UH

T Kaneda and othens

INTRODUCTION

HCM (hypertrophic  cardiomyopathy) and DCM
(dilated cardiomyopathy) are very common types of
cardiomyopathy. HCM is characterized by abnormal
cardiac hypertrophy, fibrosis and myofibrillar disarray.
DCM is defined by ventricular chamber dilation and
impaired contractile function. Genetic studies have
indicated that approx. half of HCM is familial and caused
by a mutation in sarcomeric proteins [1]. Among the
causative genes, AMHC (fi-myosin heavy chain) is most
commonly associated with HCM [2]. Disease penetrance,
severe hypertrophy and high risk of sudden cardiac death
are more frequently associated with mutations in AMHC
than in the other sarcomere protein genes, such as cardiac
troponin T, a-tropomyosin and cardiac myosin-binding
protein C genes [3]. On the other hand, approx. 25-30%
of idiopathic DCM is caused by a missense mutation or
deletion in cardiac genes such as AMHC, cardiac rroponin
I, cardiac actin, lamin A/C and dystrophin [2,4]. In
DCM, AMHC mutations are also relevant to early onset
and serious cardiac dysfunction [5,6]. In addition, cases in
which HCM has progressed to DCM have been reported
[7,8]. This prnp;n:ssinn occurs in 10-15% of patients with
HCM [9]. However, the mechanisms whereby muations
of the AMHC gene lead to cardiac hypertrophy or
dilation remain unclear. Moreover, it is still not clear
whether there is 2 common aetiology for these diseases.

Transgenic mouse models expressing mutant pro-
'.l!ins Pru\'idf a4 means ()f Hlllrlllnﬁ insiﬁhl “'"n lhc Plth(}'
physiological and clinical features of human cardio-
myopathy. For example, transgenic mice carrying
the missense mutation p.Arg403Gln in the «MHC
gene, the murine analogue of the human AMHC gene,
recapitulate the characteristics of human HCM [5,10],
whereas homozygous mice for the same transgene
develop DCM-like disease [11], The homozygous
mutant transgenic mice of another sarcomeric protein,
myosin-binding protein C, are also affected with DCM
[12]. However, the mechanisms of the primary cardiac
dilation caused by the AMHC mutation are still unclear.
This is because animal models bearing the analogous
mutation within the sarcomeric protein genes identified
in human DCM have not so far been investigated.

In the present study we explored mutations in the
sarcomere proteins in a patient with isolated LVNC [LV
(left ventricular) non-compaction] and found a novel
mutation, p.Met531Arg, in the AMHC. We then gen-
erated the eMHC transgenic mice with a p.Met332Arg
mutation corresponding with the p.Met531Arg in
human BMHC. Although these transgenic mice did
not develop LVNC, they showed the pathological
changes from HCM to DCM. The results of our present
study suggest that HCM and DCM may be closely
related pathological conditions rather than independent
diseases.

& The huthors Journal compiation € 2008 Biochemical Society

MATERIALS AND METHODS

Patients

The study subjects comprised 99 unrelated patients
with DCM (27 familial and 72 sporadic or unknown)
and five patients with isolated LVNC (one familial and
four sporadic or unknown). The diagnosis of DCM
was based on the criteria of the Collaborative Research
Group of the European Human and Capital Maobility
Project on Familial Dilated Cardiomyopathy [13], ve.
echocardiographic demonstration of depressed systolic
function of the left ventricle [LVEF (LV ¢jection fraction)
< 0.45 and/or fractional shortening < 0.25) and a dilated
left venuricle [LVEDD (LV end-diastolic diameter)
>117% of the predicted value corrected for age and
body surface area) in the absence of other cardiac or
systemic causes, The diagnosis of isolated LVNC was
based on the following echocardiographic criteria [14]
in four patients: (i) the absence of coexisting cardiac
abnormalities; (i) the presence of a two-layer structure in
the myocardium, with a compacted thin epicardial band
and a much thicker noncompacted endocardial layer of
trabecular meshwork with deep endomyocardial spaces
showing a maximal end systolic ratio of noncompacted
to compacted layers of =2; (iit) the predominant
localization of the non-compaction in the mid-lateral,
apical and mid-inferior walls; and (iv) colour Dappler
evidence of deep perfused intertrabecular recesses. One
patient (with the AMHC mutation) was diagnosed by
postmortem examination because echocardiographic
evidence of LVNC was lacking at that time.

Informed consent was obtained from all subjects
in accordance with the guidelines of the Bioethical
Cnmmitf.er on Mt!l.ﬁcl] Rﬂstﬂrch‘ .‘;Ch()()l (1[ Mudiclnﬂ,
Kanazawa University. gDNA (genomic DNA) was
purified from white blood cells [15].

Detection of mutation

Oligonucleotide primers used for the amplification of the
AMHC gene exons were based on published sequences
[16] and sequences obtained from GenBank®, PCR was
used for amplification of gDNA, and SSCP (single-strand
conformational polymorphism) analysis of this amplified
DNA was then performed with a slight modification of
a method published previously [17,18]. DNA fragments
with abnormal SSCP patterns were sequenced by the dye
terminator cycle sequencing method using an automated
fluorescent sequencer (ABI Prism™ 310 genetic analyser;
PE Biosystems). To increase the probability of detecting
the presence of any sequence change, SSCP was carried
out at two different temperatures for each exon, and the
size of fragments for SSCP was kept at less than 300 bp.
Sequence analysis results were validated by restriction
enzyme digestion with Eco811. To confirm the paternity
of the subjects, five short tandem-repeat systems THOI,
vWA, LPL, F13B and FES/FPS werc investigated as
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previously described [19]. From the allele distributions
of cach short tandem-repeat locus, the probability of
paternity was calculated based on the allelic frequencies
in the Japanese population [20]. Screening for mut-
auons in other genes, including dystrophin, myosin-
binding protein-C, ¢-tropomyosin, cardiac troponin C,
cardiac troponin T, cardiac troponin [, cardiac a-actin,
lamin A/C, G4.5, ZASP and a-dystrobrevin was
performed by direct sequencing in the proband.

Transgenic constructs

Murine aMHC (the analogous gene of the human
AMHC) cDNA (5.9 kbp) and the transgenic construct,
aMHC clone 918 (9.1 kbp), were generously provided
by Dr . Rabbins (University of Cincinnati, Cincinnati,
OH, US.A.). The eMHC ¢DNA was mutated using
site-directed mutagenesis according to the manufacturer’s
protocol (Stratagene), which resulted in a p.Met332Arg
mutation in the protein, The mutagenic primers used
were 5'-CCCATGGGCATCAGGTCCATCCTGGA-
GG-3 and 5-CCTCCAGGATGGACCTGATGCCC-
ATGGG-3". The mutated ¢DNA was sequenced to
confirm the presence of the correct mutation and the ab-
sence of undesired errors during mutagenesis, The
mutated e MHC cDNA was subcloned into the Sall site of
aMHC clone 918 between the murine « MHC promoter
and the human growth hormone polyadenylation site.
The transgenic construct was purified by caesium
chlonde ultracentrifugation and digested with EcoRl to
release a 12.1 kbp fragment that was used for micro-
injection. This fragment was purified by agarose
gel elecrrophoresis, dissolved in 10 mmol/l Tris/HCI
(pH 7.5) containing 0.2 mmol/l EDTA and injected into
the pronucleus of ferulized zygotes from BDFI mice. The
microinjections were performed at Japan SLC Inc.

Generation of transgenic mice

Founder transgenic mice were identified by hybridization
of tail DNA to a ¥P-labelled DNA probe corresponding
to the human growth hormone 3 -untranslated region (a
630 bp HindI11/EcoR1 fragment from the transgenic con-
struct), PCR was also used to identify the transgenic
mice. A forward (5-TGCCCACCAGCCTTGTCCT-
AATAA-Y) and a reverse (5-CAGGGAAGGGA-
GCAGTGGTTCAC-3) primer were derived from the
human growth hormone sequence; PCR with these pri-
mers produced a 411 bp fragment using DNA of mice
harbouring the transgene. Stable transgenic lines were
generated by mating founder transgenic mice with non-
transgenic BDFI mice. Male transgenic mice and
non-transgenic male liermates were used for analysis.
Experiments were conducted according to guidelines
for the care and use of laboratory animals in Kanazawa
University and safety guidelines for gene manipulation
experiments.

RT (reverse transcription)-PCR

RT-PCR was performed 1o assess the amount of
aMHC, AMHC and GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase) mRNA in wild-type and trans-
genic hearts. Toral RNA was isolated from the heant
using the AGTC (acid guanidinium thiocyanate/phenol/
chloroform) method [21] and the first strand ¢cDNA was
synthesized using standard cDNA synthesis reagents
(first strand ¢cDNA synthesis kit for RT-PCR; Roche)
according to the manufacturer's protocol. To assess
the «MHC transgene expression, PCR cycling was
performed at 94 C for 60s, 59 C for 60s and 72 C
for 605 for 30 cycles using rTaq (Takara). The forward
(3"-GCCGCGCCAGTACTTCATAGGT-3') and the
reverse  (5-TTGCGAGGCTTCTGGAAGTTGTTA-
¥) primers were derived from the murine «MHC
¢DINA sequence. When the PCR product (351 bp) was
digested with Xhol, fragments of 248 bp and 103 bp were
generated from the endogenous allele, while the 351 bp
fragment from the transgene was not digested because
the Xhol site was abolished by site-directed mutagenesis.
To determine transcript levels of «MHC and AMHC
genes, cDNA products were amplified by cycling at
94 C for 305, 55 C for 30s and 72 C for 30s for 25
cyeles using rTaq (Takara), Sequences of primers were as
follows: «MHC, 5-ATCGCCGAGTCCCAGGT-
CAAC-Y and 5-TATTGGCCACAGCGAGGGTC-
TG-3'; PMHC, 5-GTGCCAAGGGCCTGAATGA-
GG-3' and 5-AGGGCTGTTGCAAAGGCTCCAG-
¥; GAPDH, 5-ACCACAGTCCATGCCATCAC-3
and 5-TCCACCACCCTGTTGCTGTA-3".

Echocardiography

Echocardiographic  studies  were  performed  using
a 12-MHz phased array probe and a Sonos 5500
ultrasonograph (Philips Medical Systems). Mice were
anaesthetized lightly by intraperitoneal injection of
10 pug/ml of pentobarbital sodium at a dose of 10 ul/g of
body mass. Body fur of the upper sternal and subxiphoid
areas was shaved and the exposed skin was moisiened
for better acoustic coupling. M-mode echocardiographs
of the left ventricle were recorded at the middle of the
left ventricle. IVST (interventricular sepral thickness),
PWT (posterior wall thickness), IVESD (LV end-
systolic diameter) and LVEDD were measured and the
percentage FS (fractional shortening) was calculated as

(LVEDD-LVESDYLVEDD.

Histological examination

Mice were anaestheuzed, and the hearts were removed
while still beating, rinsed in PBS, and fixed in 10%
formalin before sectioning. The hearts were dehydrared
through a graded alcohol series and embedded in
paraffin. Longitudinal 8 um sections were cur and
stained with H and E (Hacmatoxylin and Eosin or
with Azan and examined under an Olympus 1X71
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microscope. Photomicrographs were obtained with an
Olympus DP70 digital camera. For ¢electron microscopic
analysis, the hearts were removed while still beating, and
immersed in a cardioplegic solution (25 mmol/l KCI
and 5% dextrose in PBS) to ensure complete myocardial
relaxation. Blocks of 1 mm?® were dissected from the left
ventricular free wall. The blocks were trimmed, fixed
in 2.5% glutaraldehyde in cacodylate buffer at pH 7.4,
postfixed in 2.0% osmium tetroxide, dehydrated in
cthanol in propylene oxide, and embedded in EPOKS12
(Oken). Sections were cut at 60 nm, stained with lead
citrate and uranyl acetate, and examined with a JEM-1210
transmission electron microscope (JEOL).

Statistical analysis

Statistically significant differences between groups of
non-transgenic and transgenic mice were assessed using
an unpaired Student’s ¢ test. Results are expressed
as means = 5.1, A P value of <0.05 was considered
statistically significant.

RESULTS

Baseline characteristics of the study
patients

The 99 adulr patients with DCM comprised 68 men and
31 women (mean age 58.1 4 13.1 years, range 21-82).
The three adult patients (aged 29, 57 and 60 years),
and two young patients (aged 10 and 13 years) with
isolated LVNC comprised two men and three women. In
the patient groups with DCM and isolated LVNC, the
LVEDD was 64.8 + 7.4 mm and 62.4 + 12.8 mm respect-
ively, the LVESD was 55.8 + 8.2 mm and 54.2 + 10.3 mm
respectively and the LVEF was 291+ 98mm and
26.2 4+ 13.7 mm respectively.

A point mutation was found in the SMHC
gene of an isolated LYNC patient
SSCP analysis identified polymorphisms in the AMHC
gene in 17 patients with DCM (14 with c.189C>T,
two with ¢.732T=C, four with ¢.1062C>T, one with
¢, 1128C=T and three with ¢.30271C) which have been
reported previously [22]. A mutation was found in the
AMHC gene derived from the proband, a 14-year-old girl
(Figure 1A, 11-4) with isolated LVNC, Sequence analysis
of the abnormal polymorphism conformer revealed a
nucleotide substitution in codon 531, resulting in sub-
stitution of a methionine residue by arginine (Figure 1B).
This mutation was not detected in 200 control individuals.
Noother mutations in the AMHC or other genes, includ-
ing l‘nynﬁin-hmdlng prntl:ln-(f. U‘-Impnmymin. cardiac
troponin T, cardiac troponin 1, actin, lamin A/C, G4.5,
ZASP or a-dystrobrevin were identified in this proband.
Cardiac examination of the proband (11-4) revealed left
ventricular dilation and diminished conrtractile function
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Table | Echocardiographic data in the
proband and her identical twin sister

Parameter II-3 14
Sex Female Female
Age (yean) 13 13
LYEDD (mem) n 1l
LYEDS (mm) ] 58
5 (%) 1" i”
VST {mm) 10 (1
PWT (mm) 10 ]

like DCM (Table 1), a]t!mugh she was asymptomatic.
Heart failure progressed and she died art the age of 14
in 1999. Figures 1(C) and 1{DD) show the ECG and the
photograph of the heart at autopsy. The ECG showed
left ventricular hypertrophy. In the autopsy, the left
ventricle was markedly dilated and prominent numerous
trabeculations with intertrabecular recesses were found
at the lateral wall, the inferior wall and the apex of the left
ventricle. The thickness ratio between the noncompacted
and compacted layer was 3-5. Other congenital cardiac
malformations were not found. These findings were
consistent with isolated LVNC. On microscopic examin-
ation, mild vacuolation was evident in the myocytes, and
moderate subendocardial fibrosis was observed (results
not shown). The endocardium was thickened by fibrous
tissue, but no fibroclastosis was identified. Myocyte
hypertrophy was not found. She had an identical rwin
sister (11-3), who had been diagnosed with DCM
and also died of heart failure at the age of 13 (Fig-
ure 1A),

We could not find any abnormalities in the parents
(Figure 1A, 1-1 and 1-2), elder sister (II-1) and elder
brother (11-2) by clinical examination, and none of them
had the p.Met531 Arg mutation in the AMHC gene. The
presence of this sequence variant was confirmed with
restriction enzyme digest analysis. The 201 bp fragment
was digested with Eco811. The T to G transition at
nucleotide position 1674 allows cleavage (yielding 16 bp
and 185 bp fragments), whereas the wild-type allele is
not cut. Only the proband was heterozygous for the T
to G base change (Figure 1A). The allele distribution
of five short tandem-repeat loci was then examined in
the subject’s parents to determine the paternity of the
proband. The probability of paternity was 0.9873, which
was considered to be highly likely. Thus we concluded
that the identified p.Met531Arg mutation in the AMHC
gene in the proband was de novo,

Generation of p.Met532Arg «MHC
transgenic mice

To elucidate the importance of p.Met531 Arg of AMHC
observed in the human patent, we constructed a
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Figure | A point mutation was found in the SMHC gene of an isolated LYNC patient

(A) Upper panel: pedigree | and Il indicate generations. An astersk indicates the proband, Open rcles and open boxes indicate female and male normal indivduals
respectively. A cosed circle indicates a phenotype-positive, genotype-pasitive individual, A hatched circle indicates a phenotype-positive, genotype unknown individual
The forward slash indicates deceased individuals Lower panel: PCR-restriction fragment length polymorphism analysis, Digestion of the PCR products with Eco8ll
generates polymorphic restriction fragments of 201 bp (wild-type allele) and/or (85 bp (mutant allele), (B) ONA sequence analysis, A single nudeotide transition Irom
thymine to guanine at nucleoride pasition 1678 of AAMHC was identified, This mutation leads to a missense mutation of Mer™' 1o an argimine rendue, (C) Twebve-lead
ECG of the praband (II-4). (D) A photograph of the heart of the proband (I1-4) ar autopsy. Features of the heart were consistent with isolated LYNC,

transgenic vector based on the mouse eMHC (the ana
logous gene of the human AMHC) clone 918 (Figure 2A).
Nucleotides 1604 and 1614 of the coding region were
mutated using site-directed mutagenesis. ¢.1604T>G re-
sulted in a p.Met532Arg mutation, and ¢.1614C>G
resulted in the deletion of the Xhol site without amino
acid change and enabled us o distinguish the murtant
cDNA from wild-type cDNA. PCR of gDNA revealed
that we could obtain 17 transgenic lines (Figure 2B),
and six independent lines expressing transgene-derived
eMHC mRNA (Figure 2C). Densitometric analysis of
PCR products revealed thar each transgenic line had
unique ratios of transgene (a 351 bp band) to endogenous
(248 bp and 103 bp bands) «MHC, which could be used
to distinguish cach transgenic line. Among these trans-
genic lines, we chose line numbers 41 and 23 because
they showed severe phenotypes and expressed more
eMHC mRNA than the other transgenic lines.

The non-transgenic mice and transgenic mice seemed
1o grow normally. However, by 12 months of age 19%
(n=33) and 20% (n=20) of mice died in transgenic
mice lines 23 and 41 respectively, compared with only
one death in 30 (3.3 %) non-transgenic mice (Figure 3).

Transgenic mice died sporadically withour showing
prominent organ diseases except cardiac hypertrophy.
The most likely cause of death was sudden cardiac
arrest,

Echocardiography

Echocardiography was performed in seven transgenic
mice of line 41 and six non-transgenic littermates.
All mice were 8-10 months old and the mean age was
not significantly different berween the groups. Repre-
sentative echocardiograms are shown in Figure 4. The
difference in mean values of LVEDD, LVESD and FS
were not statistically significant between non-transgenic
and transgenic mice of line 41 (Table 2).
IVST and PWT were significantly greater in transgenic
mice of line 41 compared with non-transgenic mice.

However,

Myocardial histopathology and
morphology showed that transgenic mice
developed HCM and DCM

There were no significant differences between non
transgenic mice and transgenic mice at 1 month of
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Figure 2 Transgenic construct and transcript expression
(A) A construct used to generate tramsgenic mice. Arrow heads indicate PCR
pnmers for detection of wMHC DNA. The astemsk indicates the posinon of
the mutation (c.|604T=-G). UTR. untranslated region; hGH pA, human growth
hormone polyadenylaton signal. (B) ldentficanon of transpenic mice by P(R
analysis of gOMA. A 411 bp PCR product was amphfied using transpene specfic
primers for hGH pA. The 411 bp products are present only in the trangenic mice
(C) Analyses of tramsgene AMA expression by RT-PCA wung primers i (A} in
the hearts of sx transgenic lines. When the PR product (351 bp) was digested
with Khol, 148 bp and 103 bp fragments were generared from the endogencus
allele, while the 351 bp fragment from the transgene was not digested, because
the Xhol site was abolished by site-directed mutagenesis. Densitometric analysis
of PCR producty revealed that six transgenic lines (the number of the transgenic
Iine 15 shown on each lane) had unique ratios of transgene to endogenous crMHC
mANA

B survival
£

- WT {n-20)

........ Line 41 (n-20)

— ane XY a5

mimihs

Figure 3 Survival curves of transg and non-transg
mice
Non-transgenic mice (WT), 0= 30, transgenic mice line 23, n=133; transgenic

mice hine 41, n =20,

age. Transgenic mice began to display left ventricular
hypertrophy at 2-3 months of age, and showed left
ventricular hypertrophy at about 12 months (Figure 5D)
Striking histological and morphological abnormalities
were observed in approx. 50% and 70% of transgenic
mice of line 23 and line 41 respectively. When mice
were approx. 18 months old, transgenic mice displayed
enlarged atria and approx. 25 % of transgenic mice pro-
gressed to exhibit left ventricular dilation compared with
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Figure 4 Echocardiographic analysis
Representative H-mode leh ventnce images i 8- o 10 month old non-transgenic

mice and transgenic mice line 4]

Table 2 Echocardiographic data in 810 month old non-

mice of line 41

transgenic mice and tr

Values are means +5D. HR, heart rate. P < 005 when compared with

I'IDFI']TI.ITEEIN( me,

Parameter Non-transgenic Transgenic fine 4|
" ] 1

HR (beats/min) S90+ 18 00+ 13

LYEDD (mm) 151+ 028 3030
LVESD (mm) 197+ 018 184+ 0.25

Fs (%) Wi+ 45.1+34

VST (mm) .02+ 008 L16+0.13"
PWT (mm) 1.0 +0.09 (L A1k

non-transgenic mice (Figures 5A-5C and 5E). However,
transgenic mice did not show typical findings consistent
with LIVNC. Heart-to-body weight ratos at 12-15
months of age were significantly higher in transgenic mice
compared with non-transgenic mice (Figure 6)
Histological examination of transgenic hearts revealed
mild relative myocyte hypertrophy and myofibrillar dis-
array starting at 2-3 months of age. These features became
more severe with aging. Multiple pleiotropic nucler were
also observed. These histological features were scattered
throughout the left ventricular free wall. H and E- and
Azan-stained sections of hearts from 15 month old mice
showed interstitial fibrosis especially at the endocardium
Non-transgenic mice showed regular arrangement of
myofibres and no fibratic lesions (Figures SF-51).
Transmission electron microscopy was performed 1o
examine the ultrastructure of transgenic and non-trans
genic mice hearts at 16 months of age. The non
transgemic mice showed normal sarcomernic structure,
with rcgul.u[} .Jii!.:uui Z-bands I'}"igurr 7A). In contrast,
transgenic mice showed an abnormal sarcomeric
structure. The sarcomere lengths were greatly reduced
and the myofilaments were misaligned. The M-lines
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Figure 5 Histological analysis

Hearts were obtained from a non-transgenic mouse (A) and transgenic mouse fine 41 (B) at 18 months of age. (C-E) Coronal sections of hearts stained with H
and E. (C) Non-transgenic mouse (18 months old). (0) Transgenic mouse line 41 with left ventricular hypertrophy (12 months old). (E] Transgenic mouse line 41
with lelt ventncular dilabon (18 months old). Scale bar represents | mm. Higher magnification views of H and E-stained left ventride sections from a 15 month

old non-transgenic (F) and
represents 50 jem.

were indistinct and the Z-bands were thicker than those
of non-transgenic mice (Figure 7B).

The expression level of SMHC (corresponding to
oMHC in human), which is associated with a cardiac
stress response, was compared in the hearts of transgenic
mice of line 23 and transgenic mice of line 41 with
non-transgenic mice at 4 months of age. Transgenic mice
demonstrated significant increases in AMHC compared
with age-matched non-transgenic mice (5.6-fold and
4.6-fold in lines 23 and 41 respectively). The amount of
aMHC rtranseripts in transgenic hearts was the same as
in age-matched non-transgenic hearts (Figure 8).

genic mouse line 41 (G). Azan-stained sections of ventrices from a

(W) and ic mouse fine 41 (I). Scale bar

DISCUSSION

Generation of a novel transgenic mouse
model having a point mutation in the
aMHC gene that exhibits HCM developing
to DCM

In the present study we have generated the first mouse
model with a point mutation in the «eMHC gene exhib-
iting HCM thart developed to DCM, and it showed a
more malignant phenotype compared with other eMHC
mutant mice. At first, we identified a novel de novo
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Heart Body Weight Ratiogmg g)

nenTy e luedl

Figure & Ratios of heart-to-body weight for non-transgenic
and transgenic mice of line 23 and line 41 at 12-15 months
old

Bars represent means +5.0. (0 in parentheses). "P < 0.05 compared with
NOR-Iranigenic mice.

Figure 7 Electron micrographs of longitudinal sections of
left ventricular cardiac myocyte cells from a non-transgenic
mouse (A) and a transgenic mouse of line 23 (B) at 16
months

Scale bars represent 500 nm.

mutation in the AMHC gene in a patient with isolated
LVNC, and generated «MHC transgenic mice with a
p.Met532Arg missense mutation that is an analogous
mutation of the patient. Although these mice did not
develop LVNC, approx. 50-70% of them demonstrated
the pathological and clinical features of human HCM
after they were 2-3 months old. Moreover, 25% of
transgenic mice progressed to exhibit DCM-like dilared
phase HCM by 18 months of age. The phenotype of
these p.Met532Arg eMHC transgenic mice is similar in
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Figure 8 Semi-quantitative RT-PCR analysis of gene expres-
sion in hearts of 4-month-old mice

Expression levels of wMHC and SMHC were wxamined The expression level of
AMHC was increased 5.6-fold and 4.6-lold in transgemic mice line 23 and fine
41 respecuvely. GAPDH was used as an intermal control

part to that of previously constructed e MHC transgenic
mice models of HCM. It is not appropriate to compare
the consequences of mutations by the seventy of
cardiac impairment of each mutant mouse because the
amount of mutant cDNA expression and strains of
mice are different. Nevertheless, our results suggest that
the p.Met531Arg mutation may have more malignant
consequences for cardiac function than other mutations
in aMHC, For example, the murtation, p.Arg403Gln, in
human AMHC caused severe HCM associated with
carly discase onset and short life expectancy in humans
[23]. However, the p.Arg403GIn «MHC (analogous to
human AMHC p. Arg403Gln) trangenic mice displayed
mild cardiac dysfunction and hypertrophy with normal
survival [24]. Compared with this p.Arg403Gln ¢ MHC
transgenic model, our p.Met531Arg aMHC transgenic
mice prUgrl.'b"L'd o severe Il.'” \-'L"'l”iLul-ll 1]\-'!.1“[17”}\"\
and further 10 dilated cardiomyopathy with sudden
death. These results indicate that cardiac impairment
of p.Met532Arg eMHC transgenic mice is significantly
increased. In another model, @MHC transgenic mice
bearing both the p.Arg403Gln mutation and a deletion
in a part of the actin-binding site of «MHC evolved
from left ventricular hypertrophy 1o dilation at 10
months of age even though only a small amount of
transgenic protein was expressed (10% of endogenous
«eMHC protein) [10]. does
not represent the real clinical consequence caused by
p-Arg403Gln mutation in humans because the compound
heterozygote of this mutation has not been identified 10
date in individuals with HCM. These results indicate that
the phenotype of cardiomyopathy in mutam eMHC

However, this model

transgenic mice may be milder than that in humans,
Approx. 20% of our transgenic mice died by
12 months of age. The cause of death remains unknown
because we could not evaluate the transgenic mice
electrophysiologically due 1o difficulties.
However, a previous study has reported that the degree

technical

of ventricular hypertrophy was significantly associated
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with increased arrhythmia suscepubility in p.Arg403Gln
aMHC transgenic mice [25]. Moreover, dead transgenic
mice did not show the findings of heart failure or promin-
ent diseases of other organs, except cardiac hypertrophy.
These results suggest that these transgenic mice died of
malignant arrhythmia. Further evaluaton is necessary
to clanfy the electrophysiological abnormality in
p-Met532Arg eMHC transgenic mice. /n vitro funciional
studies may also help 1o elucidate the pathophysiological
mechanisms affected by the p.Met531Arg mutation.

In the present study, p.Met532Arg « MHC trangenic
mice did not show the phenotype of LVNC, unlike that
found in the human patient. This result demonstrates
that there is little impact of eMHC mutation on left
ventricular morphogenesis. One explanation is that the
expression pattern of eMHC in the murnine heart is
different from that of AMHC in the human heart, Human
heart atria express eMHC and the ventricles express
predominantly AMHC. In mouse, tMHC is expressed in
both the postnatal atriaand ventricles, whereas expression
of AMHC in the embryonic ventricle is predominant
over aMHC, especially when the process of ventricular
myocardium compaction progresses. [n mice, at 10.5 days
post fertilization, «MHC gene expression begins to
decrease in ventricular myocytes and trabeculations begin
to form in the ventricles where SMHC is expressed dom-
inantly [26]. Thus we speculate that the effect of SMHC
mutation on left ventricle morphogenesis in humans may
be much bigger than that of eMHC mutation in mice,

Itis of note that the patient’s monozygotic twin sister
developed DCM, If the Met™! of AMHC was mutated to
an arginine residue at the I1-cell stage, the twin sister had
the same mutation, Although we could not examine this
twin sister genetically because she died before the present
study, it is possible that the p.Met531Arg mutation in
AMHC caused DCM in her heart. Hence the transgenic
model might reflect the pathology of human DCM
rather than LVNC.

The mechanisms of onset of HCM and DCM
Mer™*! of AMHC is located in the actin-binding site.
Replacement of a methionine residue by an arginine
residue may impair the a-helix structure and disrupt the
interaction between myosin and actin because methionine
is a hydrophobic amino acid, whereas arginine is a basic
and hydrophilic amino acid. Interestingly, other human
DCM-causing mutations of AMHC are located near
this region, such as p.Ser532Pro and p.Ala550Val [6,27],
For example, the p.Ser532Pro mutation which changes
the charge of the amino acid at this position caused
severe DCM. These results suggest that the p.Met531 Arg
mutation may cause catastrophic cardiomyopathy by
a similar mechanism. Mutations in the genes encoding
sarcomere proteins may alter contraction of cardiac
muscle cells and activate muluple cellular pathways.

When sarcomere proteins cannot interact sufficiently

with other proteins because of the presence of mutations,
cardiac remodelling may develop in order 1o compensate
for the dystunction, resulting in cardiomyopathy. It
remains unclear why murations of proteins with similar
functions can cause two different morphologies, HCM
and DCM, and whether these diseases are part of the
same progressive pathology.

The results of the present study support the hypathesis
that HCM and DCM reflect stages of a single progression
pathway of heart disease [2]. Several studies of other
mutant mice also support this hypothesis. For example,
heterozygous mutant mice for the R403Q mutation
developed HCM [25], whereas homozygous mutant
mice developed DCM [11,12], Furthermore, the R403Q
mutation combined with a deletion in a part of the
actin-binding site caused progression from HCM to
DCM [26]. The fact that myohypertrophy is seen
in DCM, and that HCM deteriorates into a phase that
resembles DCM in human patients also supports the idea
of a single pathophysiological progressive pathway,

In conclusion, the p.Met532Arg «MHC transgenic
mice demonstrated a severe HCM phenotype with sud-
den death although they did not recapitulate the LVNC
phenotype. In addition, some of the mice progressed to
left ventricular dilation. These results indicate that the
AMHC p.Met531Arg mutation contributes to malig-
nant cardiomyopathy. This model would help to under-
stand the pathological processes and aetiology of
cardiomyopathy caused by MHC mutations.

ACKNOWLEDGMENTS

We thank T. Tamiguchi and Y. Kubo (Kanazawa
University Graduate School of Medicine, Kanazawa,
Ishikawa, Japan) for excellent technical assistance.

REFERENCES

1 Richard, P, Charron, P, Carrier, L. et al. {2003)

Hypertrophic cardiomyopathy: distribution of discase

genes, spectrum of mutations, and implications for 4

nm[ucuf.: diagnosis strategy. Circulavion 107, 2227-2232

Serd J. G. and Seidman, C. (2001) The genetic basis for
cardiomyopathy: from mutation identificavion to
mechanistic paradigms. Cell 104, 557-567

3 Marian, A, | and Roberts, R. (1998) Molecular genetic
basis of hypertrophic cardiomyopathy: genetic markers for
sudden cardiac death. . Cardiovasc. Electrophysiol. 9,
88-99

4 Ahmad, F, Scidman, |. G. and Scidman, C. E. (2005) The
genete basis for cardiac remodeling. Annu. Rev. Genomics
Hum. Genet. 6, 185-216

5 Dachmlow, 5., Erdmann, |., Knueppel, T. et al. (2002)
Novel mutations in sarcomeric protein genes in dilated
cardiomyopathy. Biochem. Biophys. Res. Commun. 298,
116-120

6 Kamisago, M., Sharma, 5. )., DePalma, 5, R. et al, (2000)
Mutations in sarcomere protein genes as a cause of dilated

cardiomyopathy, N, Engl. J. Med. 343, 1688-1696

a

€ The Authors Journal compilation © 2008 Biochemical Soviery




o

T. Kaneda and others

~

16

Hecht, G. M., Klues, H. G., Roberts, W. €. and Maron,
B. J. (1993) Coexistence of \un.hlt. n cardiac dulh and
end-stage heart failure in familial hy pertrophic
cardiomyopathy. J. Am, Coll. Cardiol. 22, 489497
ten Cate, E |, and Roclandt, J. (1979) Progression to left
ventricular dilatation in patients with hypertrophic
obstrucuve cardiomyopathy. Am, Hc.\rt{ 97, 762-765
Spirito, P and Bellone, P. (1994) Nawural history of
hypertrophic cardiomyopathy. Br. Heart J. 72, 510-512
Vikstrom, K. L., Factor, 5. M. and Leinwand, L. A. (1996)
Mice expressing mutant myosin heavy chains are 2 model
for 1J[|llﬁ\i4! hypertrophic cardiomyopathy. Mol. Med. 2,
556-567
Fatkin, D, Christe, M. E., Ansuzabal, O e al. (1999)
Neonatal ¢ irlimm\.np.uh\ m mice |'|n-1mr\;,nus for the
Arg403GIn mutation in the a-cardiac myosin heavy chain
gene, J. Clin, Invest. 103, 147-153
McConnell, B. K., Jones, K. A, Fatkin, D, et al, (1999)
Dilated ».ardu)m\.up.nh\ in homm\ gous myosin-binding
protein-C mutant mice, J. Clin, Invest, 104, 1235-1244
Mestrom, L., Maisch, B., McKenna, W. J. er al. (1999)
Guidelines Inr the study of familial dilated
cardiomyopathies. Eur. Feart . 20, 93-102
Jenni, R., Oechslin, E., Schneder, |. et al. (2001)
'E.‘.hnu.:lrdm;,r.\phu and pathoanatomical characteristics of
isolated left ventricular non-compaction: a step towards
classification as a distinct cardiomyopathy. Heart 86,
G6H6—671
Haliassos, A., Chomel, J. C., Tesson, L. et al. (1989)
Modification of enzymatically amplified DNA for the
detection of point mutations. Nucleic Acids Res, 17, 3606
Jaenicke, T., Diederich, K. W.,, Haas, W. et al. (1990) The
complete sequence of the human f-myosin heavy chain
gene and a comparative analysis of its product. Genomics
¥, 194-206
Onn M., Suzuki, Y., Sekiya, T. and Hayashi, K. (1989)
Ipld and sensitive detection of point mutations and DNA
polymuorphisms using the polymerase chain reaction.
Genomics 5, 874879

Mohabeer, AL [, Hits, A L. and Martin, W, J.(19n)
Non- I'.ldm\l.l.ﬂl. SIr l|.,.L strand conformation
polymorphism (SSCP) using the Pharmacia ‘PhastSystem’
Nucleic Acuds Res. 19, 3154
Lin, Z., Ohshima, T., Gao, 5. 1 al. (2000) Genetic variation
and relattonships at five STR loci in five distinct cthmic
groups in China. Forensic Ser Int. Ilz 179-189
MNagai, A., Yamada, 5., Watanabe, ¥, Bunai, Y. and Ohya, |
(1996) ‘\(u'\\n of the STR loci Hl. '\Ii 13A01,
HUMEXITB, HUMLIPOL, HUMTH21, HUMTPOX
and HUMVWFAS31 1n a Japanese popularion. In. |
Legal Med. 109, 34-36
Chomezynski, P and Sacchi, N, (1987) Single-step method
of RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extractuon. Anal. Biochem. 162,
156159
Masami, S,, Hidekazu, 1, Toshihike, Y. et al. (2005) Gene
mul.u ons in adult Japanese patients with |
eardiomyopathy. Circ. J. 69, 150-153
Watkins, f; Rosenzweig, A., Hwang, D. S, eval. (1992)
Characteristics and prognostic implications of myosin
missense mutations i familial hypertrophic
cardiomyopathy, N. Engl. |. Med. 326, 1108-1114
McConnell, B. K., Falin, D., Semsarian, C. ct al. (2001)
Comparison of two murine models of familial
hypertrophic cardiomyopathy. Cire. Res. 88,
383-389
Wolf, C. M., Moskowitz, 1. P., Arno, S. et al. (2005)
Somatic events modify hypertrophic cardiomyopathy
pal.hohn,\ and link i\\rpgrlmph\ to archy thmia. Frm Nat!
cad, § S.A, 102, 1812318128
Lyons, G r Schiaffino, S., Sassoon, 1), Barton, I and
Buckingham, M. (1990) L c\clupmun:al regulation of
myosin gene expression in mouse cardiac musele
J Cell, Biol. 111, 2427-2436
Villard, E., Duboscg-Bidot, L., Charron, I’ ct al. (2005)
Mutation screening i dilated c-trdmm_v-.lpalh_\. prominent
role of the A-myosin heavy chain gene. Eur. Heart |, 26,
794-803

Received 31 May 2007/19 September 2007; accepted 23 October 2007
Published as Immediate Publication 23 October 2007, doi:10.1042/C520070179

© The Authors Journal compilation © 1008 Biochemical Society

=165




Heart Failure

Mast Cells Play a Critical Role in the Pathogenesis of
Viral Myocarditis

Hirokazu Higuchi, MD; Masatake Hara, MD, PhD; Kanjo Yamamoto. MD, PhD:
Tadashi Mivamoto, MD, PhD; Makoto Kinoshita, MD, PhD; Tasuku Yamada, MD:
Koji Uchiyama, MD; Akira Matsumori, MD, PhD

Background—Mast cells are powerful producers of multiple cytokines and chemical mediators playing a pivotal role in
the pathogenesis of various cardiovascular diseases. We examined the role of mast cells in murine models of heart
failure due 1o viral myocarditis, using 2 strains of mast cell-deficient mice.

Methods and Results—Two strains of mast cell-deficient mice, WBB6F1-Kit"/Kit" * (W/W" ) and WCB6F 1-Kul"/Kitl*™
(SI/SI"), were inoculated with 10 plaque-forming units of the encephalomyocarditis virus intraperitoneally. On day 14
alter inoculation, survival of W/W" mice was significantly higher than that of their control littermates (77% versus 31%:

£=0.03; n=13). On histological examination on day 7.

myocardial necrosis and cellular infiltration were significantly
less pronounced in W/W' and SI/SIY mice than in their control littermates (area of infiltration, 7.6=3.5% versus
2932 15.6%: P=0.002; area of necrosis, 7.6 3.5% versus 30.0=17.2%: P=0.003: n=10). Histological examimation
showed more severe changes in mast cell-reconstituted than in —nonreconstituted W/W* and SUSI! mice. The gene
expressions of mast cell proteases were upregulated in the acute phase of viral myocarditis and rose further in the
subacute phase of heart failure. Their activation coincided with the development of myocardial necrosis and fibrosis and
correlated with the upregulation of gene expression of matrix metalloproteinase-9, The histamine Hi-receptor antagonist
bepotastine improved encephalomyocardius viral myocarditis.

Conclusions—These observations suggest that mast cells participate in the acute inflTammatory reaction and the onset of

ventricular remodeling associated with acute viral myocarditis and that the inhibition of their function may be
therapeutic in this disease. (Circulation, 2008;118:363-372.)

Key Words: cardiomyopathy m hean failure m immunology ® inflammation ® myocarditis ® viruses

ant cause of congestive rheumatic diseases.” and ul-

‘ Jiral myocarditis is an import
heart fuilure (CHF) and dilated cardiomyopathy,' but its

asthma, bactenal peritomitis,”
cerative colitis® They produce several cytokines, including

puthophysiology remains poorly understood. In recent years.

mast cells have been implicated in the pathogenesis of

cardiovascular and atherosclerotic disorders. In particular, we
have observed that mast cells cause apoptosis of cardiae
myocytes and proliferation of nonmyocytes in vitro.” Further-
more, myocardial mistamine and tryptase content and mast
cell density are higher in CHF due to diopathic dilated or
ischemic cardiomyopathy than i control hearts,' We showed
that mast cells played a eritical role in the progression of heart
failure induced by pressure overload in mice.*

Clinical Perspective p 372

Mast cells are granulocytes known for their role in the
pathogenesis of mflammarory diseases such as bronchial

interleukin (IL)-1. IL-3. IL-4. 1L-5. 1L-6, interferon-y. and

tumor necrosis factor-ce, mediators that are central in the

development of inflammatory reactions.” Although they re-
side predominantly in tissues exposed to the outside environ-
ment, such us skin. intestinal tract, and trachea, mast cells are
also normally present in the heart. They can be activated hy
several simuli, ncluding annibodies, cytokines, chemokines,
and neuropeptides, eliciting a variety of responses, such as
cell migration, the immediate release of inflammatory medi-

ators, and selective cytokine production.’'* Because they
are widely distributed in the form of premature precursors,
these multitunctional cells are poised to play a pivotal role in
the immune system. To mature, mast cell precursors require

stimulation by stem cell factor (SCF) via ¢-kit, a transmem-
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brane receptor with intrinsic tyrosine Kinase activity.'! The
SCF-c-Kit interaction stimulates them o migrate, proliferate.
maturate, und survive.'* SCF is expressed in a variety of
tissue microenvironments, including the bone marrow, where
mast cells normally begin their development. Therefore, the
SCF-c-kit signal is key in the development of mast cell
function

The present study examined the role of mast cells in a
mouse model of viral myocardins using 2 strains of mast
cell-deficient mice that have mutations in more upstream
regulation, that is, SCF—c-kit mutations: (1) WBBG6F1-Kit™/
Kit™" (W/W"*) mice. lacking the c-kit receptor, and (2)
WOCB6F1-Kutl*/Kitl™ (SI/S1') mice. lacking SCF. Further-
more. we reconstituted mast cells by 2 methods in these
mutant mice and studied the myocarditis tissues by micros-
copy and by quantitative reverse (ranscriptase polymerise
chain reaction (PCR) analysis.

Methods

Animal Preparation

Genetically mast cell-deficient WBB6F |-Kit* /Kit™ * (W/W") mice,
WOBOGF1-Kil"/Kin™ (SUSI") mice, and their congenic litlermates
were purchased fi the Juckson Laboratory (Bur Harbor. Me)
Adult WW* mice and SUSH mice ordinarily contain < 1.0% of the
number of dermal mast cells present in the skin of congenic
littermates and have no detectable mature mast cells in the heart or
other anatomic sites. '3

Experimental Myocarditis Model

Stocks of the myocardiotrophic variant of encephalomyocarditis
virus (EMCV) were prepared as described previously ' und stored
at —80°C. The 4-week-old male W/W" (n=13 for survival experi-
ments, n=10 for histopathological experiments) and SUSI" mice
(n=10) used in this study were treated in accordance with local
institutional guidelines at all stuges of the experiments, They were
inoculated with 0.2 mL EMCV intruperitoneally in phosphate-
bulfered saline diluted 10 a concentration of 50 playue-forming units
(pfu)fml. on day (). The mice for survival experiments were observed
duily for 14 days und were euthanized by cervicul dislocation on day
7 for the histopathological experiments. The hearts were dissected,
then | part was immediately frozen and stored at =80°C, and the
other part was fixed in 10% formalin

Mast Cell Reconstitution in SUSIY Mice by Repair
of the Deficient Ligand SCF

Twelve f-weck-old WOBGOF1-SI/S1" mice were treated daily with
subcutaneous recombinant munine SCF (rmSCF) (30 pg/kg per duy
m 0.2 mL of sierile 0.9% NaCl containing (0.1% bovine serum
albumin fraction V. fany acid free) for 21 days by the slightly
modified method of Zsebo et al'" and Tsan et al. '™ As a control group,
12 age-matched WCBGF1-SI/5]" mice were treated subcutancously
with the vehicle alone, consisting of (L1% bovine serum albumin in
0.9% NaCl. vmSCF was purchased from Pepro Tech EC Lid
(London, UK). Blood samples were obtamed via the twil vein before
and after treatment. Red and white blood cells. hemoglobin, and
hematocrit in the peripheral blood were analyzed by Special Refer-
ence Laboratories (Tokyo, Japan). For the reconstituted mast cell
analysis, heart, skin, and tongue tissues from 2 treated mice in cach
group were examined by toluidine blue staining. After confirmation
of the mast cell reconstitution, 10 treated mice in ¢ach group were
inoculated with 10 pfu of EMCV

Mast Cell Reconstitution in W/W" Mice by
Transplantation of Bone Marrow-Derived

Mast Cells

Must cell deficiency was selectively and systematically treated in
WIW" mice by the injection of growth factor—dependent bone
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Figure 1. Kaplan-Meier survival curve in W/W" mice. On day
14 after inoculation, the survival rate of W/WY mice was signifi-
cantly higher than that of their control littermates (V7% vs 31%;
P=0.03; n=13).

marrow - denved cultured mast cells (BMMO). Mast cells in 12
W/W* mice were selectively reconstituted by the method of Nakano
et al'™ and Martin et al'™ with a shght modification. Bone marrow
cells were harvested from both femurs of G-weck-old wild-ivpe
female mice and cultured in complete RPMI 1640 media (Gibeo
BRL. Guithersburg. Md) supplemented with 10% heat-inactivated
FBS. 100 Uiml penicillin. 100 mg/mL streptomycin, and 2 mmol/L
glutamine containing 50% WEHI-3 conditioned medium supernatant
as an IL-3 source ™ Hall of the culiure medium was replaced every
3 days, After 4 weeks of culture, cells were harvested and suspended
n phosphate-bullered saline. Staining of the cells with Alcran blue
solution confirmed that =95% of visble cells were masi cell
progenitors. A total of $x10° BMMC ™" in 0.2 mL of Eagle's
medium were injected intravenously into twelve f-week-old W/W?
mice. As a control group, 12 age-matched WWY mice received the
Eagle’s medium intruvenously, Mast cell-reconstituted WIW® mice
were housed for 6 weeks; tissues Trom various organs were harvested
from 2 treated mice in each group to confirm the revonstitution of
mast cells, Inoculation with 10 pfu of EMCV was then performed in
treated and control W/W" mice

Histopathological Examination

The heants from surviving mice were harvested on day 7. fixed in
105 formalin, and embedded in paruffin. The lelt ventricles were
sliced perpendicular 1o the long axis and stamed with hematoxylin-
eosin and Masson tnchrome for light microscopic examinations. The
extent of inflammatory cell infiltration and myocardial necrosis was
evaluated by measuring the ratlo (%) of inflammatory cell infiltration
or myocardial necrosis area o otal left venmcle arca on o micro-
scopic slide, with the use of the Scion Tmage program

Measurements of Viral Concentrations

Moeasurements of viral concentration in heant and brain harvested on
day 7 were made by plague assay methods is described previously
Each value represents the average of 2 expenments. Virus concen
trations are expressed as log (pfu/g tissue)
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Figure 2. Histological examination of EMCV myocarditis in
W/WY mice. A and B, Hematoxylin-eosin stain, C and D, Mas-
son trichrome stain, Inflammatory cell infiltration and myocardial
necrosis in W/W" mice (A and C) were less pronounced than in
control littermates (B and D). E and F, Areas of inflammatory cell
infiltration and myocardial necrosis were significantly less pro-
nounced in W/W" mice than in control littermates (4.3+5.0% vs
21.2=12.1%; P=0.02; 4.8+6.1% vs 23.9 * 16.6%, respactively;
P=0.04). Values represent mean + SEM: n=10 in each group.

WT indicates wild-type.

Quantitative Reverse Transcriptase Polymerase
Chain Reaction Analysis

Totl RNA was isolated from the left ventricles by the acid
guanidimum thiocyanate-phenol-chloroform method, and the RNA
concentration. was measured  spectrophotochemically.  First-strand
CcDNA wirs synthesized with the use of the SUPERSCRIPT Preampli-
fication System for FirtStrund ¢cDNA Svnthesis (Gibeo BRL). Real-
tme quantitative PCR (TagMan PCR) with an ABI Prism 7700
Sequence Detection: System and TagMan PCR Core Reagent Kit
(Perkin-Elmer Corp. Foster City, Calif) was performed aceording o the
manufacturer’s protocol. We used 2 mL of the first-strand ¢DNA in the
Tollowing assay. The following forward (F) and reverse (R) oligonucle-
otides and probes (P) were used for the quantification of mouse mast cell
protease (mMMCP ), mMCP-5, matrix metalloproteinase-9 (MMP-9),
IL-6, and glyceraldehyvdes-3-phosphate dehyvdrogenase mRNA: mMOP-4
F.3"-GAAGTGAAAAGCCTGACCTGC-3', mMCP-4 R, 5'-CATG-
CTTTGTTGAACCCA AGG-3". mMCP-4 P. 5. TGCATCAGAG-
TCTTCAAGCCAGAGCTC-3", mMCP-5 F. 5 -TTGCCAGC CT-
GTGAGGAA A-3') mMCP-5 R, 5-TACAGACAGGCCAGAT-
CGOAT-3" mMCP-5 P. 5'-CTGGA ACTGGAATAGTGCAGGTT-
FTGTGTG-3", MMPO F, 5-TTGTGGTCTTCCCCAAAGACC-3'
MMP-9 R, 5-TATCCACCGAGCCATCTGTCTA-3", MMP-O P
S -AAAACCTCCAACCTCACGGA CACCCA-3": IL6 F, 5'-CA-
GAATTGCCATCOTACAACTCTTTTCTCA-3 . IL-6R. 5 -AAGT
GOATC ATCGTTGTTCATACA-3', IL-6 P. 5 -GAGGATACCA-
CTCCCAACAGACC-3"; GAPDH F, 3'-TTCACCACCATGGAG-
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Figure 3. Histological examination in SI/SI" mice. A and B,
Hematoxylin-aosin stain. C and D, Masson trichrome stain.
Inflammatary cell infiltration and myocardial necrosis in SKSI
mice (A and C) were less pronounced than in control littermates
(B and D). E and F, Areas of Inflammatory cell infiltration and
myocardial necrosis were significantly less pronounced in SI/SPP
mice than in control littermates (7.6 =3.5% vs 29.3=15.6%:;
P=0.002; 7.6=3.5% vs 30.0=17.2%, respectively; P=0.003).

n 10 in each group. WT indicates wild-type.

AAGGC-3". GAPDH R, 5-GGCATGGACTGTGGTCATGA-3",
GAPDH P, 5-TGCATCCTGCACCACCAACTGCTTAG-Y

The conditions for the TagMan PCR were as follows: 95°C for 10
minutes, followed by 40 eyeles at 93°C for 15 seconds und 60°C for
I mmute

Measurement of Active MMP-9 Activity in the
Reconstituted W/W* Mice Experiment

We measured active MMP-9 of the reconstituted W/W" mice model
using the Biotrak MMP-9 Activity Assay System from Amersham
Biosciences (Piscataway. NJI). This assay is based on a 2-site
enzyme-linked immunosorbent assay sandwich. Standords and sam-
ples are incubated in microtiter wells precoated with anti-MMP-9
antibody. Any MMP-9 present will be bound 1o the wells, whercas
other components of the sample are removed by washing and
aspiration. The total levels of free MMPO Gn o sample can be
detected. To measure the total MMP-9 content, any bound MMP-9 in
is pro form s activated with the use of p-aminophenylmercurnic
acetate, The standard is pro MMP-9. which is activated in parallel for
bath sample types. Active MMP-9 15 detected through sctivation of
the modified pro detection engvme and the subsequent cleavage of its
chromogenic peptide substrate, The resultant color is read at 405 nm
in a microtiter plate spectrophetometer. The concentration of active
MMP-9 in o sample is determined by imerpolation Trom s standard
curve
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Figure 4. A, Mast cells in SI/SI" mice reconstituted by rmSCF. Mast cells in dermis, tongue, and heart were datected by the
metachromasia-paositive granules (arrows). In control SI/SI* mice (b), mast cells are absent. In SI/SI* mice treated with rmSCF (¢), mast
cells are presant, although their density is lower than in control littermates (a). B, Biood cell count in mast cell-reconstituted SUSIH
mice. The red blood cell (RBC) count (a) and hemoglobin (Hb) (b) confirm a significant recovery from anemia with rmSGF, WT indicates

wild-type.

Effect of Oral Histamine H1-Receptor Antagonist
Bepotastine on EMCV Myocarditis in Mice

The histamine H1-receptor antagonist bepotastine besilate was oh-
tined from Tunabe Seivaku Co. Lid. Osaka, Jopan. The 4-week-old
male DBA/2 mice were inoculited with EMCV as previously
described. Bepotastine was dissolved in distilled water and given
orally a dose of 10 mg/kg per day. Control mice were given distilled
water. Survival (for 14 days, n=24 for each group) and histopatho-
logical changes on duy 7 (n=12 for bepotasting group and n=8 for
control} were examined as described previously

Statistical Analysis

The survival rate of mice was analyzed by the Kaplan-Meier method,
and survival differences between groups were tested by the log-runk
test. Statistical comparisons ol histological area and TL-6 were made
by the unpaired 2-tailed Student ¢ st Comparisons of red blood
cells and hemoglobin were made by the paired 2-tailed Student 1 test
Multiple comparisons among 3 groups were made by oway
ANOVA ond Newman-Keuls test for post hoe analysis. All values
are presented as mean=SEM. Differences were considered statisti-
cally significamt ut probability values <0.05
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Results
in 2 Strains of Mast

Murine Myocarditi
Cell-Deficient Mice

We inoculated W/WY mice and SUSI® mice and their control
littermates with 10 ptu of EMCV intraperitoneally. The
survival rate of W/W' mice on day 14 after inoculation (77%)
wis sigmiticantly mgher than that of their control httermates
(3% P=003: n=13; Figure 1). On histological examination
on day 7. myocardial necrosis and inflammatory cell infiltra-
tion were significantly less pronounced in both W/W® (Figure
2A 1o 2F) and SHSI mice (Figure 3A to 3F) than in their
respective control littermates,

Reconstitution of Mast Cells in SUSI” Mice by
Treatment With SCF
We reconstituted the mast cells in SISI' mice by daily
subcutaneous mjections of rmSCF (30 pg/kg per day) for 21
dil} s. At <4 weeks after the iminial imnjection, we euthamzed the
mice and examined the distribution of mast cells in all tissues
We showed mast cells in skin, tongue, and myocardium
(Figure 4A, a through ¢). Although the density of mast cells
was low compared with that found in control littermates, we
confirmed that they were distnctly reconstituted by the
mjections of rmSCFE. Furthermaore, examinations of the hlood
cell count showed o mean hemoglobin at 11,1 21,1 g/ll. in
SUSI" mice treated with rmSCF versus 9.221.5 g/dL in mice
treated with the vehicle only (P=0.002; n=10 n each group;
Figure 4B. b), consistent with a murked recovery from
congemtal macrocytic anerma from treatment with rmSCF,
We then inoculated both the treated SI/SI and the untreated
SISI mice with 10 ptu of EMCV intraperitoneally. On day 7.
myocardial necrosis and inflammatory cell infiltration were

significantly more pronounced in reconstituted mast cells
than in the untreated SIYSI® mice (Figure 5A through SF).

Transplantation of Bone Marrow-Derived Mast
Cells to W/W"' Mice

We reconstituted the mast cells in W/W"Y mice by transplant-
ing bone marrow-derived mast cells (BMMC™ ). Bone
marrow cells harvested from both femurs of 6-week-old male
wild-type mice were left for 4 weeks in WEHI-3 medium 1o
become mast cell progenitors. We venfied by Alcian blue
staining that =95% of cultured cells were mast cell progen-
iors (Figure 6A, a and bl No stem cell-like cells were
detected in the preparation. Although mast cell progenitors
contain acid polysaccharides that are dyed blue with Alcin
blue, stem cell-like cells do not contain them. We could not
contirm a significant change in the blood cell count before
and after transplantation (hemoglobin before versus after
transplantation. 128 ©0.7 versus 12008 g/l: P=NS:
n=10 in each group). Mast cell progenitors were intrave-
nously injected into 6-week-old W/W"Y male mice. which
were followed for 6 weeks. Microscopie confirmation of the
whole hody distribution of mast cells requires =26 weeks of
observation. '™ However. in our model of EMCV myocarditis,

Deleterious Effects of Mast Cells in Viral Myocarditis 67

20 20+
—~ P=002 P=003
s - I 1
St =
e s
§=] @
g 2
£ -
‘E104 @104
= =
—
£ =] 'l'
o
D $ 4
Sy =
< <
0 0
Control Reconstituted Control Reconstituted
ssid sisid sysid sisid

Figure 5. Histopathology in mast cell-raconstituted SI'SI® mice.
A and B, Hematoxylin-eosin stain. C and D, Masson trichrome
stain. The histological changes of myocarditis were less marked
than in 4-week-old mice in Figures 2 and 3 because the mice
were 9 weeks old at the time of inoculation, The inflammatory
cell infiltration and myocardial necrosis (E and F) were signifi-
cantly more pronounced in reconstituted (B and D) than in con-
trol SI/SI" (A and C) mice (9.4 *6.9% vs 3.5+ 2.3%:; P 0.02;
9.0+7.1% vis 3.8-2.9%, respectively; P=0.03; n=10)

mice aged =12 weeks do not reliably develop myocarditis.
Theretore. after a shonter period (M1), we inoculated with 10
plu of EMCV intraperitoneally the mast cell-reconstituted
and the untreated W/W" mice. On histological examination
on day 7. myocardial necrosisy and cellulur infiltration were

significantly more pronounced in the mast cell-reconstituted
than in the untreated W/W* mice (Figure 6B. a through [).

Measurements of Viral Concentrations

On day 7. no sigmficant difference was found in the mean
myocardial viral concentration between S1/S1" mice and their
control littermates (6.9720.39 log [pful/g versus 7.1720,43
log [pful/g: P=NS: n=10). Similar results were confirmed in
the 2 reconstituted models (7.09+0.15 log [pfulfg in SISI
mice treated with rmSCF versus 6.9920.24 log [pfu)/g in
control mice: P=NS: n=10; 7.1720.07 log [pful/g n mast
cell-reconstituted W/W" mice versus 7.1820.04 log |pfu)/g
in control W/WY mice: P=NS: n=10). In addition. no
significant difference was found in the mean brain viral
concentration between W/W" mice and control littermates
(3592054 log |plu)/e versus 294 20,56 log |plul/e; P=NS:
n=3). Mast cells did not have an effect on intramyocardial

viral concentrations
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Figure 6. A, Culture of BMMC™™"" stained with Alcian blue. The cells stained with Alcian blue are identified as premature BMMG**
Two weeks later (a), the density of Alcian blue-positive cells was 50%. Four weeks later (b), it was near 95%. No stem celi-like cells
were detecled in the cultura. B, Histopathology in mast cell-reconstituted W/W" mice. a and b. Hematoxylin-eosin stain. ¢ and d, Mas-
son trichrome stain. The histological changes of myocarditis were less marked than in 4-week-old mice in Figures 2 and 3 because the
mice were 12 waeks old at the time of inoculation. The inflammatory cell Infiltration and myocardial necrosis (e and f} were significantly
more pronounced In reconstituted (b and d) than in control W/W" (a and c) mice (area of infiltration, 15.9+5.0% vs 8.2 +4.9%: P=0.002;

area of necrosis, 6.9 +3.7% vs 4.1 + 1.6%: P-0.04; n - 10)

Gene Expressions of Mouse Mast Cell Protease-4
and -5 and MMP-9 in the Heart of the Selective
Mast Cell Reconstitution Model With

Viral Myocarditis

No significant difference at baseline in gene expressions of
mMCP-4 und -5 could be observed between uninfected and
infected W/W" mice (Figure 7A, a and b). In contrast,
these gene expressions were significantly higher in the
reconstituted than in the nonreconstituted W/W' mice

7A. a and b). This confirmed that the mast cell
reconstitution by BMMC ™" transplantation was success-
ful and that the reconstituted mast cells participated
TH""”]“S‘“I!I\ 1111 IhL' iT:IlI1'P||FgIm;!I ]!ri'LL’\‘- of \I[dl l'll_\'lN.'dl'-
ditis. Similar results were confirmed in the assessment of
MMP-9 gene expression (Figure 7A. ¢) and in the mea-
surements of active MMP-9 (Figure 7A, d). Finally, in this
mast cell-reconstituted model, the gene expressions of
mMCP-4 and -5 and MMP-9 were highly cormrelated
(MMCP-4/MMP-9. r=0.9027, P<00001; mMCP-3/MMP-9,
r=0.8665, P<0.0001; Figure 7B, a and b)

Cytokine Gene Expression in Myocardial Tissue
The gene expression of the proinflammatory cytokine 1L-6
was sigmificantly lower in SI/S1° mice than i the conirol
group (Figure 7C). In the model of mast cell reconstitution. it
was significantly higher in mast cell-reconstituted W/W*
than in control W/W" mice (Figure 7C)

Effect of Bepotastine on EMCYV Myocarditis
Bepotastine improved survival and improved histopatholog-

ical changes (Figure 8)

Discussion
In the study by El-Koraie et al.”” mast cells and then
associated growth factor (SCF) and receptor (c-kit) were
present within the interstitium of scarred human Kidneys and
playved a role in the inination and progression of renal
interstitial fibrosis. Frangogiannis et al®' reported an increase
in the number of mast cells in areas of collagen deposition
and proliferating cell nuclear antigen expression and con-
cluded that mast cells played an important role in myocardial
remodeling und fibrosis after myocardial ischemia. Mivamoto
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Figure 7. A, Reverse transcriptase PCR analysis in mast cell-reconstituted W/W" mice. No significant difference was found in the gene
expression of MMCP-4 and -5 between uninfected and infected W/W" mice (mMCP4/GAPDH 107, 0.5+0.2 vs 3.6=2.0; P=NS;
mMMCP-5/GAPDH [10 ], 0.6=0.2 vs 3.3 +2.0; P=NS) (a and b). The gene expressions of mMMCP-4 and -5 were significantly greater in
infected reconstituted than in infected nonreconstituted W/W" mice (mMCP4/GAPDH (10 7], 13.0=10.0 vs 3.8 =2.0; P-0.01; mMCP-5/
GAPDH [1077], 10.4 8,7 vs 3.3+2.0; P-0.05) (a and b). A similar result was observed in the gene expression of MMP-9 (noninfected
W/WY mice vs Infected nonreconstituted W/W" mice vs infected reconstituted W/WY mice; MMP-8/GARPDH (107, 0.065+0.26 vs

1.68 -0.86 vs 6.64 =5.01; P=0.05; n=10) (c) and its activity (activity of MMP-9 [ng/mL), 0.37+0.17 v5 1.51-0.33 vs 5.81+1,11;
P<0.001; n=10) (d). B, Correlations batween gene expression of MMCP-4 and -5 and MMP-3 in the reconstituled W/W" mice. The
gene expression of mMMCP-4 and -5 and that of MMP-9 were highly correlated (mMCP-4/MMP-9, #=0.9027, P-0.0001; m-MCP-5/
MMP-8, r - 0.8665, P--0,0001) (a and b), C, Gene expression of the proinflammatory cylokine IL-6. It was significantly lower in mast
cell-deficient mice (SVSF) than in control mice (IL-8/GAPDH [« 1077, 0.6=0.5 vs 1.2+0.9; P=0.048; n=10) (a). On the ather hand, it
was significantly higher in mast cell-reconstituted W/W" mice than in control W/W" mice (IL-6/GAPDH [«107%, 1.6+1.5 vs 0.5+0.2;
P20.05: n 10) (b).
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Figure 8. Effect of histamine H1-receptor antagonist bepotastine on EMCV myocarditis. Bepotastine significantly improved survival
(P=0.009) (A) and decreased cellular infiltration (8.3=3.1 vs 17.6=3.0; P=0.0003) (B) and myocardial necrosis (17.1+2.3 vs 11.0+1.4:

P=0.029) (C).

el al* observed that SCF mRNA was expressed in vitro and
in vivo in human aortic endothelal and smooth muscle cells
This ability of endothelial
with mast cells via SCF-c-Kit receptor binding suggesis that
it plays a role in the metabolism of the arterial wall because
SCF may be a most important factor influencing mast cell
number, phenotype, and function in both health and disease.
Kovanen et al*® noted the local accumulation of mast cells in

d smooth muscle cells o interact

the highly vulnerable shoulder region of coronary atheromas
und suggested that mast cell stimulation may trigger matrix
degradation. Thus, mast cells are suspected to contribute o a
late phase of acute inflammation.

We confirmed that the number of mast cells was increased
on day 14 after EMCV inoculation, when myocardial fibrosis
becomes apparent,®® and that the protein level of SCF in the
heart had already increased on day 7 in the EMCV myocar-
ditis (HH., MD, T.M.. and AM.. unpublished data. 2002),
Using our EMCV myocarditis model in these W/W" and
SIS struins of mice. we observed that mast cell deficiency
had beneficial effects in this disorder. However, because
these mutant mice suffer from macrocytic anemia, an impor-
tant contributing factor in CHF, we reconstituted the must
cells by 2 methods o wdentify the independent role they may
play.

In the reconstitution mode! by subcutaneous administration
of rmSCF o SUSI" mice. both mast cell deficiency and
macracytic anemia were mitigated by active treatment be-
cause SCF wax a ligand for c-kit. Although macrocytic
anemia was mitigated by the reconstitution process, the
eater in the

histopathological severity of the lesions was g
reconstituted than in the nonreconstituted SIS mice. This
observation strongly suggests the participution of mast cells
in viral myocarditis. In the second mast cell reconstitution
method by BMMC """ trunsplantation from wild-type mice.
the histopathological changes were, once again, more severe
in the reconstituted than in the control W/WY mice. further
suppaorting the deleterious effects exerted by mast cells in
viral myocarditis

A multidisciplinary treatment to support the circulatory
system in the acwe stage of myocarditis 15 of critical
importance, whereds, in the chronic stage, therapy should anm
to prevent dilution of the cardiue chambers by limiting the
development of cardiac fibrosis. MMPs, the endoy
system of extracellulur matrix. degradation and remodeling.
are activated with the development of CHF.*7 In end-stage

dilated cardiomyopathy, the ventnculur content of MMP-3
and -9 ancreases, whereis that of MMP-2 remains unchanged
compared with controls 27 In cardiae remodeling, degradation
and synthesis of the extracellular matnx occur simulta-
neously. resulting in ventricular chumber dilation, Must cell
chymase and tryptase, implicated in the degradation and
synthesis of extracellular matnx, activate other MMPs includ-
ing MMP-9.* Thus. the products of activited mast cells
provide alternative MMP activation pathways, ™

We have reported that the gene expression of mast cell
chymase and tryptase was upregulated in the acute phuse
of viral myocarditis and rose further in the subacute phase of
CHF.* This activation coincided with the development of
myocardial necrosis and fibrosis and correlated with the
upregulation of MMP-9 and type-1 procolls
that mast cell chymase and tryptase participate in the acute

n, suggesing

inflammatory reaction as well as the remodeling process
associated with acute viral myocarditis

The gene expression and activity of MMP-9° in mast
cell-deficient mice was not significamly increased in the
acute stage (day 7). although it was higher in mast cell
reconstituted W/W" mice, This indicates that cardiac remod-
eling began in the acute stage of murine viral myocarditis und
that mast cells and mast cell proteases may participate in the
pathology of viral myocardits

Evidence is growing that proinflammitory eyvtokines play
an important role m modulating cardiovascular function and
structure ¥ Arteriovenous IL-6 spillover in the peripheral
circulation increases with the seventy of CHF, and un

elevated level of plasma [L-6 was a predictor of mortality in
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patients with CHFE.** In the present study, the gene expression
ot IL-6 by the myocardial tissue was significantly increased
i the mast cell-reconstituted W/W" mice.

On the basis of our present results and numerous reports in
the literature, we formed a hypothesis that mast cells ure
triggered in viral myocarditis to promote myocardial remod-
eling. contributing to the pathogenesis leading 10 CHF
Although mast cells are bone marrow-denved hematoporetic
cells. committed mast cell progemitors circulate in small
numbers in blood and are thought to migrate to the heart
tissue before undergoing the final stage of maturation. includ-
ing the development of mature granules. Mast cell progeni-
tors can change their chuaracteristics depending on their
location and the surrounding environment. for example.
depending on the site of inflammation. One of the most
important features of mast cells is where they reside long
term, that is. in close association with blood vessels at the site
that is most likely to be exposed 1o pathogens.

Mast cells can detect and respond to pathogens depending
on u combination of direct mechanisms including toll-like
receptor—mediated activations and indirect mechanisms in-
cluding Fe receptor—-mediated or complement receptor-medi-
ated activation. ™ ¥ In the heart nssue of our viral myocarditis
model. activated mast cells release many proinflammatory
cyvtokines such as 16 and twmor necrosis factor. mediators
forming extrucellulur matrix such as MMPs, and fibrogenic
mediators such as chymase and yptase. Furthermore, these
fibrogenic factors increase fibroblasts in the site of myocar-
ditis and are supposed to produce SCF.'*'" These SCF can
mature and differentiate more mast cell precursors in the
heart. Thus. mast cells play a critical role in the pathogenesis
of virul myocarditis,

No trestment. aside from circulatory support, currently
exists for severe ucute viral myocardi
mast cells can be controlled by antiallergic or antichemical
mediator drugs. In fact, a istamine Hl-receptor antagonist
improved EMCV myocarditis. Our study therefore offers
hope thar the control of mast cells, for example, the interac-
tion berween SCF and ¢-kit. or the control of mast cell
proteases may be effective in the management of viral
myocarditis and subsequent CHF.
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CLINICAL PERSPECTIVE
Mast cells are multifunctional cells that contain various mediators such as cytokimes, histamine, proteases, and leukotrienes
They are found in nearly all major organs of the body and are involved in many types of inflammation as well as allergic
nflammation. Recently. we showed that the gene expressions of the mast cells chymase and tryprase were increased in the
acute stages of heart fatlure and viral myocarditis, sug

2sting that viral infection may also sctivate mast cells. In the present

study. survival of mice was better in mast cell-deficient mice infected with encephalomyocarditis virus and in assocition
with less-pronounced myocardial necrosis. inflammation, and gene expressions of proinflummatory cytokines, Of note. all

of these reactions were restored in mast cell-reconstituted mice. A histamine Hl-receptor antagonist also all ted viral

myocarditis, These observiations suggest that mast cells participate in the acute inflammatory reaction and the onset of
ventricular remodeling associated with acute viral myocarditis and that the inhibition of their function may be therapeutic

in this disease.
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Essential hypertension is one of the most common, complex diseases, of which considerable efforts have
been made to unravel the pathophysiological mechanisms. Over the last decade, multiple genome-wide link-
age analyses have been conducted using 300-900 microsatellite markers but no single study has yielded
definitive evidence for ‘principal’ hypertension susceptibility gene(s). Here, we performed a three-tiered,
high-density association study of hypertension, which has been recently made possible. For tier 1, we geno-
typed B0 795 SNPs distributed throughout the genome in 188 male hypertensive subjects and two general
population control groups (752 subjects per group). For tier 2 (752 hypertensive and 752 normotensive sub-
jects), we genotyped a panel of 2676 SNPs selected (odds ratio > 1.4 and P < 0,015 in tier 1) and identified 75
SNPs that showed similar tendency of association in tier 1 and tier 2 samples (P < 0.05 for allele frequency
and P = 0.01 for genotype distribution tests). For tier 3 (619 hypertensive and 1406 normotensive subjects),
we genotyped the 75 SNPs and found nine SNPs from seven genomic loci to be associated with hypertension
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