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microvascular resistance, and this increase
is associated with the activation of PKC.
Nondiabetic and diabetic rats had MCT
values of 0.67 and 1.40 s, respectively (Fig.
3D). Oral treatment with 0.1, 1.0, and 10
mg/kg of LY333531 reduced MCT in the
diabetic rats to 0.89, 0.84, and 0.87 s, re-
spectively, but had no effect on nondiabetic
rats. Again, the dose-response curve of
LY333531 in ameliorating retinal MCT
paralleled its inhibitory effect on PKC 8
activity (Fig. 2B). Our results demonstrate
that in a rat_model, an orally administered
PKC B inhibitor can be effective in an
isoenzyme-specific manner, without appar-
ent toxicity, and can correct some of the
vascular dysfunctions associated with diabe-
tes mellitus. Hence, abnormal activation of
PKC, in particular its B isoenzymes, may
underlie some of these vascular complica-
tions of diabetes.
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A Mouse Model of Familial Hypertrophic
Cardiomyopathy
Anja A. T. Geisterfer-Lowrance, Michael Christe,

David A. Conner, Joanne S. Ingwall, Frederick J. Schoen,
Christine E. Seidman, J. G. Seidman*

A mouse model of familial hypertrophic cardiomyopathy (FHC) was generated by the
introduction of an Arg#°®® — GlIn mutation into the « cardiac myosin heavy chain (MHC)
gene. Homozygous aMHGC493/403 mjce died 7 days after birth, and sedentary heterozy-
gous aMHGC*%%* mice survived for 1 year. Cardiac histopathology and dysfunction in
the aMHC*%%* mice resembled human FHC. Cardiac dysfunction preceded his-
topathologic changes, and myocyte disarray, hypertrophy, and fibrosis increased with
age. Young male aMHC*%¥* mice showed more evidence of disease than did their
female counterparts. Preliminary results suggested that exercise capacity may have
been compromised in the «MHC*%%/+ mice. This mouse model may help to define the

natural history of FHC.

FHC is an autosomal dominant condition
characterized by unexplained ventricular
hypertrophy with myocyte and myofibril-
lar disarray. Affected individuals typically
experience shortness of breath, angina,
and palpitations, but many are asymptom-
atic. Sudden death, heart failure, and
stroke are the most serious consequences
of the disease (I, 2). Molecular genetic
studies have demonstrated that mutations
in the B cardiac MHC can cause FHC (2,
3). However, FHC is clinically diverse
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even among affected family members who
share the same B cardiac MHC mutation
(4). For example, some affected individu-
als die during childhood, whereas others
survive into their sixth to seventh decade
(I, 2). The mechanisms by which muta-
tions in the B cardiac MHC cause hyper-
trophic cardiomyopathy, and the roles of
physical activity, environment, and mod-
ifying genes in the clinical heterogeneity
of the disease, are poorly understood.

A missense mutation, Arg*”® — Gln
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(R403Q)), in the B cardiac MHC gene caus-
es a severe form of FHC; 50% of individuals
with this mutation die by age 45 (2). We
introduced the R403QQ missense mutation
into exon 13 of the mouse a cardiac MHC
gene. This isoform is highly homologous to
human B cardiac MHC [92% identical
overall; 100% identical for 30 amino acids
flanking residue 403 (5)] and is preferen-
tially expressed in the adult mouse heart
(6). We used the “hit and run” technique
(7) to produce embryonic stem (ES) cells
that carried the missense mutation on one
allele (designated aMHC*** ES cells)
(Fig. 1). aMHC*®* ES cells were injected
into mouse blastocysts, and the resultant
chimeras were bred to obtain aMHC*¥/+
and aMHC*%403 mjce.

Genotypes of mice were ascertained by
Southern (DNA) blot analyses and restric-
tion enzyme digestion of polymerase chain
reaction (PCR)-amplified tail DNA (Fig.
1, B and C). Heterozygous mice bearing
the mutant allele were viable, reproduced
normally, and lacked overt symptoms (8).
Homozygous mice (aMHC*%4%%) were
live-born and had normal gross cardiac
anatomy but uniformly died by day 7. The
ratio of a and B cardiac MHC isoforms in
the cardiac ventricle was assessed by poly-
acrylamide gel analysis of partially purified
cardiac sarcomeres (9). The amounts of «
and B cardiac MHC were the same in
6-day-old wild-type, oMHC*¥* and
aMHCH*03403 mguse hearts, which showed
that the mutant polypeptide was stable in
cardiac myocytes and was incorporated
into sarcomeres (8).

Hearts from 5-week-old aMHC*¥/*
mice and wild-type littermates had similar
gross anatomy (8). By 15 weeks, the hearts
of some aMHC** mice, but no wild-
type mice, exhibited left atrial enlarge-
ment (Fig. 2A). Left atrial enlargement
was present in 7 of 11 male versus 2 of 12
female aMHC*¥* mice at 15 weeks, and
7 of 7 male versus 6 of 18 female
oaMHC*¥* mice at 30 weeks (P < 0.02).
Left atrium—body weight ratios were sig-
nificantly greater in aMHC*** mice
than in wild-type mice (P < 0.02;
aMHC*¥* left atrium weight = 0.0073
+ 0.0028 g, wild-type left atrium weight
0.0037 = 0.0011 g). In contrast, total
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heart-body weight ratios or left ventricle—
body weight ratios were not different be-
tween 40-week-old mutant and wild-type
mice.

Cardiac histology was examined in
wild-type and aMHC*®¥* mice killed at
ages 5, 15, and 30 weeks (Table 1). His-
tology was normal in wild-type mice of all
ages (Fig. 3, C and F) and in 5-week-old
mutant mice (I0). Myocardial sections
from 15-week-old aMHC*** mice ex-
hibited disarray, hypertrophy, and injury
(Fig. 3A) and interstitial fibrosis (Fig.
3D). Myocardial sections of 30-week-old
aMHC*¥* mice exhibited the classic
histopathology of human FHC: hypertro-

A neo’ tk pUC1s

6 8 10 1213

2 ‘6810;213 16 18 20

Homologous recombination

* _ neo’ tk puUC18
2 4 6 810 1213 6 810 1213
P
Reversion
.
6 810 1213
2 4 —5— 16 18 20

phied myocytes with large hyperchromatic
nuclei and marked myocardial fiber disar-
ray (Fig. 3B). Moderate diffuse interstitial
fibrosis (Fig. 3E) and focal replacement
granulation tissue were also observed in
sections from 30-week-old mutant mice.
The histologic changes became more pro-
nounced with age and appeared more con-
sistently in males than in females. Three
of 10 female aMHC*¥* mice (two 15
weeks old, one 31 weeks old) showed no
histologic abnormalities, but all male
aMHC** mice exhibited myocyte dis-
array. Significant myocyte hypertrophy,
injury, and fibrosis were found more often
in older aMHC*¥* mice than in 15-

B 12 3 C123
R 149 55
T—TZD
. 9.0 — 260
~—120
£ 3 kb

bo

Fig. 1. Targeting the R403Q mu-
tation to the a cardiac MHC gene.
(A) A 42-kb Eco RI 129/SvJ
genomic fragment encoding ex-
ons 6 to 15 of the a cardiac MHC
gene was isolated and character-
ized with standard procedures
(75, 16). A G — A mutation (*) in
codon 403 encoding the R403Q
mutation was introduced by PCR
into exon 13/14 (17) and simulta-
neously abolished an Ava | site.

16 18 20

The targeting construct was introduced into ES cells and homologous recombinants were selected as
described (78, 19). Targeted ES cells were grown in FIAU-containing media to select for revertant cells
bearing the R403Q mutation in the a cardiac MHC gene without the tk or neo” genes (20). Fragment

P was used as a probe in Southern blot analyses. (B) Southern blot analyses of ES cells. ES cell DNA

was digested with Dra | (27) and hybridized to probe P. Lane 1, wild-type (WT) ES cells; exon 13/14
is encoded on a 14.9-kb Dra | fragment. Lane 2, targeted ES cells [probe P detects three fragments:
a 14.9-kb fragment derived from the WT allele and two fragments (9 and 12 kb) derived from the new
allele]. Lane 3, targeted and reverted ES cells; WT genomic structure is restored. (C) Mutation analysis
of ES cells. Exon 13/14 of ES cells was amplified (22), digested with Ava |, and fractionated on an
agarose gel. Lane 1, WT ES Cells; lane 2, targeted ES cells (the mutated exon 13/14 lacks an Ava |
site); lane 3, targeted and reverted ES cells that are heterozygous and contain the mutated and normal

exon 13/14.

A

wT aMHC403/+

Fig. 2. Gross morphology of WT and
aMHC*%¥* hearts derived from sedentary
and exercised mice. (A) Enlargement of the left

atrium (arrow) is present in the sedentary aMHC*
littermate heart (left). (B) Coronal section of hearts from exercised aMHC*9%/*

aMHC403/+
=% mouse heart (right) but not the sedentary WT

and WT mice. RA, right

atrium; RV, right ventricle; LA, left atrium; LV, left ventricle. Left panel: The sudden-death aMHC?®
mouse heart had fresh clot in all chambers and an organized thrombus (*) in the markedly enlarged LA.
Note the asymmetric hypertrophy of the LV (74). Right panel: Normal cardiac anatomy was present in the

WT mouse that completed 7 weeks of the swimming protocol. Scale bars, 1 mm.
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week-old aMHC*** mice.

To assess the consequences of the
aMHC*® mutation in cardiac function,
we measured left ventricular pressures and
cardiac outputs from isolated, perfused
working hearts (I11) of 5- and 15-week-old
wild-type and mutant mice. The maxi-
mum left ventricular pressures generated
by mutant and wild-type mice were simi-
lar; however, the profiles of their pressure
curves differed significantly (Fig. 4A).
During ventricular relaxation, time-de-

pendent change in pressure was continu-
ous in all wild-type mice (n > 100) but
was discontinuous in all mutant mice stud-
ied (n = 3, age 5 weeks; n = 7, age 15
weeks). This discontinuity in pressure re-
duction produced an abnormal upward de-
flection in tracings that represented the
rate of change of pressure (dP/dt, Fig. 4A).
Moreover, the duration of relaxation (T,)
was longer in mutant mice than in wild-
type mice (Fig. 4) (P < 0.001; T, = 0.046
s for wild-type mice, T, = 0.060 s for

Table 1. Histologic abnormalities of aMHC*9%/+ hearts. Histologic specimens from aMHC*%¥'*+ and
wild-type littermates were prepared as in Fig. 3 and were scored, without knowledge of genotype, by
an experienced cardiac pathologist (F.J.S.). Findings in mutant mice included myocyte hypertrophy
(+, present; blank, absent) and myocyte disafray, myocyte injury and inflammation, and fibrosis (+,
mild; ++, moderate; ++ +, severe; blank, none). Locations of disarray: 1, left ventricular free wall; 2,
posterior left and right ventricular junction; 3, interventricular septum,; 4, right ventricular free wall; 5,

diffuse.

Mouse Age Myocyte

Myocyte

Myocyte

number  (weeks)  °°X  hypertrophy disarray Location injury Fibrosis
1961 15 F
1963 15 F
1970 15 F + ]
1986 15 F + 2
1960 15 M + +r 1.3 e -
1965 15 M + 5
1967 15 M + 3 + +
1971 15 M + 2
1467 30 F + + ]
1471 30 F +
1492 31 F + ++ 1,3 +
1493 31 F
1499 31 F + ++ 1,2,34 +
1500 31 F + N )
1423 30 M + 2.3
1482 31 M + + 4 1,2,3 + Tt
1485 31 M ++ 1 ++
1495 31 M + o+ 1,2,3 +
1498 31 M + ++ 1,2,3 ++ +
1717 31 M + 1,2

Fig. 3. Comparison of
myocardial histology in
mutant and WT mice.
Fifteen-week-old (A) and
30-week-old (B) male
aMHC4%+ mice have
myocyte  hypertrophy
and disarray that are ab-
sent in WT male mice
(C). Progressive fibrosis,
shown by collagen stain-
ing (blue) in 15-week-old
(D) and 30-week-old (E)
oaMHC4%%+ mice, is ab-
sent in WT mice (F).
Fixed hearts were cut
transversely at the mid-
ventricular level. The
basal portion was em-
bedded in paraffin; sec-
tions were cut from the
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aMHC*%* mice). Cardiac function was
also assessed by determining cardiac out-
put at different preload pressures and af-
ter-load resistances (Fig. 4B). Cardiac out-
put was less in 15-week-old aMHC*¥/*
mice than in wild-type mice (P < 0.01)
(Fig. 4B). Cardiac output was also less in
5-week-old mutant mice than in wild-type
mice under conditions of high filling pres-
sure or aortic resistance (12).

Humans with FHC can experience se-
rious life-threatening events with vigorous
exercise (13). To determine the impact of
exercise on the aMHC*¥* mice, we
trained five mutant and five wild-type
mice to swim. Each mouse swam twice
daily during the 7-week exercise protocol;
on the first day, the sessions were 10 min
each, and their duration increased by 10
min per day to a maximum of 90 min per
session, which was maintained for the re-
mainder of the protocol. Five wild-type
and three mutant mice tolerated the exer-
cise protocol; they spontaneously groomed
and fed immediately after swimming. Two
aMHC*** mice did not tolerate exer-
cise; one died suddenly while swimming
(2.5 weeks into protocol), and one sur-
vived swimming but was consistently le-
thargic for protracted periods after exer-
cise. The heart from the sudden-death
aMHC*¥* mouse (Fig. 2B, left) was
grossly enlarged and showed thrombus in
the dilated left atrium, mild right ventric-
ular hypertrophy, and marked asymmetric
left ventricular hypertrophy (14). In con-
trast, the heart from a wild-type swimmer
(Fig. 2B, right) was normal.

Mutant aMHC*¥* mice provide a ge-
netic model of human FHC. Analysis of
these mice demonstrated that if the sar-
comere contains 50% R403Q myosin, car-

transected surface at 4 to 5 um and stained with hematoxylin and eosin (H&E) stain for overall morphology. The apical portion was embedded in glycolmetha-
crylate; sections were cut at 2 wm and stained with Masons’ trichrome (MT) stain for collagen. Sections were stained with H&E (A to C) or with MT (D to F). Scale

bars, 100 pm.
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Fig. 4. (A) Left ventricular

) L 100
pressures in isolated work- a
ing hearts of WT and
aMHC*9%* mice (23). Pres-
. . 0
sure tracings from WT mice 100

(a) did not show the altered
pressure wave form present
in aMHC*%*  mice [5

dP/dt
o &
i

Left ventricular pressure (mmHg) >

weeks old, (b); 15 weeks 10% -4

old, (c)] (arrows). The differ- ¢ ol f

ence in left ventricular pres- / | P4
sures was more easily visu- 5 0

alized as the first derivative 0 -4

of pressure (dP/dt); again, 0 01 02 03 0 01 02 03
tracings from WT hearts (d) Time (s)

were different from those B 125

obtained from mutanthearts o

[6 weeks old, (e); 15 weeks E 10.04

old, (f)] (arrows). (B) Cardiac £

outputs from isolated work- 5 7.5

ing hearts of WT and &

aMHC*9¥* mice. Outputs S 5.01

from 15-week-old mice &

were calculated as the sum g 2.57

of pulmonary artery (con- 0

taining only coronary flow) 5
and aortic effluents. Outputs
from seven mutant hearts
(©) and six WT hearts ()

T T T T T 3 T T T
75 10 125 15 175 20 0 20 40 60
Left atrial filling pressure (cm HoO) Aortic resistance (mmHg cm3 min-1)

80 100

were measured. Left panel, variable filing pressures with a fixed resistance of 29 mmHg cm= min~"; right
panel, variable resistance with a constant filling pressure of 10 cm of H,O. Differences were significant (P

< 0.01) at each filling pressure and aortic resistance.

diac function is abnormal but compatible
with life. If the sarcomere contains 100%
R403Q myosin, the animal dies. More-
over, these mice exhibited the same car-
diac histopathology and pathophysiology
observed in human FHC. The mouse mod-
el provides definitive evidence for the ge-
netic basis of FHC and demonstrates that
cardiac dysfunction is the primary re-
sponse to the R403QQ myosin mutation.
Because 5-week-old a MHC*** mice had
reduced cardiac output without histologic
or morphologic abnormalities, we suggest
that altered mechanical properties in the
mutant sarcomere directly caused abnor-
mal cardiac function. The compromised
exercise capacity observed in two of five
aMHC** mice probably resulted from
factors such as reduced cardiac output,
nonuniformity of ventricular relaxation or
increased chamber stiffness (or both), and
impedance to atrial emptying. Histopa-
thology and morphologic abnormalities
were age-dependent and occurred after the
development of hemodynamic abnormali-
ties. Myocyte disarray was an early cellular
response to this mutation and typically
preceded the development of myocyte hy-
pertrophy; myocyte injury and replace-
ment fibrosis generally appeared late.

A mouse model for FHC enables assess-
ment of the impact of background geno-
type and physical activity on phenotype.
We have demonstrated that both of these
factors affect the clinical manifestations of
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FHC. Because male mutant mice were
affected at an earlier age than were fe-
males, and because the differences be-
tween male and female inbred mice are
genetically programmed, we conclude that
modifying genes critically influence the
phenotypic expression of the R403Q my-
osin mutation. Further elucidation of
the impact of exercise, other environmen-
tal influences, and modifying genes on
disease expression should help to direct
the clinical management of FHC in hu-
mans. Ultimately, these mice may provide
insights into the mechanisms and causes
of cardiac remodeling and may help to
define therapeutic targets for FHC and
other cardiomyopathies.
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