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Anderson, Steven E., Hong Liu, Andrea Beyschau, and Peter M.
Cala. Effects of cold cardioplegia on pH, Na, and Ca in newborn rabbit
hearts. Am J Physiol Heart Circ Physiol 290: H1090-H1097, 2006. First
published October 14, 2005; doi:10.1152/ajpheart.00776.2004.—Many
studies suggest myocardial ischemia-reperfusion (I/R) injury results
largely from cytosolic proton (Hj)-stimulated increases in cytosolic
Na (Naj), which cause Na/Ca exchange-mediated increases in cyto-
solic Ca concentration ([Ca];). Because cold, crystalloid cardioplegia
(CCC) limits [H];, we tested the hypothesis that in newborn hearts,
CCC diminishes H;, Na;, and Ca; accumulation during I/R to limit
injury. NMR measured intracellular pH (pH;), Na;, [Ca];, and ATP in
isolated Langendorff-perfused newborn rabbit hearts. The control
ischemia protocol was 30 min for baseline perfusion, 40 min for
global ischemia, and 40 min for reperfusion, all at 37°C. CCC
protocols were the same, except that ice-cold CCC was infused for 5
min before ischemia and heart temperature was lowered to 12°C
during ischemia. Normal potassium CCC solution (NKCCC) was
identical to the control perfusate, except for temperature; the high
potassium (HKCCC) was identical to NKCCC, except that an addi-
tional 11 mmol/l KCI was substituted isosmotically for NaCl. NKCCC
and HKCCC were not significantly different for any measurement.
The following were different (P < 0.05). End-ischemia pH; was
higher in the CCC than in the control group. Similarly, CCC limited
increases in Na; during I/R. End-ischemia Na; values (in meq/kg dry
wt) were 115 = 16 in the control group, 49 * 13 in the NKCCC
group, and 37 = 12 in the HKCCC group. CCC also improved [Cal;
recovery during reperfusion. After 40 min of reperfusion, [Ca]; values
(in nmol/l) were 302 = 50 in the control group, 145 * 13 in the
NKCCC group, and 182 * 19 in the HKCCC group. CCC limited
ATP depletion during ischemia and improved recovery of ATP and
left ventricular developed pressure and decreased creatine kinase
release during reperfusion. Surprisingly, CCC did not significantly
limit [Ca]; during ischemia. The latter is explained as the result of Ca
release from intracellular buffers on cooling.

nuclear magnetic resonance; Na/Ca exchanger; Na/H exchanger; is-
chemia

RESULTS OF NUMEROUS STUDIES (2, 7, 10, 13, 15, 35, 37, 42, 44,
46, 48) are consistent with the interpretation that myocardial
ischemia-reperfusion injury is in part caused by the following
chain of events: ) decreased cytosolic pH (pH;) stimulates
Na-dependent pH regulation, 2) increased Na uptake increases
cytosolic Na (Na;), 3) increased Na; decreases Ca efflux via
Na/Ca exchange, and 4) increased cytosolic Ca concentration
([Cal;) stimulates a cascade of events that cause injury. Con-
troversy remains concerning whether the bulk of Ca entry
occurs during ischemia or reperfusion, but there is near con-
sensus that much of the Ca entry is a consequence of Na
loading (13, 41). It has also been repeatedly demonstrated that
cold, crystalloid cardioplegia (CCC) decreases the ischemia-
induced fall in pH; (6).

Because newborn and adult hearts respond differently to
hypoxia, ischemia, and cardioplegia (6, 9, 11, 19, 37) and the
need for basic science studies aimed at understanding and
improving cardioplegia for newborns has not diminished (1,
24), we tested the hypothesis that in newborn rabbit hearts,
CCC will limit increases in cytosolic [H], Na;, and [Ca]; during
ischemia-reperfusion and thereby diminish injury. The ob-
served effects of CCC on [H], Na;, and injury were not
surprising and wholly consistent with the hypothesis.

The most important finding of this study, however, is that
although [Ca]; recovered better during reperfusion after CCC,
[Ca]; was not significantly diminished by CCC during ische-
mia. The latter was not expected and raises at least two major
issues that, at least qualitatively, do not appear to be age
related. First, given the growing consensus that ischemia-
reperfusion-induced increases in [Ca]; are largely the result of
increases in [Na];, what is the mechanism by which ischemia-
induced increases in Na and Ca are dissociated by cooling?
Second, if cold cardioplegia increases [Cal;, how can it limit
ischemia-reperfusion injury? The former is explained as the
result of an eminently predictable release of Ca from intracel-
lular buffers with cooling (26, 28, 31, 39), such that the
observed changes in pH;, Na;, and [Ca]; remain consistent with
the general hypothesis modified for changes in temperature.
The latter requires further study but has important implications
for rational improvement of cardioplegia. Portions of this work
have been reported in abstract form (4, 5). To our knowledge,
this is the first report in which all ions pertinent to the
hypothesis have been measured in ischemic myocardium with
and without cold cardioplegia. Finally, by raising the issue of
Naj-independent increases in cytosolic [Ca] with myocardial
cooling, this study lays the groundwork for future studies
aimed at improving cardioplegia.

METHODS

General. The investigation conforms with the Guide for the Care
and Use of Laboratory Animals, published by the National Institutes
of Health (NIH Publications No. 85-23, Revised 1996). Animals used
in this study were treated according to the American Physiological
Society’s “Guiding Principles in the Care and Use of Animals” with
a protocal approved by the University of California, Davis. The
methods used were modified from those previously reported (6, 10).
New Zealand White rabbits (4—7 days old) were anesthetized (pen-
tobarbital sodium 35-65 mg/kg ip) and heparinized (1,000 United
States Pharmacopeia units/kg iv). Hearts were removed and Langen-
dorff perfused at a constant rate between 9 and 10 ml/min, except
during ischemia and cardioplegia infusion. Control perfusate con-
tained (in mmol/l) 133 NaCl, 4.75 KCl, 1.25 MgCl,, 1.82 CaCl,, 25
NaHCOs, 11.1 dextrose with a pH of 7.35-7.45 after equilibration
with 95% O,-5% CO,. Perfusion pressure and left ventricular pressure
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were monitored continuously by strain-gauge transducers. Left ven-
tricular developed pressure (LVDP = end-systolic pressure — end-
diastolic pressure) was measured by a fluid-filled balloon, continu-
ously adjusted to maintain end-diastolic pressure between 0 and 10
cmH-O throughout the experiment. The control ischemia protocol was
30 min baseline perfusion, followed by 40 min global ischemia,
followed by 40 min reperfusion, all at 37°C. Hearts in the cold,
crystalloid cardioplegia (CCC) groups were treated the same, except
that ice-cold CCC was infused for 5 min before ischemia and the
variable temperature control on the spectrometer was set to 12°C
during cardioplegia infusion and ischemia. For these hearts the tem-
perature fell to ~25°C during the cold infusion and then fell to 12°C
during the first 15 min of ischemia where it remained for the rest of
the ischemic interval. During reperfusion, the spectrometer variable
temperature control was returned to 37°C and heart temperature
recovered to 33°C in 5 min and 37°C within 10 min. Solutions used
for baseline and reperfusion were the same in all hearts. Two CCC
solutions were tested: a normal potassium solution (NKCCC) and a
high potassium solution (HKCCC). NKCCC was identical to control
perfusate except for temperature; HKCCC was identical to NKCCC
except an additional 11 mmol/l KCl was added (isosmotically substi-
tuted for NaCl). Initiation of ischemia was designated at r = 0 min.
23Na, '°F, and 'P NMR were used to measure Na;, [Cal;, and pH; and
high-energy phosphates, respectively. To measure Na;, 7.5 mmol/l
dysprosium triethylenetetraminehexaacetic acid was substituted isos-
motically for NaCl in the perfusate and Ca was added to reach a
perfusate concentration of 1.8—2 mmol/l (37). To measure [Cal;,
hearts were perfused for 35 min before the baseline interval with
perfusate containing the acetoxymethyl ester of 5-fluoro-1,2-bis(2-
aminophenoxy)ethane-N,N,N' ,N'-tetraacetic acid (FBAPTA) at 2.5
pmol/l (10). FBAPTA was then washed out of the extracellular space
with control solution for 15 min before measurement of baseline [Cal;.
After perfusions were completed, hearts in which 2>Na was measured
were weighed wet, dried to constant weight (at least 48 h) at 65°C, and
reweighed to determine dry weight. Their wet and dry weights were
0.555 *= 0.020 and 0.085 = 0.003 g, respectively.

NMR spectroscopy. >*Na, '°F, and *'P spectra were generated from
the summed free induction decays of 1,000, 1,500, and 148 excitation
pulses (90°, 45°, and 60°) with the use of 2K, 2K, and 4K word data
files and =4,000, 5,000, and =4,000 Hz sweep widths, respectively,
with the use of a Bruker AMX400 spectrometer. Data files were
collected over 5-min intervals, but to improve signal to noise for '°F
measurement of [Ca];, two 5-min '°F files were added together, except
for the 5-min interval in which CCC was infused (9). Because the
spectra for each of the nuclei are generated by using signal averaging
for 5-min (**Na and 3'P) or 10-min ('°F) acquisition intervals, the
data are represented in figures as points located in time midway
between the beginning and end of the acquisition interval. Only one
NMR nucleus (Na, P, or F) was measured from each heart.

Na; (in meg/kg dry wt) was calculated from the calibrated area
under the unshifted intracellular peak as previously described (9). Of
note, in contrast to pH; and [Ca]; measurements, the NMR method
measures Na; as an amount that we normalize to dry weight. Unless
otherwise stated, to minimize assumptions and data manipulation, Na;
is reported in this way.

[Ca]; (in nmol/l cell water) was calculated as the product of the
Ca-FBAPTA dissociation constant (K4) and the ratio of the areas of
the Ca-bound and Ca-free peaks (10). The amount of FBAPTA per
area of '"F spectrum was calibrated by using a 1-ml heart-sized
phantom filled with 150 mmol/l1 KCI containing 1 pmol of FBAPTA
(potassium salt). The area under the spectrum acquired by using
parameters identical to those used for hearts was thus calibrated to
represent 1 pmol of FBAPTA in heart spectra. With the use of this
calibration and assuming cytosolic volume is 2.5 I/kg dry wt (7), the
total [FBAPTA] in the cytosol (bound + free) was calculated as
27.5 = 8.0 wmol/l, similar to values previously reported (33, 38).
Rather than use K4 for Ca-FBAPTA as previously taken from the
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literature (10), it was determined from an Arrhenius plot, where Ky (in
mol/l) = 10 exp[(1,964.2/K) — 13.02] (see appENDIX). This equation
describes the increase in Kq4 that occurs as temperature falls (27). Of
note, FBAPTA has been previously shown not to enter intracellular
organelles significantly, and the K4 for FBAPTA was not adjusted for
changes in pH; because the effect is not substantial over the pH range
observed in these studies (38).

pHi was determined from the chemical shift of P; (6). High-energy
phosphates are reported as percentage of control peak intensity (10).
The intensity of the 3-ATP peak was taken as representative of ATP.

To assess ischemic injury, total creatine kinase (CK) was measured
from timed collections of perfusate exiting the heart. CK (in IU/g dry
wt) was measured spectrophotometrically (43).

Unless stated otherwise, results are reported as means *= SE.
Repeated-measures ANOVA was used to test for differences between
treatments. Also, to test for differences between treatments rather than
between animals, ATP and LVDP were compared after each was
normalized to the percentage of its baseline value. When differences
between treatments were found, the Student-Newman-Keuls multiple
comparison test was used to determine the times at which differences
occurred. Only the latter are indicated in the figures. Because over-
powered studies waste resources (23) and raise serious ethical ques-
tions when animal or human subjects are involved (36), we have
limited sample sizes to those necessary to test our hypotheses. Dif-
ferences were considered significant when P << 0.05.

RESULTS

Intracellular proton accumulation. When compared with
control, both NKCCC (P < 0.0001) and HKCCC (P < 0.0003)
diminished the fall in pH; during ischemia. The data in Fig. 1
demonstrate that at the end of 40 min of ischemia, pH; was
higher in CCC hearts than in control hearts [NKCCC (7.07 =
0.12) vs. HKCCC (6.89 = 0.13) vs. control (5.76 £ 0.08)]. In
terms of pHj;, neither cardioplegia treatment was different from
control except during ischemia, and there was no difference
between the two cardioplegia treatments at any time.

7.51 *

Intracellular pH (mean+SEM)

6.5 1
—— NKCCC (5)
—A— HKCCC (3)
— 13— control (5)

ischemia |
5.5 t T t T )
-20 0 20 40 60 80
minutes

Fig. 1. In newborn rabbit hearts, cold, crystalloid cardioplegia (CCC) dimin-
ishes fall in intracellular pH during ischemia. Intracellular pH is plotted vs.
time before, during, and after ischemia without cardioplegia (open squares)
and after normal K CCC (NKCCC, 4.75 mmol/l, closed squares) and high K
CCC (HKCCC, 15.75 mmol/l, closed triangles). NKCCC and HKCCC are not
significantly different. *P < 0.05 vs. control; number of experiments are
shown in parentheses.
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Na; accumulation. The data in Fig. 2 demonstrate that when
compared with the control group, CCC diminished Na; during
ischemia and reperfusion (NKCCC, P < 0.008; and HKCCC,
P < 0.002). During 40 min of ischemia, Na; in the control
group rose from 21 = 4 to 115 * 16 meq/kg dry wt and
recovered to 64 = 18 meq/kg dry wt during reperfusion. In
NKCCC and HKCCC groups, the corresponding values were
25+ 7,49 = 13, and 32 £ 4 and 27 = 5,37 * 12, and 28 *
3 meq/kg dry wt, respectively. For Na;, NKCCC and HKCCC
were not significantly different.

[Ca]; accumulation. The data in Fig. 3 demonstrate that
when compared with control, cardioplegia treatments im-
proved recovery of [Ca]; during reperfusion (NKCCC, P <
0.038; and HKCCC, P < 0.033). In the control group, [Ca];
rose from 186 = 17 to 381 = 62 nM during ischemia and
recovered to 302 = 50 nM during reperfusion. Corresponding
values for NKCCC and HKCCC were 170 = 12 to 467 = 102
nM (with recovery to 145 = 13 nM) and 191 = 32 to 792 =
237 nM (with recovery to 182 = 19 nM), respectively. Possible
reasons for this phenomena are included in pIscUsSION along
with an explanation of the EqCal program simulation data (Fig.
3, closed circles). Of note, although [Ca]; is nominally greater
in HKCCC than NKCCC during cooling and ischemia, the
Student-Newman-Keuls test showed no significant difference
between these two groups at any time. It is not clear whether
this is due to small sample sizes and/or a lack of precision in
measurement and/or a lack of effect of high K on [Ca];.

Myocardial high-energy phosphates. One prediction based
on the preceding results is that CCC-diminished increases in
Naj; and [Ca]; should result in diminished ATP consumption by
active Na and Ca transport processes, and therefore CCC
should diminish high-energy phosphate depletion during ische-
mia-reperfusion. Consistent with previous observations in
adult and newborn hearts, the results shown in Fig. 4 demon-

140

—{}— control (4)
—m@— NKCCC (5)
—aA— HKCCC (5)

120

100

80

60

40

Intracellular Na (mEq/kg dry wt)
(mean=SEM)

20

| ischemia |
1 T

-20 0 20 40 60 80
minutes

Fig. 2. In newborn rabbit hearts, CCC diminishes increase in intracellular Na
during ischemia and improves recovery of Na early during reperfusion.
Intracellular Na (in meq/kg dry wt) is plotted vs. time before, during, and after
ischemia without cardioplegia (open squares) and after NKCCC (4.75 mmol/l,
closed squares) and HKCCC (15.75 mmol/l, closed triangles). NKCCC and
HKCCC are not significantly different. *P < 0.05 vs. control; number of
experiments are shown in parentheses.
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1000
—&— HKCCC (4)
—@— EqCal simulation
—— NKCCC (4)
—{}— control (5)

[

=3

=)
!

[=a)

—

<>
!

N
=3
=

L

Cytosolic [Ca] (nM) (mean+SEM)
[
[—3
=]

ischemia
0 1 . 1 . .
-20 0 20 40 60 80

minutes

Fig. 3. In newborn rabbit hearts, CCC improves recovery of intracellular [Ca]
during reperfusion. Cytosolic [Ca] (in nmol/l cell water) is plotted vs. time
before, during, and after ischemia without cardioplegia (open squares), and
after NKCCC (4.75 mmol/l, closed squares) and HKCCC (15.75 mmol/l,
closed triangles). *P < 0.05 vs. control; number of experiments are shown in
parentheses. NKCCC and HKCCC are not significantly different. Cold car-
dioplegia data are reasonably well fit by EqCal simulation (closed circles)
using simplifying assumptions to calculate [Ca]; based on our measurements of
temperature-dependent  changes in the Ca-5-fluoro-1,2-bis(2-amino-
phenoxy)ethane-N,N,N',N'-tetraacetic acid (FBAPTA) Ka combined with
those of literature reports describing release of Ca from cytosolic buffers with
cooling. All data, except closed circles, are corrected for temperature-depen-
dent changes in Ca-FBAPTA Ky (see METHODS and APPENDIX).

strate that this prediction was born out; compared with control,
both CCC treatments diminished ATP depletion during ische-
mia and reperfusion (NKCCC, P < 0.016; and HKCCC, P <
0.002). In the control groups, ATP fell to 19 = 3% of baseline

120 4 *
—A— HKCCC(3) * * *
—— NKCCC(4)
100 - —1— control(5) /+
@
£ _ 80
3is
8 o
=
5 H 601
® 5
£ g
40 1
<«
20 1
0 ischemia |
20 0 20 40 60 80
minutes

Fig. 4. In newborn rabbit hearts, CCC diminishes depletion of ATP during
ischemia and improves its recovery during reperfusion. 3-ATP (% of baseline
intensity) is plotted vs. time before, during, and after ischemia without cardioplegia
(open squares) and after NKCCC (4.75 mmol/l, closed squares) and HKCCC
(15.75 mmol/l, closed triangles). NKCCC and HKCCC are not significantly
different. *P << 0.05 vs. control; number of experiments are shown in parentheses.
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during ischemia and recovered to 37 = 6% during reperfusion.
The corresponding values for NKCCC and HKCCC were 53 *
8 to 78 £ 10% and 65 * 2 to 99 = 9%, respectively. There
were no significant differences in ATP between NKCCC and
HKCCC.

Functional recovery. As also predicted by the hypothesis
and as previously observed in newborn and adult hearts, two
measures of functional recovery were improved by the cardio-
plegia treatments. When compared with the control group,
LVDP (Fig. 5) recovered better in both NKCCC (P < 0.003)
and HKCCC (P < 0.021) groups. Similarly, CK release during
reperfusion (Fig. 6) was diminished compared with the control
group in NKCCC (P < 0.040) and HKCCC (P < 0.029).
Again, for both LVDP and CK release, there were no signifi-
cant differences between the HKCCC and NKCCC solutions.

DISCUSSION

It is beyond question that appropriately formulated cardio-
plegia improves recovery of adult and newborn myocardium
after ischemia. However, further improvements in cardioplegic
formulations must be based on understanding the mecha-
nism(s) of ischemia-induced injury. The aim of this study was
not to improve on state-of-the-art cardioplegia per se but rather
to provide a firmer foundation for understanding the mecha-
nism(s) of cardioplegia. Thus we tested two very simple
cardioplegia solutions within the context of the broadly ac-
cepted general hypothesis that hypoxic/ischemic injury is the
result of the following chain of events: /) anaerobic metabo-
lism increases [H]i, 2) Na-dependent pH-regulatory mecha-
nisms (e.g., Na/H exchange and Na-dependent HCO; trans-
port) are stimulated, 3) Na uptake and Na; are increased, 4) the
driving force for Ca efflux via Na/Ca exchange is decreased or
reversed, 5) [Cal; is increased, and 6) Ca-dependent processes

100 i

—— NKCCC (3) *

—a&— HKCCC (5)

80 1 —F— control(6)
—_
)
£
E ~
22 601
<o =
4 U
2
S
S
B g 40
>
|

20

L ischemia l//
0 (= H— =) T "
-20 0 20 40 60 80

minutes

Fig. 5. In newborn rabbit hearts, CCC improves recovery of left ventricular
developed pressure (LVDP) during reperfusion. LVDP (% of control) is
plotted vs. time before, during, and after ischemia without cardioplegia (open
squares) and after NKCCC (4.75 mmol/l, closed squares) and HKCCC (15.75
mmol/l, closed triangles). NKCCC and HKCCC are not significantly different.
*#P < 0.05 vs. control; number of experiments are shown in parentheses.
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700 -
600
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—— NKCCC (5)
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300 -
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CK washout (IU/g dry wt.)
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-100 t T T T t T T T )
-10 0 10 20 30 40 50 60 70 80

minutes

Fig. 6. In newborn rabbit hearts, CCC decreases release of creatine kinase
(CK) during reperfusion. CK release (IU/g dry wt) is plotted vs. time before
ischemia and during reperfusion without cardioplegia (open squares) and after
NKCCC (4.75 mmol/l, closed squares) and HKCCC (15.75 mmol/l, closed
triangles). NKCCC and HKCCC are not significantly different. *P < 0.05 vs.
control; number of experiments are shown in parentheses.

lead to injury (2, 7, 10, 13, 15, 35, 37, 42, 44, 46, 48). From this
hypothesis, one predicts that the well-known effect of cardio-
plegia in limiting the fall in pH; during ischemia would thus
also limit increases in, and improve recovery of, Na; and [Cal;
during ischemia-reperfusion, which should, in turn, limit injury
and improve functional recovery.

The studies described here are the first to report results for
all the relevant ions (H, Na, and Ca) consistent with the
prediction in newborn hearts. As such, it provides a stronger
foundation for understanding the benefits of cardioplegia. Per-
haps more importantly, however, the results demonstrate that
CCC limitation of Na; accumulation during ischemia is not
accompanied by significant limitation of [Ca];. One simple
explanation for this result is provided in Cardioplegia does not
significantly limit increases in [Ca]; during ischemia and raises
questions about the limitations of cold cardioplegia. On the
other hand, contrary to a growing consensus that a major
portion of ischemia-reperfusion-induced injury is the result of
increases in [Cal;, this work suggests that the protective effects
of cold cardioplegia are not the result of limiting increases in
[Cal;.

Cardioplegia limits ischemia-induced changes in pH; and
Na;. Our results (Fig. 1) reconfirm that CCC diminishes the fall
in pH; otherwise observed during ischemia (6, 50). Again, one
predicts from the general hypothesis that, after cardioplegia,
diminished proton accumulation will decrease stimulation of
Na-dependent pH regulation and thereby diminish Na uptake
(16, 49) and Na; accumulation during ischemia (7, 10). These
predictions are born out by the data in Fig. 2.

Cardioplegia improves recovery of [Ca]; during reperfu-
sion. In addition, as predicted by the general hypothesis,
limiting cytosolic proton and Na accumulation during ischemia
with NKCCC and HKCCC (Figs. 1 and 2) is associated with
improved recovery of [Ca]; during reperfusion (Fig. 3), which,
in turn, leads to improved recovery of LVDP (Fig. 5) and
diminished injury (CK release) during reperfusion (Fig. 6).

Cardioplegia does not significantly limit increases in [Ca];
during ischemia. As outlined by the general hypothesis, the
effect of CCC-limiting increases in Na; during ischemia is

AJP-Heart Circ Physiol « VOL 290 « MARCH 2006 « www.ajpheart.org
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predicted to limit entry of Ca into the cytosol via Na/Ca
exchange. At first glance, one might conclude that the calcium
data (Fig. 3) are inconsistent with that prediction; i.e., although
Na; is limited by CCC, [Ca]; rises rapidly during NKCCC to a
level significantly greater than the level during control perfu-
sion, and there is no significant difference between either CCC
and control [Ca]; groups at the end of ischemia. However, the
simplest explanation for this observation is that increases in
[Cal; during CCC are the result of Ca release from Ca; buffers,
of which the K4 values increase with cooling. Literature (26,
28, 30, 31) reports for the effects of temperature on Ca binding
by the most important buffers [e.g., cardiac troponin C (TnC)]
are consistent with this argument; i.e., with cooling, Ca will
dissociate from passive buffer sites. Thus, to most effectively
interpret the [Cal; data, we must assess the contribution of
changes in the Ky values of FBAPTA (experimentally added
Ca indicator) and important physiological Ca buffers to cool-
ing-induced changes in [Ca];. Given a passive buffer capac-
ity for Ca; in adult and newborn hearts of 50-200
;.Lmol-l’l-pCa’1 (14, 22, 39) and literature values character-
izing the major passive buffers (26, 28, 30, 39), one can use the
EqCal program to calculate equilibrium [Ca] for multiple
buffers (see appENDIX). In this case, literature values for high-
affinity sarcolemmal binding (hiSARC) and TnC along with
those measured in this laboratory for FBAPTA were inserted in
the program to create the EqCal data indicated by closed circles
in Fig. 3. The closed circles represent how [Ca]; would change
with cooling if no Ca transport occurred, but, rather, Ca was
only released from intracellular passive buffers. The EqCal
data are similar to data for both CCC protocols at the end of
ischemia. Furthermore, if FBAPTA is removed from the
model, [Ca]; rises even higher with cooling (to 732 nmol/l
without FBAPTA vs. 690 nmol/l with FBAPTA). If the model
is accurate, this means FBAPTA is modestly limiting cooling-
induced increases in [Ca];, so the value we measure is less than
that which would otherwise occur at the end of ischemia after
cooling. This occurs, in part, because the FBAPTA Kj is near
the physiological [Ca]; range and it increases less than the Ky
for major physiological buffers as temperature falls (26, 39);
i.e., to some extent, when the physiological buffers release Ca
on cooling, a portion of it is taken up by FBAPTA.
Furthermore, a thermodynamic analysis of the data is con-
sistent with the hypothesis that the observed increase in [Cal;
during ischemia after CCC is not due to Ca entry via Na/Ca
exchange; i.e., the force driving flux through the exchanger
would cause net Ca efflux during ischemia after both of the
CCC protocols. We can calculate the equilibrium or reversal
potential for Na/Ca exchange based on the following: /) before
ischemia, extracellular concentrations of Na and Ca ([Na], and
[Cal,, respectively) are equal to perfusate concentrations; 2)
we measure Na; and [Ca]; before, during, and after ischemia;
and 3) because the perfused heart is a closed system during
ischemia, we can calculate changes in [Na], and [Ca], from
changes in Na; and [Ca];. Having done so, we can predict for
each data point whether the Na/Ca exchanger can mediate net
Ca influx or efflux. More specifically, we make the following
simplifying assumptions. First, in the crystalloid perfused heart
intra- and extracellular (intravascular plus interstitial) volumes
are equal, so changes in [Na]; and [Na], are equal and opposite.
Second, changes in [Ca], are negligible (7). Finally, if the
Na/Ca exchanger has a stoichiometry of three Na for one Ca,
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the equilibrium or reversal potential (Exa/ca) = RT/F In([Cali/
[Calo) — 3RT/F In([Na]i/[Na],), where R is ideal gas constant,
T is absolute temperature, and F is Faraday’s constant. Assum-
ing the exchanger is active, if the cell membrane potential (Ey,)
is more negative than Eny/ca, the Na/Ca exchanger will mediate
net Ca efflux; if E,, = EnNawca, there will be no net flux
(equilibrium); and if E,, is more positive than Ena/ca, the
Na/Ca exchanger will mediate net Ca influx. The data pre-
sented in Figs. 2 and 3 can thus be used to demonstrate the
following. Under baseline conditions, Engca 1S not signifi-
cantly different between groups and varies between —28 and
—35 mV. Under these conditions, the heart is beating and the
average E,, must be more negative than Enga/ca. Thus the Na/Ca
exchanger mediates net Ca efflux. However, during the four
consecutive 10-min intervals of ischemia after HKCCC, Ena/ca
was —8, 8, —3, and —25 mV, respectively. For HKCCC, E\,, is
likely to be a few millivolts more positive than Ex {Ex ~ —53
mV because [K], starts at 15.75 mmol/I (45)} but always more
negative than Ena/ca. Therefore, the driving force for the Na/Ca
exchanger during ischemia after HKCCC would tend to drive
Ca out of the cell. Similarly, for NKCCC during ischemia,
ENaca remains near, or more positive than, E, (40) as Enuca
falls from —50 to —59 mV. This means that during ischemia
the driving force for the Na/Ca exchanger is not directed so as
to mediate Ca uptake for either of the CCC protocols. In
comparison, Enaca for the control group falls from —85 to
—130 mV during ischemia. Given the consensus that ischemia
causes depolarization, the latter values indicate that for the
control group, the driving force for the Na/Ca exchanger would
cause Ca uptake throughout ischemia [consistent with the
general hypothesis and previous reports (47)]. {Please note,
assumptions regarding intra- and extracellular volumes are
based on our previous work as well as that of others (8§10, 21,
29). However, if there were a 10-20% increase in cell volume
during ischemia (32), our calculations would overestimate
changes in [Na]; and underestimate changes in [Na],. The latter
would also be true if extracellular (nonbath) volume decreased
regardless of changes in intracellular volume. Either way, the
net result would be that our calculations would overestimate
the driving force for Ca entry via Na/Ca exchange. Thus
including cell swelling and/or decreased vascular/interstitial
volumes in our estimates for the force driving Ca entry via
Na/Ca exchange would provide more support for the above
argument that the observed increase in [Cal; is not due to influx
via Na/Ca exchange. }

Thus the simplest interpretation of our results is that there is
little net Ca transport into or out of the cytosol during CCC, but
rather, the observed increase in [Ca]; is the result of dissocia-
tion from passive buffers on cooling. This is consistent with the
simple EqCal calculations for Ca dissociation from FBAPTA,
TnC, and a hiSARC site shown in Fig. 3. More complicated
explanations for this result are too numerous to list, but
because the data are well fit by temperature-dependent changes
in passive buffer Ky, all other explanations must entail a
balanced addition and removal of Ca from the cytosol, e.g., Ca
efflux from sarcoplasmic reticulum (SR) balanced by efflux via
sarcolemmal Na/Ca exchange (or vice versa) and/or various
combinations of balanced uptake and release from other cyto-
solic Ca buffer sites. Furthermore, this simple explanation is
consistent with explanations given for hypothermic inotropy
that argue that cooling increases [Cal;, whereas flux via Ca
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channels and Na/Ca exchange are temperature limited and SR
Ca content is essentially unaltered (14). Thus, although we
cannot rule out contributions of Ca channels and Na/Ca ex-
change to increases in [Ca]; during CCC, experts have argued
their contribution is not large enough to account for the
observed data (14). The interpretation is also consistent with
the finding that Ca binding to TnC (a major Ca buffer) has
positive enthalpy (31), which, according to Le Chatelier’s
principle, provides further evidence that the K4 for TnC-Ca
binding increases as temperature falls. This interpretation is
also supported by recent results demonstrating that the K/, for
bovine cardiac TnC-Ca binding rises from 3.8 pwmol/l at 37°C
to 10.7 wmol/l at 7°C (26). Not surprisingly, temperature-
induced changes in Ca buffer binding have also been identified
as an important determinant of the temperature dependence of
skinned fiber sensitivity to [Ca] (28). Therefore, the increase in
[Ca]; observed during CCC need not be inconsistent with the
hypothesis that CCC limits transport of Ca into the cytosol.
Instead, because the observed increase can be explained almost
completely as the result of dissociation from cytosolic buffers,
the data are consistent with the argument that there is no
important net entry of Ca into the cytosol during ischemia after
CCC; i.e., if net entry occurred, [Ca]; measured after CCC
would have had to increase even more.

Not to be overlooked, however, the data in Fig. 3 demon-
strate that both NKCCC and HKCCC improve [Ca]; recovery
during reperfusion. This result is not only consistent with the
general hypothesis (see INTRODUCTION) but also with those of
investigators who have argued limiting intracellular proton and
Na; accumulation during ischemia should improve recovery of
[Cal; during reperfusion; i.e., it has been postulated that during
reperfusion, kinetic and thermodynamic limitations on Na/H
exchange and Na-dependent HCO3 transport are removed to
allow a surge of Na uptake in response to intracellular proton
buildup (3). Limiting proton buildup with cardioplegia will
diminish this response. Furthermore, limiting Na; accumulation
during ischemia would allow Na; recovery earlier during reper-
fusion (41) (after Na/K pump function is restored), so the
amount of time the thermodynamic driving force for Na/Ca
exchange favors Ca influx is minimized and that favoring Ca
efflux is maximized. This will limit increases in [Ca]; and
improve its recovery. Data in Figs. 1-3 are all consistent with
these postulates.

Further studies are required to explain how increases in [Ca];
during ischemia after cardioplegia, which are not significantly
different from control, can be associated with better recovery
and less CK release than control. One could argue that this is
consistent with reports (3) concluding the most damaging Ca
influx occurs during reperfusion, which, in this case, is limited
as described above by relatively low [Na]; and [H];. On the
other hand, there is evidence that in addition to limiting proton
production, cooling limits Ca-dependent events that cause
injury. For example, in skeletal muscle the activity of calpains
1 and 2 both decrease as temperature falls from 25 to 4°C (18),
and the autolysis rate of w-calpain increases with temperature
as well as proton concentration, such that cold cardioplegia
would limit generation of subunits with Ca K, values in the
low micromolar range (34). Furthermore, it is not unreasonable
to speculate that, as previously shown for cytosolic Ca buffers,
K4 values for Ca binding to degradative enzymes may increase
as temperature falls and thus limit the otherwise injurious
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Fig. 7. In newborn rabbit hearts, ratio of Ca-bound FBAPTA to Ca-free
FBAPTA (B/F) is nominally greater during ischemia and significantly greater
during reperfusion under normothermic conditions (control, open squares) than
after cooling with NKCCC (4.75 mmol/l, closed squares) or HKCCC (15.75
mmol/l, closed triangles). Because Ca-FBAPTA Kj increases as temperature
falls (as do Kq values for other major intracellular Ca buffers), relative amount
of FBAPTA bound to Ca changes little even though [Ca]; rises with cooling
(see Fig. 3). NKCCC and HKCCC are not significantly different. *P << 0.05 vs.
control; number of experiments are shown in parentheses. See DISCUSSION for
more detailed explanation and implications of this phenomenon.

effects of increased [Ca]; observed during cold cardioplegia.
This possibility is illustrated using FBAPTA as an example in
Fig. 7, which shows the ratio of Ca-bound FBAPTA to Ca-free
FBAPTA (i.e., [Ca-FBAPTA]/[FBAPTA]) for the control
group and the two cardioplegia treatments. The data shown in
Fig. 7 are derived from the same raw data as that shown in Fig.
3 but graphed to illustrate Ca binding rather than free Ca.
Figure 7 illustrates that even though [Ca]; rises nominally
during ischemia after cardioplegia, because the FBAPTA Kj4
increases as temperature falls, the change in Ca binding to
FBAPTA is relatively small and in this case not measurable.
Thus, if Ca-binding to Ca-dependent degradative enzymes
changes with temperature as it does for FBAPTA (or TnC or
hiSARC), cooling could limit increases in Ca binding to
degradative enzymes and thus limit injury even if [Ca]; rises.

Finally, our results for pH;, Na;, and functional recovery are
consistent with previously published results for adult hearts
exposed to cold cardioplegia (6, 12). On the other hand,
changes in [Ca]; during ischemia after cold cardioplegia are
less predictable due in part to great variation in treatments that
could alter [Ca]; (and, therefore, buffer loading) before cool-
ing. To our knowledge, the results we report are the first
measurements of changes in Na; and [Ca]; in the intact new-
born heart during and after cold cardioplegia. Although Ca-
mara et al. (17) used a protocol very different from ours, their
results in adult guinea pigs are also predicted from the general
hypothesis. They perfused at 37°C with and without high
magnesium, high potassium cardioplegia (CP and KR, respec-
tively) with and without the Na/H exchanger inhibitor enipo-
ride before cooling to 17°C. With CP, [Ca]; fell before cooling,
but, consistent with our results, [Ca]; rose during cooling both
with and without CP. Although they did not measure changes
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in Na;, as predicted by the general hypothesis, eniporide
improved recovery of [Ca]; and function. This result is also
similar to previously reported results from rat hearts demon-
strating Na/H exchange inhibition during normothermic car-
dioplegic arrest-limited Na; accumulation during ischemia and
improved recovery during reperfusion (20). Our result is also
consistent with a more recent report (25) that lowering [Ca],
in, or adding the Na/H exchange inhibitor cariporide to, the
cardioplegic solution is equally effective in improving function
during reperfusion after ischemia.

In conclusion, data presented in this study are the first to
demonstrate that in the newborn rabbit heart, both NKCCC
(4.75 mmol/l) and HKCCC (15.75 mmol/l) at 12°C diminished
intracellular proton and Na accumulation during ischemia and
that limiting increases in these ions was associated with im-
proved recovery of ATP, [Cal;, and ventricular function and
decreased injury (CK release) during reperfusion. The results
are consistent with the hypothesis that, as shown previously for
normothermic conditions, ischemia-reperfusion-induced injury
is secondary to increases in [Ca]; and that these can be
mitigated by limiting Na uptake (41). The data are further
consistent with the hypothesis that increases in [Ca]; during
ischemia after cold cardioplegia are to a large extent the result
of Ca release from passive intracellular buffers, such as TnC
and hiSARC sites (26, 39). Thus, although cooling induces
increases in [Cal;, to a large extent, low temperature must also
limit Ca-dependent chemical reactions and protect against their
consequences. Nevertheless, our results lead us to further
speculate that because increased [Cal; is an unavoidable phys-
ical consequence of cooling cytosolic Ca buffers, manipula-
tions that limit Na and Ca uptake in warmer cardioplegia hold
more promise for cytoprotection and should be exploited.

APPENDIX
Modeling Changes in Ca; Buffering With Temperature

The data indicated by closed circles in Fig. 3 were generated by
using the program EqCal (Biosoft, Cambridge, UK) and the following
assumptions with starting values from the literature and this labora-
tory. Only three Ca buffers were included in the model: FBAPTA,
hiSARC site, and TnC (30). K4 values (in mol/l) for the buffers were
calculated from Arrhenius plots: FBAPTA K4 = 10 exp[(1964.2/K) —
13.02], analogous to that previously reported for dibromo-BAPTA
(27); hiSARC K4 = 10 exp[(2856.1/K) — 16.61] (39); TnC Kq = 10
exp[(1297.8/K) — 9.6389] (26). Rather than again using a K4 for
FBAPTA from the literature (10), the equation for FBAPTA used here
was generated from the mean of three experiments in which [Ca]; was
measured between 12° and 37°C by calcium electrode and the Ca-
free-to-Ca-bound FBAPTA ratios for the same temperatures were
measured by NMR as described in methods. These measurements
were made in a solution at pH 7.0 containing 150 mmol/l KCI, 10
mmol/l HEPES, the cell impermeant potassium salt of FBAPTA, and
~150 nmol/l free [Ca] (the latter varying with temperature). Equa-
tions for hiSARC and TnC were derived by using the data from
Marengo et al. (39) and Gillis et al. (26). Total concentrations for
calcium, hiSARC, and TnC were 48.5, 40, and 28 pmol/l, respectively
(30), and [FBAPTA] was measured as described in METHODS as 27.5
wmol/l.
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