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Comparison of the Determinants in the Differences in Force-
Frequency Relationships between Rat and Rabbit Left Atria

Chang Mann Ko and Soon-Jin Kim

Department of Pharmacology and Institute of Basic Medicine, Wonju-College of Medicine, Yonsei University,

Wonju 220701, Korea

The underlying mechanism commonly applicable for both the positive and negative force-frequency
relationships (FFR) was pursued in left atria (LA) of rat and rabbit. The species differences in the roles
of Na'/Ca®" exchanger and sarcoplasmic reticulum (SR), which are major intracellular ca** regulatory
mechanisms in the heart, were examined in the amplitude accommodation to the frequency that changed
from 3 Hz to the variable test frequencies for 5 minutes in the electrically field stimulated left atria (LA)
of rat and rabbit. Norepinephrine strongly increased the frequency-related amplitude accommodation in both
of rat and rabbit LA, while monensin, oubain or the reduced Na* and 0 mM Ca’" containing Tyrode
solution increased the frequency-related amplitude accommodation only in the rabbit LA. Monenisn was
also able to increase the frequency-related amplitude accommodation only in 1-day old rat LA but not
in 4-week old rat LA that had 75% less Na'/Ca’" exchanger with 97% higher SR than 1-day old rat
LA. Taken together, it is concluded that the differences in the prevalence between myocardial Na*/Ca®"
exchanger and SR in the amplitude accommodation to the frequency-change determine the difference in
the FFR between rat and rabbit heart.
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INTRODUCTION

A sudden increase in stimulus frequency on hearts
shifts the Ca” " balance and the developed force, and
therefore changes “force-frequency relationship (FFR)”.
It has long been known that the myocardial FFR
differs in rat and rabbit. In the rabbit heart, the
developed force increases as the stimulation fre-
quency-increases (positive FFR), while it decreases in
the rat heart (negative FFR). The underlying mecha-
nism for this discrepancy is still unknown.

After frequency-increase, two major changes are
induced in the heart. First, the free myoplasmic Na™
concentration ([Na'];) is increased by the more fre-
quent opening of voltage-dependent Na™ channels
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(Cohen et al, 1982; Wier & Yue, 1986; Boyet et al,
1987; Harrison et al, 1992; Lostan et al, 1995; Maier
et al, 1997). Second, the sarcoplasmic reticulum (SR)
loads less Ca’ " in the short time available and there-
fore releases less Ca” " (Orachard & Lakatta, 1985;
Frampton et al, 1991; Bers et al, 1993; Satoh et al,
1997). The [Na']; increase has been claimed to be
the mechanism for the positive FFR, as it slows or
reverses the Ca’ " extrusion to evoke a secondary Ca*"
gain by changing Na‘/Ca’" exchange after frequency-
increase (Wang et al, 1988; Harrison & Boyet, 1995).
And the frequency-induced changes in the Ca®"
handling of SR has been suggested as a responsible
mechanism for the negative FFR (Orchard & Lakatta,
1985; Bers et al, 1993; Satoh et al, 1997). Recently
in a trial to pursue a certain mechanism commonly
applicable to these two different FFRs, the phospho-
lamban, a protein that regulates SR Ca’*-ATPase, has
been suggested as a common determinant of both
FFRs (Kadambi et al, 1999; Bluhm et al, 2000).



418 CM Ko and SJ Kim

However, search for the exact mechanism or me-
chanisms of the FFRs has become more confusing
after it became clear that [Na™]; also increased
according to the frequency-increase in the rat heart
(Frampton et al, 1991; Hattori et al, 1991; Hussain
et al, 1997).

As Na'/Ca’" exchange and SR Ca’’-ATPase
compete for the internal Ca’" (Orachard & Lakatta,
1985; Terracciano et al, 1998), the ratio between Na*
jCa”* exchange and SR Ca’*-ATPase is very impor-
tant for myocardial Ca>" balance. If there are simul-
taneous decreases in the activities of both Na+/Ca2+
exchange and SR Ca’"-ATPase as in the case of
frequency-increase, the result will be drawn by the
sum of changes attained in these two. Myocardial Ca’*
balance after frequency-change will shift to the direc-
tion governed by the prevalent one between these
two. Therefore, the present study aimed to clarify the
mechanism simultaneously applicable for both of the
positive and the negative FFR by examining the dif-
ferences in the prevalence between Na*/Ca®" ex-
changer and SR in the heart from rat and rabbit
during frequency-changes. In order to achieve this
goal, it was investigated if there were any species
differences in the influences of Na*/Ca®" exchanger
and SR on the accommodation of LA twitch am-
plitudes to the given frequency differences during the
S-minute-stimulation frequency changed from the 3
Hz to the variable test frequencies, in the electrically
field stimulated left atria (LA) of rat and rabbit.

METHODS

Sprague-Dawley rats of either sex weighing 250 g
were sacrificed by decapitation and New Zealand
white rabbit of either sex weighing 2.5~3 kg were
sacrificed after a blow at the occipital eminence. The
hearts were quickly excised and suspended in phy-
siological salt solution (PSS) bubbled with mixed
gases of 95% O, and 5% CO,. Krebs Hensleit buffer
(KHB) was used for the rat, and the Tyrode solution
was used for the rabbit. The composition of PSS’s
was as follows (mM); KHB solution: NaCl 118.8,
KCl 4.70, CaCl; 2.52, MgSO, 1.16, NaHCOs 24.88,
KHPO, 1.18, Glucose 5.55, Na-Pyruvate 2.0, and
Tyrode solution: NaCl 145, KCl 4.7, CaCl, 3.0,
MgS0,4 1.2, KH,PO4 0.6, Glucose 5.0, NaHCO; 7.0.
LA were cautiously dissected and mounted in 8 ml
organ baths. LA contraction was evoked by electrical

field stimulation delivered through platinum elec-
trodes in square wave pulses of 0.5 msec duration
with supramaximal voltages by digital stimulator
(STM-1000, Hansung, Korea). The PSS was changed
at intervals of 10 minutes throughout the experiment,
if not mentioned. LA contraction was recorded on
Polygraph (Model 7, Grass, USA) via force displace-
ment transducer (FT. 03, Grass, USA). The resting
stimulation was applied at 3 Hz in both LA from rat
and rabbit throughout the experiment in order to
maintain the same level of SR Ca’"' store, as the
stimulation frequency affects the SR Ca’" repletion
(Frampton et al, 1991). After equilibration at resting
frequencies for 30 minutes in normal PSS, NE 10~°
M was applied and the resulting maximal amplitudes
were measured. After re-equilibration at the resting
3 Hz for 20 minutes, the stimulation frequencies were
abruptly changed to the test frequencies for 5 minutes
and returned to the resting frequencies to equilibrate
again. The test frequency was applied at 0.1, 0.3, 0.5,
0.7, 1, 2, 4, 6, and 8 Hz using the same protocol.
During the test frequencies, the changes in LA twitch
amplitudes were recorded. The maximal amplitudes
appeared within 30 sec (the PEAK) and the last
amplitudes obtained at the end of the 5 minutes (the
LAST). They were calculated as % to the NE 10~°
M-induced maximal amplitudes attained during 3 Hz
stimulation. The FFR’s of the PEAK and the LAST
were plotted.

In the case of drug application, the test frequency
was applied 1 minute after the drug effect was
stabilized (usually around 5 minutes) except ryano-
dine that was pretreated for 40 minutes. In the case
of Na* reduction and Ca’" depletion (RNa-0Ca PSS),
NaCl was substituted with equimolar Choline Chlo-
ride, CaCl, was just omitted, and 2 mM EGTA was
added (The actual Na" concentrations were 4.6% of
the normal Tyrode solution for the rabbit and 18.4%
of the normal KHB for the rat, since there still were
7 mM of NaHCOj; in the Tyrode and 24.88 NaHCO;
+2 mM Na-Pyruvate in the KHB.). The organ bath
was changed into RNa-0Ca PSS and the frequency
was changed to the test frequencies without any delay
for minimal duration just required to recognize the
PEAK (around 1 minute). Right after, the buffer and
the stimulation frequency was returned to normal PSS
and to 3 Hz. Prior to RNa-0Ca PSS application at
each test frequencies, its own control expetiments
with normal PSS were held at the same test fre-
quencies for about 2 minutes in order to recognize the
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PEAK and to check up any critical Ca’" re-
application-induced damages in the LA strips. In this
case, the PEAK attained after RNa-OCa PSS ap-
plication was calculated as the net % increases to its
own control.

RESULTS

Traditional investigations on the myocardial FFR
have been held either by increasing the stimulation
frequency from the lowest to the highest or vice
versa. In the present study, the stimulation frequency
was changed from the fixed 3 Hz to the variable test
frequencies for 5 minutes, and the amplitude accom-
modations to the given test frequencies were mea-
sured in the LA from rat and rabbit. This protocol
seems to be beneficial as it enables to show the fre-
quency-difference dependent changes in the amplitude
accommodations on the basis of constant level of
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initial SR Ca’” loads (Frampton et al, 1991). By
using this protocol, the species differences in the
influences of Na*/Ca*" exchanger and SR on the LA
amplitude accommodations between rat and rabbit
were compared.

As shown in Fig. 1A & B, the LA twitches elicited
typical 3-phased changes right after the frequency
reduction from the resting 3 Hz to 0.3 Hz: the initial
rapid increase to the peak within 30 sec, the rapid
decrease, and the following slow decrease to the
plateau in both of the rat and rabbit. The first- and
the second-phase were much steeper in the rabbit LA,
showing higher increase in the PEAK, and larger
difference between the PEAK and the LAST than in
the rat LA. Fig. 1C & D show the changes of test
frequency-increase related LA amplitude changes. In
the rat LA (Fig. 1C), both FFR’s of the Peak and the
LAST decreased inversely proportional to the test
frequency-increase (except the PEAK at 6~8 Hz),
showing negative FFR’s. The differences between the
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Fig. 1. Amplitude accommodations to the stimulation frequency change in the left atria from rat and rabbit.
Left atrial contraction was evoked by electrical field stimulation (0.5 msec duration, supramaximal voltage)
through platinum electrodes. Stimulation frequency was changed from 3 Hz to the test frequencies for
5 minutes. A & B. Actual tracings. C & D. Test frequency-related changes. PEAK: the maximal amplitude
attained during test frequency, LAST: the last amplitude at the end of 5-minute-test frequency. Values

are Means*S.E.M. Numbers of data are 7.
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Fig. 2. Effects of norepinephrine (10°° M) on the test
frequency-related changes in the amplitude accom-
modation in the left atria from rat (A) and rabbit (B).
(Open symbol: Control, Closed symbol: Norepinephrine).
Other legends are same as Fig. 1.

PEAK and the LAST were less than 30%. However,
in the rabbit LA (Fig. 1D), the LAST showed positive
FFR at most of the frequencies and the PEAK
showed positive FFR during 4 ~6 Hz where it elicited
positive FFR. The differences between the PEAK and
the LAST were much larger than those in the rat.

Interestingly, two positive inotropic agents with
different action mechanisms, norepinephrine (NE, a
beta-receptor agonist) and monensin (a Na' jono-
phore), had differential influences on the LA ampli-
tude accommodations to the test frequencies in rat
and rabbit. NE increased the LA amplitude accom-
modations in both species. The increments were more
prominent in the LAST except in the rat during test
frequencies higher than 4 HZ where the PEAK
increased more prominently (Fig. 2A & B). In the
case of monensin however, the LA amplitude accom-
modation enhancements were apparently different
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Fig. 3. Effects of monensin (3X10°° M) on the test
frequency-related changes in the amplitude accom-
modation in the left atria from rat (A) and rabbit (B).
(Open symbol: Control, Closed symbol: Monensin). Other
legends are same as Fig. 1.

between rat and rabbit, as shown in Fig 3A & B. In
the rabbit LA (Fig. 3B), monensin markedly enhanced
both FFR’s of the Peak and the Last as like those
after NE. While in the rat LA (Fig. 3A), the effects
of monensin were negligible. Similar results were
obtained after ouabain application (Fig. 4A & B).
Ouabain also enhanced the amplitude accommoda-
tions to the test frequencies in rabbit LA only. These
results suggest that, in the rabbit LA, Na“L/Ca2+
exchange has enormous potential in enhancing the
amplitude accommodation to the frequency-change,
while the potential seems to be minor in the rat LA.

The reason for this species difference after monen-
sin was pursued in the postnatal developing rat LA,
in which the prevalent Ca>" regulatory mechanism in
the myocardial excitation-contraction (E-C) coupling
changes from Na*/Ca’" exchange to SR as it ma-
tures. It has been reported that, in the rat heart, the
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Fig. 4. Effects of ouabain (10" ® M) on the test fre-
quency-related changes in the amplitude accommodation
in the left atria from rat (A) and rabbit (B). (Open
symbol: Control, Closed symbol: OQuabain). Other legends
are same as Fig. 1.

SR attains full maturation at 4™ week after birth as
the SR Ca’"-ATPase mRNA level increases by 97%
between day 1 and 30 after birth, while the Na™-Ca®"
exchanger reciprocally decreased by 75% during the
same period from its maximal activity before birth
(Olivetti et al, 1980; Chin et al, 1990; Ostadalova et
al, 1993; Vetter et al, 1995; Vornanen 1996; Studer
et al, 1997; Koban et al, 1998). As shown in Fig 5A
& B, the postnatal developing rat LA (1-day and 4-
week after birth) elicited negative FFR’s in both of
the Peak and the Last. In 1-day-old LA, monensin
application increased both of the Peak (Fig. 5A) and
the Last (Fig. 5B) in a frequency-dependent manner,
totally flattening the FFR’s. However, interestingly
enough in 4-week-old LA, both of the Peak (Fig. 5A)
and the Last (Fig. 5B) were hardly enhanced and the
negative FFRs were maintained after monensin. These
results imply that the LA amplitude accommodation
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Fig. 5. Differential effects of monensin (3 X 107° M) on
the test frequency-related changes in the amplitude
accommodation " in the left atria from postnatal deve-
loping rat. A. PEAK, B. LAST. Open symbol: Control,
Closed symbol: Monensin. Parentheses are numbers of
data. Other legends are same as Fig. 1.

to the test frequency is influenced by the prevalent
Ca’" regulatory mechanism in the myocardial E-C
coupling. From these results therefore, it may be sug-
gested that the differences in the prevalence of Na™/
Ca’" exchanger and SR in the rat and rabbit LA
determine the species difference in the LA amplitude
accommodation to the frequency-change after mo-
nensin.

After suppression of Na'/Ca®" exchange, the
changes in the LA amplitude accommodation to the
frequency-change were tested in both of rat and
rabbit. Na"/Ca’" exchange was suppressed by RNa-
0Ca PSS application (26Na-0Ca KHB for rat LA,
7Na-0Ca Tyrode for rabbit LA: see method). In the
rat LA as shown in Fig. 6A, the amplitude was
rapidly increased to the peak and then slowly de-
creased, nevertheless the LA twitch contraction never
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ceased during 5 minutes tested after 26Na-0Ca KHB.
Differently from rat LA, the rabbit LA coniraction
lasts only 2~3 minutes and the amplitude showed
2-phased enhancement after 7Na-0Ca Tyrode appli-
cation. Interestingly, the contractions ceased immedi-
ately after 0Ca PSS application (data not shown).
These results imply that this much reduction in Na™
in addition to Ca’" omission in the PSS seemed to
be enough to suppresses the Ca’" extrusion via Na™/
Ca”" exchange so that internal Ca®* recycles in the
cell and maintains the contraction. In this situation,
the contraction is governed mainly by the SR, as the
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Fig. 6. Differential effects of Na*-Ca’" exchange inhi-
bition between rat and rabbit on the test frequency-
related changes in the left atrial amplitude accom-
modation. Na*-Ca’" Exchange was inhibited by Na*
reduced, Ca’” depleted (RNa-0Ca) Tyrode solution appli-
cation. A: Actual tracings in rat LA. B: Actual tracings
in rabbit LA. C: Test frequency-related changes of the
PEAK amplitudes. RNa-0Ca: 26Na-0Ca for rat and 7Na-
0Ca for rabbit (See method). Other legends are same as
Fig. 1.

SR is the major source of internal Ca’*. Other Ca>"
extrusion mechanism like sarcolemmal Ca’”-ATPase
affects the contraction minimally and may be re-
sponsible for the continuous amplitude decrease (Choi
& Eisner, 1999). Although the PEAK’s were en-
hanced after RNa-0Ca PSS application, FFR’s of the
attained amplitudes showed inverse proportion with
the test frequency-increase in both of rat and rabbit
LA (data not shown). In Fig. 6C, the net enhance-
ments in the PEAK’s attainted after RNa-OCa PSS
were calculated as % increase to their own controls
(see method) in both rat and rabbit LA, and their
FFR’s were shown against the test frequency, which
were interestingly different between rat and rabbit
LA. In the rat LA, the % increase in the PEAK was
maximum (70%) at 0.1 Hz and decreased in inverse
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Fig. 7. Differential influences of RNa-0Ca PSS after
ryanodine (3 X 10™° M) between rat (A) and rabbit (B)
on the test frequency-related changes in the left atrial
amplitude accommodation. RYA: Ryanodine. RNa-0Ca:
26Na-0Ca for rat and 7Na-0Ca for rabbit (See method).
Numbers of data are 5. Other legends are same as Fig. 1.
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proportion to the test frequency-increase up to 2 Hz
where there was no enhancement (0%) and became
constant, while, in the rabbit LA, the PEAK enhance-
ments were constant around 200% of their own
controls regardless of the test frequency except 8Hz.
The constancy of % increases in the PEAK’s of rabbit
LA does not necessarily mean that the FFR was
flattened after 7Na-0Ca Tyrode since their own con-
trols decreased as shown in Fig. 1D. Therefore, the
FFR after 7Na-0Ca Tyrdoe was actually decreased
according as the test frequency increased. These re-
sults suggest that the SR in the rat LA has stronger
influence on the amplitude accommodation to the
frequency-change than in the rabbit LA.

Conversely in Fig. 7, the influences of Na+/Ca2+
exchanger on the amplitude accommodation were
tested after SR Ca’" release suppression with ryano-
dine in both of the rat and rabbit LA. 40 minutes after
ryanodine (3 X 10”° M) application, LA twitch during
resting frequency (3 Hz) was totally suppressed in
both of the rat and rabbit (data not shown). The
suppression of LA twitch by ryanodine was continued
after changing to the test frequencies, except 4 ~8 Hz
in the rat LA (Fig. 7TA & B). However, the twitch
reappeared and elicited the test frequency-related
enhancements in the amplitude accommodation after
7Na-0Ca Tyrode in the rabbit LA. The tensions
attained after 7Na-OCa Tyrode in the rabbit LA were
negligible at low frequencies, but they increased up
to 50% after 2 Hz, which was 1/4 of the tension
attained by 7Na-0Ca Tyrode without ryanodine (Fig.
7B). The twitch also reappeated in the rat LA,
however, the tensions attained after 26Na-0Ca KHB
were almost negligible throughout the test frequencies
in the rat LA (Fig. 7A). These results therefore show
that the SR Ca’" release plays a major role in the
amplitude accommodation in both of the rat and rab-
bit LA. Nevertheless, the regulatory role of Na " jCa™"
exchanger in the amplitude accommodation is stronger
enough to elicit frequency-related increase in ampli-
tude in the rabbit LA than in the rat LA.

DISCUSSION

It has long been known that the myocardial force-
frequency relationship (FFR) differs in rat and rabbit.
In the rabbit heart, the developed fotce increases as
the stimulation frequency-increases (positive FFR),
while it decreases in the rat heart (negative FFR).

After frequency-increase, two major changes are in-
duced in the heart: first, increase in the free myo-
plasmic Na® concentration ([Na"J;) by the more fre-
quent opening of voltage-dependent Na' channels
(Cohen et al, 1982; Wier & Yue, 1986; Boyet et al,
1987; Harrison et al, 1992; Lostan et al, 1995; Maier
et al, 1997), second, less sarcoplasmic reticulum (SR)
Ca’" loads in the short time available (Orachard &
Lakatta, 1985; Frampton et al, 1991; Bers et al, 1993;
Satoh et al, 1997). After frequency-increase, the [Na*J;
increase will enhance the myocardial force by slowing
or reversing the Ca’" extrusion to evoke a secondary
Ca’" gain (Wang et al, 1988; Hatrison & Boyet,
1995), however, the decrease in SR Ca’" loads will
decrease the myocardial force by resulting in less SR
Ca’" release (Orachard & Lakatta, 1985; Frampton et
al, 1991; Bers et al, 1993; Satoh et al, 1997). There-
fore, the Ca’" balance and the resulting myocardial
force after frequency-increase will be determined by
the sum of these two counteractive processes.

It has been known that the hearts in the different
species have different compositions of SR and Na™/
Ca®" exchanger. The extreme case would be the
amphibian hearts which have no functional SR (Weiss
& Morad, 1981; Klitzner & Morad, 1983). It has been
reported that the compositions of SR and Na'/ Ca’"
exchanger in the rat heart is 92% and 7%, re-
spectively, while in the rabbit heart, the balance is
more in the range of 70% and 25~30%, respectively
(Bets et al, 1996). The functional results of the
present experiment in Fig. 7 are consistent with this
repott.

The difference in FFR between rat and rabbit heart
could be derived from the different compositions of
SR and Na'/Ca’" exchanger between rat and rabbit
heart. The present results obtained from the postnatal
developing rat LA in the Fig. 5 supports this idea.
The increase in the Na'/Ca’" exchange activity after
monensin, a Na~ ionophore, could strongly enhance
the FFR in the LA from 1-day old rat, which has high
Na'/Ca’" exchanger with scant and immature SR.
However, in the 4 week-old LA, which has 75% less
Na'/Ca’" exchanger, and 97% more in quantity and
fully matured in quality SR than 1-day old LA
(Olivetti et al, 1980; Chin et al, 1990; Ostadalova et
al, 1993; Vetter et al, 1995; Vornanen 1996; Studer
et al, 1997; Koban et al, 1998), the increase in the
Na/Ca’" exchange activity after monensin could not
enhance the FFR at all. These results clearly show
that the magnitude of the influence of Na*/Ca’"
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exchanger on the frequency-related amplitude accom-
modation is proportional to the composition of Na™/
Ca’* exchanger (with reciprocally changing SR com-
position) in the LA. This idea can be extended to the
difference in FFR between rat and rabbit heart. In rat
heart, the change in the Na*/Ca’>" exchanger activity
attained after frequency-increase would be too weak
as shown in Fig. 7A to overcome the decrease in the
SR Ca’" loads and the resulting decrease in SR Ca>*
release after frequency-increase. On the other hand in
the rabbit heart, the change in the Na'/Ca’' ex-
change activity after frequency-increase shown in Fig.
7B would be strong enough to overcome the decrease
in SR Ca’" loads and releases. Therefore, it can be
suggested that the differences in the prevalence of
their Na*/Ca’* exchanger or SR in the amplitude ac-
commodation to the frequency-change determine the
difference in the FFR between rat and rabbit heart.

Interestingly in the rat LA, ryanodine application
converted the FFR into positive during the test
frequencies higher than 2 Hz in Fig. 7A. Similar
changes have been reported in single rat ventricular
myocytes (Borzak et al, 1991). The exact reason for
this conversion after ryanodine is still unclear, how-
ever it may suggest the significance of SR in the FFR.
In the line of this idea, phospholamban, a protein that
regulates SR Ca’"-ATPase, has been raised recently
as a common determinant in both of positive and
negative FFR’s (Kadambi et al, 1999; Bluhm et al,
2000) in the line of this idea.

The FFR’s presented in the present experiment
appeared to be biphasic especially in the PEAK’s in
both of the rat and rabbit LA. However, similar
biphasic results have been reported in perfused whole
heart (Henry, 1975) and in thin myocardial prepa-
ration (Gulch & Ebrecht, 1987). Proper diffusion of
oxygen and nutrients has been raised as a responsible
cause for this discrepancy.

In this report, the mechanism for the difference in
the frequency-force relationship between rat and
rabbit heart were investigated in the electrically field
stimulated left atria from rat and rabbit by using
amplitude accommodation to the stimulation fre-
quency-change from resting 3 Hz to the variable test
frequencies for 5 minutes. It is concluded that the
differences in the prevalence between myocardial
Na'/Ca’" exchanger and SR in the amplitude accom-
modation to the frequency-change determine the
difference in the FFR between rat and rabbit heart.
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