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Case Report

Retrospective Study of Intercalated Disk Defects
Associated with Dilated Cardiomyopathy, Atrial
Thrombosis, and Heart Failure in BALB/c Mice
Deficient in IL4 Receptor o

Alfonso S Gozalo,"” Patricia M Zerfas,> William R Elkins,! and Richard L Gieseck III}

An increased incidence of dilated cardiomyopathy and atrial thrombosis was noted in a breeding colony of BALB/c mice
deficientin IL4 receptor o. The condition affected mice of both sexes and of various ages, and extensive testing (microbiology,
serology, histopathology) failed to ascertain the cause. Transmission electron microscopy of heart samples showed structural
defects in the myocardial intercalated disks, characterized by unorganized and heavily convoluted arrangement with lower
density and less prominent desmosomes and adherens junctions, widening of the intercellular space, myofibrillar lysis
adjacent to intercalated disks, occasional sarcomere lysis with marked myofiber degeneration, vacuolation, accumulation
of cell debris, and myelin figures. The intercalated disk contains cell adhesion molecules that form cell junctions, allowing
contraction coupling of cardiomyocytes and the electrical and mechanical connection between cardiac fibers. Thus, defects at
this level result in poor myocardial contraction, intracardiac blood stagnation, and consequently cardiac dilation with clini-
cal signs of heart failure. The background strain or, potentially, the Cre-loxP-mediated recombination system used to create
these mice may have contributed to the elevated incidence of cardiomyopathy and atrial thrombosis in this colony. Due to
the backcrossing breeding scheme used, we cannot discount the emergence and colonywide dissemination of a spontane-
ous mutation that affects the intercalated disk. This report underscores the importance of carefully monitoring genetically
modified mice colonies for unexpected phenotypes that may result from spontaneous or unintended mutations or enhanced

strain background pathology.

DOI: 10.30802/ AALAS-CM-19-000059

In humans, dilated cardiomyopathy is often considered an
idiopathic disease, but research increasingly shows that the con-
dition has a genetic basis and is collectively known as familial
dilated cardiomyopathy.? More than 40 individual gene muta-
tions have been identified that contribute to this condition.?” The
affected genes encode various proteins related to the structure
and function of cardiomyocytes, severely compromising normal
heart function.” In mice, dilated cardiomyopathy is occasionally
observed in older animals, with some strains appearing to be
more susceptible than others.” Several lines of genetically engi-
neered mice have been created to study the human disease, most
of them with mutations in genes encoding sarcomeric proteins
(e.g., o-kinase 3—deficient mice, myosin-binding protein C mu-
tant mice, mice that overexpress tropomodulin, dystrophin- and
utrophin-deficient mice, dystrophin and skeletal muscle-specific
transcription factor MyoD—-deficient mice, y-sarcoglycan—de-
ficient mice, 8-sarcoglycan-deficient mice, muscle LIM pro-
tein-deficient mice, desmin-deficient mice, Mylk3—deficient
mice, Nexilin-deficient mice, and mice with Nebulette mutati
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Ons)1,5,15,18,34-36,38,44,45,59,61,67,72,93,96,97 or Wlth mutations that affeCt in_
tracellular calcium regulation (e.g., mice that overexpress calse-
questrin in cardiac myocytes, D73N mutant mice)**4$62% or, in
some cases, both (that is, myosin regulatory light chain MYL2-
RLC D94A mutant mice).*! Other models include transgenic
mice with overexpression of G protein-coupled receptors,?#
mice with alterations in genes crucial to cardiac muscle develop-
ment and function,®*’ mice with dysregulated extracellular ma-
trix such as TIMP-3—deficient mice,”® and mice with inactivated
cardiac mitochondrial DNA gene expression.”* Acquired forms
of dilated cardiomyopathy in mice include infectious (e.g., en-
cephalomyocarditis, Coxsackie virus myocarditis, and parvo-
virus B19),"** autoimmune (e.g., o-MyHC-CFA-immunized
mice, PD1-receptor-deficient mice),””® and surgically induced
myocardial infarct models.* A spontaneous rodent model of
dilated cardiomyopathy is the Syrian hamster TO2 strain, due
to deletion of the 8-sarcoglycan gene.54243748657

In larger animals, dilated cardiomyopathy is a common heri-
table disease in various dog breeds.”" It has been described in
Irish wolfhounds, Portuguese water dogs, Great Danes, boxer
dogs, and Doberman pinschers.'¢%717677811% [n Doberman pin-
schers, 2 gene mutations, affecting sarcomeric function and in-
tracellular energy production, have been identified." Clinically,
in both animals and humans, the condition is characterized
predominantly by left ventricular chamber dilation and poor
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systolic function, commonly resulting in left-sided congestive
heart failure.?*! Cardiac arrhythmias, which can precipitate
heart failure and death, are a common complication in these
patients.? In cats, dilated cardiomyopathy has been associated
with taurine deficiency and appears to be multifactorial, with a
genetic component.?”

Atrial thrombosis is a common sequelae of cardiomyopathy
and most often as a complication of congestive heart failure.*
Blood stagnation due to impaired systolic function resulting in
increased coagulability of blood are the most important factors
predisposing to atrial thrombosis.* In humans, atrial thrombi in
the left atrium are often observed in late stages of mitral valve
stenosis, whereas right atrial thrombosis is more typically a re-
sult of atrial fibrillation.®’ In domestic animals, atrial thrombosis
is uncommon but has been described in cats and dogs.”>* In
rodents, atrial thrombosis, mostly affecting the left atrium, is
common in older Syrian hamsters.***> Age-related myocardial
degeneration resulting in heart failure and intracardiac blood
stagnation appears to be the main predisposing factors for atrial
thrombosis in aged Syrian hamsters.® In rats, the incidence
of left atrial thrombosis is low and has been reported in older
animals.’*?* In mice, atrial thrombosis has been described af-
fecting several strains, but the highest incidence (maximum,
66%) appears to occur in aged BALB/c female breeders.? In
addition, atrial thrombosis has been reported in C3H/OU]J mice
with marked cardiac atrial and ventricular mural mineraliza-
tion,” mice with coagulopathy due to chronic renal disease,’
mice with systemic amyloidosis,” mice exposed to doxorubicin
and other drugs and chemicals,***#*12 mice with viral myocar-
ditis,*>*** mice fed high fat-low protein purified diets,”” mice
with copper deficiency,® and in genetically modified mice such
as CREM-transgene mice,”® and mice with cardiac overexpres-
sion of B,-adrenergic receptors.”

Here we describe an increased incidence of dilated cardiomy-
opathy and atrial thrombosis associated with defects in myocar-
dial intercalated disks in a genetically modified mouse colony.
This report underscores the importance of carefully evaluating
and reporting unexpected adverse phenotypes, given that they
may not necessarily be associated with the targeted gene edit-
ing but with spontaneous or unintended mutations during the
creation of the strain or enhanced background strain pathology.

Materials and Methods

The affected strains in the mice colony were Il4raflo/flox, ]]-
4raﬂox/floxKrt19WT/EVUERT/ Il4raflox/floxRosa26Bminbow—2.I/Bminbow—z.] 1141,“_
flox/ﬂoxpdgferT/Crt’ Il4rﬂ flox/ﬂongr5 WT/EGFP-IRES-creERT2 and Il4ra flox/
floxKrtl 9creERT/WT Kosa26thomato/thomato. U4raflox/flox IflfliCe were Ob'
tained from Taconic Biosciences (Germantown, NY). The strain
was originally created in the laboratory of Dr Frank Brombacher
(Max Planck Institute for Inmunobiology, Freiburg, Germany).
The IL4 receptor o-deficient mice were generated through ho-
mologous and site-specific recombination in BALB/c-derived
embryonic stem cells by using the Cre-loxP system to disrupt
the gene by deleting exons 7, 8, and 9.7 The resulting mice have
a functional phenotype of impaired IL4- and IL13-mediated ac-
tivity.”

I14yaftox/fox Kyt QWT/ereERT | Kyt 9erERT mijce were obtained from
the Jackson Laboratory (stock no. 026925; Bar Harbor, ME) and
backcrossed to [/4ra®>/fx mice for 3 to 5 generations. Krt19#ERT
mice were created in the laboratory of Dr Guogiang Gu (Pro-
gram in Developmental Biology, Department of Cell and De-
velopmental Biology, Vanderbilt University Medical Center,
Nashville, TN).% Krt197E*T mice have a cre®™ " fusion gene (a Cre
recombinase fused to a mouse estrogen receptor ligand-binding
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domain) inserted upstream of the initiation codon of the keratin
19 (Krt19) gene.*® When these mice are bred with mice having
a loxP-flanked sequence, tamoxifen-inducible, Cre-mediated
recombination results in deletion of the floxed sequences in
the Cre-expressing cells of the offspring.®*Krt197RT knock-in—
knock-out mice are used in studies requiring tamoxifen-induced
deletion of floxed sequences in KRT19-expressing epithelial cells
(https:/ /www.jax.org/strain/026925).%

I14raflox/1oxR osa268rminbew-21/Brainbow-21 R 65226-C AG-Brainbow2.1/
Confetti mice were obtained from Jackson Laboratory (stock no.
013731) and backcrossed to Il4ra/fex mice for 4 to 6 genera-
tions. Rosa26-CAG-Brainbow?2.1/Confetti mice were created in
the laboratory of Dr Hans Clevers (Hubrecht Institute, Academy
of Arts and Sciences, and University Medical Center, Utrecht,
the Netherlands) by using a targeting vector containing (from
5" to 3’) a CAGG promoter, a loxP site, a PGK-Neor-pA cassette,
and the Brainbow 2.1 construct.”® The entire construct was in-
serted between exons 1 and 2 of the Gt(ROSA)26Sor locus via
electroporation into 129P2/OlaHsd-derived 1B10/E14IB10 em-
bryonic stem cells. Correctly targeted embryonic stem cells were
injected into recipient blastocysts and chimeric males were bred
with C57BL/6 females to generate the R26R-Confetti colony.”
Rosa26-CAG-Brainbow2.1/Confetti mice are used to label and
distinguish individual /adjacent cells with nuclear localized,
membrane-targeted, or cytoplasmic fluorescent proteins in Cre-
recombined cells (https:/ /www.jax.org/strain/013731).

114rafiox/foxPdofrpWT/ee, Pdgfrb-Cre mice were obtained from
Taconic Biosciences and backcrossed to Il4raf>/fex mice for 4 to 6
generations. Pdgfrb-Cre mice were generated in the laboratory
of Dr Ralf Adams (London Research Institute, United Kingdom)
by pronuclear injection of a Pdgfrb gene fragment and a cDNA
encoding Cre recombinase followed by an SV40 polyadenyl-
ation signal.” Cre activity of transgenic founders was character-
ized in a ROSA26 Cre reporter background. Pdgfrb-Cre and
Efnb2-conditional mice were bred to generate Efnb2APC—vSMC
mutants. Animals had a mixed 129 x C57BL/6 genetic back-
ground.” Pdgfrb-Cre mice express Cre recombinase under the
control of the Pdgfrb promoter and permit Cre recombination
in pericytes and smooth vascular muscle cells. (https://www.
taconic.com/mouse-model/pdgfrb-cre-mouse).

Il4raﬂox/ﬂongT-EWT/EGFI'—]RES*CYEEKTZ/ Lgr5fEGFFJRES*CV?EKTZ mice were Ob_
tained from Jackson Laboratory (stock no. 008875) and back-
crossed to [14ra>/fx mice for 5 generations. Lgr5ECFP-IRES-creERT2
mice were created in the laboratory of Dr Hans Clevers (Hu-
brecht Institute, Academy of Arts and Sciences, and Univer-
sity Medical Center, Utrecht, the Netherlands) by homologous
recombination in embryonic stem cells targeting an EGFP-
IRES-creERT?2 cassette to the ATG of Lgr5.® Correctly targeted
embryonic stem cells were injected into recipient blastocysts,
and chimeric males were bred with C57BL/6 females. Mutant
mice were then crossed to Ella-cre mice (C57BL/6 genetic back-
ground; stock no. 003724, Jackson Laboratory) to remove the
neo selection cassette.® The resulting mice were backcrossed to
C57BL/6] for at least 4 generations and then bred with Rosa26-
lacZ mice (C57BL/6 genetic background; stock no. 003474,
Jackson Laboratory). Mice with both mutations were further
backcrossed and later selectively bred to remove the Rosa26-
lacZ allele. Lgr5ECFPIRESereERT2 mjce are useful for studies requir-
ing lineage-tracing or marking Lgr5-expressing stem cells of the
small intestine (https://www.jax.org/strain/008875).

Il4 ra flox/floxKr t19 CVFERT/WTR osaz26 thomato/thomato,
Krt19erERT/WIR gsa26!dTomato/tdTomate mjce were donated by the labo-
ratory of Dr Stuart Forbes (Medical Research Council Centre
for Regenerative Medicine, University of Edinburgh, United
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Kingdom)* and backcrossed to Il4ra>/flx mice for 5 genera-
tions. Rosa26-tdTomato mice were originally created by the
laboratory of Dr Hongkui Zeng (Allen Institute for Brain Sci-
ence, Seattle, WA)*® and deposited in Jackson Laboratory (stock
no. 007909). Rosa26-tdTomato mice are also known as Ai9 or
AIRLT (https:/ /www.jax.org/strain/007909). Ai9 is a Cre re-
porter allele that has a loxP-flanked STOP cassette preventing
transcription of a CAG promoter-driven red fluorescent protein
variant (tdTomato)—all inserted between exons 1 and 2 of the
Gt(ROSA)2650r locus via electroporation of (12956/SvEvTac x
C57BL/6)F1-derived G4 embryonic stem cells.”® Correctly tar-
geted embryonic stem cells (clone Ai9) were selected, and chi-
meric males were bred to C57BL/ 6] females with resulting mice
backcrossed to C57BL/6]. These mice are useful as a Cre re-
porter strain, which expresses tdTomato fluorescence after Cre-
mediated recombination (https:/ /www.jax.org/strain/007909).

With the exception of Lgr5ECFPIRES-CreERT2 and Pdgfrb-deficient
mice whose homozygous offspring are nonviable or die perina-
tally, all the described strains were viable and fertile (https://
www.jax.org/strain/008875).”” All affected animals were re-
search naive and had not been exposed to infectious agents,
drugs, or chemicals at the time of clinical presentation. In ad-
dition, other mice colonies comprising different strains, trans-
genics, and knockout mice were maintained and bred in the
same animal room, but none showed an increased incidence
in dilated cardiomyopathy. The animals were housed in an
AAALAC-accredited barrier facility as part of several experi-
mental protocols approved by the National Institute of Allergy
and Infectious Diseases Animal Care and Use Committee ac-
cording to the Guide for the Care and Use of Laboratory Animals*
and animal welfare regulations.** Husbandry included the use
of ventilated microisolation caging (Lab Products, Seaford, DE),
sterile cage setups with autoclaved hardwood bedding (Sani-
Chip, Harlan Teklad, Madison, WI), and food (Rodent NIH-31
Autoclavable NA, Zeigler Brothers, Gardners, PA) and acidified
water provided ad libitum. Room temperature was maintained
at 20.0 to 23.3 °C, relative humidity between 30% and 50%, and
light on a 14:10-h light:dark cycle. The colony sentinel program
was tested quarterly and free of the following agents: mouse
hepatitis virus, pneumonia virus of mice, Sendai virus, Theiler
murine encephalomyelitis virus, mouse rotavirus, lymphocytic
choriomeningitis virus, ectromelia virus, mouse cytomegalo-
virus, minute virus of mice, polyoma virus, reovirus 3, mouse
adenovirus, rodent parvoviruses, Mycoplasma pulmonis, and
cilia-associated respiratory bacillus. Hantavirus testing was per-
formed once a year, and endoparasite and ectoparasite examina-
tion performed every 6 wk. Mouse norovirus and Helicobacter
spp. were not excluded from the animal colony; therefore, mice
were potentially infected with these agents.

Euthanasia of sick mice was performed through CO, over-
dose, according to the AVMA guidelines on euthanasia,* and
complete necropsies performed immediately. Tissue samples
from lesions and all major organs were collected and fixed in
10% neutral-buffered formalin. Fixed hearts were hemisected
to expose all chambers and valves and then trimmed. Fixed tis-
sue samples were embedded in paraffin, sectioned at 5 pm, and
stained with hematoxylin and eosin for light microscopy exami-
nation. In addition, samples taken from the lesions were submit-
ted to the NIH Division of Veterinary Resources (Bethesda, MD)
Microbiology Laboratory for routine bacteriological culture, iso-
lation, and sensitivity tests. Serum samples from selected cases
were submitted to a reference commercial laboratory (Charles
River Laboratories, Wilmington, MA) for antibody testing
against potential known mouse viral pathogens. In selected
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cases, myocardium samples taken from the midsection of the
left ventricular free wall were fixed in 2% glutaraldehyde and
1% paraformaldehyde and processed routinely for transmis-
sion electron microscopy. Briefly, postfixation the samples were
washed with 0.1 M cacodylate buffer (pH 7.4), fixed with 1%
0s0,, washed again with cacodylate buffer, washed with water
and placed in 1% uranyl acetate for one hour. The tissues were
subsequently serially dehydrated in ethanol and propylene ox-
ide and embedded in EMBed 812 resin (Electron Microscopy
Sciences, Hatfield, PA). Thin sections (approximately 80 nm)
were obtained by using an ultramicrotome (Leica, Deerfield,
IL), placed onto 300-mesh copper grids, and stained with satu-
rated uranyl acetate in 50% methanol and then with lead ci-
trate. The grids were viewed by using an electron microscope
(JEM-1200EXII, JEOL, Tokyo, Japan) at 80 kV, and images were
recorded by using a mid-mounted, 10.5-MP, CCD camera
(XR611M, Advanced Microscopy Techniques, Danvers, MA).

Results

Historically, spontaneous cardiomyopathy and atrial throm-
bosis have been low in the animal facility that housed the IL4 re-
ceptor o-deficient BALB/c mice. The 134 necropsies performed
during the 2014 fiscal year (October 1 through September 30)
included only 5 (3.7%) cases of cardiomyopathy or atrial throm-
bosis (or both), and the 186 necropsies performed during fiscal
year 2015 included only 7 cases (3.8%). The number of new cases
of either cardiomyopathy or atrial thrombosis (or both) was 12
(4.85%) among 247 necropsies during fiscal year 2016 and 17
(11.3%) among 150 necropsies during fiscal year 2017. Of the 29
cases of cardiomyopathy or atrial thrombosis (or both) during
fiscal years 2016 and 2017, 21 (72.4%) were mice from the IL4
receptor o-deficient colony, prompting the current study. The
affected strains, sex, age at clinical presentation, clinical signs,
and gross and microscopic findings for each mouse are shown
in Table 1. Clinically, affected mice had hunched posture, ruffled
hair coat, decreased activity, and dyspnea and, in some cases,
tachypnea.

At necropsy, 19 (90.5%) of the 21 mice had various degrees of
cardiomegaly; 17 (89.5%) of the 19 with cardiomegaly had atrial
thrombosis, with 16 (94.1%) of the 17 affecting the left atrium.
The majority of the affected mice were males (1 = 17; 80.9%); the
remaining 4 (19.0%) were females. Age at clinical presentation
ranged from 8 to 32 wk (mean, 22.7 wk). In some cases, all mice
in a cage showed clinical signs of heart failure simultaneously.
Grossly, in severe cases, the heart was markedly enlarged, occu-
pying approximately 1/3 of the thoracic cavity. The left atrium
was very large, containing a focally extensive tan area, and the
ventricular walls were hypertrophied or, in some cases, were
thin and the ventricular chambers dilated on sectioning (Figure
1 A through D). Heart weights in severe cases exceeded 0.4 g
(1.8% of body weight; normal, approximately 0.5%). Thoracic ef-
fusion was noted in a few animals. No gross lesions were noted
in other organs.

Microscopically, the tan mass found in some cases in the left
atrial auricle was confirmed to be a chronic fibrin thrombus,
with areas of mineralization and cartilage formation. The ven-
tricular myocardium and interventricular septum showed hy-
pertrophic cardiomyocytes, mild or occasional focal fibrosis,
a few necrotic myocardial fibers, and cardiomyocyte disarray;
on longitudinal sections, the intercalated disks in some cardio-
myocytes appeared wider and several times thicker than in
normal hearts (Figure 1 E through F). These changes appeared
more severe in mice with marked ventricular chamber dilation
and ventricular wall thinning. Occasional mild suppurative
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Table 1. Cases of cardiac disease in a colony of IL4 receptor o-deficient BALB/c mice between November 2015 and September 2017

Age
Strain Sex  (wk) Clinical signs Gross lesions Microscopic lesions
[14ygflox/ flox M 12 Hunched posture, Left atrial thrombosis Organized fibrin thrombus with
ruffled hair coat, thin, and dilation, moderate = mineralization, cardiomyocyte
lethargy, dyspnea cardiomegaly hypertrophy with ID defects
I14rafiox/flox F 8  Found dead Left atrial thrombosis Organized fibrin thrombus,
and dilation, mild mild ventricular fibroplasia and
cardiomegaly cardiomyocyte hypertrophy,
mild hepatic fibrosis
[14rgfiox/flox F 8  Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus,
fled hair coat, lethargy, and dilation, mild mild ventricular fibroplasia and
dyspnea cardiomegaly cardiomyocyte hypertrophy,
mild hepatic fibrosis
I14rafiox/flex F 28 Hunched posture, Left atrial thrombosis ~ Organized fibrin thrombus with
ruffled hair coat, thin, and dilation, mild chondroid metaplasia, cardio-
tachypnea cardiomegaly myocyte hypertrophy with ID
defects, pulmonary perivascu-
litis
[14rqflox/flox F 12 Hunched posture, Left atrial thrombosis Organized fibrin thrombus, car-
ruffled hair coat, thin, and dilation, marked diomyocyte hypertrophy with
dyspnea cardiomegaly with left  ID defects, pulmonary alveolar
ventricular chamber histiocytosis
dilation and wall
thinning
114raflox/flox K] GWT/creERT M 28 Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus with
fled hair coat, dyspnea and dilation, marked mineralization, cardiomyocyte
cardiomegaly hypertrophy with ID defects,
pulmonary perivasculitis
I14raflox/flox K] GWT/ereERT M 32 Hunched posture, ruf- Moderate cardiomegaly Cardiomyocyte hypertrophy
fled hair coat, tachypnea with dilated left atrium  with ID defects, enteritis hyper-
plastic
114raox/1xRosa26Brintow-2.1/ Brainbou-2.1 F 24 Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus with
fled hair coat, dyspnea and dilation, marked mineralization and chondroid
cardiomegaly with left  metaplasia, cardiomyocyte
ventricular chamber hypertrophy with ID defects,
dilation and wall moderate acidophilic macro-
thinning phage pneumonia
[14rafiox/ioxR osa2 Preinbow-2.1/ Brainbow-2.1 M 20 Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus, car-
fled hair coat, dyspnea and dilation, marked diomyocyte hypertrophy with
cardiomegaly, ID defects, left ventricular and
ventricular chamber interventricular septum contrac-
dilation and wall tion band necrosis, pulmonary
thinning intracapillary fibrin thrombi,
type II pneumocyte hyperplasia
and alveolar histiocytosis
I14rafox/1xR osa26Brintow-2.1/ Brainbow-2.1 M 16 Hunched posture, Mild cardiomegaly Right ventricular epicardial
ruffled hair coat, mild mineralization, mild cardiomyo-
tachypnea cyte hypertrophy
114rafox/0xPgfypWT/ecre M 20 Hunched posture, ruf-  Left atrial thrombosis ~ Small organized fibrin throm-
fled hair coat, dyspnea and dilation, moderate  bus, right ventricle epicardial
cardiomegaly mineralization, cardiomyocyte
hypertrophy with ID defects,
myocardial apex mild fibrosis
and atrophy, pulmonary alveo-
lar histiocytosis with surfactant
accumulation
114rafox/0xPgfypWT/ere M 24  Hunched posture, Left atrial thrombosis Organized fibrin thrombus with

ruffled hair coat, thin,
dyspnea
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Table 1. Continued

Age
Strain Sex  (wk) Clinical signs Gross lesions Microscopic lesions
114raox/0oxPgfypWT/ere M 24 Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus with
fled hair coat, dyspnea and dilation, moderate = mineralization, cardiomyocyte
cardiomegaly with mild hypertrophy with ID defects,
left ventricular chamber pulmonary interstitial fibrosis
dilation
114raox/foxPofypWT/ere M 24  Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus with
fled hair coat, dyspnea and dilation, moderate = mineralization, cardiomyocyte
cardiomegaly with mild hypertrophy with ID defects,
left ventricular chamber pulmonary interstitial fibrosis
dilation
114raox/ToxPdofypWT/er M 24 Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus with
fled hair coat, dyspnea and dilation, moderate = mineralization, cardiomyocyte
cardiomegaly with mild hypertrophy with ID defects,
left ventricular chamber pulmonary interstitial fibrosis
dilation with occasional intracapillary
fibrin thrombi
114raiox/ToxPgfypWT/ere M 32  Hunched posture, ruf-  Left atrial thrombosis Organized fibrin thrombus,
fled hair coat, dyspnea and dilation, marked cardiomyocyte hypertrophy
cardiomegaly with left ~ with ID defects, cardiomyocyte
ventricular chamber dila- necrosis, pulmonary intersti-
tion and wall thinning  tial fibrosis and intracapillary
thrombi, type II pneumocyte
hyperplasia
114rq"lox/fox] gy 5WI/EGHP-IRES-creERT2 M 28  Hunched posture, Left atrial thrombosis Organized fibrin thrombus, car-
ruffled hair coat, mild  and dilation, moderate =~ diomyocyte hypertrophy with
dyspnea cardiomegaly with left  ID defects, pulmonary alveolar
ventricular dilation and  histiocytosis and pulmonary
wall thinning intracapillary thrombi with mild
perivasculitis
[14rqfilox/fox] gy 5WI/EGHP-IRES-creERT2 M 28 Hunched posture, ruf- Moderate cardiomegaly Left ventricular hypertrophy,
fled hair coat, tachypnea cardiomyocyte hypertrophy
with ID defects, degeneration
and fibrosis, pulmonary alveolar
histiocytosis
[14rqfilox/ox] gy 5WI/EGHP-IRES-creERT2 M 28 Hunched posture, ruf- Mild cardiomegaly Myofiber degeneration and
fled hair coat, tachypnea fibrosis, mild cardiomyocyte hy-
pertrophy, pulmonary alveolar
histiocytosis
[14rqfilox/ox] gy 5WI/EGHP-IRES-creERT2 F 20 Hunched posture, Left atrial thrombosis Organized fibrin thrombus, car-
ruffled hair coat, thin, and dilation, marked diomyocyte hypertrophy with
tachypnea cardiomegaly ID defects, pulmonary edema
and alveolar histiocytosis
[14rafiox/floxKpt] 9reERT/WIR oga26tdTomato/tdTomato [ 32 Hunched posture, Right atrial thrombosis ~ Organized fibrin thrombus, car-

ruffled hair coat, thin,
lethargy, dyspnea

and dilation, marked diomyocyte hypertrophy with

cardiomegaly with ven- ID defects, pulmonary alveolar

tricular chamber dilation histiocytosis, stomach muco-

and wall thinning sal ulcers, and renal tubular
necrosis

ID, intercalated disk

inflammation of atrial myocardium was observed. Two mice
had focally extensive epicardial mineralization of the right ven-
tricle, but only one of them had atrial thrombosis. Contraction
band necrosis was observed in one animal. No infectious agents
were noted.

Microscopic lesions were found in other organs. Most com-
monly, pulmonary alveolar histiocytosis characterized by he-
mosiderin-laden alveolar macrophages were present diffusely
in lung, consistent with left heart failure, along with fibrosis of
alveolar septa with type II pneumocyte hyperplasia in a few
cases. Pulmonary capillary fibrin thrombi were noted in 4 mice,
these same animals also had left atrial thrombosis. Three mice
had mild multifocal perivascular histiocytosis and lymphoid
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aggregates. The inflammatory cell aggregates were not associ-
ated with bronchioles. The cause of the perivasculitis in these 3
mice is unclear, given that bacterial cultures and serology test-
ing for common viral agents were all negative, and microscopic
examination did not reveal signs of a potential infectious agent.
Two animals showed diffuse liver lipidosis and bile duct hy-
perplasia surrounded by fibrosis or focal areas of acute renal
cortical tubular necrosis.

Bacterial cultures from heart samples were consistently nega-
tive. Serology panel testing for 24 known mouse pathogens also
was negative. Because the clinical signs were an unexpected
phenotype and extensive testing at necropsy (bacterial isola-
tion by conventional methods, serology panels against known
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Figure 1. (A) Mouse, heart. Marked left atrial dilation (open arrow). (B) Mouse, heart. Low-power histologic longitudinal section showing a
small fibrin thrombus (black asterisk) in the left ventricle chamber and attached to the mitral valve, but the heart is otherwise normal. (C) Mouse,
heart. Low-power histologic longitudinal section showing marked thrombosis and dilation of the left atrium (LA) and left ventricle hypertrophy,
with mild chamber dilation. (D) Mouse, heart. Low-power histologic longitudinal section showing marked thrombosis and dilation of the LA
and marked ventricular dilation, with thinning of the left ventricular free wall. Hematoxylin and eosin stain; original magnification, 12.5x; bar,
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mouse pathogens, and histologic examination by conventional
light microscopy) failed to ascertain the etiology, heart tissue
samples from 3 selected cases were processed for transmission
electron microscopy. This examination did not reveal an infec-
tious agent; however, the mice with cardiomegaly had structural
defects of the intercalated disks characterized by unorganized
and heavily convoluted arrangement with lower density and
less prominent desmosomes and adherens junctions as com-
pared with those of unaffected mice, giving the appearance of
a thickened intercalated disk on light microscopy. Mitochondria
appeared smaller and less numerous, and sarcomeres appeared
thinner than in normal heart. In addition, the cardiomyocytes
of the affected mice presented with widening of the intercel-
lular space, myofibrillar lysis adjacent to intercalated disks, and
increased number of endocytotic vesicles (Figure 1 G through J).
Occasional sarcomere lysis with marked myofiber degeneration,
vacuolation, accumulation of cell debris, and multiple whorls
(myelin figures) was noted also.

Discussion

The increased incidence of cardiomyopathy and atrial throm-
bosis in an IL4 receptor o-deficient mice colony prompted us to
do this retrospective study. Transmission electron microscopy of
the myocardial cells in the affected animals showed the wider
and thicker intercalated disks, noted on light microscopy, were
results of the unorganized and heavily convoluted arrangement
of the intercalated disks, with less dense and prominent des-
mosomes and adherens junctions. Widening of the intercellular
space and myofibrillar lysis next to the intercalated disk were
present also, along with occasional sarcomere lysis with marked
myofiber degeneration, vacuolation, accumulation of cell de-
bris, and myelin figures. The intercalated disk is responsible for
the strong cell-to-cell adhesion, mechanosensing, and electrical
signaling of cardiomyocytes.? It coordinates muscle contrac-
tion by coupling the electrical and mechanical connection be-
tween cardiac fibers with 3 main types of cell-to-cell contacts:
desmosomes, gap junctions, and adherens junctions. Typically,
intercalated disk defects result in poor myocardial contraction,
intracardiac blood stagnation, and consequently cardiac dila-
tion, ultimately resulting in clinical signs of heart failure.2*#

A few genetically modified mice have been created as mod-
els of intercalated disk defects for the study of human disease
conditions. These genetically modified mice show similarities
to what we reported in the current study. Muscle LIM protein
(MLP) knockout mice and tropomodulin-overexpressing trans-
genic (TOT) mice both develop dilated cardiomyopathy associ-
ated to altered expression levels of cytoskeletal proteins (either
the lack of muscle LIM protein or an increased expression of tro-
pomodulin) resulting in impaired myofibrillar function, physi-
ologic stress, and altered appearance and composition of the

intercalated disks showing a higher degree of convolution of the
membrane at the intercalated disk, giving the impression of a
broader region on light microscopy.* Mice carrying a deletion of
the adhesive extracellular domain of the desmosomal cadherin
desmoglein 2 develop arrhythmogenic right ventricular cardio-
myopathy with ventricular dilation, fibrosis, and arrhythmia.*
These mice have more severe defects at the intercalated disk
level characterized by indistinguishable desmosomes, widen-
ing of the intercellular space, and even complete dissociation of
intercalated disks.* Affected mice also showed disturbed sarco-
mere structure, altered Z-lines, multiple autophagic vacuoles,
and swollen mitochondria.*” On cardiomyocyte death, the tis-
sue is repaired by connective tissue compromising even further
heart function.® Cardiac-restricted myopalladin transgenic mice
develop hypertrophic cardiomyopathy and disrupted interca-
lated disks, with disturbed expression of desmin, desmoplakin,
connexin 43 and vinculin.® The Y20C mutation perturbs nuclear
shuttling of myopalladin and leads to abnormal assembly of
terminal Z-lines within the cardiac transitional junction and
intercalated disk.® Transgenic mice with cardiac overexpres-
sion of mutant desmoglein 2 (Dsg2-N271S Tg-NS/L) develop
intercellular space widening at the level of the intercalated disk
and a concomitant reduction in action potential upstroke ve-
locity as a consequence of lower Na* current density, leading
to slowed conduction and increased arrhythmia susceptibility
at disease stages preceding the onset of necrosis and replace-
ment fibrosis.® In cardiomyopathic hamster models, although
d-sarcoglycan-deficient hamsters have altered sarcolemal struc-
tures, the cardiomyocytes of the UM-X7.1 hamster show highly
convoluted and more electron-dense myocardial intercalated
disks due to abnormally developed desmosomes with greater
width, and myofibrillar loss at the adherens junction.!®* UM-
X7.1 hamsters have reduced B-catenin expression that aggra-
vates with age.'”

In domestic animals, spontaneous intercalated disk defects
have been described in boxer dogs with arrhythmogenic right
ventricular cardiomyopathy.” Dogs with arrhythmogenic right
ventricular cardiomyopathy had reduced numbers of desmo-
somes, adherens junctions, and gap junctions when compared
with normal dogs.” In addition, the affected dogs had electron-
dense material originating from the Z-line and extending into
the sarcomere.” This last finding was not observed in the af-
fected mice in the current study.

In humans, myocardial intercalated disk defects have been
associated with mutations of desmosomal and a-catenin genes.
These genes are found at high levels in myocardial tissues and
contribute to strong cell-to-cell adhesion.*’ Electrical coupling of
cardiac muscle can also be affected by intercalated disk defects
and mutations in proteins that make up the myofibrils lead-
ing to hereditary cardiomyopathies.®” The changes in cardiac

100 pm. (E). Mouse, heart. Photomicrograph showing normal myocardium with intercalated disks barely noticeable (black arrowheads). (F).
Mouse, heart. Photomicrograph showing the myocardium of an affected animal with hypertrophy of individual cardiomyocytes and thickened
intercalated disks (black arrowhead). Hematoxylin and eosin stain; magnification, 1000x. (G). Mouse, heart. Photomicrograph of a normal
myocardial cell showing the intercalated disk (black arrowheads) connecting 2 cardiomyocytes. Note the step-ladder shaped arrangement of
the intercalated disk. Numerous mitochondria (M) are normal. The Z-lines (white arrowheads) mark the lateral borders of a sarcomere with the
M-band in the middle of the sarcomere (white arrow). (H). Mouse, heart. Photomicrograph of an abnormal myocardial cell intercalated disk
showing unorganized and heavily convoluted arrangement with myofibrillar lysis next to the intercalated disk (black asterisk) and widening
of the intercellular space (black arrow). Mitochondria appear smaller and less numerous, and sarcomeres appear thinner. Uranyl acetate and
lead citrate stain; magnification, 5000x. (I). Mouse, heart. Photomicrograph showing details of a normal intercalated disk. Note the step-ladder
shaped arrangement of the intercalated disk with desmosomes (black arrowheads), adherens junctions (less dense than desmosomes), and a gap
junction (white arrowhead). (J). Mouse, heart. Photomicrograph showing an abnormal intercalated disk with unorganized arrangement, less
dense desmosomes and adherences junctions, increased number of endocytotic vesicles, widening of the intercellular space (black arrowhead),
and myofibrillar lysis next to the intercalated disk (black asterisk). Uranyl acetate and lead citrate stain; magnification, 10,000x.
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cytoarchitecture that are seen in dilated cardiomyopathy are
subtle and mainly affect the intercalated disks, with the plasma
membrane between neighboring cardiomyocytes being more
convoluted, resembling cell-to-cell contacts from aged hearts.*
However, these subtle changes have a major effects on heart
function, leading to a myocardium unable to contract with suf-
ficient coordination and force to pump blood out of the cardiac
chambers, thus predisposing to the development of intracardiac
thrombi and eventual clinical signs of cardiac insufficiency.2#
Unfortunately, because the current study was a retrospective,
postmortem study, echocardiography—necessary to evaluate
heart function—was not performed in these mice.

The affected mice in the current study were all on a BALB/c
background strain. Spontaneous epicardial mineralization is
a common incidental finding in BALB/c mice, with lesions
sometimes observed even in recently weaned animals.’** The
clinical significance of epicardial mineralization in BALB/c mice
appears to be minimal, but its possible role in sudden death
due to acute heart failure has not been adequately explored.
Conversely, sudden death due to dystrophic intramural cardiac
calcinosis has been described in C3H/OUJ mice fed high-fat
purified diets.” In the current study, only 2 mice had epicardial
mineralization of the right ventricle and only one of them had
atrial thrombosis, consequently, epicardial mineralization did
not appear to play a role in the development of atrial thrombosis
in the animals in our study. Dilated cardiomyopathy is occasion-
ally observed in aged laboratory mice, with atrial thrombosis
being common in old female BALB/c mice.?* BALB/c mice
are highly susceptible to both infectious and noninfectious car-
diomyopathy when compared with C57BL/6 mice.” BALB/c
mice have a lower heart rate, an enlarged left ventricular cham-
ber, a lower left ventricle ejection fraction and short fraction,
and twice the amount of collagen in the left ventricle than age
matched C57BL/6 mice.” However, dilated cardiomyopathy
and atrial thrombosis in young mice is unusual. In the current
study, the majority (80.9%) of the affected mice were males and
younger than 6 mo at the time of clinical presentation. Similarly,
in humans, the disease is usually diagnosed in young adults (20
to 25 y), and phenotypic expression is more common in men.*
The difference in sex-associated presentation is believed to be
due to a direct cardioprotective effect of estrogen in women.
Estrogen has been shown to protect the myocardium against ne-
crosis, apoptosis, fibrosis, hypertrophy, and inflammation, often
preserving the heart ejection fraction.!®® This cardioprotective
effect declines after menopause, as estrogen levels decline.’**

Even though BALB/c mice are known to be susceptible to
cardiomyopathy,” epicardial mineralization,’* and cardiac di-
lation and thrombosis in older animals,?** no reports describe
intercalated disk defects as the cause of these lesions or address
spontaneous intercalated disk defects in BALB/c mice. Fur-
thermore, all affected mice in the current study were I[4ra>/
flox in which specific exons in the /[4ra locus are flanked by loxP
sites (flox), allowing for the conditional deletion of IL4 recep-
tor o on cell-specific expression of Cre recombinase but normal
expression otherwise.*”* These mice have a functional pheno-
type of impaired IL4- and IL13-mediated activity but are not
known to have defects affecting genes encoding for sarcomeric
proteins, intracellular calcium regulation, expression of G pro-
tein-coupled receptors, or cardiac development.” Many of the
strains in the current study incorporate Cre recombinase to in-
duce conditional deletion of IL4 receptor o within selected cell
types. The Cre-loxP-mediated recombination system is com-
mon gene editing tool in research. Sternberg and Hamilton were
the first to describe a recombinase enzyme isolated from the

Cardiac abnormalities in mice lacking IL4Rao

P1 bacteriophage (a virus that infects bacteria) that recombines
DNA fragments.”> Although specific promoters and enhancers
are used for narrowing the range of cells that express Cre, po-
tential off-target Cre expression may confound interpretation of
data.®® Cre expression in vitro has been shown to reduce mam-
malian cell proliferation and result in aberrant DNA recom-
bination and chromosomal defects.* In addition, cell-specific
toxicity of Cre has been reported in various tissues, including
cardiomyocytes.®? Furthermore, high-level expression of Cre
recombinase in the heart can cause dilated cardiomyopathy and
premature death from congestive heart failure.”? Other factors
including genetic background, diet, and vivarium conditions
may all play a role in the Cre-associated phenotype, given that
cardiac outcomes are heavily influenced by genetic background
in particular.®® Nevertheless, [l4ra®/fx mice have been used
extensively in numerous studies and are not reported to have
an untoward cardiac phenotype.*” None of the promoters used
to drive recombinase expression in the mice used in this study
(Pdgfrb, Krt19, Lgrb) are reported to drive expression in cardio-
myocytes; furthermore, several of the lines (I[4ra">/1*Rosa26%
bow-2.1/Brainbow-21 Tl4pgflox/flxy did not express Cre recombinase at all.
Whether the background strain and, potentially, the cre-
loxP mediated recombination system used to create these mice
contributed to the elevated incidence of cardiac dilatation and
atrial thrombosis found in this colony is unknown. Given the
backcrossing breeding scheme used in the colony, we cannot
discount colonywide dissemination of a spontaneous mutation
affecting the intercalated disk. However, because unintended
Cre expression in heart or elsewhere can have untoward health
effects, newly created genetically modified mice should always
be carefully evaluated for off-target Cre expression and unin-
tended downstream effects. The current report underscores the
importance of carefully monitoring genetically modified mice
for unexpected phenotypes that might result from spontaneous
or unintended mutations or that may be related to background
strains known to have aberrant cardiac phenotypes or unusual
background pathology. Furthermore, transmission electron
microscopy is an important tool for accurate diagnosis and
phenotyping of genetically modified mice, particularly when
evaluating previously unidentified cardiac abnormalities.
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