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We have observed that many spontaneously hypertensive rats
(SHR) between the ages of 18 and 24 mo develop findings
suggestive of heart failure, including pleural and pericardial
effusions, left atrial thrombi, and right ventricular hypertrophy.
Isolated left ventricular papillary muscle function was studied
in these animals (SHR-F), in age-matched SHRs without evi-
dence of heart failure (SHR-NF), and in nonhypertensive con-
trols (WKY). Preparations from SHR-F showed depression of
active tension development (3.58 £ 1.75 g/mm? means = SD)
compared with both SHR-NF (7.17 = 0.94) and WKY (6.17 +
1.00) (P < 0.01). Shortening velocity was also depressed in
SHR-F (0.95 + 0.38 lengths/s) compared with SHR-NF (1.60
+ 0.30; P < 0.05) and WKY groups (2.15 = 0.48; P < 0.01).
Depression of muscle function was not found before 18 mo of
age. Thus the aging SHR is a model in which one can observe
the transition from chronic stable left ventricular hypertrophy
to overt heart failure. Furthermore, left ventricular papillary
muscles from SHRs with heart failure show evidence of signif-
icant contractile dysfunction, suggesting that impairment of
intrinsic myocardial function underlies the development of
heart failure.

left ventricular hypertrophy; cardiac muscle function; isolated
papillary muscles

MYOCARDIAL HYPERTROPHY is an adaptive response of
the myocardium in which the heart increases its mass to
accommodate an increased load. Although hypertrophy
may be a functionally important compensatory response,
it has been suggested that stable hypertrophy may pro-
gress to a decompensated state, with myocardial depres-
sion and cardiac pump dysfunction (21). There has been
considerable study of myocardial function with pressure
overload hypertrophy in the absence of heart failure;
much less is known about the transition from chronic
stable hypertrophy to heart failure.

The spontaneously hypertensive rat (SHR) is a well-
established model of genetic hypertension (25). Studies
of spontaneously hypertensive rats (SHR) have demon-
strated evidence of hemodynamic impairment in older
animals (23, 26, 29), and it has been suggested that the
progression from stable hypertrophy with normal cardiac
function to heart failure with impaired cardiac function
in the SHR is similar, in many ways, to the clinical
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course of patients with hypertension (35). Although find-
ings from studies of cardiac pump function suggest left
ventricular decompensation, it is unclear whether this is
a result of intrinsic muscle dysfunction. A number of
studies have demonstrated evidence of reduced ability of
the hypertrophied myocardium to generate tension (9,
20, 32, 38). Others, however, have shown normal (1, 2, 5,
12, 15, 17, 36) or increased (4, 6, 18) active tension
development. These studies have been carried out in a
variety of animal models of ventricular hypertrophy of
varying duration. Thus the effects of hypertrophy on
cardiac muscle function and the relation of possible
changes in function to the development of heart failure
are unclear.

In previous studies of isolated muscle function in the
SHR from 6 to 18 mo of age, we have observed animals
to remain in good health, with stable or increased isolated
muscle function (3, 4). We have now observed that,
following a period of stable muscle function up to 18 mo
of age, many SHRs develop evidence of heart failure
between 18 and 24 mo of age; the present study is
designed to test the hypothesis that intrinsic muscle
function is depressed in the aging SHR with heart failure.

METHODS

Male spontaneously hypertensive rats (SHR) and non-
hypertensive Wistar-Kyoto controls (WKY) were pur-
chased as retired breeders at 6-9 mo of age (Taconic,
Germantown, NY) and boarded at the animal facility at
the Boston Veterans Administration Medical Center un-
til the time of study (up to 24 mo of age). Systolic arterial
pressure was measured by the tail-cuff method (27). To
characterize the effect of age on myocardial function in
the SHR, we studied SHRs at 12, 18, and 24 mo of age,
as well as WKYs at these ages. For this analysis, animals
were selected solely on the basis of age. A number of
older SHRs had findings suggestive of heart failure, as
described below, but were nevertheless included in the
age analysis.

Beginning at the age of 18 mo, animals were observed
daily. We noted that a number of SHRs exhibited rapid
and labored respiration; these animals were studied
within 1-2 wk after the time when they were noted to
have respiratory difficulties. We found that most of these
animals had left atrial thrombi and right ventricular
hypertrophy; several had pleural and/or pericardial ef-
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fusions (see Table 1). For the present study, animals
were selected as members of a group of SHRs with
findings suggesting heart failure (SHR-F) on the basis
of rapid or labored respiration seen on clinical inspection
and left atrial thrombi found on pathological examina-
tion. Several SHRs, without overt respiratory difficulties,
were found to have left atrial thrombi at the time of
study; these were also included in the SHR-F group.
Several SHRs were found to have right ventricular hy-
pertrophy without left atrial thrombi; these were not
included in the analysis. No WKYs were found to have
respiratory difficulties, left atrial thrombi, or right ven-
tricular hypertrophy. Several SHRs with rapid and la-
bored respiration died before they could be studied, and
at autopsy these rats had the pathological findings con-
sistent with heart failure; that is, effusions, left atrial
thrombi, and right ventricular hypertrophy. An age-
matched group of SHRs without any of these findings
was identified for purposes of comparison (SHR-NF) as
was an age-matched group of WKY.

At the time of study, rats were killed, their hearts were
quickly removed, and placed in oxygenated Krebs-Hen-
seleit solution (19) at 28°C. Papillary muscles were dis-
sected and mounted as described below. Atria were re-
moved, and the right ventricle was dissected free from
the left ventricle. Tissues were gently blotted and
weighed. Samples of left ventricle, right ventricle, lung,
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and liver were taken and dried at 60°C for 24 h; water
content and dry left and right ventricular weights were
calculated from these data. Left and right ventricular
wet weight normalized by body weight (LV/BW and RV/
BW, respectively) and dry weight by tibial length (LV/
TL and RV/TL) (40) were used as indexes of ventricular
hypertrophy.

The left ventricular anterior and posterior papillary
muscles were dissected free, mounted between two spring
clips, and placed vertically in a 100-ml acrylic chamber
containing Krebs-Henseleit solution at 28°C and oxygen-
ated with a mixture of 95% 0,-5% CO, (pH 7.38). The
thinner, more uniform preparation was chosen for study.
The muscles were stimulated at a rate of 12 contractions/
min by parallel platinum electrodes delivering 5-ms
pulses at a voltage 10% above threshold. The spring clip
on the upper end of the muscle was attached to a low-
inertia DC pen motor (G100-PD, General Scanning,
Watertown MA), and the lower clip to a semiconductor
strain gauge tension transducer (DSC-3, Kistler-Morse,
Redmond, WA). A digital computer with an analog-to-
digital interface allowed control of either tension or
length of the preparation. Tension and length data were
sampled at a rate of 1 kHz and stored on disk for later
analysis.

After the muscles were mounted, they were equili-
brated by contracting isotonically at a light load (on the

TABLE 1. Clinical, pathological, and isolated muscle parameters for individual WKY, SHR-NF, and SHR-F animals

Experiment Age, Laborefi Effusions Left Atrial Fibrosis LV/TL, RV/TL, AT, CSA,
No. mo Respiration Thrombus (gross) g/cm g/cm g/mm? mm*
WKY
247 19 0.045 0.014 7.47 0.96
372 22 0.054 0.014 4.34 1.31
375 22 0.048 0.014 6.70 1.04
376 22 0.051 0.014 5.23 1.05
377 22 0.056 0.016 6.68 1.00
378 22 0.054 0.015 7.40 0.68
379 23 0.049 0.012 5.74 1.24
381 24 0.059 0.015 5.37 1.16
386 24 0.056 0.015 5.71 1.32
401 21 0.056 0.016 7.10 1.18
SHR-NF
354 20 + 0.070 0.014 6.75 1.03
355 20 0.077 0.012 5.36 1.02
362 24 + 0.077 0.012 6.95 1.07
365 24 + 0.077 0.014 7.82 0.73
367 24 + 0.069 0.013 7.32 1.25
371 22 0.074 0.016 7.00 1.07
382 24 0.071 0.011 7.54 143
408 24 0.070 0.013 8.86 0.94
410 24 0.080 0.012 6.93 1.08
SHR-F
251 19 + + + 0.067 0.023 2.70 0.98
353 20 + + + 0.075 0.027 2.39 1.27
357 22 + + + + 0.060 0.018 2.05 1.45
358 22 + + 0.078 0.015 4.98 0.86
363 18 + + 0.056 0.013 7.14 0.87
368 22 + + + 0.072 0.025 2.23 0.76
405 23 + + 0.070 0.024 3.14 1.39
407 23 + + + 0.073 0.022 4.03 1.32

LV/TL, left ventricular weight (dry)/tibial length; RV/TL, right ventricular weight (dry)/tibial length; AT, active tension; CSA, papillary

muscle cross-sectional area.
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TABLE 3. Heart, lung, and liver water content

IMPAIRED MYOCARDIAL FUNCTION IN SHR WITH HEART FAILURE

H139

LV Water, RV Water, Lung Water, Liver Water,
n g water/g dry g water/g dry g water/g dry g water/g dry
tissue wt tissue wt tissue wt tissue wt
A. 12-, 18-, and 24-mo WKY and SHR groups
WKY
12 mo 10 3.54+0.07 3.96+0.16 4.46+0.271 2.22+0.09
18 mo 10 3.63+0.14 3.91+0.23 4.63+0.90 2.17+0.42
24 mo 12 3.62+0.10 3.98+0.19 4.95+0.77- 2.21+0.10
SHR
12 mo 11 3.48+0.07 -1 3.78+0.11 4.48+0.411 2.20+0.06
],,
18 mo 9 3.76+0.16 4.00+0.27 5.01+£0.54 2.49+0.41
24 mo 12 3.77+0.14° 4 3.94+0.20 5.10+0.93~ 2.294+0.20
B. 18-24-mo WKY, SHR-NF, and SHR-F groups
WKY 10 3.55:0.09] " 3.88+0.15 4.53+0.55 2.10+0.21 -]
SHR-NF 9 3.70+£0.15 3.95+0.25 4.78+0.41 2.23+0.204 ¢
SHR-F 8 3.88+0.10 1 4.09+0.20 4.57+0.39 2.65+0.28
Values are means + SD; n, no. of rats. LV, left ventricle; RV, right ventricle. See Table 2 for symbols.
TABLE 4. Isolated muscle parameters
n RT, AT, +dT/dt, EMD, TPT, RT,, Voss CSA,
g/mm? g/mm? g-mm~%.g7} ms ms ms lengths/s mm?
A. 12-, 18-, and 24-mo WKY and SHR groups
WKY
12 mo 10 0.89+0.25 6.23+1.12 74.5+12.8 27i3] 145+11 -l 193+16 2.18+0.42 1.22+0.21
18 mo 10 0.756+0.47 6.80+1.55 79.0£16.9 313~ ¢ 145110] H 202+28 2.29+0.44 0.96+0.24
24 mo 12 0.87+0.20 6.79+1.12 74.7£14.6 32+4 157+11 J 211+16 2.03+0.23 1.17+0.18
SHR
12mo 11 1.05+0.25° 7.79+1.17 90.6+19.0¢ 34+1¢ 1501345 4 205+20 2.16+0.32+ - 1.20+0.17
]B_] b ] a
18 mo 9 1.10+0.55° 6.75+3.23 69.0+£39.6 b 39454 & 170+14% 201+36 1.66+0.63< 1.12+0.26
24 mo 12 1.22+0.57° 5.90+2.06 52.7+22.5" 3774 182+104] 195+29 1.46+0.43¢ J 1.19+0.23
B. 18-24-mo WKY, SHR-NF, and SHR-F groups
WKY 10 0.62+0.23 6.17+1.00 68.8+14.7 32+5 157+1491 218+30 2.15+0.48 1 1.09+0.19
SHR-NF 9 1.34%+0.64% | 717094, § 65.5%15.64 ¢ 32+4 f 174+14 208+194 1 1.60+0.30 1.07%0.19
] {J } {J } ’J ] ‘J ]‘
SHR-F 8 1.41+0.62 3.58+1.75 31.8+16.2 48+10 180+11 J 161+29 0.95+0.38 1 J 1.11+0.27

Values are means = SD; n, no. of rats. RT, resting tension; AT, active tension; EMD, electromechanical delay time; +dT/dt, peak positive
derivative of tension; TPT, time from onset of contraction to peak tension; RT), time from peak tension to 50% relaxation; Vs, shortening
velocity, determined from quick releases to 0.5 g/mm? at 100 ms (normalized by muscle length at Lm.); CSA, muscle cross-sectional area. See
Table 2 for symbols.
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FIG. 1. Schematic representations of isometric contractions (ten-
sion vs. time) based on mean data for resting tension (RT), time to
peak tension (TPT), active tension (AT), and time from peak tension
to 50% relaxation (RT,/.) (see Table 4). For each curve, left-most point
represents RT at L., at time of the onset of tension development
(EMD). Next point to right represents peak total tension (RT + AT)
at time of peak tension (EMD + TPT), and third point represents time
of 50% fall in AT. Data are means + SD. A: mean data for WKY and
SHR groups as a function of age (12, 18, and 24 mo). B: mean data for
18-24 mo SHRs with heart failure (SHR-F) compared with age-
matched WKYs and nonfailing SHRs (SHR-NF).

order of 0.4 g/mm?) for a period of 30 min. After this
period, muscles were gradually stretched to the peak of
the active tension vs. length curve (L., defined as the
muscle length resulting in peak active tension) and equil-
ibrated for an additional 15 min while performing phys-
iologically sequenced contractions (33) with a preload
equal to 50% of the preload at L., and an afterload of
25% of isometric active tension at L.... After this, five
determinations of L., were made. Once a stable L.x
was determined, the muscle contracted isometrically at
L,.x for 5 min, and the resultant isometric contraction
parameters were determined, which included resting ten-
sion (RT, g/mm?), active tension (AT, g/mm?, defined
as peak isometric tension minus resting tension), peak
rate of isometric tension development (peak +dT/dt, g-
mm 2.s7!), electromechanical delay (EMD, ms, defined
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FIG. 2. Active tension (top curves) and resting tension (bottom
curves) vs. length (%Lu.,). Data are means + SD. A: WKY and SHR

groups at 12, 18, and 24 mo. B: WKY, SHR-NF, SHR-F groups (18-
24 mo).

as the time from stimulation to the onset of tension
development), time-to-peak tension (TPT, ms, defined
as the time from the onset of tension development to the
time of peak tension), and time from peak tension to
50% relaxation (RT, e, ms).

Force-velocity curves (shortening velocity vs. load)
were determined from shortening velocity measurements
following “quick releases” to loads ranging from 0.5 g to
peak isometric tension performed 100 ms after stimula-
tion. Release transients settled by 10 ms after release,
and shortening velocity was measured using a digital
smoothing and differentiating filter centered at 17 ms
after the beginning of the release (31).

At the conclusion of the experiment, the muscles were
removed from the clips, blotted, and weighed. Cross-
sectional area was determined from muscle weight and
length assuming a uniform cross-section and a specific
gravity of 1.05. Muscles with cross-sectional area <0.5
or >1.5 mm? were excluded from analysis; there was no
significant difference in cross-sectional area between
groups.
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FIG. 3. Force-velocity curves (shortening velocity vs. load) for quick
releases at 100 ms. Data are means + SD. A: WKY and SHR groups
at 12, 18, and 24 mo. B: WKY, SHR-NF, SHR-F groups (18-24 mo).

To determine the effect of aging on contractile func-
tion in the SHR and WKY, a group of each strain was
studied at 12, 18, and 24 (+1) mo of age (SHR-12, n =
11; SHR-18, n = 9; SHR-24, n = 12; WKY-12, n = 10;
WKY-18, n = 10; and WKY-24, n = 12). A two-way
analysis of variance with replications (unequal cell size)
(39) was used to test for strain and age effects, and the
Newman-Keuls multiple sample comparison test (30)
was used to localize differences where appropriate.

Data from 18- to 24-mo-old SHRs with heart failure
(SHR-F; n = 8) were compared with that from age-
matched nonfailing SHRs (SHR-NF; n = 9) and to
WKYs (n = 10) using a one-way analysis of variance
with replications and the Newman-Keuls multiple-sam-
ple comparison test. There was no significant difference
in age between these three groups (SHR-F 21.1 = 1.9
mo; SHR-NF 22.9 + 1.8 mo; WKY 22.1 + 1.4 mo). It
should be noted that there is some overlap between the
groups in the age analysis and those in the WKY wvs.
SHR-NF vs. SHR-F analysis. Two animals in the SHR-
F group were 18 = 1 mo of age at the time of study and
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were therefore included in the 18-mo-old group in the
age analysis; similarly, two were 24 = 1 mo of age and
included in the 24-mo SHR group. Four other SHRs
included in the SHR-F group (with ages between 20 and
22 mo) did not meet the age criteria for inclusion in
either the 18 mo (17-19 mo) or 24 mo (23-25 mo) groups
and were therefore not included in the age analysis. Data
are expressed as means *+ SD.

RESULTS

Clinical and pathological data. Clinical and pathological
features of the 18-24 mo SHR-F, SHR-NF, and WKY
groups are outlined in Table 1. Six SHRs between 18
and 24 mo of age were noted to have rapid labored
respiration. All of these animals, as well as two not noted
to have respiratory difficulties, were found to have left
atrial thrombi at the time of study. In this group of eight
animals (SHR-F), two had pleural and/or pericardial
effusions. Six had evidence of right ventricular hypertro-
phy, as evidenced by increased right ventricular weight
normalized by tibial length (RV/TL = 0.018 g/cm)
(Table 1). RV/TL ranged from 0.012 to 0.016 in WKYs
and SHR-NF; RV/TL = 0.018 was therefore chosen as
a conservative criterion for right ventricular hypertro-
phy. Six animals had grossly visible endocardial fibrosis.
Fibrosis was also observed in four of nine SHRs without
evidence of heart failure. No WKYs exhibited any of
these clinical or pathological features.

Systolic blood pressure, measured on the day before
the rats were killed, was elevated in the SHR group
compared with the WKY group at 12, 18, and 24 mo (P
< 0.01) (Table 24) and in both SHR-NF and SHR-F
compared with WKY (P < 0.01) (Table 2B). SHRs
appeared healthy and active up to the age of 18 mo,
although their body weight was less than WKYs at all
ages (P < 0.01). Raw and normalized ventricular weights
for the 12- vs. 18- vs. 24-mo-age comparison are pre-
sented in Table 24 and for the WKY vs. SHR-NF vs.
SHR-F comparison in Table 2B. Left ventricular weight
was greater in SHRs than WKYs at all ages (P < 0.01),
despite smaller body weight (P < 0.01). In addition, left
ventricular weight was greater in the 24-mo than 12- and
18-mo SHRs (P < 0.01 and P < 0.05, respectively). Left
ventricular hypertrophy was present in SHRs at all ages
relative to WKYs as manifested by greater LV/BW (P
< 0.01) and LV/TL (P < 0.01). Right ventricular weight
was greater in SHRs than WKYs when normalized by
body weight (P < 0.05), but there was no overall effect
of strain or age on right ventricular weight normalized
by tibial length (RV/TL) by two-way analysis of vari-
ance.

Left ventricular hypertrophy was found in both SHR-
F and SHR-NF groups compared with the WKY group
as manifested both by LV/BW (P < 0.01) and LV/TL
(P < 0.01) (Table 2B). Right ventricular hypertrophy
was present in SHR-F compared with SHR-NF and
WKY groups both by RV/BW (P < 0.01) and RV/TL
(P < 0.01).

Heart, lung, and liver water content data for the 12-

vs. 18- vs. 24-mo comparison are presented in Table 34
and for the WKY vs. SHR-NF vs. SHR-F analysis in
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FIG. 4. Individual values for left ventricular weight normalized by tibial length (LV/TL; A) and right ventricular
weight normalized by tibial length (RV/TL; B) plotted vs. isolated left ventricular papillary muscle active tension for
18- to 24-mo-old WKY, SHR-NF and SHR-F groups. Data are means = SD. There is comparable left ventricular
hypertrophy in SHR-NF and SHR-F groups. RV/TL is greater in SHR-F group than in SHR-NF and WKY groups.
Active tension is depressed in muscle preparations from SHR-F, indicating that impaired left ventricular muscle
function is associated with right ventricular hypertrophy (see text for discussion).

Table 3B. In the age analysis (Table 34), left ventricular
water content (expressed as g water/g dry wt) was in-
creased in 18- and 24-mo-old SHRs compared with 12-
mo-old SHRs (P < 0.01) and in 24-mo-old SHRs com-
pared with WKYs (P < 0.01). There was no significant
effect of strain or age on right ventricular water content.
Lung water was slightly increased in both SHRs and
WKYs at 24 mo compared with 12 mo (P < 0.05). Liver
water was unchanged with strain or age. In the WKY vs.
SHR-NF vs. SHR-F analysis (Table 3B), left ventricular
water content was increased in the SHR-F group (P <
0.01 vs. SHR-NF, WKY); there was no difference in
right ventricular water content. Lung water content was
not significantly different in the three groups, whereas
liver water was increased in the SHR-F group compared
with the SHR-NF and WKY groups (P < 0.01).

Isometric contraction parameters. Mean data for iso-
metric contraction parameters for the 12- vs. 18- vs. 24-
mo age comparison are presented in Table 44 and for
the WKY vs. SHR-NF vs. SHR-F comparison in Table
4B. Schematic contractions based on these data are
presented in Fig. 1; RT and AT as a function of length
are presented in Fig. 2. There was no significant differ-
ence in cross-sectional area among any of the groups
studied.

In the 12-, 18-, and 24-mo-old SHR and WKY groups
(Table 4A), RT at L. was greater in SHRs compared
with WKYs at all three ages (P < 0.05); there was no
significant age effect. There were no significant differ-
ences in AT with either strain or age. The peak rate of
isometric tension development (peak +dT/dt) was
greater in the SHR than in the WKY group at 12 mo of
age (P < 0.01) but less at 24 mo (P < 0.01). TPT
increased with age in both groups [at 24 mo in the WKY
group (P < 0.05) and at 18 and 24 mo in the SHR group
(P < 0.01)] and was greater in the SHR compared with
the WKY group at both 18 and 24 mo (P < 0.01). EMD
was greater in SHRs compared with WKYs at all ages
(P < 0.01); there was no significant age effect. There was
no significant difference in RT,,, with either strain or
age.

When comparing the SHR-F group to age-matched
(18-24 mo) nonfailing SHRs (SHR-NF) and WKYs
(Table 4B), RT was greater in SHRs compared with

WKYs (P <0.01). AT was reduced in SHR-F compared
with both SHR-NF and WKY (3.58 + 1.75 vs. 7.17 +
0.94 and 6.17 £ 1.00; P < 0.01) as was +dT/d¢ (31.8 +
16.2 vs. 65.5 £ 15.6 and 68.8 + 14.7; P < 0.01). EMD was
increased in SHR-F compared with SHR-NF and WKY
(P < 0.01), whereas TPT was increased in both SHR-
NF and SHR-F compared with WKY (P < 0.01). RT,,
was reduced in the SHR-F compared with both SHR-NF
and WKY (P < 0.01). These changes can be seen in the
schematized isometric contractions presented in Fig. 1B.

Shortening velocity vs. load relations. Shortening ve-
locity vs. load (“force-velocity”) relationships are shown
in Fig. 3; mean data for shortening velocity ( Vys; quick
releases to 0.5 g/mm? at 100 ms) are presented in Tables
4A (12- vs. 18- vs. 24-mo age analysis) and 4B (WKY vs.
SHR-NF vs. SHR-F comparison). As shown in Fig. 34,
there was no evident change in shortening velocity with
age in the WKY, whereas shortening velocity was re-
duced in the SHR at 18 and 24 mo compared with 12 mo
(P < 0.05 and P < 0.01, respectively). In the WKY vs.
SHR-NF vs. SHR-F analysis (Fig. 3B and Table 4B),
there was a modest but significant reduction in short-
ening velocity in the SHR-NF (at light loads) compared
with WKY (1.60 = 0.30 vs. 2.15 + 0.48 lengths/s; P <
0.01) and a greater reduction in SHR-F (0.95 + 0.38; P
< 0.01 vs. SHR-NF, WKY).

DISCUSSION

It has been hypothesized that chronic pressure over-
load results in a state of chronic stable (compensatory)
hypertrophy, followed by decompensation, with the de-
velopment of overt heart failure (21). In previous studies
of isolated muscle function in the SHR, a long period of
stable or increased muscle function has been observed
(3, 4, 8). In the present study, we find clinical and
pathological evidence of heart failure, associated with
impaired left ventricular papillary muscle function, in
many SHRs between 18 and 24 mo of age.

It is interesting to note that the degree of left ventric-
ular hypertrophy does not correlate with the impairment
of left ventricular papillary muscle function. Right ven-
tricular hypertrophy, on the other hand, is associated
with depressed left ventricular muscle performance (Fig.
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4). This association is consistent with the concept that
left ventricular dysfunction results in elevated left-sided
filling pressures, with secondary pulmonary hyperten-
sion and right ventricular hypertrophy. This possibility
is supported by the observation that right ventricular
hypertrophy is also seen in rats with large left ventricular
infarctions induced by coronary artery ligation (1). It
should be pointed out that biventricular hypertrophy has
been reported in some WKY rats (28); thus right ven-
tricular hypertrophy may occur in the absence of left
heart failure. In the present study, right ventricular
hypertrophy was not found in any age-matched WKYs.
One must also consider the possibility that right ventric-
ular hypertrophy might result from primary pulmonary
pathology. Therefore, the finding of right ventricular
hypertrophy should be accompanied by other findings
consistent with left ventricular dysfunction to provide
convincing evidence that impaired left ventricular func-
tion is the cause of right ventricular hypertrophy. En-
docardial fibrosis was observed in both the SHR-NF and
SHR-F groups, indicating that this finding is not specific
for heart failure. While it is possible to have left ventric-
ular failure in the absence of atrial thrombi or atrial
thrombi in the absence of failure, the association of left
atrial thrombi with poor left ventricular papillary muscle
function in the SHR-F group suggests that left atrial
thrombi are related to disease of the left ventricle.

Lung water, while increased slightly with age (24 mo)
in both WKYs and SHRs, was not significantly different
in the SHR-F compared with SHR-NF and WKY groups.
While this might suggest that left ventricular filling
pressures are not elevated in the SHR-F, Erdmann et al.
(11) have shown the lung to be protected against extra-
vascular fluid accumulation induced by hydrostatic pres-
sure elevation. They conclude that the major factors
responsible appear to be increases in lymph flow and
interstitial protein washout. This observation may ex-
plain why there is no evident increase in lung water in
the SHR-F. Liver water is increased in the SHR-F,
suggestive of elevated right-sided filling pressures.

In the present study, we have observed clinical and
pathological features suggestive of heart failure in the
SHR. Cooper and Tomanek (8) studied SHRs at 1 and 2
yr of age and found no evidence of heart failure or
impaired muscle function. While their findings in 12-
mo-old animals are similar to ours, it is unclear why
heart failure or impaired papillary muscle tension devel-
opment was not seen in any of their 2-yr-old animals.
There may be differences in the specific strain of SHRs
studied (tail-cuff blood pressure, for example, was some-
what lower in their animals than in the present study).
Others have studied hemodynamics and cardiac pump
function in comparable animals, finding normal function
in mature animals with stable hypertrophy and evidence
of reduced function in older animals (16, 23, 26, 29).
Pfeffer et al. (29) studied male Wistar, WKY, and SHR
rats from 11 to 83 wk of age, using a volume infusion
method. Peak stroke volume and cardiac index (normal-
ized by left ventricular weight) were noted to be de-
creased in the 82-wk-old SHR compared with the con-
trols. A later study (26) of 13- to 90-wk-old rats found
function to be preserved in the Wistar and WKY at all
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ages and the SHR up to 52 wk, but a reduction in peak
stroke volume and cardiac output in the 90-wk-old SHRs
was noted and associated with an increase in left ven-
tricular fibrosis and right ventricular hypertrophy. Mir-
sky et al. (23) studied female SHR and control animals
(Wistar, WKY) at 6, 12, 18, and 24 mo of age using the
same volume infusion method. They found a reduction
in baseline and peak cardiac index in the 24-mo-old
SHRs compared with controls, as well as a downward
shift in the ejection fraction vs. afterload relation in 18-
and 24-mo-old SHRs. Thus evidence of impaired cardiac
function in intact animal studies parallels our clinical
and pathological observations consistent with a transi-
tion to heart failure in the aging SHR.

Several studies have examined isolated muscle func-
tion in other models of heart failure. Right heart failure
with depression of isolated muscle function has been
observed in the cat with pulmonary artery banding (13,
32, 38), and Williams et al. (38) have demonstrated
depression of right ventricular muscle function (at 72
wk) after a period of stable function (52 wk) in this
model. Although the duration of right ventricular pres-
sure overload relative to total life span is relatively short
in these feline studies compared with the duration of left
ventricular pressure overload in the SHR, the findings
are consistent with those of the present study. The
present study indicates that myocardial depression can
be demonstrated in left heart failure following long-term
left ventricular pressure overload due to hypertension.
Yin et al. (41) have suggested that senescence may con-
tribute to the alterations in myocardial function observed
in the aging SHR beyond those changes attributable to
hypertrophy alone.

We did not observe evidence of progressive left ven-
tricular hypertrophy, based on the left ventricular
weight-to-tibial length ratio, with aging in the WKY
group in the present study, whereas alterations were
noted in the time course of contraction. Although my-
ocyte hypertrophy may be present with aging (34), these
findings are consistent with the concept that senescence
may cause functional alterations. Thus it is possible that
factors related to aging, superimposed on chronic pres-
sure overload, may contribute to the development of
impaired myocardial function in the aging SHR.

The reduction in tension development in the failing
SHR might be caused by one or more of a number of
possible factors, related to a reduction in number of
viable cells or to an alteration in cellular function. En-
gelmann et al. (10) studied SHR and WKY at 1 to 24 mo
of age using morphometric techniques. They found the
fractional area occupied by myocytes and interstitial
space to be comparable in 1-mo-old SHRs and WKYs.
At 12 mo, the SHR group had a greater percentage of
myocytes and a smaller percentage of interstitial space,
whereas this pattern was reversed at 24 mo. These data
are consistent with our previous findings that contractile
unit density and active tension is greater in SHRs com-
pared with WKYs up to 18 mo of age (4) and those of
the present study, in which active tension was found to
be reduced in SHRs with evidence of failure. Myocardial
ultrastructural changes have been reported in the aging
SHR (34) that may relate to cellular dysfunction with
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chronic pressure overload. Thus reduced ability of the
myocardium to develop tension might result from abnor-
malities in function occurring at the level of the cell.
Furthermore, coronary vascular pathology (14) and re-
ductions in capillary density (per unit area) (10, 34) have
been demonstrated in the aging SHR, although these
changes may be partly due to the presence of fibrosis.
Wexler et al. (37) found evidence of myocardial infarc-
tion, with fibrosis, ventricular aneurysm formation, and
mural thrombi in SHRs studied up to 28 mo of age,
suggesting progressive coronary vascular pathology with
age and sustained hypertension. Although it is difficult
to establish a causal relationship between vascular
changes and pathological or functional abnormalities, it
is possible that vascular changes might result in ische-
mia, cell loss, and fibrosis.

The present study implies a reduction in tension de-
velopment per unit myocardium rather than per myocyte
or contractile unit. A reduction in the density of con-
tractile units, with or without an intrinsic defect in the
contractile units, could explain the results noted here;
further studies would be necessary to clarify the issue of
whether or not there is a defect in function at the level
of the myocyte or the contractile filaments themselves.

Shortening velocity, as determined by the quick-re-
lease method, did not change appreciably over the range
of ages studied in the WKY, whereas the older SHRs
showed a decrease in shortening velocity. In contrast to
active tension development (where SHR-NF were not
different from WKY at 24 mo), shortening velocity was
reduced in the SHR-NF compared with the WKY group,
and a further decrease was seen in SHR-F. While factors
such as cell loss might affect shortening velocity as well
as tension development, the apparent dissociation be-
tween shortening velocity and active tension might be
due to factors such as changes in myosin isozyme com-
position (5, 7, 20, 22), which may alter shortening veloc-
ity without causing a reduction in active tension devel-
opment. It has been shown that the proportion of V3
myosin is increased in the aging SHR (7, 22), and this
may contribute to the observed reduction in shortening
velocity. The functional significance of depression of
shortening velocity vs. depression of active tension de-
velopment is uncertain; whereas both may result in ab-
normalities of cardiac pump function, it appears that
depression of tension development is only seen in the
group of animals with heart failure. It is possible that
depression of shortening velocity (with preserved tension
development) does contribute to the pump dysfunction
without overt heart failure noted in the aging SHR (23,
26, 29) but that overt heart failure results when tension
development is depressed.

Several other features of the isometric contraction in
the SHR-F are of interest. Resting tension at Lp.x was
noted to be greater in SHRs compared with WKYs
overall, without any significant difference between SHR-
NF and SHR-F. While resting tension at L, is subject
to considerable experimental uncertainty, and can serve
only as an index of myocardial passive properties; this
finding is consistent with previous studies suggesting
increased passive stiffness in chronic hypertrophy (23,
24) and suggests an alteration in myocardial passive
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properties in the SHR.

Electromechanical delay time and time to peak tension
might both be considered indexes of the contractile ac-
tivation time. Electromechanical delay was greater in
SHRs than WKYs at all ages and was greatest in the
SHR-F. Time-to-peak tension was greater in both the
SHR-NF and SHR-F groups compared with age-matched
WKYs, suggesting a prolongation of activation in the
SHR. These changes in both electromechanical delay
time and time-to-peak tension suggest alterations in
excitation-contraction coupling, which are progressive
with age, and more marked with hypertrophy and heart
failure.

Thus the aging SHR is a model of chronic stable
hypertrophy with late transition to left ventricular fail-
ure. The development of myocardial failure is associated
with clearly demonstrable impairment of intrinsic muscle
function. This model lends itself to studies of the mech-
anisms, treatment, and prevention of a pathological proc-
ess of major clinical importance.

This work was done during the tenure of a Clinician-Scientist Award
from the American Heart Association (C. H. Conrad), and was sup-
ported by funds from the Medical Research Service of the Veterans
Administration. Data analysis was performed on the PROPHET sys-
tem, a computer resource sponsored by the Division of Research
Resources, National Institutes of Health, Bethesda, MD.

Address for reprint requests: O. H. L. Bing, ACOS/R&D, Boston
VA Medical Center (151), 150 S. Huntington Ave. Boston, MA 02130.

Received 29 January 1990; accepted in final form 1 August 1990.

REFERENCES

1. BING, O. H. L., W. W. BRoOOKS, C. H. CONRAD, K. B. WEINSTEIN,
J. SPADARO, AND P. RADVANY. Myocardial mechanics of infarcted
and hypertrophied noninfarcted myocardium following experimen-
tal coronary artery occlusion. In: Cardiac Adaption to Hemody-
namic Overload, Training, and Stress, edited by R. Jacob, W. Gulch,
and G. Kissling. Darmstadt, FRG: Steinkopff Verlag, 1983, p. 235-
244,

2. BING O. H. L., S. MATSUSHITA, B. L. FANBURG, AND H. J. LEVINE.
Mechanical properties of rat cardiac muscle during experimental
hypertrophy. Circ. Res. 28: 234-245, 1971.

3. BING O. H. L., S. SEN, C. H. CONRAD, AND W. W. BROOKS.
Myocardial function structure and collagen in the spontaneously
hypertensive rat: progression from compensated hypertrophy to
haemodynamic impairment. Eur. Heart J. 5, Suppl. F: 43-52, 1984.

4. BING O. H. L., A. W. WIEGNER, W. W. BROOKS, M. C. FISHBEIN,
AND J. M. PFEFFER. Papillary muscle structure-function relations
in the aging spontaneously hypertensive rat. Clin. Exp. Hypertens.
10: 37-58, 1988.

5. CAPASSO, J. M., A. MALHOTRA, J. SCHEUER, AND E. H. SONNEN-
BLICK. Myocardial biochemical, contractile, and electrical perform-
ance after imposition of hypertension in young and old rats. Circ.
Res. 58: 445-460, 1986.

6. CAPASSO, J. M., J. E. STROBECK, AND E. H. SONNENBLICK. Myo-
cardial mechanical alterations during gradual onset long-term hy-
pertension in rats. Am. J. Physiol. 241 (Heart Circ. Physiol. 10):
H435-H441, 1981.

7. CoNRrAD, C. H., O. H. L. BING, K. G. ROBINSON, W. W. BROOKS,
AND S. SEN. Myosin isozyme distribution and myocardial perform-
ance in the spontaneously hypertensive rat with heart failure
(Abstract). Circulation 76, Suppl. IV: IV-537, 1987.

8. CooPER IV, G., AND R. J. TOMANEK. Model dependent behaviour
of pressure hypertrophied myocardium. Cardiovasc. Res. 21: 342—
361, 1987.

9. CooPER 1V, G., R. J. TOMANEK, J. C. EHRHARDT, AND M. L.
MARcuUs. Chronic progressive pressure overload of the cat right
ventricle. Circ. Res. 48: 488-497, 1981.

10. ENGELMANN, G. L., J. C. VITULLO, AND R. G. GERRITY. Morpho-



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

IMPAIRED MYOCARDIAL FUNCTION IN SHR WITH HEART FAILURE

metric analysis of cardiac hypertrophy during development, mat-
uration, and senescence in spontaneously hypertensive rats. Circ.
Res. 60: 487-494, 1987.

ERrDMANN III, A. J., T. R. VAUGHAN, JR., K. L. BRicHAM, W. C.
WOOLVERTON, AND N. C. STAUB. Effect of increased vascular
pressure on lung fluid balance in unanesthetized sheep. Circ. Res.
37: 271-284, 1975.

GrIMM, A. F., R. KuBOoTA, AND W. V. WHITEHORN. Properties of
the myocardium in cardiomegaly. Circ. Res. 12: 118-124, 1963.
GUNNING, J. F., AND H. N. CoLEMAN III. Myocardial oxygen
consumption during experimental hypertrophy and congestive
heart failure. J. Mol. Cell. Cardiol. 5: 25-38, 1973.

HapJuisky. P., AND N. PEYRI. Hypertensive arterial disease and
atherogenesis. Part 1. Intimal changes in the old, spontaneously
hypertensive rat (SHR). Atherosclerosis 44: 181-199, 1982.
HAMRELL, B. B., AND N. R. ALPERT. The mechanical character-
istics of hypertrophied rabbit cardiac muscle in the absence of
congestive heart failure. The contractile and series elastic elements.
Circ. Res. 40: 20-25, 1977.

JAcoB, R., M. VoGT, AND K. NoMA. Chronic cardiac reactions. 1.
Assessment of ventricular and myocardial work capacity in the
hypertrophied and dilated ventricle. Bas. Res. Cardiol. 1987: 82,
Suppl. 2: 137-145, 1987.

JuLiaN, F. J., D. L. MORGAN, R. L. Moss, M. GONZALEZ, AND P.
DWIVEDL. Myocyte growth without physiological impairment in
gradually induced rat cardiac hypertrophy. Circ. Res. 49: 1300-
1310, 1981.

KERR, A., A. R. WINTERBERGER, AND M. GIAMBATTISTA. Tension
developed by papillary muscles from hypertrophied rat hearts. Circ.
Res. 9: 103-105, 1961.

KRreBs, H. A., AND K. HENSELEIT. Untersuchungen uber die
Harnstoffbildung im Tierkorper. Hoppe Seylers Z. Physiol. Chem.
210: 33-66, 1932.

LECARPENTIER, Y., L. B. BUGAISKY, D. CHEMLA, J. J. MERCADIER,
K. SCHWARTZ, R. G. WHALEN, AND J. L. MARTIN. Coordinated
changes in contractility, energetics, and isomyosins after aortic
stenosis. Am. J. Physiol. 252 (Heart Circ. Physiol. 21): H275-H282,
1987.

MEERSON, F. Z. A mechanism of hypertrophy and wear of the
myocardium. Am. J. Cardiol. 15: 755-760, 1965.

MERCADIER, J.-J., A.-M. LOMPRE, C. WISNEWSKY, J.-L.. SAMUEL,
J. BERcovICI, B. SWYNGHEDAUW, AND K. SCHWARTZ. Myosin
isoenzymic changes in several models of rat cardiac hypertrophy.
Circ. Res. 49: 525-532, 1981.

MIRSKY, 1., J. M. PFEFFER, M. A. PFEFFER, AND E. BRAUNWALD.
The contractile state as the major determinant in the evolution of
left ventricular dysfunction in the spontaneously hypertensive rat.
Circ. Res. 53: 767-778, 1983.

NATARJAN, G., A. A. BoVE, R. L. CoULSON, R. A. CAREY, AND J.
F. SPANN. Increased passive stiffness of short-term pressure-over-
load hypertrophied myocardium in cat. Am. J. Physiol. 237 (Heart
Circ. Physiol. 6): H676-H680, 1979.

OkAMOTO, K., AND K. AOKI. Development of a strain of sponta-
neously hypertensive rats. Jpn. Circ. J. 27: 282-293, 1963.
PFEFFER, J. M., M. A. Prerrer, M. C. FISHBEIN, AND E. D.

217.

28.

29.

30.

31.

32.

33.

34.

35.

37.

38.

39.

40.

41.

H145

FROHLICH. Cardiac function and morphology with aging in the
spontaneously hypertensive rat. Am. J. Physiol. 237 (Heart Circ.
Physiol. 6): H461-H468, 1979.

PFEFFER, J. M., M. A. PFEFFER, AND E. D. FROHLICH. Validity of
an indirect tail-cuff method for determining systolic arterial pres-
sure in unanesthetized normotensive and spontaneously hyperten-
sive rats. J. Lab. Clin. Med. 78: 957-962, 1971.

PFEFFER, M. A., J. M. PFEFFER, F. G. DUNN, K. NISHIYIMA, M.
TsucHIYA, AND E. D. FROHLICH. Natural biventricular hypertro-
phy in normotensive rats. . Physical and hemodynamic character-
istics. Am. J. Physiol. 236 (Heart Circ. Physiol. 5): H640-H643,
1979.

PFEFFER, M. A., J. M. PFEFFER, AND E. D. FROHLICH. Pumping
ability of the hypertrophying left ventricle of the spontaneously
hypertensive rat. Circ. Res. 38: 423-429, 1976.

PROPHET STATISTICS. A USER’S GUIDE TO STATISTICAL ANALYSIS
ON THE PROPHET SYSTEM. Cambridge, MA, BBN Systems and
Technologies, 1988.

SAVITSKY, A., AND M. J. E. GOLAY. Smoothing and differentiation
of data by simplified least squares procedures. Anal. Chem. 36:
1627-1639, 1964.

SpPANN, J. F., R. A. BuccCINO, E. H. SONNENBLICK, AND E. BRAUN-
wALD. Contractile state of cardiac muscle obtained from cats with
experimentally produced ventricular hypertrophy and heart failure.
Circ. Res. 21: 341-354, 19617.

SuLMAN, D. L., O. H. L. BING, R. G. MARK, AND S. K. BURNS.
Physiologic loading of heart muscle. Biochem. Biophys. Res. Comm.
56: 947-951, 1974.

ToMANEK, R. J., AND J. M. HovaNEC. The effects of long-term
pressure overload and aging on the myocardium. J. Mol. Cell.
Cardiol. 13: 471-488, 1981.

TrippODO, N. C., AND E. D. FROHLICH. Similarities of genetic
(spontaneous) hypertension. Man and rat. Circ. Res. 48: 309-319,
1981.

. WEISFELDT, M. L., W. A. LOEVEN, AND N. W. SHOCK. Resting

and active mechanical properties of trabeculae carneae from aged
male rats. Am. J. Physiol. 220: 1921-1927, 1971.

WEXLER, B. C., J. P. MCMURTRY, AND S. G. IaMs. Histopathologic
changes in aging male vs. female spontaneously hypertensive rats.
J. Gerontol. 36: 514-519, 1981.

WILLIAMS, JR., J. F., B. MATHEW, D. L. HERN, AND R. D. POTTER.
Myocardial hydroxyproline and mechanical response to prolonged
pressure loading followed by unloading in the cat. J. Clin. Invest.
72:1910-1917, 1983.

WINER, B. J. Statistical Principles in Experimental Design. New
York: McGraw-Hill, 1971.

Yin, F. C. P., H. A. SPURGEON, K. RAKUSAN, M. L. WEISFELDT,
AND E. G. LAKATTA. Use of tibial length to quantify cardiac
hypertrophy: application in the aging rat. Am. J. Physiol. 243
(Heart Circ. Physiol. 12): H941-H947, 1982.

YIN, F. C. P., H. A. SPURGEON, M. L. WEISFELDT, AND E. G.
LAKATTA. Mechanical properties of myocardium from hypertro-
phied rat hearts. A comparison between hypertrophy induced by
senescence and by aortic banding. Circ. Res. 46: 292-300, 1980.



