida.® Most
of these previous studies were performed in young mice, and
the lack of calcium deposits in control animals suggested that
either the infectious agent or the associated immune response led
to the development of cardiac calcinosis, most likely by causing
necrosis of myocytes. In support of an inflammatory hypothesis,
we observed marked GFP fluorescence in the calcinotic lesions
of BALB/cBy]J mice given bone marrow from GFP-expressing
donors. One study demonstrated the importance of the spleen as
a reservoir of monocytes that could be recruited to sites of myo-
cardial infarction.’! We found intense GFP fluorescence in the
spleens of GFP-chimeric mice (data not shown), perhaps repre-
senting monocytes that would eventually have been recruited to
developing calcinotic lesions. However, a definitive mechanism
for the development of cardiac calcinosis in BALB/cBy] mice has
not yet been identified.
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Figure 5. Cx43 staining patterns were altered in myocytes adjacent to calcinotic lesions. Z planes are shown in myocytes distant from lesions (A through
C) and adjacent to lesions (D through F). Cx43 staining was localized at intercalated disks and within the cytoplasm of myocytes adjacent to lesions.

Humans are susceptible to the development of myocardial
calcification, although the condition is rare in humans.* In
some instances, human calcification is similar to that observed
in BALB/c mouse substrains. When visualized by computed
tomographic imaging, calcific constrictive pericarditis in hu-
mans has a morphology resembling an eggshell and shows
similar characteristics to calcinotic disease in mice, including
right ventricular predominance.’" Supporting the existence
of an infectious or inflammatory etiology, tuberculosis and
rheumatoid arthritis are known causes of calcific constrictive
pericarditis, although most cases are idiopathic.” Therefore,

the spontaneous development of disease in BALB/cByJ mice
may serve as a model system in which to study the progression
and immune contribution to human calcinotic disease. The
possibility that murine cardiac calcinosis arises as part of an
inflammatory disease is supported by the large numbers of T
lymphocytes in the lesions of BALB/cByJ mice. In addition, we
identified numerous macrophages, granulocytes, and CD4+
cells but few CD8+ cells in lesions.

A final interesting aspect of the calcinosis that we identified in
the current study was the internalization of the gap-junction pro-
tein Cx43 from the intercalated disk to the sarcoplasm of myocytes
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Table 2. Presence of the dystrophic cardiac calcinosis (DCC) allele and
Qa2 expression in several inbred mouse strains

DCC allele Calcinosis
present? Qa2 expression present?

C57BL/6 No High No
C3H/HeJ Yes Not tested Yes
DBA/2] Yes Not tested Yes
BALB/cAnTac No Absent Low?
BALB/cBy] No Absent Yes®
BALB/cJ Not tested Low Low?
3See Table 1.

located near mineralized lesions. Similar Cx43 internalization
has been observed in other rodent models of cardiovascular pa-
thology.”® For example, a model of right ventricular hypertrophy
caused by drug-induced pulmonary hypertension demonstrated
similar Cx43 internalization and its reduction at the intercalated
disk.”” Similar internalization has been demonstrated in cultured
rat myocytes under hypoxia.” These studies suggest that Cx43 re-
modeling by internalization may be a sign of cellular stress. This
finding suggests that the myocytes nearest to calcified lesions are
undergoing necrosis and eventual calcification. Ultimately, this
pattern may represent evidence of a cycle of myocyte death, im-
mune cell recruitment, and calcification.

In conclusion, the broad range of prevalence and severity of
spontaneous calcinosis among substrains of BALB/c mice empha-
sizes their divergence and provides an example of the importance
of careful selection of particular substrains and sources of animals
for research models. Further studies to investigate the mechanisms
behind dystrophic cardiac calcinosis and the associated inflamma-
tory cell infiltration into the myocardium may be warranted.
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