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ABSTRACT Mpyocardial relaxation is an important
energy-dependent process. Hypoxia, unlike ischemia,
has not been shown to impair myocardial relaxation.
This difference may be because (a) the traditional
index to assess isometric muscle relaxation (half time to
relaxation or RT,;,) reflects both changes in developed
tension as well as relaxation and (b) the relaxation
process is highly sensitive to temperature and previous
papillary muscle studies have been conducted under
hypothermic conditions. The present study examines
the effect of hypoxia on the relaxation process of 31
isometrically contracting kitten papillary muscles at
hypothermic (29°C) and euthermic (38°C) condi-
tions using RT,,,, the peak rate of tension fall (-d7/dt)
and —dT/dt normalized for tension ([peak —dT/dt]/T
and max [—dT/dt per T]). Hypoxia at 29°C resulted in
a fall in RT,;, from 278+11 (SEM) to 230+17 ms (P
< 0.01) and no change in (peak —dT/dt)/T and max
(—dT/dt per T). However, at 38°C, hypoxia impaired
relaxation as reflected in a prolongation of RT,;, from
101+6 to 126+8 ms (P < 0.01) in spite of a substantial
fall in peak tension. Moreover, (peak —dT/dt)/T de-
creased from —-154+0.7 to —11.0+£0.8/s (P <0.01)
and max (—dT/dt per T) decreased from —25.1+1.8 to
—13.8+0.9/s (P <0.01). In conclusion, the present
study demonstrates that hypoxia impairs the relaxa-
tion process of cardiac muscle.

INTRODUCTION

In recent years myocardial relaxation, the process
by which cardiac muscle returns to its initial length
and tension after a contraction (1), has become recog-
nized as an important phase of the cardiac cycle (2,3).
Relaxation has been shown to be a dynamic, energy-
dependent process (4-6). Interventions which inter-
fere with the energy supply to the heart muscle
might therefore be expected to impair relaxation.
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Ischemia has recently been demonstrated under con-
trolled hemodynamic conditions to prolong relaxation
(7). To date, however, hypoxia, a major component of
the ischemic state, has not been shown to impair the
relaxation of cardiac muscle (8-10).

Previous studies using the isometrically contracting
papillary muscle preparation have reported a shortened
time of relaxation associated with hypoxia (8-10). This
finding is most probably a function of two factors.
First, alterations in the half time to relaxation (RT,;,),’
the index customarily applied to the evaluation of myo-
cardial relaxation in isometric preparations, reflect
changes in the magnitude of developed tension in
addition to alterations in relaxation per se. Second,
previous studies of hypoxia have been conducted
under the conditions of hypothermia (8—10). Because
low temperatures have been shown to prolong myo-
cardial relaxation (11, 12), the findings of the previous
studies on hypoxia may be complicated by preexistent
impairment of relaxation in the prehypoxic control
period.

Therefore, the present study was undertaken to de-
termine whether acute hypoxia impairs myocardial
relaxation using the isometrically contracting kitten
papillary muscle preparation. Data were collected at
temperatures which are physiologic for the kitten, and
the results were compared with those obtained under
hypothermic conditions.

METHODS

Right ventricular papillary muscles (cross-sectional area
= 0.64=0.05 mm?) were obtained from 31 kittens after being
anesthetized by the intraperitoneal injection of sodium pento-
barbital (30 mg/kg). The muscle was rapidly removed and
suspended in a 20-ml bath containing a modified Krebs-
Ringer solution: 143 mM sodium, 4.1 mM potassium, 2.5 mM
calcium, 1.3 mM magnesium, 1.3 mM phosphate, 126 mM
chloride, 25 mM bicarbonate, and 5.5 mM glucose. Fresh

' Abbreviation used in this paper: RT,,, half time to relaxa-
tion.
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solution flowed by gravity through the bath at a rate of 5
ml/min from reservoir bottles situated about the bath. The
reservoir and muscle bath were bubbled with a gas mixture
of 95% 0,/5% CO,. Bath temperature was maintained at
either 29°C (n =18) or 38°C (n = 13) for each muscle,
using a Lauda model K2-D (Messgerate Werk Lauda Co.,
West Germany) temperature-controlled circulating pump.
The bath temperature was continuously monitored using a
model 43-TD temperature unit (Yellow Springs Instrument
Co., Yellow Springs, Ohio) and KM-5103 temperature probe
(King Engineering Corp., Ann Arbor, Mich.).

Both ends of the muscle were attached to spring-loaded
Lucite clips (Massachusetts General Hospital, Medical
Engineering Department). The tendinous end was held by the
upper clip, which was connected via a steel rod to a Sanborn
FTA-10 (Hewlett Packard Co., Lexington Mass.) force trans-
ducer. The base of the muscle was attached by the lower
clip, which was secured to a rigid Palmer stand by a steel pin
that penetrated the bottom of the bath. The displacement
of the transducer and clips was <0.05 mm/10 g tension. All
studies were performed under isometric conditions. The
muscle was paced using an SD9 stimulator (Grass Instru-
ment Co., Quincy, Mass.) at a rate of 12 stimuli/min through
platinum electrodes placed parallel to the longitudinal axis of
the muscle delivering DC impulses of a 4-ms duration at
a voltage of 20% above threshold.

After an hour of stabilization, during which each muscle
was electrically stimulated and maintained at 0.7-1.0 g of
resting tension, the length at which resting tension was just
perceptibly greater than zero was determined. The muscle
was then gradually adjusted to a total length of 120% of
this zero resting-tension length. After an additional 30-45
min of stabilization, prehypoxic control readings were re-
corded every 3 min for at least 15 min.

Hypoxia was produced for either 15- or 30-min periods by
rapidly switching from the control solution bubbled with
95% 0,/5% CO, to a solution actively bubbled with 95%
Ny/5% CO,. The pH and Pco, were maintained nearly
constant throughout each experiment. Determinations of pH,
Pco, and Po, were made using a Radiometer PHM 72
(Radiometer Copenhagen Co., Copenhagen, Denmark)
digital acid-base analyzer. After the hypoxic period, the
muscle was reoxygenated with 95% 0.,/5% CO,, and data
were collected for an additional 15 min. At the conclu-
sion of each experiment, the muscle was removed from
the chamber, gently blotted on filter paper, and weighed.
The cross-sectional area was calculated from the weight and
length of the muscle by assuming cylindrical uniformity and a
specific gravity of 1.000.

High and low sensitivity recordings of tension, the first
derivative of tension, the first derivative of tension divided
by instantaneous tension, and the stimulus artifact were
simultaneously recorded at 3-min intervals at a paper speed
of 100 mm/s on a six-channel Sanborn model 7700 recorder.
The first derivative of tension (dT/dt) was obtained by elec-
tronic differentiation of the output channel of the tension
recording and calibrated by supplying a wave form of known
slope to the differentiating circuit, which has a time constant
of 0.001s and a cutoff at 160 cycles/s. The first deriva-
tive of tension divided by instantaneous tension was obtained
by continuous analogue division. To accomplish this, a ten-
sion signal processor was specifically designed to convert
an input signal T(t) + V (developed tension) into an output
signal K X (dT[t]/dt/T[t]) by electronically differentiating
the logarithm of tension.

In analyzing the data, the following measurements were
made: (a) peak tension, or the maximum developed tension
after stimulation, normalized for cross-sectional area, in grams
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per square millimeter; (b) the time to peak tension, or the
time from the stimulus artifact to the time of peak tension,
in milliseconds; (¢) RT,,, or the time for tension to fall from
peak tension to half peak tension, in milliseconds; (d)
95% relaxation time (RT,sq,), or the time for tension to fall
from peak tension to 5% of peak developed tension, in
milliseconds; (e) peak rate of tension development (peak
+dT/dt), or the maximum of the first derivative of tension,
in grams per second per square millimeter; (f) peak rate
of tension decline (peak —dT/dt), or the minimum of the
first derivative of tension, in grams per second per square
millimeter; (g) peak rate of tension decline divided by the
instantaneous tension at which peak —dT/dt occurred ([peak
—dT/dt)IT), measured per second; (h) maximum value
of the quotient obtained by the continuous division of
the rate of tension decline by instantaneous tension
(max [—dT/dt per T]), measured per second.

The data were analyzed statistically by the double-tailed
Student’s t test and differences considered significant at
the level of P = 0.05. All values preceded by * represent plus
or minus SEM.

RESULTS

Data were obtained from 13 papillary muscles under
euthermic conditions (38°C) and from 18 muscles under
hypothermic conditions (29°C). Table I shows that
cross-sectional area and preload were comparable for
both groups of muscles. Preload did not change sig-
nificantly throughout each experiment. A similar
hypoxic stress was applied to both groups of muscles
by rapidly replacing the well-oxygenated control solu-
tion with solution equilibrated with 95% N,/5% CO,.
For the euthermic muscles, the mean control oxygen
tension was 483+24 mm Hg, which fell abruptly to
70+4 mm Hg within 3 min of the onset of hypoxia.
For the hypothermic group, the control Po, was 499
+16 mm Hg, which decreased to 68+3 mm Hg at 3
min. The pH and Pco, were similar at both tempera-

TABLE I
Data from the Hypothermic and Euthermic
Papillary Muscles

29°C 38°C
Number of muscles 18 13
Cross-sectional area, mm? 0.61+0.07 0.68+0.05
Preload, g 0.79+0.04 0.77+0.08
pH 7.43+0.02 7.43+0.02
Pco,, mm Hg 36+1 342
Time to peak tension, ms
Control 470+17 236+8
Hypoxia, 30 min 386+21* 182+7*
Reoxygenation, 15 min 559+461 252+19%
RTgs0, ms
Control 515+22 200+11
Hypoxia, 30 min 487 +65* 232+14%
Reoxygenation, 15 min 796 +86* 254+18%
*P <0.01.
1 P <0.05.
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FIGURE 1 Isometric contractions under weéll-oxygenated
control conditions (left panels) and during 15 min of hypoxia
(right panels) at both 29°C (top) and 38°C (bottom). SA = stim-
ulus artifact.

tures (Table I) and did not change significantly be-
tween control and hypoxic conditions.

Representative single-twitch recordings of tension
under well-oxygenated and hypoxic conditions at both
29° and 38°C are shown in Fig. 1. The mean results
of peak tension and maximum rate of tension develop-
ment for both temperatures are shown in Fig. 2 and
the upper panel of Fig. 3, and the results of time to
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FIGURE 2 Changes in the peak tension of euthermic and hy-
pothermic papillary muscles produced by hypoxia of 30 min
duration followed by 15 min of reoxygenation. Note that the
magnitude of tension decrease produced under the two con-
ditions was similar. n = 13,11: Hypoxia was produced for 15
min in all muscles and continued for 30 min in 11 of the 13.
n = 18,9: Hypoxia was produced for 15 min in all 18 muscles
and continued for 30 min in 9 of the 18.
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FIGURE 3 Changes in the peak +dT/dt (upper panel) and in
the peak —dT/dt (lower panel) of euthermic and hypothermic
papillary muscles produced by hypoxia of 30 min duration
followed by 15 min of reoxygenation. Numbers of experiments
as in legend of Fig. 2.

peak tension are shown in Table . In well-oxygenated
control conditions, before the onset of hypoxia, the eu-
thermic muscles are characterized by a smaller peak
developed tension (Fig. 2), a shorter time to peak ten-
sion (Table I), and faster rate of tension development
(upper panel of Fig. 3).

In response to hypoxia, peak tension (Fig. 2) fell by
approximately the same absolute amount at both tem-
peratures (1.85 g/mm? at 38°C and 1.82 g/mm? at 29°C).
The effect of hypoxia on time to peak tension and peak
+ dT/dt are shown in Table I and Fig. 3. At 38°C, time to
peak tension fell 18% from a prehypoxic level of 236+8
ms, and at 29°C it fell 15% from a control of 470+17 ms.
The upper panel of Fig. 3 shows that peak + dT/dt for
both groups of muscles decreased to the same level soon
after the onset of hypoxia, although the absolute fall for
the euthermic group was greater than that for the hypo-
thermic group. These changes in contractile perfor-
mance are all consistent with a negative inotropic effect
of hypoxia. During early reoxygenation, peak tension,
time to peak tension, and peak +dT/dt rapidly recov-
ered to prehypoxic values (Fig. 2, Table I, and the up-
per panel of Fig. 3).



The mean values for indices that characterize relaxa-
tion are displayed in the lower panel of Fig. 3, Figs. 4
and 5, and Table 1. The RT,,, values associated with a
single twitch are given in Fig. 1. In the well-oxygenated
control state, the hypothermic group relaxed more
slowly than the euthermic group, as evidenced by the
control RT,;, of 278+11 ms for 29°C and 101+6 ms for
38°C (Fig. 4). The other measures of relaxation (lower
panel of Fig. 3, Figs. 4 and 5, and Table I) similarly
reflect relative impairment of relaxation in the pre-
hypoxic, well-oxygenated state of the hypothermic
muscles when compared to euthermic muscles.

In the hypothermic studies, hypoxia was associated
with a decrease in relaxation time with RT,,, (Fig. 4)
falling from 278=11 to 230+17 ms. This shortening of
RT,,; during hypoxia is in agreement with previous stud-
ies (8-10). When the same external hypoxic stress is
applied to muscles under conditions of euthermia, the
indices of relaxation indicate a strikingly dissimilar re-
sponse. Under this more physiologic temperature, RT,,
increased rapidly from a control of 101 +6 to 126+8 ms
at 6 min after the onset of hypoxia. RT,,, remained sig-
nificantly prolonged compared with control values for
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FIGURE 4 Changes in the half time to relaxation of euthermic
and hypothermic muscles produced by hypoxia of 30 min
duration followed by 15 min of reoxygenation. Note that with
hypoxia the half time to relaxation shortens under hypother-
mic conditions (O) but lengthens under euthermic conditions
(@). Numbers of experiments as in legend of Figure 2.
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FIGURE 5 (A) Changes produced by hypoxia in peak —dT/
dt divided by the instantaneous tension at which peak —dT/
dt occurred. The data are from euthermic and hypothermic
papillary muscles. Abbreviation: (peak —dT/dt)/T = peak
—dT/dt divided by the instantaneous tension at which peak
—dT/dt occurred. Numbers of experiments as in legend of
Figure 2. (B) Changes produced by hypoxia in the maximum
value of the quotient obtained by the continuous division of
the rate of tension decline by instantaneous tension, max
(—=dT/dt per T), from euthermic and hypothermic papillary
muscles.

the first 24 min of hypoxic exposure. The tendency for
RT,; to shorten gradually during the last half of hypoxia
may, in part, be attributable to the associated slight
decrease in peak tension and time to peak tension.

Data from another measure of the duration of relaxa-
tion, RT g5, are given in Table 1. RTy;,, was determined
in order to approximate total relaxation time. For the
euthermic muscles, the index increased from a control
of 200+11 to 255+16 ms at 6 min after the onset of
hypoxia and remained significantly prolonged through-
out the entire period of hypoxia.

Under euthermic conditions, the absolute value for
peak —dT/dt (lower panel of Fig. 3) fell substantially
during the first 6 min of hypoxia, from —21.0+2.0 to
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—8.4+0.9 g/s per mm?, after which it tended to plateau
and followed a course similar to that of the hypothermic
muscles. The upper panel of Fig. 5 displays an adjusted
index which was obtained by dividing peak —dT/dt
by the instantaneous absolute isometric tension at
which it occurs ([peak —dT/dt]/T). This index repre-
sents an attempt to normalize the rate of tension fall
for the inotropic effects of hypoxia on tension and
thereby permit a more direct examination of relaxation.
Consistent with the RT,;; data for the euthermic muscles,
these results also suggest impairment of relaxation dur-
ing hypoxia. The absolute magnitude of (peak —dT/
dt)/T fell throughout hypoxia from a control value of
—15.4%0.7 to —11.0+0.8/s at the end of hypoxia (upper
panel of Fig. 5). In addition, the absolute magnitude of
max(—dT/dt per T), another index normalized for ten-
sion, fell from —25.1+1.8 to —13.8+0.9/s during hypoxia,
decreasing rapidly during the initial half of the hypoxic
period and more slowly thereafter (lower panel of Fig.
5). These considerable changes in normalized indices
of relaxation at 38°C contrast with the apparent lack of
effect that hypoxia has on relaxation at 29°C. Under
conditions of hypothermia, hypoxia did not alter (peak
—dT/dt)/T. Moreover, max(—dT/dt per T) did not
change significantly from the preintervention values
except at a single reading at 30 min of hypoxia.

During early reoxygenation, relaxation indices at 38°
and 29°C reflected dramatic impairment with the single
exception of peak —dT/dt at 38°C. These indices at
both temperatures improved after the initial minute,
and recovery continued toward control values through-
out the remainder of reoxygenation.

DISCUSSION

The results of the present study clearly demonstrate
that acute hypoxia impairs myocardial relaxation under
euthermic conditions in the isometrically contracting
kitten papillary muscle. This impairment is reflected
by significant changes in all the indices of relaxation
applied in the present study. With the onset of hypoxia
under euthermic conditions, relaxation is abruptly
impaired and near maximally prolonged early in the
hypoxic course during the time in which peak tension
undergoes its most rapid fall. The effect of hypoxia on
relaxation appears reversible, as suggested by the re-
turn toward control values of the relaxation indices
during reoxygenation.

During hypoxia, the RT,;, of the euthermic muscles
becomes substantially prolonged in the presence of
decreasing developed tension. This increase in dura-
tion of relaxation contrasts with the hypothermic data
from this study and with the results of previous studies
also carried out under hypothermic conditions (8—10).
Data obtained during hypothermic demonstrate short-
ening of the relaxation time during hypoxia. This dis-
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crepancy between the euthermic and the hypothermic
data may be explained by the factors which influence
the traditionally employed index RT,;, and by the low
temperatures under which previous studies of hypoxia
have been performed.

Largely because the course of tension fall in the iso-
metric myocardial preparation cannot be described by a
single exponential time constant (11), previous studies
have relied primarily on a measure of the duration of
relaxation. The index RT,;,, because of the ease and
precision with which it can be measured (2), has been
most often used. RT,, is defined as the time for tension
to decline from its peak to half peak value. The princi-
pal determinants of this index are the magnitude of
developed tension and the rate at which tension de-
clines from peak tension until the time at which half
peak tension occurs. Hypoxia, therefore, would be ex-
pected to produce changes in RT,;, through two counter-
acting forces: (a) the fall of peak tension, which at a
constant rate of tension decline would tend to shorten
the duration of RT,;,, and (b) the decrease in the rate
of tension decline, which if peak tension were to re-
main unchanged would tend to prolong RT ..

RT,, is prolonged during hypoxia under normo-
thermic conditions because the rate of tension decline
more than offsets the shortening effect of the
simultaneous fall in peak tension. Under hypothermia,
however, the abbreviating effect on RT,;, by the fall in
peak tension predominates; the net effect is a
shortening of RT,j,. Thus, the fundamental limitation of
RT,;; as an index of relaxation with hypoxia rests with
its dependence on peak developed tension. An
example of this dependence on tension may be the
downward shift of RT,, that occurs throughout hypoxia
in the hypothermic papillary muscle and during late
hypoxia in the euthermic muscle (Fig. 4). In spite of the
limitations of measurements of duration as indices of
relaxation, both the RT,, and the RTyq4 data in the
present study demonstrate that at physiologic temper-
atures hypoxia impairs myocardial relaxation.

To characterize more fully the effects of hypoxia on
relaxation, indices that reflect the rate at which tension
declines were examined. In the whole heart, peak
—dP/dt, the maximal rate of pressure decline after end
ejection, has been applied as an index of myocardial
relaxation (13-15), but its magnitude has been shown
to be influenced by developed pressure (14). Similarly,
a recent study using isolated papillary muscle applied
peak —dT/dt to characterize isometric relaxation and
demonstrated that peak —dT/dt is influenced by de-
veloped tension (16). In an attempt to normalize peak
—dT/dt for the change in tension produced by hypoxia,
two additional indices of relaxation were examined:
peak —dT/dt divided by the instantaneous tension at
which peak —dT/dt occurred, and the maximum value
of the continuous division of the rate of tension fall



(—dT/dt) by the corresponding instantaneous tension.
Data obtained using these two indices were consistent
with impairment of relaxation during hypoxia under
conditions of euthermia. Under hypothermic condi-
tions, the hypoxia insult did not substantially alter the
prehypoxic control values.

Although it is clear from the present study that hy-
poxia prolongs relaxation at 38°C, the detailed mecha-
nism underlying this depression remains to be de-
fined. Intracellular calcium dynamics govern the con-
traction-relaxation cycle of cardiac muscle. Electrical
excitation of the cell surface membrane releases cal-
cium from intracellular storage compartments, particu-
larly the sarcoplasmic reticulum. As the myofibrillar
calcium concentration increases from 0.01 — 10.0 uM
under well-oxygenated conditions (17), calcium binds
to troponin, thereby releasing the troponin-tropomyo-
sin inhibition of the interaction of actin with heavy
meromyosin, and contractile sites are activated. Ten-
sion and rate of tension development reflect the num-
ber of sites activated, which in turn relate directly to
the quantity of calcium released upon excitation (18,
19). The active sequestration of the released calcium
into the sarcoplasmic reticulum and to a minor extent
other subcellular compartments regulates relaxation in
mammalian cardiac muscle. When the calcium in the
region of the myofilaments is reduced to a concentra-
tion no longer adequate to prevent inhibition of actin-
myosin bridge formation, relaxation occurs. Reuptake
of calcium is thought to proceed in two stages: an
initial binding to the sarcoplasmic reticulum mem-
brane, and subsequent slower transport across the vesi-
cular wall (20, 21). The rate of transport is determined
by the activation of a membrane ATPase, which in turn
is influenced by the calcium concentration (22) and by
the availability of ATP.

The impairment of relaxation observed with hypoxia
may be a consequence of reduced removal of calcium
from troponin. The underlying mechanism may be a
reduction of a pool of ATP, possibly compartmentalized
and small, that is vital for the enzymatic uptake of
calcium by the sarcoplasmic reticulum. Indeed, some
observers have found substantial reductions in the
high energy phosphate stores in hypoxic hearts (23).
Since calcium sequestration by the sarcoplasmic re-
ticulum has been shown to be ATP-dependent (17),
reduced energy supplies would diminish this process.
Increased concentrations of calcium remaining in the
myofibrillar region, by whatever mechanism, would
cause binding of calcium with troponin, permit con-
tinued cross-bridge formation, and therefore impair re-
laxation.

The question of why the same low level of oxygen
tension impairs relaxation at 38°C and does not appear
to do so at 29°C cannot be answered with certainty
from the present study. It is evident from the present
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data that in the control state before exposure to hypoxia,
relaxation of the hypothermic muscle is substantially
prolonged when compared to that of the euthermic
muscle. Low temperature alone may have so severely
slowed the enzymatic removal of calcium from the myo-
fibrillar region that there is very limited potential for
the subsequent hypoxic insult to depress further the
uptake of calcium into the sarcoplasmic reticulum. This
is consistent with in vitro findings that low tempera-
tures slow calcium uptake by sarcoplasmic reticulum
prepared from cardiac muscle (24) and skeletal muscle
(25, 26). Additionally, as yet undefined mechanisms
at low temperatures may impair relaxation by over-
loading the relaxation system with an increased intra-
cellular concentration of calcium (27, 28). In contrast,
at normal cardiac temperature, the depressive influ-
ences of low temperatures on relaxation are avoided
and the impairment of relaxation by the hypoxic insult
becomes apparent. This study should not imply that all
papillary muscle studies be conducted at 38°C. Selec-
tion of thermal conditions for a given set of experiments
should be determined by the particular physiologic
mechanisms under study.

This study was conducted using isometric condi-
tions. Relaxation occurs at the same external fiber
length that exists at the end of contraction. Similarly,
in the intact heart, the fall in isovolumic pressure occurs
at the end-systolic volume. Under isometric conditions,
however, external muscle shortening does not occur
during contraction, although minimal internal shorten-
ing of the contractile element does occur. Thus, in the
isometric model, shortening deactivation of contraction
is minimized, and it is possible that persistent mechani-
cal activity may interfere with relaxation. However, in
the present study, the limitations inherent in the iso-
metric model would be expected to apply to the control
conditions of oxygenation and to hypoxia at hypo-
thermia and euthermia. Thus, the observed response
of impairment of relaxation at 38°C may be attributed
solely to the intervention of hypoxia.

At the temperatures applied in this investigation, a
central core of relative hypoxia may exist. There is
little consensus among the numerous studies debating
the critical diameters of muscles for adequate oxygena-
tion (29-33). Irrespective of whether a central core of
hypoxia existed in the present study, the application
of a severe hypoxic insult at normal cardiac tempera-
tures clearly resulted in impairment of myocardial re-
laxation.
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