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ABSTRACT. Ultrastructural changes in cardiac sarco- 
plasmic reticulum (SR) have been reported during postna- 
tal development of the mammalian heart, but the functional 
significance of these observations has not been well char- 
acterized. Calcium release from SR in intact myocardial 
preparations was determined by the contractile character- 
istics of postrest contractions. Isometric tension and the 
maximum rate of tension development of the first contrac- 
tion following intervals of electromechanical quiescence 
(rest) were related to steady-state tension and maximum 
rate of tension development during contraction at constant 
frequency (1.0 Hz) in isolated left atrial strips from new- 
born (1-7 days), immature (14-21 days), and adult (more 
than 6 months) rabbits. The first postrest contraction was 
increased as a function of the rest interval rate of tension 
development, defined as postrest potentiation, in all three 
age groups and reached a maximum value at rest intervals 
of more than 20 s. Tension developed by the first contrac- 
tion following a 60-s rest interval was potentiated less in 
newborn and immature atria than in adult atria at an 
extracellular calcium concentration ([Ca],) of 2.5 mM, an 
age-related difference most marked in the immature. Ry- 
anodine (5.0 x M), a putative blocker of calcium 
release from cardiac SR, abolished postrest potentiation 
providing evidence that calcium release from SR is the 
predominant determinant of the postrest contraction. Post- 
rest tension in atria from the immature rabbit heart was 
significantly increased both in absolute terms and relative 
to steady-state tension following stabilization under con- 
ditions which increase intracellular [Ca] ([Cali), i.e. increas- 
ing [Ca],, increasing tonicity, or decreasing extracellular 
sodium concentration ([Na],). In contrast, postrest tension 
in atria from the adult rabbit heart decreased relative to 
steady-state tension under conditions that increase [Cali. 
Rest potentiated contraction to a similar extent in both age 
groups (approximately 300% of steady-state) but this max- 
imum was obtained under markedly different ionic condi- 
tions. Maximum postrest potentiation occurred at 2.5 mM 
[Ca], and 153.0 mM [Na], in the adult atria whereas 
maximum potentiation occurred at 5.0 mM [Ca], 
and 87.0 mM [Na], in immature atria. Results from exper- 
iments in which [Ca], was increased during a 60-s rest 
interval suggest that the predominant effects of [Ca], on 
postrest potentiation are attributable to [Ca],-dependent 
changes in [Cali as opposed to rest-dependent changes in 
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transmembrane calcium conductance. These results lead 
us to conclude that in rabbit atria: 1) contractile calcium 
released from the SR is demonstrated and therefore may 
potentially participate in excitation-contraction coupling 
during postnatal development; 2) the contribution of cal- 
cium released from the SR to contractile calcium during 
steady-state contraction may be less during early cardiac 
development; 3) the age-related differences in postrest 
contraction can be abolished by manipulating ionic condi- 
tions to increase [Cali indicating that the immature SR 
requires higher [Cali for optimal calcium loading and/or 
"triggered" release of calcium than does SR in the adult. 
(Pediatr Res 22: 524-530, 1987) 

Abbreviations 

SR, sarcoplasmic reticulum 
T, developed tension 
+dT/dt, maximum rate of tension development 
ICaB intracellular concentration of calcium 
i ~ a j ,  extracellular concentration of calcium 
ANOVA, analysis of variance 

The SR plays a predominant role in the regulation of calcium 
in mature mammalian myocardium (1, 2). Calcium released 
from the SR in ventricular cardiomyocytes is thought to be the 
major source of contractile calcium, i.e. calcium that activates 
the interaction of the contractile proteins (1). Despite the appar- 
ent importance of calcium release from SR as a source of 
contractile calcium, little is known about the development of 
this specialized property of the SR. Quantitative morphometric 
analyses of the developing mammalian heart have shown signif- 
icant structural changes of the SR and T-tubule system during 
the postnatal period (3-5). Absence of calcium release from the 
SR in the newborn rat heart has suggested that calcium release 
develops postnatally ( I ) .  Analyses of age-related differences in 
contractile responses to calcium channel blockade (6, 7) and 
cellular electrophysiologic properties (4) have suggested that 
transsarcolemmal calcium influx, rather than calcium release 
from the SR, may be the most significant source of contractile 
calcium during postnatal development. The purposes of this 
study were to determine if calcium release from the SR can be 
demonstrated in the develo~ing heart and. if Dresent. to charac- 
terize the properties of calci;m ;elease by the Sk during postnatal 
cardiac develo~ment. 
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is potentiated. Postrest potentiation of contraction is due pre- 
dominantly to increased calcium loading and release by intracel- 
lular stores, presumably from the SR (9-12). This study charac- 
terized postrest contraction in the left atria isolated from rabbit 
heart in order to evaluate postnatal maturation of SR calcium 
release. Postrest contraction of atrial strips from the adult, or 
mature, rabbit heart were compared to postrest contraction of 
atrial strips from rabbit hearts at two age groups during postnatal 
development. The newborn (1 -7 days old) age group was selected 
because of evidence suggesting little or no participation of SR in 
contraction ( I ,  4). The immature ( 14-2 1 days old) age group was 
selected because of evidence suggesting limited participation of 
the SR in contraction (6, 7). 

METHODS 

Isolated contracting I ~ f f  arriul slrip. Left atria were removed 
from the hearts of newborn ( 1-7 days old; 1 5-40 g), immature 
(14-2 1 days old; 200-400 g), and adult (more than 6 months; 3 
kg) New Zealand White rabbits killed by cervical dislocation. A 
single comparably sized strip was cut from the left atrium and 
suspended vertically in a muscle bath containing Krebs-bicar- 
bonate buffer (pH 7.4) with the following composition: NaCI 
(127 mmol/liter); KC1 (2.3 mmol/liter); KH2P04 (1.3 mmol/ 
liter; MgSO., (0.6 mmol/liter); CaC12 (2.5 mmol/liter); NaHCO, 
(25.0 mmol/liter), and glucose (5.5 mmol/liter). The bath was 
filled with 25 ml of buffer which was continuously bubbled with 
95% 0 2 / 5 %  COz (v/v) and maintained at 30" C. The base of the 
atrial strip was held stationary by a clip containing two punctate 
platinum electrodes. The top of the muscle was sutured to a fine 
gold chain and suspended from a precalibrated force transducer 
(Could-Statham UC3). Atrial strips were electrically stimulated 
(Grass model 588) to contract at a frequency of 1 Hz (60/min) 
using square wave pulses of 3 ms duration at a voltage 10% 
above threshold. Resting tension was the measured tension at 
any given length immediately prior to each electrically stimulated 
contraction. 

Peak isometric and resting tensions were continuously re- 
corded on Gould Model 220 strip-chart recorder. T was defined 
as the difference between resting and peak tensions. +dT/dt was 
obtained by averaging the slopes of tangents drawn to the tension 
tracings at the point of maximum positive change (chart speed 
of 125 mm/s). 

Each atrial strip was allowed to stabilize while isometrically 
contracting at I Hz for 1 h, during which time the length was 
gradually increased until resting tensions were approximately 
comparable for newborn and immature and for adult atrial strips 
of approximately comparable size. Classical length-tension 
curves cannot be reliably achieved with isolated atrial strips 
without overstretching (in contrast to papillary muscles), presum- 
ably due to the nonparallel fiber array of atrial muscle strips. 
However, preliminary experiments indicated that these devel- 
oped tensions for the size strips used in these experiments ap- 
proximated near-maximal basal developed tensions for the re- 
spective age groups. This length was maintained constant 
throughout each experiment. Resting tension for the immature 
group was slightly less than the adult group (Table 1;  p < 0.05). 
Resting tension decreased slightly throughout the experimental 
period in each age group, a characteristic typical of atrial prepa- 
rations. All atrial strips were continuously stimulated at 1 Hz 
throughout the experimental period except during the brief rest 
intervals. 

Steady-state contractile parameters were always determined 
after stabilization at 1 Hz stimulation rate. Representative steady- 
state contractile parameters of atrial strips from the three age 
groups evaluated in this study are given in Table 1. 

Poslresf conlrucfion. Termination of electrical stimulation in- 
itiated the rest interval during which no spontaneous contrac- 
tions occurred, 1.c. electromechanical quiescence. Reinitiation of 
electrically stimulated contraction at 1 Hz following rest intervals 

Table 1. Sleady-state contractile parameters 

Resting 
tension (g) T (g) +dT/dt (g/s) 

Newborn (n  = 14) 0.38 + 0.03 0.12 + 0.03 0.179 + 0.05 
Immature (n = 18) 0.37 f. 0.03 0.18 f 0.03 0.337 k 0.06 
Adult ( n  = 16) 0.47 * 0.03 0.41 + 0.07 1.23 + 0.32 

resulted in a characteristic increase in T and +dT/dt of the first 
postrest contraction (R,). Postrest potentiation was defined as 
the increase in R,  contraction indices T or +dT/dt expressed as 
percent of the prerest steady-state values. 

Atrial tissue was selected to assess the postnatal development 
of calcium release from the SR for two primary reasons. First, 
current evidence suggests that the junctional face of the SR 
associated with either the external sarcolemmal membrane or 
the T-tubule system are the sites of calcium release from SR. 
Calcium release mechanisms may differ in SR junctionally as- 
sociated with the T-tubule system from those in SR junctionally 
associated with the external sarcolemmal membrane. In ventric- 
ular tissue there is significant postnatal development of the 
junctional association between the SR and the T-tubule system 
coincident with a decrease in junctional SR associated with the 
sarcolemma (3-5). Thus studying the postnatal development of 
the SR in atrial tissue is not complicated by concurrent devel- 
opment of the SR/T-tubule junction since the T-tubule system 
is sparse in atria and the atrial SR is junctionally associated with 
the sarcolemma throughout postnatal development (5). Further 
support for this rationale published during the course of this 
study was the suggestion by other investigators that the postnatal 
development of the T-tubule system may significantly affect 
postrest contraction in ventricular tissue ( 13). The second reason 
for selecting atrial tissue for this study is that tension development 
of the first contraction following rest is greater than steady-state 
tension development in atria (9- 12). Postrest potentiation in 
atrial tissue has been related to a net increase in calcium loading 
of the SR during the rest interval leading to greater calcium 
release upon resumption of stimulation. In contrast, with adult 
rabbit ventricular tissue there is time-dependent decrease in RI  
T (1 1, 13- 15; personal observation) during the rest interval 
suggesting a rest time-dependent depletion in intracellular cal- 
cium stores in ventricular tissue (15). Thus the postrest tension- 
rest interval relationship in ventricular tissue would be expected 
to reflect not only calcium loading and "triggered" calcium 
release from SR but also this time-dependent calcium "leak." a 
confounding variable not present in atrial tissue. 

Effect oJ ryanodine on sready-state and postrest tan(rac'(ion. 
Ryanodine (Penick Corp., Lyndhurst, NJ) was the gift of Dr. 
Sidney Fleischer (Department of Molecular Biology, Vanderbilt 
University). The effect of two concentrations of ryanodine ( I  .O 
and 5.0 x M) on steady-state and RI  T and +dT/dt was 
evaluated at 5.0 mM [Ca], (the [Ca], resulting in maximal 
postrest potentiation in immature atrial strips). In preliminary 
experiments, 5 x M ryanodine blocked postrest potentiation 
with minimal inhibition of steady-state contraction. However. to 
ensure in each individual experiment that the ryanodine concen- 
tration was the lowest concentration required to inhibit postrest 
potentiation without inhibiting steady-state contraction, ryano- 
dine was first added at a 5-fold lower concentration (lo-" M). 
With careful attention to time, the second ryanodine dose was 
added to the bath to achieve the desired final concentration (5 X 
lo-"). Prior to, 15, and 30 min after each of the two additions 
of ryanodine to the muscle bath the developed tension, +dT/dt, 
time-to-peak, 90% relaxation time, and resting tension were 
determined at steady-state (1 Hz) and following a 60-s rest 
interval (RI). In all instances, the lower concentration of ryano- 
dine M) failed to completely block postrest potentiation 
(data not shown). Cumulative ryanodine dose response studies 
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were not performed because of significant time-dependent effects 
of ryanodine on contraction (1 7). 

Effects of [Ca],, [Naj,, and tonicity on postrest contraction. R , 
contractile responses to rest intervals of 5, 10, 10, 30, 60, and 90 
s were evaluated in atrial strip at four extracellular calcium 
concentrations: 2.5, 5.0, 7.5, and 10 mM. Atrial strips were 
allowed to restabilize to steady-state for 10-15 min after each 
change in [Ca], and between each rest interval trial. In certain 
experiments the effect of incremental increases in [Ca], during a 
60-s rest interval on the R, contractile responses was determined. 
In these experiments microliter aliquots of a concentrated cal- 
cium stock solution were added to the muscle bath during the 
first 5 s of the 60 sec rest interval, thereby increasing [Ca], by an 
increment of 2.5 mM. 

Tonicity of the bath solution was increased by the addition of 
sucrose to increase the osmolality of the standard Krebs-bicar- 
bonate buffer to that equivalent to 196 mM [Na],. Steady-state 
and 60-s postrest contractile responses were also evaluated at a 
lower [Na], in immature and adult atrial strips. To minimize 
osmotic effects while reducing [Na],, additional sucrose was 
added to the hypertonic Krebs-bicarbonate buffer to maintain 
osmolality equivalent to that of 196 mM [Na],, as described by 
Tillisch et al. (1 8). Therefore, for these experiments, steady-state 
and postrest contractile responses were determined at both "low" 
(87 mM) and "control" (1 53 mM) sodium concentrations in the 
hypertonic Krebs-bicarbonate buffer. Contractile responses to 
"low" [Na], reported herein are 30 min after reducing [Na],, the 
time that approximated the maximum increase in steady-state 
T. The postrest contractile responses were compared to the 
steady-state contractile force developed at the respective [Na], 
(in the presence of sucrose) recorded immediately prior to the 
rest interval. 

Statrstical analyses. Results are expressed as the mean f SE. 
Comparisons between the postrest and the steady-state contrac- 
tion are expressed both in absolute values and as the percentage 
change from preceding steady-state to the first postrest beat. 
Since Rl T and +dT/dt always demonstraled equivalent re- 
sponses, only RI  T is displayed in order to simplify the presen- 
tation. Comparisons between the postrest and the steady-state 
contraction were performed by means of an unpaired Student's 
t test. Comparisons between adult and immature groups were 
performed using an unpaired t test. Comparisons between the 
newborn, immature, and adult groups were performed using a 
one-way ANOVA for unequal sized samples. Comparisons of 
the effects of the addition of calcium during the rest period, the 
increase in bath tonicity, and the decrease in [Na], were evaluated 
by means of a paired Student's t test. The two-tailed probability 
level of significance wasp 5 0.05. 

RESULTS 

The steady-state values for resting tension, T, and +dT/dt are 
shown in Table 1. Both the magnitude (Fig. 1) and rate (data 
not shown) of tension development were increased as the rest 
interval was increased reaching a maximum following 60 s of 
rest in all three age groups. The relationship between R1 contract- 
ile force and the rest interval (s) was evaluated at rest intervals 
from 5 to 90 s in all three age groups and at different [Ca],. In 
all circumstances this relationship reached a plateau value by 20 
s; hence most comparisons of Rj values shown in the test were 
after a 60-s rest period and are abbreviated as R160 values. 

A representative tracing of postrest potentiation is shown 
in Figure 2A. The magnitude of the postrest contraction follow- 
ing 60 s of rest, R160 T,  was significantly more potentiated in 
atrial strips from the adult hearts than either the newborn and 
immature (Fig. 2B) in standard Krebs-bicarbonate buffer con- 
taining 2.5mM [Ca],. Postrest potentiation was 222, 181, and 
306% of steady-state T for the newborn, immature and adult 
atrial strips, respectively, (newborn versus adult, p < 0.05; im- 

I I  I I I I I 
5 10 20 30 60 90 

Rest I n t e r v a l  (sec.) 

Fig. 1. Effects of rest on the tension developed by the first postrest 
contraction. Left atrial strips from newborn, immature, and adult rabbit 
hearts contracting at 1 Hz were rested for intervals between 5 and 90 s. 
The developed tension of the first contraction after the rest interval is 
expressed as the percent of the steady-state developed tension immedi- 
ately prior to the rest interval. [Ca], was 2.5 mM. 

nature versus adult, p < 0.01). The rate of tension development, 
R,60 dT/dt, was also more potentiated by rest in the adult than 
the immature atrial strips (Fig. 2C). Rest potentiation of +dT/ 
dt was 161 and 327% of steady-state dT/dt for immature and 
adult atrial strips (p < 0.05). R160 dT/dt was not significantly 
different between atrial strips from the adult and newborn heart. 
Resting tension of the postrest contractions were not different 
from steady-state resting tension (Table 1) in the three age groups 
studied. Because of these qualitative similarities in the age-related 
differences in postrest contraction of the newborn and immature 
atrial strips subsequent age-related comparisons of postrest con- 
traction were evaluated more fully in the immature (14-21 day 
old) and the adult age groups. 

Steady-state and postrest T (Figs. 3 and 4) increased in response 
to an increase in [Ca], but with significant age-related differences. 
Rest potentiated contraction was in the immature than in the 
adult atrial strips at 2.5 mM [Ca],. R,60 T was 176 and 287% of 
steady-state tension in immature and adult atrial strips respec- 
tively ( p  < 0.05; Fig. 4). Following an incremental increase in 
[Ca], from 2.5 to 5.0 mM in immature atrial strips, both R160 
T increased (Fig. 3) and postrest potentiation increased relative 
to the [Ca],-dependent increase in steady-state T (Fig. 4). Further 
increases in [Ca], did not increase rest potentiation R160 T in 
immature atrial strips (Fig. 4). With incremental increases in 
[Ca], up to 10.0 mM, there were small increases in R160 T and 
a larger increase in steady-state T in adult atrial strips (Fig. 3). 
Therefore postrest potentiation actually decreased in adult atrial 
strips due to the larger [Ca],-dependent increase in steady-state 
T (Fig. 4) relative to R160 T. 

In the preceding experiments, [Ca], was increased during stim- 
ulation at 1 Hz. Steady-state T and +dT/dt were allowed to 
restabilize before reassessing the R160 contractile response at the 
higher [Ca],. Additional experiments were performed in which 
calcium was added during the 60-s rest interval. Shown in Figure 
5 is R1 T following an incremental (2.5 mM) increase in [Ca], 
during the rest interval compared with R160 T after stabilization 
with varying [Ca],. For the purposes of comparison, steady-state 
T following stabilization at the indicated [Ca], are also shown in 
Figure 5. Increasing [Ca], from 2.5 to 5.0 mM within the first 5 
s of a 60-s rest interval (broken line) resulted in a small increase 
in R, T in atrial strips of both age groups. Although significant, 
these postrest tension responses were quantitatively less than the 
[Ca],-dependent changes seen in R160 T response after stabili- 
zation with higher [Ca], (solid line). Thus, a train of contractions 
appears necessary before the [Ca],-dependent increase in postrest 
contraction is fully manifested in the immature atria. 
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Fig. 2. Rest potentiation in rabbit atrial strips. Shown in A is a representative tracing of the isometric tension (T) developed by an adult atrial 
strip. Steady-state contraction at I Hz (I($) and the postrest contractile response following 60 s of rest and reinitiation of contraction at 1 Hz is 
shown (righi). The first postrest contraction after 60-s rest intervals is labeled as R,60 s in all subsequent figures. B, R160 T and +dT/dt, expressed 
as the percent steady-state T and +dT/dt, are shown for left atrial strips isolated from newborn (N; 1-7 day old), immature (I: 14-21 day old), and 
adult (A; 2 6 months) rabbit hearts. Following a 60-s rest interval RI  T and +dT/dt for all of these age groups were significantly greater (potentiated) 
relative to steady-state T and +dT/dt. (-) indicates values that are significantly less than adult (ANOVA; p < 0.05) for the number of separate strips 
(n) isolated from newborn and immature rabbit hearts. 

'-, 1 I I 
2 5  5.0 7.5 10mM 

[tale 
Fig. 3. Effect of [Ca], on steady-state and rested-state tension. Steady- 

state T (0; A) and R160 T (.; A) for atrial strips isolated from adult 
(upper panel) and immature (lowpr pan~4) rabbit hearts are shown after 
stabilization at 2.5, 5.0, 7.5, and 10.0 mM [Ca],. 

s fn 

100 

Adu l t  (n=9) Imrnature(n:l 0 

A d u l t  ( n - 9 )  lrnrnoture(n=l I) 

Fig. 4. Effects of [Ca], on postrest contraction. R160 T and +dT/dt 
in immature and adult atrial strips are expressed as percent of steady- 
state T (zipper panel) or steady-state +dT/dt (IOMT panel) after equili- 
bration at 2.5, 5.0, 7.5, and 10 mM [Ca],. 

To further determine if the [Ca],-dependent increase in post- 
rest contraction of the immature atrial strip (Figs. 3 and 4) was agreement with this premise, steady-state tension was increased 
due to increased intracellular accumulation of calcium, the ef- both by hypertonic sucrose and reducing [Na],, by isotonically 
fect(s) of other modalities that increase [Cali were studied. Both shifting [Na], from "control" (153 mM) to "low" (88 mM) 
increasing tonicity and isotonically reducing [Na], have been [Na],, in both immature and adult atrial strips (Fig. 6). Resting 
reported to increase the force contraction and [Cali (23). In tension in both age groups were not changed from basal values 
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Fig. 5. Effects of calcium addition during 60-s rest Interval on postrest 
contraction. R160 T (e; A) and steady-state T (0; A) developed by adult 
(triangles) and immature (circles) atrial strips are shown here after 
stabilization at 2.5 and 5.0 mM [Ca], and after increasing [Ca], to 5.0 
mM during the first 5 s of the 60-s rest interval indicated by the 
parentheses (1. Increasing [Gale during the first rest interval is represented 
by the horizontal broken line. The subsequent effect of equilibration at 
5.0 mM [Ca], on R160 T is indicated by the vertical solid line. The 
asterisk indicates R160 T values that are significantly different from each 
other (paired t test; p < 0.05). 

and were not different from those shown in Table 1. When 
interpreting the effects on contraction of reducing [Na], pre- 
sented in Figure 6, it is important to note that the effects of 
hypertonicity or [Na], on contraction are time-dependent and, 
to some extent, reversible (data not shown). Therefore the exper- 
imental results presented in Figure 6 were collected 30 min after 
changing the bath conditions. After bath tonicity was increased, 
steady-state tension had returned to near baseline before reducing 
[Na],. Thus despite similar steady-state tensions illustrated in 
Figure 6 for the immature groups under the conditions of hyper- 
tonic sucrose and reduced [Na],, steady-state tension was in- 
creased in both immature and adult atrial strips. 

Attention should be focused on two important comparisons 
pertinent to the age-related effects of increased tonicity and "low" 
[Na], on postrest contraction. First, it is important to note the 
age-related differences in the magnitude of changes in postrest 
contraction after increasing tonicity. Both steady-state and post- 
rest tension were increased in immature and adult atrial strips 
following the addition of hypertonic sucrose. However, in im- 
mature atrial strips hypertonicity had a greater effect on postrest 
contraction than steady-state contraction. The postrest potentia- 
tion of steady-state developed tension in hypertonic sucrose (303 

+ 44%) was greater than potentiation in the absence of sucrose 
(188 k 30%; n = 7). Recall that postrest potentiation is a 
comparison of changes in postrest tension relative to changes in 
steady-state tension and for this comparison the R ,  60 T values 
are expressed as the percent of steady-state tension. In contrast, 
in adult atrial strips hypertonicity had a smaller effect on postrest 
contraction than on steady-state contraction. Postrest potentia- 
tion of steady-state developed tension in hypertonic sucrose (2 16 
k 14%) was less than in the absence of sucrose (384 + 84%; n = 
5). 

Second, attention should be focused on age-related differences 
in postrest potentiation of tension before and after isotonically 
reducing [Na], in the presence of increased tonicity. In immature 
atria, reducing [Na], had a greater effect on postrest contraction 
than on steady-state contraction (Fig. 6). In immature atrial 
strips postrest tension was further increased (approximately 2.4- 
fold greater than baseline steady-state tension) after reducing 
[Na], in the presence of increased tonicity (Fig. 6). In immature 
atrial strips, postrest potentiation of steady-state developed ten- 
sion after lowering [Na], (238 + 24%) was greater than potentia- 
tion before lowering [Na], (188 k 26; n = 8). In contrast, in adult 
atrial strips lowering [Na], had a smaller effect on postrest 
contraction than steady-state contraction. The postrest potentia- 
tion values after lowering [Na], (92 + 5%) was less than before 
lowering [Na], (205 k 20%; n = 6). Thus, in immature atria 
postrest contraction, and presumably the loading and release of 
calcium from the SR, can be significantly augmented by condi- 
tions favoring calcium entry via Na/Ca exchange. In contrast, in 
adult atria these same conditions have a relatively smaller effect 
on postrest contraction, possibly because calcium loading and/ 
or release of SR in adult atria is near maximum at 2.5 mM 
[Cal,. 

The contractile response to ryanodine, a putative blocker of 
calcium release from the SR (12, 15, 17), was also evaluated. 
Steady-state tension at 5.0 mM [Ca], was reduced by 5 x 
M ryanodine both in immature (0.19 t 0.03 to 0.12 + 0.06 g; n 
= 6) and adult (0.74 + 0.07 to 0.61 + 0.19 g; n = 5) atrial strips. 
Ryanodine reduced steady-state tension more in the immature 
than from the adult atrial strips (36 + 7% versus 18 + 3% of the 

Adult Immature  

Fig. 6. Effects of tonicity and extracellular [Na] on steady-state and 
rested-state contractions. The effect of increased osmolality equivalent 
to that of 120 mM sucrose by the addition of solid sucrose and the 
additive effects of isomotically decreasing [Na], (87 mM) on steady-state 
and postrest developed tension are shown for atrial strips from adult 
(left) and immature (right) and rabbit heart. The asterisk indicates a 
significant (paired t test; p < 0.05) increase in R160 T relative to steady- 
state T. 

Cond i t ions :  ts[:",]~", - - + - - +  
Sucrose- + + - + +  
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pretreatment control steady-state tension; 11 = 0.05). Postrest 
potentiation of contraction was completely blocked by 5 x 
M ryanodine both in immature and adult atrial strips. R160 
tension in the presence of 5 x lo-' M ryanodine was 78 +- 28% 
and 102 + 20% of steady-state tension for immature and adult 
atrial strips, respectively. Thus postrest potentiation in both 
immature and adult atrial strips is ryanodine sensitive, supportive 
evidence that the age-related differences in postrest potentiation 
reflects rest time-dependent changes in calcium release from the 
SR. 

DISCUSSION 

Postrest contraction was studied to determine the ability of 
cardiac SR to release calcium during early postnatal develop- 
ment. Several independent lines of evidence indicate that aug- 
mented tension development of the first postrest contraction is 
due to  increased calcium release from the SR. First, postrest 
potentiation of atrial contraction is abolished by ryanodine (10; 
present study), an alkaloid that inhibits the release of calcium 
from cardiac SR but does not directly affect the slow inward 
calcium current (15, 17). Conversely, inhibitors of the inward 
calcium current, such as cobalt or verapamil, d o  not inhibit atrial 
rest potentiation ( 1 0 )  (unpublished observations). Second, net 
transsarcolemmal calcium influx estimated by extracellular cal- 
cium depletion does not correlate with the force of the first 
postrest contraction, in contrast to  the correlation observed for 
other inotropic interventions (9, 18). Third, it is unlikely that a 
rest would increase calcium influx since the slow inward calcium 
current and net calcium influx via the Na/Ca exchange are 
depolarization dependent (14). Thus, substantial evidence has 
accumulated to indicate that potentiation of the first contraction 
after a rest interval is due to  an increase in calcium release from 
the SR. 

This study demonstrates rest potentiated contraction in rabbit 
atria during early postnatal development. Our results also dem- 
onstrate that a ryanodine-sensitive, calcium pool is responsible 
for rest-potentiated tension development in the developing rabbit 
atria. Thus our demonstration of postrest potentiation in both 
newborn and immature atrial strips provides evidence for cal- 
cium release from the SR in the early neonatal period. 

An alternative interpretation of postrest potentiation is that 
the calcium sensitivity of the contractile elements may vary 
during the rest interval. However, this is unlikely since none of 
the experimental protocols used to alter postrest contraction in 
this study are known to affect cyclic AMP-dependent phospho- 
rylation of the contractile elements, which is believed to be 
responsible for such changes in calcium sensitivity of the con- 
troctile elements (20). 

This study has demonstrated that changing the ratio of extra- 
cellular calcium-to-sodium or increasing tonicity of the bath 
(Figs. 3 to 5) affects the age-related differences in postrest poten- 
tiation (Fig. 2). In view of the well-accepted relationship between 
inotropy, the ratio of extracellular calcium-to-sodium, and cal- 
cium loading of the SR (14, 22), we interpreted these results as 
evidence for age-related differences in calcium loading and/or of 
the SR. In support of this interpretation, the inotropic effects of 
increasing extracellular calcium-to-sodium ratio on postrest con- 
traction of immature atrial strips was use dependent (Fig. 5). 

The relative contributions of calcium released from the SR 
and transsarcolemmal calcium influx to steady-state contraction 
is debated (8, 1 1 ,  16). It remains uncertain whether or not 
transsarcolemmal calcium influx can directly contribute to  con- 
tractile calcium. An additional goal of this study was to estimate 
the relative contribution of calcium release from the SR to steady- 
state contraction during postnatal development. Bers (I I) has 
previously related the greater rest potentiation of contraction 
and the greater sensitivity of steady-state contraction to ryano- 
dine to a greater dependency of contraction on calcium release 

from the SR. Following this line of reasoning, the smaller rest 
potentiation in the immature atria at 2.5 m M  [Ca], (Fig. 2) 
suggests less contribution to contractile calcium by calcium 
released from the SR in immature atria. In our study of immature 
atrial strips, greater ryanodine sensitivity was apparent at the 
higher [Ca], (5 mM) required to optimize postrest potentiation 
and presumably fully load the SR. In contrast, Penefsky (21) was 
unable to  demonstrate ryanodine sensitive steady-state tension 
development in ventricular fibers from newborn rabbit heart. 
We speculate that a t  5 mM [Ca], the releasable pool of calcium 
in the SR is increased and its contribution of contractile calcium 
increased. Thus, the ryanodine "sensitivity" of steady-state con- 
traction was actually greater in the immature than the adult. 
Whereas, a t  2.5 mM [Ca], the predominant source of contractile 
calcium for steady-state contraction in the developing heart may 
well be transsarcolemmal calcium influx because calcium loading 
and/or release from the SR is incomplete (13). (Fig. I). 

In summary, we observed significant age-related differences in 
postrest contractile responses which indicate that myocellular 
calcium regulation changes during postnatal cardiac develop- 
ment. These differences may be attributable to  developmental 
differences in SR calcium uptake (24), the calcium releasing 
properties of the SR, or in the functional interrelationship be- 
tween the SR and the sarcolemma in the regulation of [Cali. 
Regardless of the mechanism, the net functional consequence of 
these differences is that immature atria require a higher [Ca], in 
order to  maximize SR calcium loading and release. 
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