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ABSTRACT

The purpose of .the present study was to fully
characterize the force-interval relationship of the right
ventricular papillary muscle from chronic diabetic ‘rats,
and, to more closely examine the alteratiohs in the beta
phase reported previously. To examine the beta phase
alterations two menipulations were utilized during a 121
second rest period; 1. the transmembrane Nat gradient was
reduced by 40% to promote calcium influx during rest and
therefore investigate the role of the Na'/Ca2t exchanger
in force develcopment, and 2. extracellular ca2t was
reduced from 1.0 mM to 0.3 mM during rest to limit
calcium availability and determine the role of calcium
load on force development.

The condition.of chronic diabetes resulted in several
alterations in the force-interval relationship, primarily
in the beta phase of force development. Alterations in
the percent confribution of beta to the total amplitude
and the rate and time constants of the beta phase. were
identified and suggest alterations‘in the capacity of the
diabetic tissue to transport calcium through the exchange
compartment of the sarcolemma to the sarcoplasmic
reticulum release compartment.

Reduction of the transmembrane Na* gradient by 40%
resulted :in an improvement in force development of the
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chronic diabetic suggesting a limitation of the chronic
diabetic tissue to allow calcium influx through Nat/ca2+
exchange duringﬁ-rest that may be associated with the
depression in the beta phase reported.

A decrease in extracellular calcium during rest
resulted in a reduction in force development (p<0.05) in
the diabetic suggesting that calcium availability is
reduced and that calcium overload is not a factor in

producing the depression in the beta phase reported.
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INTRODUCTION

The condition of diabetes mellitus is associated with
an increaﬁed incidence of cardiac dysfunction and a higher
than average mortality rate as a result of heart Efailure
(Pierce et al., 1988). Clinical reports of cardiac
function in diabetic patients have shown abnormalities in
myocardial shortening, left ventricular ejection and the
temporal components related to both contraction and
relaxation (Pierce et al., 1988).

Experimentally, cardiac function has been examined in
diabetic animal models where diabetes is induced by the
injection of either streptozotocin or alloxan,-' two
chemicals which function to destroy the insulin secreting
beta cells of the pancreas.

Laboratory investigations of whole heart preparations
from chronic diabetic animals haée shown decreases 1in:
cardiac output; coronary flow; stroke volume; aortic flow;
left ventricular pressure development; and maximum
positive and negative rates of pressure development
(Penpargkul et al., 1980, Vadlamudi et al., 1982).

Studies of isolated papillary muscle preparations
have also reported aiferations in cardiac muscle
performance with chronic diébetes including: a decreased
rate of force development and relaxation and, an increased
time to peak shortening, time for 50% relaxation and timé
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- for relaxation (Fein et al., 1980). ,

In an attempt to identify the mechanisms undeflying
these alterations, investigators have examined the
subcellular systems primarily responsible for force
development; the sarcolemma, the sarcoplasmic reticulum
and the cbntractile proteins.

Biochemical investigations of fragmented sarcolemma
from chronic diabetic rat hearts have identified lesions
in the ca2t ATPase pump (Heyliger et al., 1987), the
Nat/ca2t exchanger (Makiﬁo et al., 1987), and the Nat/Kt
ATPase pump ‘(Pierce and Dhalla,1983, Ku and Sellers,
1982), The depressions in the Ca2* ATPase pump and the
Nat/Ca2* exchanger, both of which function to lower
intracellulér levels of free calcium | following
contraction, may contribute to the mechanical alterations
in relaxation that have been reported with chronic
diabetes. The 1lesion in the Nat/K* ATPase pump reported
with chronic diabetes may indirectiy‘influence the process
of relaxation by creating a reduction in the transmembrane
Nat gradient thus altering the functional capacity of the
Nat/Ca2t exchanger.

Lopaschuk et al., (1983) and Ganguly et al., (1983)
have identified a depression in both the calcium uptake
ability and the ATPase activity of the ATP dependent
sarcoplasmic reticulum (SR) Ca2* pump in SR .microsomes
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isolated from chronic diabetic rat hearts. Due to the
role of this pump in calcium sequestration during the
process of relaxation, these studies suggest that the
depression seen in the function of the SR Ca2* ATPase pump
with chronic diabetes, may alsoc contribute to the reported
mechanicai alterations in relaxation.

Finally, a physioiogical examination of the
contractilé proteins has revealed a decrease in the ATPase
activity associated with the myosin head and a shift in
the distribution of myosin isozymes with chronic diabetes.
In normal rat cérdiac muscle, the Vi myosin £form
possessing high ATPase activity is predominant with the
19w ATPase activity, V3 form, accounting for only a small
fraction of the total (Dillman, 1980). With chronic
diabetes however, a reversal of the normal state is seen
with the V3 form becoming predominant and the V; form
contributing only a small percentage to the total
(Dillman, 1980, Garber and Neely, 1983). fThis shift in
predominance to a slower ATPase activity associated with
the myosin‘ head may in part account for the decrease in:
rate and the increase in time of contraction of chrenic
diabetic cardiac muscle.

. Biochemical and physioclogical studies provide
evidence to suggest that isolated mechanisms are
responsible for the mechanical alterations reported with

3



chronic diabetes. These studies do not, however, attempt
to explain the complex interactions of the wvarious
subcellular systems associated with force development.
Such an approach becomes necessary in applying these
findings to a working, physiclegical system. In an
attempt to examine the interactions of these systems,
investigators have made use of the force-interval
relationship and associated calcium compartment modelling
to gain insight into the intracellular handling of free
calcium in and between the subcellular systems involved in
excitation-contraction coupling.

The force~interval relationship in cardiac muscle
suggests that with the regulatory factors of performance
held constant ie. preload, afterlocad and contractile
state, if a muscle of fixed length is stimulated to
contract at various rates and rhythms, the developed force
is not constant but reflects a sensitivity of the muscle
to the interval between contractions (Seed and Walker,
1988). This sensitivity is thought to represent an
intrinsic property of the muscle and reflects the time
dependent handling of intracellular free calcium.

The processes of calcium handling that occur between
contractions have most commonly been described with the
use of a calcium compartment model. The most recent model
of calcium hahdling, developed by Schouten (1985, 1987)
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for rat trabeculae muscle, is comprised of three
compartments; 1. a release compartment that releases the
activator calcium required for myofilament activétion; 2.
an uptake compartment that sequesters calcium, aiding in
relaxation, both of these compartments are presumably
located in the sarcoplasmic reticulum; and 3. an exchange
compartment located in the sarcolemma that is related to
the slow calcium movements between the extracellular space
and the release compartment, Fig.l.

The excﬁange mechanism is believeé to be composed of
the Nat/Ca2* exchanger and tﬁe Nat/K* ATPase pump
(Schouten, 1985). The movements of calcium in and between
these compartments is thought to occur in a time dependent
manner and directly influences force development.

A typical force-interval cﬁrve is depicted in Fig.2.
This curve reveals two force generating phases termed
alpha and beta respectively, and a third phase of force
loss termed gamma (Schouten,1985).

The initial phase, alpha, seen at short time
intervals of 1-10 seconds, is thought to represent the
time dependent transfer of calcium from tﬁe uptake to the

.release compartment of the sarcoplasmic reticulum.

The second phase,. beta, expressed at longer time
intervals of 10-100 seconds, is thought to represent the
movement of extracellular calcium thrdugh a sarcolemma



Figure 1: The calcium compartment model (modified from

Schouten, 1985)

Force

1 10 100 1000
tast interval {s)

Figure 2: Typical force-interval curve (Schouten, 19853)



exchange compartment and subsequent accumulation within
the SR release compartment.

Finally, the third phase, gamma, at time intervals
greater than approximately 100 seconds, is thought to
represent loss of calcium from the release compartment of
the SR aqd subsequent removal from the cell through the
exchange compartment.

A preliminary investigation of the force generating
phases of the €force-interval relationship in chronic
diabetic rat papillary muscle has identified the following
relationship, Fig. 3;

Analysis of the force-interval curves of both the
control and the chronic diabetic rat papillary muscles
reveals two distinct phases of force recovéry, similar t5
that previcusly reported in the literature for control
(Schouten, 1985, Johannsson and Asgrimsson, 1989, Taylor
et al., 1989) and hypertrophied hearts (Taylor et al.,
1989).

Results of this study have not identified an
alteration in the alpha phase of the force-interval curve
with chronic diabetes, suggesting that the time-dependent
‘uptake and transfer of calcium to the release compartment
is not compromised.

A significant depression in the beta phase of the
force-interval curve was however reported at all time
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Figure 3: Force-interval curve in control (broken} and
chronic diabetic (solid) papillary muscle,
1.0 mM Ca?*, vValues represent mean + S.E. of

5 animals, x p< 0.05 (McComb, 1990).
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intervals of 8.13 seconds and greater (p<0.05). Based on
the calcium compartment modelling of Schouten (1985), an
alteration in the beta phase of force development would
suggest that the movement of calcium through the exchange
compartment and/or the accumulation within the release
compartment is altered with chronic diabetes.

Biochemical examinations of chronic diabetic rat
hearts have revealed lesions in both of the components
thought to comprise the exchange compartment, ie. the
Nat/K* ATPase pump (Pierce and Dhalla, 1983, Ku and
Sellers, 1982) and the Na%t/Ca2t exchanger (Makino et al.,
1987).

The dgﬁressioﬁ* in the Na*/K* ATPase pﬁmp activity
reported with chronic diabetes (Ku and Sellers, 1982,
Pierce and Dhalla, 1983) may exert a profound effect on
intracellular cation homeostasis. A reduction 1in the
function of this pump, normally acting to extrude
intracellular sodium while facilitating the entry of
extracellular potassium, would allow an accumulation of
sodium within the cell and thereby reduce the
transmembrane gradient for sodium.

A reduction in the membrane gradient for sodium would
have a significant influence on Na*/Ca2+ exchange activity
as the Nat/ca2+ exchanger is driven by the electromotive
force for Na* moving dovn.its concentration gradient. The

9



consequences of this Nat gradient feduction in relation to
Nat/Ca2* exchange activity are twofold.

Firstly, a reduction in the sodium gradient has been
reported to shift the bidirectional Nat/ca?* exchanger to
signifiéantly favour calcium entry during the action
potential (Bers, 1987). Several investigators have
provided _evidence for enhanced calcium influx under these
conditions and have suggested that functioning of the
exchanger in this manner contributes to the positive
inotropic effect of sodium gradient réduction {Sonn and
Lee, 1988, ter Keurs et al., 1987, Bers, 1987, Sutko et
al., 1986, Im and Lee, 1984). Few studies have focused on
the possible contribution of the Nat/Ca2t exchanger to
calcium entry during rest, however, Walford et al., (1984)
have reported Ca?t influx, measured as an increase in
resting force and scattered light fluctuations, in
unstimulated rat ventricular muscle under conditions of
Na* gradient reduction, Shattock and Bers (1989) have
provided additional evidence, with use of extracellular
ca2t gselective microelectrodes, that cessation of
stimulation in rat ventricular muscle results in loss of
~calcium from the extracellular space indicating calcium
influx via Nat/Ca2t exchange, that may be enhanced with
Nat gradient reduction. Bers et al., (1989) recently
reported that this calcium entry during diastolic

10



intervals contributes to the rest-induced gain in SR
calcium seen with rapid cooling contractures, and
accounts for the phenomenon of rest potentiation reported
by several investigators (Bers, 1989, Taylor et al.,
1989, Schouten, 1985, Ragnarédottir et al., 1982).

Secondly, a_reduction in the electromotive force for
Na* entering the cell will reduce the calcium extrusion
potential of the Na‘t/ca2t exchanger. Additionally,
calcium extrusion via Nat/Ca2t exchange has been reported
to be reduced with chronic diabetes as a result of
alterations in the phospholipid mic;oenvironment
surrounding the exchanger (Makino et al., 1987). |

Both of the above conditions, ie. enhanced calcium
entry and depressed calcium removal may contribute to an
accumulation of intracellular calcium. Several
investigators have suggested that the depression in
cardiac performance with chronic diabetes was associated
with a condition of intracellular calcium overload (Dhalla
et al., 1985, Makino et al., 1987, Ganguly et al., 1987,
Afzal et al., 1988, Tani and Neely, 1988). The
accumulation of intracellular calcium as a result of the
above two processes associated with the Na‘t/ca2*
exchanger, in addition to the depressed sequestration of
calcium by the sarcoplasmic reticulum ca2t ATPase pump
(Lopaschuk et al., 1983) and depressed extrusion of
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calcium by the sarcolemmal Ca2t ATPase pump (Heyliger et
_ al., 1987), lead to a condition of calcium overlocad which
may have a profound effect on performance.

Of particular interest in the present investigation is
the extent to which these processes may compromise force
development during the beta phase of the force-interval
curve. According to the calcium compartment modelling of
Schouten (1985) calcium entry from the extracellular space
through the exchange compartment contributes to the
releasable calcium store within the SR and subsequently
influences force development. As a result of the reduced
sodium gradient and associated influences on the Nat/ca2+
exchanger as outlined above with chronic diabetes, calcium.
entry from the extraqgllular space during the beta phase
of the force-interval relationship may contribute to the
condition of calcium overload already presumed present.
Consequently, the depression reported in the beta phase of
the force-interval relationship with chronic diabetes may
be the result of a condition of calcium overload further
precipitated by the entry of calcium through the exchange
compa;tment of the sarcolemma at longer rest intervals.

Ideally, in order to investigéte the nature of the
involvement of the Nat/Ca?t exchanger in contributing to
the depression in the beta phase ¢of the force-interval
relation with chronic diabetes, the effect of Nat/ca2*

12



exchange stimulation to promote calcium removal and
minimize the condition of calcium overload would be
desired. However, at present there does not appear to be
any satisfactory means by which to stimulate the exchanger
in an isolated muscle preparation. An alteration in the
ion composition of the buffer to favour Na*t/Ca2+ exchange,
ie. increased extracellular sodium, does not appear to
stimulate Na*t/Ca2t exchange and promote calcium extrusion
(Sonn and Lee, 1988). Additionally, there does not appear
to be a chemical agent specific enough to stimulate
Nat/Ca2* exchange activity promoting calcium extrusion.

As stimulation of the Nat/Ca2* exchanger does not
appear to be a feasible means of examining the beta phase
af the present time, a further reduction in the Nat
gradient, favouring calcium entry via Na*t/Ca2t exchange,
may provide an indication of the contribution of this
mechanism to the depression previously reported in the
beta phase of the force~interval curve with chronic
diabetes.

Additionally, limiting extracellular calcium and
therefore the c¢alecium available for entry through the
exchange compartment during the bega phasé, may provide
insight into the contribution of intracellular calcium
overload to the depression previously reported during long
periods of rest in the chronic diabetic rat. ’

13



Therefore, due to the biochemical and physiological
evidence from chronic diabetic rat hearts supporting
lesions in calcium requlating proteins, as well as results
of the preliminary investigation reporting a depression in
the beta phase of the force-interval curve with chroenic
diabetes, the intent of this investigation was ﬁo H A
fully characterize the force-interval curve of the chronic
diabetic rat heart and 2. examine calcium movement through
the Na*t/Ca2* exchanger as a mechanism contributing to the
depression in the beta phase of the force-interval curve

reported with chronic diabetes.

The specific objectives of this investigation were to:

1. fully characterize the force-interval curves of
control and chronic diabetic papillary muscles in 1.0 mM

Ca2* with use of mathematical modelling;

2. examine the role of the Nat/ca2+t exchanger, through
Nat gradient reduction, in contributing to the depression
in the beta phase of force development with chronic

diabetes;

3. examine, through extracellular calcium reduction, the
possible role of intracellular .calcium overload in
contributing to the\ﬁepression in the beta phase of force
development with chronic diabetes. |

14



METHODS

Diabetic model

Male Wistar rats (175-200g) (Charles River, Que.),
were made diabetic with a single.tail vein injection of
streptozotocin (65 mg/kg, Sigma) dissolved in freshly
prepared 0.05 M citrate buffer, pH 4.5. Control and
diabetic = animals were housed individually in a
temperature, 23 déérees Celsius, and light controlled
room, on a 12 hour light/dark cycle, according to the
standards of the Canadian Council 'for Animal Care.
Animals were provided with Purina rat chow and tap water
ad libitum. All animals were sacrificed between 30 and 45
days post injection, Diabetes was assessed periodically
with Ketodiastix (Ames) testing of urine glucose.
Quantitatively, diabetes was‘ assessed with Analox LM3
glucose analysis of blood samples taken from the inferior
vena cava at the time of sacrifice. Animals were
considered diabetic when blood glucose values were
>300mg/100ml. As well, a qualitative examination gave
initial indications of diabetic state, Iie. polydipsia,
polyphagia, polyuria and 1loss or maintenance of body
_weight. =

Animals were randomly aésigned to one of two groups
1. control, 2. chronic diabetic; and one of three
ekperimental conditions, 1. 1.0mM Ca2*, 2. 1.0mM Ca?t/40%

=15



Nat reduction and 3. 0.3 mM Ca?*t.

Muscle Prepafation and Mounting

To prevent blood clotting, ether anaesthetized rats
were injected with 107 units of heparin (Sigma) per
kilogram of body weight into the inferior wvena cava.
Hearts were then rapidly excised and the aorta was
cannulated horizontally in a dissecting bath. Hearts were
then perfused via the Langendorff technique at a flow rate
of 10-15ml/min for a period of approximately five minutes
to wash out all residual blood. The perfusate utilized for
this procedure was a modified Krebs-Hensleit bicarbqnate
buffer (KHB) with the following salt concentrations (mM}:
Nacl 117.1, KCl1 5.0, MgCly.6H»0 1.2, NasSO4 1.2,
NaHpPO4.2H2C 2.0, NaHCO3 27.0, Dextrose 10.0 and CaCly
1.0 mM. The perfusate was equilibrated with 95% O and 5%
CO2 at a temperature of 26 degrees Celsius, pH 7.4.
Following wash out, to facilitate  dissection, the
contractions of the heart were stopped by raising the Kt
concentration to 15 mM,. Thin right ventricular papillary

muscles (<0.5 mm2) were isolated and removed under a

dissecting microscope according to a modified isolation

procedure for right ventricular trabeculae as described by
ter Keurs et al. (1980). The papillary muscle was then

mounted horizontally in a muscle bath, perfused with a

16



KHB, composition as above. Temperature was monitored
throughout the experiment by means of a thermistor located
within the muscle bath. The ventricular end of the muscle
was restrained in a cradle apparatus on a micromanipulator
for length adjustment, and the valvular, tendinous end was
placed over a tungsten wire hook suspended on a strain-
gauge force transducer (Grass FT03) Figure 4.

After mounting, the muscle length was slowly adjusted
to Lmax, ie. the length at which maximum force production
is achieved (Jewell,1977). The muscle was electrically
paced by passing current from a stimulator through a pair
of platinum wire electrodes placed near the ventricular
end of the tissue. The frequency of stimulation was set
at . 1.0 Hz with a stimulus pulse of 4 msec in duration.
Voltage of stimulation was gradually increased from zero
until threshhold was determined at which point the voltage
was increased an additional 50% above the threshhold.
Stimulation was regulated via an on-line computer ‘system.
The preparation was allowed Eo equilibrate under these
conditions for at least oné hour. A viable preparation
was characterized as having stable tension development and
absence of spontaneous contractions. On.average,- 70% of
all preparations, excluding those hearts without
suitable pépillary muscles, were viable preparations.
After this equilibration time, Lmax was checked and
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readjusted if necessary. Following equilibration, a
series of ten to fifteen function curves was collected to
evaluate the basic twitch parameters of the muscle under

the conditions of the experiment.

Force-Interval Data Collection

Muscles were paced at a control frequency of 1.0 Hz
during equilibration to increase the stability of the
preparation and were paced at 0.2 Hz throughout the
experimental period. Interpolated inté the control pacing
was a series of test intervals which included; a
predetermined period of rest (absence of electrical
stimulation) followed by the resumption of control pacing
(Figure 5). |

The beat immediately following the test interval, the
test contraction, was utilized in the construction of the
force-interval curve. The test intervals consisted of the
following timing delays: 0.40, 0.54, 0.73, 0.99, 1.34,
1.81, 2.44, 3.30, 4.46, 6.02, 8.13, 10.97, 14.81, 20.00,
27.00, 36.45, 49.21, 66.44, 89.70, 121.00, and 130.00
seconds. These intervals were chosen, based on a
logarithmic scale, to include a sufficient number of data
points to represent the entire ascending limb of the
force-interval curve. The test contraction, as well as

several beats following, were stored on f£loppy disk for
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Figure 5: Pacing protocol (Schouten, 1985)
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further analysis of the force curves.

Mechanical Analysis

Force signals produced by contraction of the muscle
were transmitted from the force transducer to a Grass
preamplifier (model #7P122D) with Grass regulated power
supply (Model RPS 107E) where they were amplified
according to a preset sensitivity. The force signals were
converted. to digital form by a 12 bit A/D converter. The
signal was displayed for visual confirmation of the
contraction pattern on a BK Preciéion 20 MHz Oscilloscope
(Model 2120A). Data were collected at a sampiing rate of
200 Hz to lkHz and each force curve contained 256 data
points. ‘'Data were stored on floppy disk and force curves
were analyzed for the basic twitch parameters.

This analysis included evaluation of the peak force,
time to peak force and time for relaxation and the rates
of force development (+dF/dt) and force loss (-dF/dt).
Force values were normalized and expressed as milliNewtons
(mN) force per cross sectional area (mm2), Length, width
and depth of the muscle were measured with use of a
reticle in the eye piece of a dissecting microscope.

In the construction of a force-interval curve,
developed force of the test contraction was expressed as

F/B, where F is the force of the first beat following the
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test interval and B is the baseline force of the beat
immediately preceding the test interwval. The data were
expressed in this manner to account for any alterations in
resting tension that may have occurred over the course of
the experiment. Further analysis of the dynamic
interactions made use of a mathematically developed curve
fitting program which represents the developed forces
achieved for the various test intervals. This méthematical
model allowed the examination of the specific exponential
characteristics of the force-interval curve ie. the
biphasic response representing the two processes alpha and
beta. The mathematical model employs a least squares
analysis with a steepest descent method to arrive at the
spécific parameter of fit. The model uses a linear
combination of terms in the general form, B&; * (l-exp(-
ajt)) where Aj is the amplitude or force parameter, aj is
the inverse time constant of the particular process, and t
is the length of the test interval. Thus in analysis of
the force-interval relationship, two terms were utilized
to evaluate the two simultanecusly occurring phases and

were represented as following:
f£{t) = Fand * (1-M* exp(-at)) ~ (1-M)*exp(-bt))

where Fapng = A1 + A2 (phase l-- alpha + phase 2--beta),
and M = A)/(A; +A7) or more simply, the contribution of
22



the alpha phase to the total curve (Taylor et al., 1989).

Beta Phase Data Collection

To examine the beta phase of the force-interval
relation specifically, a single time point was utilized to
represent -the processes occurring during the beta phase. A
period of rest of 121 seconds was chosen as it represents
maximum force development during the beta phase.

To examine the involvement of the Nat/Ca2* exchanger,
a component of the exchange éompartment (Schouten, 1985),
the Nat gradient was reduced during the 121 second rest
interval to facilitate calcium entry during this period.
Sodium gradient reduction was achieved, with little or no
change in the resting membrane potential (Sheu and
Fozzard, 1982), by replacing the buffer surrounding the
muscle with a modified KHB, Naél reduced by 40% to 70.26
mM. In crder to maintain osmolarity between the control
and NaCl reduced buffers, ©LiCl, 46.84 mM, was used as a
replacement for the NaCl omitted. The control buffer was
resumed following the rest interval.

In a seéond set of experiments to evaluate the role
of intracellular Ca2t overload in the beta phase, during
the test interval of 121 seconds, the control buffer was

replaced with a KHB of low Ca2*, 0.3 mM to minimize

calcium entry through the exchange compartment, and
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therefore minimize calcium overload.

Design and Analysis

The independent variables in this study were:

l. group
2. experimental condition

The dependent variable in this study was:

1. force development in papillary muscle of control
and chronic diabetic rats at control and rest intervals.

Independent T-tests were used where appropriate and
analysis of variance of a 2 X 2 design was utilized for
both beta phase experiments to determine if significant
differences existed. A Tukey's HSD post hoc test was
utilized to identify the location of any statistically

significant differences.
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RESULTS

Animal Characteristics

The condition of chronic diabetes was confirmed in
this study by several parameters. The experimental
animals exhibited polydipsia, polyuria, polyphagia and
diarrhea, all positive indicators of the condition of
diabetes .mellitus. Additionally, frequent testing of
urine glucose provided support that chronic diabetes had
been achieved.

Quantitative measures of body weight, blood glucose,
right and left ventricular weights and heart weight/body
weight ratios for the expérimental groups, both control
Snd chronic diabetic (Appendix A), aréireported in Table 1
and provide evidence that the condition of chronic

diabetes was achieved.

Twitch Characteristics

Analysis of the basic twitch parameters of right
ventricular papillary muscles of both control and chronic
diabetic groups (Appendix B) reveals a number of
signifiéant differences between the two groups, Table 2.
-The differences reported with this study are consistent
with those reported in the literature for chronic diabetic
papillary muscle (Fein et al., 1980) and further verify
that the condition of chronic diabetes had been achieved.
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Table 1

Characteristics

of control and chronic diabetic rats

Parameter Control Diabetic
Body Wt. (gm) 383+10 241+21%
Blood Glucose 154+8 521.7+23%
(mg/dL)

RV Wt. (gm) 0.12+.004  0.08+.009%
LV Wt. (gm) 0.84+.03 0.63%.05%
Ht. Wt./Body Wt. 2.40+.07 2.97+.09%

Ratio

Values are represented as means + S.E. of 5 animals,

*p < .05
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Table 2

Twitch characteristics

of control and

chronic diabetic rat

papillary muscle

PARMAMETER

CONTROL DIABETIC
Force 14,02+3.6 6.05+0.65%
(mN/mm2 )
+ dF/dt 230.51+53.8 B2.66+16.1%
(mN/sec/mm?)
- dr/dt 194.25+48.8 55.34+9.04%
(mN/sec/mm2)
Time to Peak Force 96.07+3.17 142.51+5.34%
(msec) |
Time f£or Relaxation 158.87+10.6 268.11+15.2%*

(msec)

Values
* p <0.05.

are represented as means * S.E.
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Force-Interval Data

The force-interval curves, £fitted from raw data
{Appendix C), ©of control and chronic diabetic rat
papillary muscles are seen in Figure 6 and as previously
reported (McComb,' 1990}, show two phases of force
generation} termed alpha and beta. |

To further characterize the force-interval curves,
the percentage contribution, maximum rate and time
constant of each phase was mathematically calculated and
are preSénEed in Table 3.

The ;ondition of chronic diabetes ,;esulted in an
increase in the alpha phase contribution to the total
amplitude of 29.6% with a concomitant decrease in the beta
phése contribution. These alterations are clearly
illustrated in Figure 7 where the total curve and each of
the isolated phases, alpha and beta, are depicted on a
single graph for each experimental group.

The méximum rates of both the alpha and beta phases
were slower following chronic diabetes when compared to
the rates calculated for the control papillary muscles.

There appeared to be no change in the time constant
(time to reach 66% of the amplitude) of the alpha phase of
the chronic diabetic group, however, the beta phase time
constant of the diabetic group was faster owing to the
greatly reduced amplitude of this phase.
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Table 3

Mathematical analvsis of the force-interval curves of

contreol and chronic diabetic papillary muscles

PARAMETER CONTROL DIABETIC
Percent alpha 44.98 74.59
Contribution
(%) beta 55.02 25.41
alpha 1750,00 1572.40
Maximum Rate :
{units/msec) beta 17.90 12,27
alpha 10.50 0.49
Time Constant
{sec) beta 66.13 19.32

Data fitted from raw déta of 5 animals/group.

30



*
g

io)
k

F/B (ratio
3

Total

TIME INTERVAL (sec)

TIME INTERVAL (sec)

Figure 7: Force-interval curves of fitted data from
control (A) and chronic diabetic (B) papillary
muscles with isolation of the alpha and beta

phases, n = 5,

1



Decay of Potentiation

Decay of potentiation was examined in an attempt to
estimate the fraction of recirculating calcium as well as
to gain further insight into the processes regulating
calcium movement in the chronic diabetic. The control
group required greater than 5 beats following the first
potentiated beat to return to steady state levels, where
the diabetic group had reached steady state in as few as 3
beats (Appendix G). Schouten (1985) has suggested that
the accuracy of determination of the recirculation
fraction is dependent upon a high degree of force
development“xand complete decay of potentiation in 5-10
beats. The recirculation fraction in control muscles was
estimated to be 60%, similar to that reported in the
literature (Ragnarsdottir et al., 1982, Schouten, 1985).
I was however, unable to make an accurate assessment of
the recirculation fraction in the chronic diabetic group
due to the limited number of beats required to return to
steady state and the low degree of force development

following the rest period.

Beta Phase Analysis

1. 40% Na* Reduction
In an attempt to examine the role of the Nat/ca2t

exchanger in the dramatic shift in the beta phase of
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force generation with chronic diabetes the extracellular
sodium concentration was decreased from 117.1 mM to 70.9
mM during the rest interval of 121 seconds.

The control papillary muscle showed a 129% increase
(p<.05) (Appendices H and I) in force development when the
extracelluiar buffer was replaced during the 121 second
rest interval. An improvement in force generation was
also seen in the diabetic group, however, statistical
significance was not reached and the degree of change was
much less pronounced with only a 47% increase in force

development (Figure 8).

2. 0.3 mM ca2*

A second set of experiments to examine the role
that extracellular calcium might play in the shift of the
beta phase of the force—interval'relationship, the calcium
concentration of the KHB was reduced from 1.0 mM to 0.3
mM Ca?* during the rest period of 121 seconds. The
results indicated a 95% decrease ( p<.05)(Appendices H and
I) in force development of the control papillary muscle
group but only a 44% decrease (p<.05)(Appendices H and 1I)

with chronic diabetic preparations (Figure 9).
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Influence of a 40% Nat reduction on the beta
phase of the force-interval curve of control
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1.0 mM Ca2+ Q.3 mM Ca2-

1.0 mM Ca2+

0.3 mM Ca2+

Hl Control Diabetic

Influence of a 0.3 mM Ca2* on the beta phase of
the force-interval curve of control and chronic
diabetic papillary nmuscles, * p < 0.05,
éignificantly different than control in 1.0 mM
ca2+, + p < 0.05, significantly different than

diabetic in 1.0 mM Ca?*, test interval = 121
seconds, n = 5.
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DISCUSSION

Investigations of cardiac performance in chronic
diabetic rat hearts have identified a number of
alterations in the parameters of contraction and
relaxation (Fein et al., 1980, McComb, 1990) that have
been confirmed in the present.study. These alterations in
contractile function have been related to the reported
functional changes in the sarcolemma (Pierce and Dhalla,
1983, Heyliger et al., 1987, Makino et al., 1987),
sarcoplasmic reticulum (Lopaschuk et al., 1983, Ganguly et
al., 1983) and contractile proteins (Dillman, 1980, Garber
and Neely, 1983) seen with chronic diabetes. |

Alterations in these biochemical and physiological
components have been examined independently and are
therefore unable to account for the complex interactions
of the various subcellular systems during the processes of
excitation-contraction coupling. In an attempt to examine
these complex processes, investigators have made use of
the force-interval relationship and associated calcium
compértment modelling to examine the dynamic interactions
of the subcellular systems involved in a working
physiological preparation.

The force-interval relationship in cardiac muscle
sﬁggests that the excitation-contraction coupling
processes of the muscle are sensitive to the time interwval
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between contractions and reflect the intracellular
handling of free calecium during this period.

An examination of the force-interval relationship in
both control and chrenic diasetic rat hearts has revealed
a biphasic response to varying periods of rest Fig. 6,
similar to that reported in the literature for control
(Schouten, 1985, Johannsson and Asgrimsson, 1989, Taylor
et al., 1989) hypothyroid (Pogessi et al., 1987) and
hypertrophied hearts (Taylor et al., 1989),

Mathematical analysis of these curves allows for
extensive cha;;cterization of the two phases of force
generation seen in the force-interval curve. This
analysis provides information about the percentage
contribution of each phase to the total amplitude of the
curve; the maximum rate of each of the phases; and the
time constants (time to reach 66%) of the individual
phases.

The percent contributions of the alpha and beta
phases represent the capacity of each process to transfer
Ca2t to the release sites and therefore contribute to
force generation, With chronic diabétes, the capacity of
the alpha phase to transport calcium between the uptake-
and release &sites increases by 29.6% over the control
group. The increase in the alpha phase contribution may

however, only be a coqpensatiqgﬁ for the concomitant

W
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decrease seen in the capacity of the beta process to
transfer calcium from the exchange compartment to the
release sites. This compensation is reflected in the
alpha phase Force/Baseline ratios of the control and
chronic diabetic papillary muscles, which illustrate that
the actual force contribu;ion of the alpha process to the
total amplitude of the curve doces not change, Figure 7.
Purthermore, given that the maximum rate of the alpha
phase was reduced only 10%, despite biochemical reports of
a depression in the SR Ca2t ATPase pump following chronic
diabetes (Lopaschuk et al., 1983), and that the time
constant for the alpha phase was not altered, it therefore
appears that the alpha process of the force-interval
rélationship in the chronic diabetic is not appreciably
different from that of the control.

The most significant factor responsible for the
alteration in the total amplitude of the force-interval
curve . with chronic diabetes, therefore seems to be the
reduction in the beta phase contribution, which represents
the movement of extracellular calcium through the exchange
compartment and subsequent accumulation within the release
compartment.

Specifically, alterations inlthe exchange compartment
with chronic diabetes may limit calecium movemenﬁ and
therefore account for the reduction in the capacity of the
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beta phase to contribute to force generation. Indeed, a
decrease in the activity of both of the components thought
to comprise the exchange compartment, ie. the Nat/kt
ATPase pump and the Na*/Ca2* exchanger, has been reported
in biochemical studies of chronic diabetic rats (Pierce
and Dhalla, 1983, Ku and Sellers, 1982, Makinoc et al.,
1987).

Examination of the maximum rate of the beta phase
revealed a 31l% decrease with chronic diabetes. This
reduction may reflect alterations in Nat/Ca2* exchange
activity and indicate a reduced movement of calecium
through the exchange compartment and accumulation within
the release compartment.

Aithough the maximum rate of the beta phase is
reduced with chronic diabhetes, analysis of the beta time
constant indicates a 71% decrease in the time to reach 66%
of maximum force. Since the time constant is dependent
upon the maximum amplitude of the curve, as well, as the
dontribution of the individual phase, this apparent
reduction in time reflects the depression seen in both of
the parameters noted rather than an accelerated process.

In summary, mathematical analysis of the force-
interval curves of control‘ and chronic diabetic rat
papillary muscle reveals distinct alterations primarily in
the beta phase of force deveiopment although minimal
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alterations in the alpha phase do appear to exist. This
alteration in the beta phase seems to reflect a decrease
in both the rate and capacity of the chronic diabetic
heart to transport calcium from the sarcolemmal exchange
compartment to the sarcoplasmic reticulum release

compartment.

Beta Phase Analysis

Given the current modelling of the force-interval
relationship (Schouten, 1985, 1987), the depression in théﬁ
beta phase would suggest an alteration in the ability of
the chronic diabetic heart to transport calcium between
the exchange and release compartments during the beta time
intervals.

It was hypothesized, based on the literature (Afzal
et al., 1988, Ganguly et al., 1987, Dhalla et al., 1985),
that the depression in the beta phase with chronic
diabetes may be associated with intracellular calcium
overload., Given that the beta phase is highly dependent
upon Nat/Ca2t exchange activity, specifically a reversal
of the Na*/Ca2* exchanger, it would have been ideal to
stimulate efflux of calcium by the Nat/Ca2* exchanger and
‘therefore lower intracellular calcium levels. However,
since no effective and specific means of stimulating the

Na*/Ca2* was available, calcium entry was enhanced by
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reducing extracellular Nat during the rest interval., The
basic premise was, if calcium movement through Nat/calt
exchange in the chronic diabetic was involved in
intracellular calcium overloa&, then an extracellular
sodium reduction would further promote calcium entry
and/or inhibit Na*/Ca2t exchange activity resulting in an
even further reduction in force development.

Experimentally, several investigators have utilized
sodium gradient reduction and have reported a positive
inotropic response thought to be associated with enhanced
calcium entry via Nat/ca2t exchange activity (Sonn and
Lee, 1988, Bers, 1987). |

My vresults indicated, as expected, a statistically
significant increase in force production in the gontrol
- muscle. However, with chronic diabetes, althouah not
statistically significant, a physiologically significant

increase 1in force preduction was also reported, contrary
| to my original hypothesis.

Therefore, . since this severe reduction of
extracellular Nat (40%) did not further depress force
production in the diabetic papillary muscle but slightly
improved 1it, it suggests that intracellular- calcium
overload is NOT responsible for the depression in the beta
phase seen with chronic diabetes. It is interesting to
note that in one study examining the 45Ca2* content of
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isolated cardiac myocytes from chronic diabetic rats a
decreased level of intracellular calcium was reported
(Horackova and Murphy, 1988). o

It therefore appears that a depression in calcium
entry . via the Na‘*‘/Ca2+ exchanger and subsequent
accumulation within the SR may account for the beta phase
depression reported in this study.

'Makino et al., (1987) have reported an attenuation of
Nat  dependent Ca2* uptake in isolated sarcolemmal
preparations from chronic diabetic rats. The alteration
in Na%t/Ca?* exchange activity that was reported may be
related to changes in the phospholipid environment
surrounding the exchanger. Interestingly, Pierce et al.,
{1983) have also reported a significant alteration in the
phospholipid composition of diabetic cardiac tissue which
may be related to alterations in membrane protein function
due to the intimate association between protein regulation
and membrane composition.

Although function of the exchanger in the reverse
mode, whigh facilitates calcium entry during prolonged
pg:idds of rest, has not been examined in the chronic
diabetie, it is possible that an impairment of the
exchanger functioning in the reverse mode exists,
particularily if the phospholipid environment has an
influence on its action. In this case, an alteration in
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the reverse mode functioning of the Nat/Ca2t exchanger
would limit C52+ entry and therefore force development as
seen in the bheta phase of the force-interval curve.

Therefore, the reduction in the transmembrane
gradient for Na* may have provided a more favourable
environmeﬁt for the entry of calcium in the diabetic,
therefore improving force development.

‘ Althoﬁgh Ehis hypotheéis seems possible, it does not
supﬁort the ultrastruct&ral and biochemical studies
suggesting the existence ofhhigp intracellular levels of
calcium which may influence forcérdevelopment.

An alternative explanation for the depression in the
beta phase ;may involve the examination of the "normal"
- functioning of the Nat/Ca2t exchanger during periods of
‘guiescence.

In control rat ventricular muscle, with use of
extracellular calcium selective microelectrodes, Shattock
and Bers (1589) have reported a loss of extracellular
calcium during rest, indicating calcium entry inte the
cell wvia Nat/ca2+ exchange.' Calcium entry via the
Na*t/Ca2t* exchanger is thermodynamically favoured when the
resting membrane potential (Ep) exceeds the reversal
botential of tﬁe exchanger (ENa-ca)- In rat ventricular
muscle, following Nstimulation, an elevation of
intracellular Na* ‘activity (alys) reduces Eya-ca to a
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point more negative than Ep therefore favouring calecium
entry and promoting the gain in SR calcium recently
reported with rest (Bers, 1989).

At present, no examination of the Nat/Ca2+ exchanger
during rest has been conducted in the chronic diabetic
rat. However, the propeosed functioning of the exchanger
as an influxer during rest may not be appropriate to the
conditions of the diabetic tissue. Several investigators
have suggested that elevated levels of both Nat and ca2?t
exist in chronic diabetic rat ventricular muscle (Dhalla
et al., 1985, Ganguly et al., 1987, Afzal et al., 1988).
The elevation of these ions, particularily calecium may
increase Ena-ca to a more positive potential favouring
calcium efflux (Shattock and Bers, 1989, Légnado and
McNaughton, 1990) and/or creating a point of equilibrium
rather than favouring calcium influx during rest.

Therefore, with a 40% sodium gradient reduction, one
of two processes may explain the increase in force
development seen in the chronic diabetic papillary muscle.
Firstly, the reduction in the Nat gradient may simply
limit calcium efflux allowing more calcium to become
available for accumulation within the release compartment
of the SR.

Secondly, due to the severe reduction of
extracellular Nat, the Eyna-ca may be sufficiently reduced
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to a potential more negative than Ep to promote calecium
entry during proleonged rest therefore contributing to the
releasable store and improving force development.

In any case, the alteration in the Na‘t/Ca2t exchanger
and its influence on the force-interval relation is of an
extremely complex nature. Further investigations into the
specific functions of the Nat/Ca2* exchanger in the state
of chronic diabetes must be conducted before any precise
concluéions can be reached regarding the exact role of
Na*/Cca?* exchange in the beta phase depression. The
Nat/Ca2t exchanger does however appear to be intimately
involved in the depression reported in the beta phase of
the force-interval relation with chronic diabetes.

A second experiment designed to further examine the
hypothesized condition of calcium overload in the chronic
diabetic supported the findings of the first experiment
utilizing Nat gradient reduction. By reducing
extracellular calcium and therefore limiting its entry
during the Dbeta phase, an attenutation of force
development was seen in both control and chronic diabetic
groups. If a condition of calcium overload had been
present, it would be expected that limiting the
-availability of calcium during the rest interval, should
ameliorate tension development in the chronic diabetic.
Since force generation was not improved with lowering
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extracellular calcium, again, it does not seem likely that
a condition of calcium overload existed or was responsible
for the depression in the beta phase reported with chronic
diabetes.

The reduction in force development with decreasing
extracellular calcium appears to be simply the result of a
lack of calcium availability. It is interesting to note
however, that there was a more significant reduction in
the control group as opposed to the diabetic group when
calcium was reduced during the rest interval.

The sensitivity of chronic diabetic cardiac muscle
to its calcium environment has not been clearly
elucidated. Bielefeld et al., (1983) have reported an
increased sensitivity of isolated perfused hearts from
chroaic diabetic rats te decreasing levels of
extracellular calcium, resulting in a dramatic decrease in
pressure development. In contrast however, Tani and Neely
(1988) reported a similar reduction in 1left ventricular
pressure development to increasing levels of extracellula;
calcium. Recently Ramanadham et al., (1990) examined thé
calcium response of isolated right ventricular strips from
chronic diabetic rats and reported an improvement in force
development with both increasing. and decreasing
extracellular calcium levels, indicating a
"supersensitivity" of the chronic diabetic to its calcium
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load.

The results of the present experiment are in accord
with the reports of Ramanadham et al. (1990) suggesting a
supersensitivity of the diabetic papillary muscle to
extracellular calcium, as a reduction of extracellular
Ca2+ from 1.0 mM to 0.3 mM during rest indicated a less
pronounced influence on force development of the diabetic
group.

Clearly, the response of diabetic cardiac tissue to
its calcium enviromment is highly equivocal. Further
research must be conducted to arrive at an understanding
of the sensitivity of chronic diabetic cardiac muscle to
its extracellular calcium load.

While biochemical evidence related to intracellular
calcium movement provides an explanation for some of the
alterations in the <force-interval relationship with
chronic diabetes, the contributions of other associated
factors, namely sarcomere length, myosin isozyme
distribution and hypothyroidism, must not be overlooked.

The dependence of force production on optimal
muscle/sarcomere length has been well documented
{Schouten, 1985, Kentish, 1986, Jewell, 1977). The
‘gignificant influence of muscle length on the force-
interval relationship has been recently reported in our
lab by Gamble (1990) where the degree of force development
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following rest is significantly augmented at muscle
lengthg shorter than optimum. Unpublished observations by
Taylor et al., (personal communication) have substantiated
these findings when sarcomere distances were measured with
video imaging techniques. While the present protocol
establishes Lmax, the length ‘at which maximal force
development is achieved, it does not méasure or set
sarcomere distances. In addition, the optimal sarcomere
distance Ffor the diabetic model has not been determined
experimentally but ultrastructural evidence suggests that
the presence of contracted sarcomeres is not uncommon
(Afzal et al., 1988). Further studies examining the
interaction between muscle length and chronic diabetes
must be conducted to identify the contribution of this
factor to the results of the present study.

Chronic diabetes results in an alteration in the
distribution of the three isoforms of myosin. A shift in
the predominance of the myosin isoform from the Vi form
with fast ATPase activity to the V3 form with a slower
ATPase activity has been reported (Dillman, 1980, Garber
et al., 1983). This shift in isozyme distribution has
been associated with a decrease in the contractile
function of the chronic diabetic heart. Studiés which
attempt to normalize myosin isozyme distribution have not
examined cardiac function (Dillman et al., 1984, Garber et
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al., 1983) and therefore conclusive evidence cannot be
provided regarding its relationship to depressed
mechanical performance.

The role of altered myosin isozymes in the changes in
the force-interval relationship with chronic diabetes
cannot be. excluded, however, they may not play a
significant role for the following reasons: 1. any
alterations in force development as a result of myosin
isozyme distribution should be constant therefore
influencing both phases of force development, but, the
alpha phase changes very little with chronic diabetes; and
2. since force development is expressed as a ratio, F/B,
the isozyme distribution is consistent over both beats
where only the improvement in developed force becomes an
important factor.

In any case, until the contribution of myosin isozyme
distribution to the force-interval relationship has been
elucidated, the influence of this factor in producing
alterations in the £force-interval curve <cannot be
eliminated.

Finally, the condition of chronic diabetes mellitus
;§ accompanied by a secondary condition of hypothyroidism
" which alone has been reported to influence force

development (Poggesi et al., 1987) and results in
contractile characteristics similar to the chronic
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diabetic. Studies attempting to improve cardiac function
in chronic diabetics by normalizing thyroid hormone levelé -
have been largely unsuccessful (Tahiliani and McNeill,
1984, Garber et al., 1983) suggesting that furtper
alterations are responsible for cardiac dysfunction in
chronic diabetes. Additionally, an examination of - the
force-interval relationship in hypothyroid animals has

shown no change in the late phase or beta phase of the |
force-interval relationship when compared to control
(Poggesi et al., 1987), where chronic diabetes results in
a significaﬁt alteration in the same phase (McComb, 1950).
It therefore does not appear that the results of the
present study are influenced by the hypothyroid condition,
however, this possiblity cannot be completely eliminated

at present.
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CONCLUSIONS

The condition of chronic diabetes results in several
altergtions in the force-interval relationship, primarily
in the beta phase of force development. Klterations in
the percent contribution of beta to the total amplitude
and the rate and time constants of the beta phase were
identified and suggest alterations in the capacity of the
diabetic tissue to tranmnsport calcium through the
exchange compartment to the release compartment.

The Na"‘/c:a2+ exchanger, a component of the exchange
compaftment, appears to be partly responsible for the
depression in the beta phase reported. Sodium gradient
reduction, a method by which calcium entry via Nat/ca2*t.
exchange is enhanced, results in an improvement in force
development in the chroni¢c -diabetic muscle, This
improvement in force development suggests that under
"normal" conditions calcium entry is somehow 1limited
in the chronic diabetic therefore resulting in a decreased
force develoupment.

A condition of calcium overload wasléliminated as a
possible contributor to the depression in beta phase as an
improvement in force generation with Na* reduction, and a
aecrease in force development with extracellular ca2t

reduction were jidentified in the chronic diabetic model.

i
i

-
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APPENDIX A

RAW DATA: ANIMAL CHARACTERISTICS, CONTROL
BW (g) y RV (g) LV (g) HW/BW
1 373.00  0.120  0.910  0.0028
6 27 411,00 0.116  0.861  0.0024
T 3 . 390.50°  0.104  0.842  0.0024
o & 445.00 0.135  0.882  0.0023
b . 421.50 0.128  0.898  0.0024
6 .372.00 0.112  0.880  0.0027
7 366.00  0.103  0.744  0.0023
8  367.00 09131  0.703  0.0023

Note : BW = body weight, KV = right ventricular free wall

weight, LV = 1left ventricular

weight/body weight

T

57,

weight, HW/BW

heart



RAW DATA: ANIMAL CHARACTERISTICS, DIABETIC
BW (g) RV (g) LV (g) HW/BW BG (mg/dL)

1 164.00 0.051 0.465 0.0032 547.1
D :
I 2 245.50 0.107 0.667 0.0032 468.4
A :
B 3 294.50 0.092 0.784 0.0030 525.4
E
T 4 248.00 0.081 0.574 0.0026 592.3
I
c 5 256.00 0.077 0.674 0.0029 475.4

- Note : BW = body weight, RV = right ventricular free wall

= weight, LV = left ventricular

weight,

weight/body weight, BG = blood glucose, n = 5.
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APPENDIX B

RAW DATA: TWITCH CHARACTERISTICS, CONTROL

CONTROL
1 2 3 4 5

Force 11.2 27.2 16.0 7.6 8.0
(mN/mm2)
+ dF/dt 195.7 411.4 287.8 128.7 129.0
(mN/sec/mm2)
- dr/dt 155.1 351.6 260.1 103.7 100.7
(mN/sec/mm2) |
Time to Peak Force 93.4  106.3 86.8  95.3  98.0
{msec)
Time for Relaxation 152.3 172.8 122.4 162.3 184.5

{msec)
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RAW DATA: TWITCH CHARACTERISTICS, DIABETIC

DIABETIC

1l 2 3 4 5
Force 6.8 4.4 7.6 4,6 6.9
(mN/mm2 ) :
+ dF/dt 77.0 51,7 92.9 52.6 139.2
(mN/sec/mm2)
- 4dr/dt 55.9 35.1 65.6 36.9 83.3
(mN/sec/mm2)
Time to Peak Force 142.38 135.1 121.4 137.0 162.6
{msec)
Time for Relaxation 259.,1 251.6 262.9 240.0 326.9

{msec)
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APPENDIX C

RAW DATA FOR FORCE-INTERVAL CURVES

FORCE/BASELINE (RATIO)

TIME CONTROL CONTROL CONTROL CONTROL  CONTROL
INTERVAL 1 2 3 4 5
(SEC) : :
0.546 0.692 0.674 0.623 0.580 0.637
0.737 0.742 0.749 0.637 0.616 0.656
0.994  0.798 0.804 0.654 0.648 0.687
1.34 0.859 0.846 0.730 0.686 0.733
1.81 0.905 0.887 . 0.797 0.759 0.790
2,44 0.931 : 0.907 0.834 0.826 0.850
3.30 0.953 0.935 0.895 0.895 0.915
4.46 0.990 0.987 0.956 0.949  0.976
6.02 1.037 1.043 1.010 0.977 1.033
8.13 1.105 1.108 1.093 1.043 1.119
10.97 1.177 1.203 1.126 1.102 ©1.209
14.81 1.267 1.317° 1.209 1.172 1.286
20.00 1.354 1.432 1.375 1.256 1.385
27.00 1.453 1.494 1.451 1.340 1.472
36.45 1.593 1.581 1.620 1.425 1.546
49.21 1.751 1.722 1.844 1.526 1.582
66.44 1.891 1.815 2.121 1.609 1.636
89.70 2.046 1.977 © 2,376 1.799 1.764
121.00 2.258 2.008 2.647 1.903 1.846
130.00 2.311 2,156 2.734 1.928 1.854
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RAW DATA FOR FORCE-INTERVAL CURVES

FORCE/BASELINE (RATIO)

TIME DIABETIC DIABETIC DIABETIC DIABETIC DIABETIC
INTERVAL 1 2 3 A 4 5
(SEC) 3
0.546 0.763 0.775 0.757 0.693 0.721
0.737 0.848 0.864 0.832 0.779 0.804
0.994 0.912 0.814 0.895% 0.849 0.897
1.34 0.934 0.928 0.930 0.891 0.956
1.81 0.954 0.958 0.954 0.917 0.979
2.44 0.957 0.979 0.957 0.935 0.986
3.30 0.941 0.980 0.993 0.943 1.006
4.46 0.997 0.983 0.996 0.990 0.982
6.02 1.012 1.017 1.019 1.029 0.992
8.13 1.035 1.050 1.032 1.086 1.012
10.97 1.041 1.079 1.057 1.137 1.019
14.81 1.069 1.124 1,087 1.207 1.036
20.00 1.118 1.182 1.121 1.279 1.082
27.00 1.126 1.229 1.164 1.349 1.120
36.45  1.120 1.187 1.182 1.385 1.140
49,21 1.140 1.177 1.172 1.407 1.190
66.44 1.147 1.208 1.185 1.388 1.241
89.70 1.157 1.193 1.190 1.382 1.243
121.00 1.159 1.161 1.219 1,341 1.233

Vi
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APPENDIX D

PARAMETERS DERIVED FROM CURVE FITTING PROGRAM

CONTROL‘
CONTROL
CONTROL
CONTROL

CONTROL

wn

2.00
2.00
2.00
2,00

2.00

VARIABLE

63

B

0.012
0.014
0.013
0.014

0.023

0.445
0.465
0.398
0.460
0.480

2.60
2.30
2.80
2.10
2.00



PARAMETERS DERIVED FROM CURVE FITTING PROGRAM

DIABETIC 1
DIABETIC 2
DIABETIC 3
DIABETIC 4

DIABETIC 5

2,01
2.00
2.01
2.00
2.00

VARIABLE

64

B

0.044
0.071
0.060
0.046
0.038

0.771
0.757
0.773
0.687
0.742

1.25
1.24
1.24
1.39
1.26
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APPENDIX E

PARAMETERS FOR LOGLIN CURVE PLOTTING PROGRAM

Utilizing the parameters derived from the Eureka program;

Al = Z * M A2 = Z * (1-M)
A3 =0

alphal = A alpha2 = B
alpha3 = 0
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APPENDIX F

CALCULATIONS FOR FORCE-INTERVAL PARAMETERS

Percent Contributions
Alpha = M * 100

Beta = (1-M) * 100

Time Constants
Alpha‘= 1/A
Beta = 1/B

Rate Constants

Alpha, Beta = Maximum (Change Y/ Change X)  derived from
function values of Loglin plotting program
i
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APPENDIX G

RAW DATA: DECAY, CONTROL

Wy

CONTROL
1 2 3 4

F/B (ratio)

Beat 1 1.87 1.77 2,26 2.67
Beat 2 1.57 1.49 1.80 2.43
Beat 3 1.36 1.31 1.50 1.69
Beat 4 1.23 1.1% 1.29 1.30
Beat 5 1.14 1.12 1.15 1.10
Beat 6 1.08 1.08 1.08 1.22
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F/B (ratio)
Beat 1
Beat 2
Beat 3

Beat 4

RAW DATA:

1.64
1.33
1.13
1.01

68

DECAY, DIABETIC

DIABETIC

3

1.42
1.14

1.02

1.59
1.33
1.18
1.11

1.47
1.17
1.01
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APPENDIX H

RAW DATA: 1.0 mM Ca?* to 40% Na* Reduction, Control

' Porce/Baseline
1.0 mM Ca2t 40% Na* reduced

1 2.67 =5,05
c ‘
(o} 2 3.33 4.92
N
T 3 1.76 2.63
R .
0 4 1.60 2.54
L

5 1.87 1.94

RAW DATA: 1.0 mM Calt to 0.3 mM Ca2t, Control

Force/Baseline
1.0 mM Ca?* 0.3 mM: Ca2t
1l 1.74 0.44
2 2.67 1.58
3 2.26 1.64
4 1.77 1.22
5 1.87 1.01
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N
RAW DATA: 1.0 mM Ca<* to 40% Nat Reduction, Diabetic

Force/Baseline
1.0 mM Ca2t 40% Nat reduced
1 1.51 2,19
2 1.64 2,09
3 1.42 2,00
4 1.58 1.82

OHAEARWPHD

5 1.47 1.87

RAW DATA: 1.0 mM Cal* to 0.3 mM Cca2*, Diabetic

Force/Baseline
1.0 mM ca2* 0.3 mM Ca2t
1 1.51 0.89
2 1.64 1.38
3 1342 0.78
4 1.58 1.27

5 1.47 1.10
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APPENDIX I

TWO WAY ANALYSIS OF VARIANCE WITH REPEATED MEASURES

Independent variables: 1, G = group; control, diabetic
2, C = conditicn; 1.0 mM,60% Nat

Dependent variable: Force, expressed as Force/Baseline

Source Sum Squares D.F. Mean Square P-ratio F-prob
G 5.750 1 5.750 4.995
C 3.365 1 3.365 17.355 0.01
G/C 0.614 1 N.614 3.1686
Error 1.551 8 0.194
Total 20.489 19
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TWO WAY ANALYSIS OF VARIANCE WITH REPEATED MEASURES

Independent variables: 1. G

2. C

group; control, diabetic
condition; 1.0 mM, 0.3 mM

Dependent variable: Force, expressed as Force/Baseline

Source
G
C
G/C
Error

Total

Sum Squares

0.4594
2.192
0.247
0.260
4.802

D.F

1

72

1
1l

9

Mean Square
0.494
2.192
0.247
0.033

F-ratio
2,455
67.392
7.583

F-prob

0.01
0.05
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