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Cellular calcium overload figures prominently in the pathogen-
esis of the contractile dysfunctlon observed after brief periods
of ischemia (myocardial stunning). Because acidosis is known
to antagonize Ca influx and the intracellular binding of Ca, we
reasoned that acidosis during reperfusion might prevent Ca
overload and ameliorate functional recovery. We measured de-
veloped pressure (DP) and 3'P-nuclear magnetic resonance
spectra in 26 isovolumic Langendorff-perfused ferret hearts.

After 15 min of global ischemia, hearts were reperfused either
with normal solution (2 mM [Ca],, Hepes-buffered, pH 7.4
bubbled with 100% O,; n = 6) or with acidic solutions (pH 6 .6
during 0-3 min, pH 7 .0 during 4-6 min) before returning to the
normal perfusate (n = 7). Ventncular function after 30 min of
reperfusion was much greater in the acidic group (105+5
mmHg at 2 mM [Ca],) than in the unmodified reperfusion
group (79+7 mmHg, P < 0.001); similar differences in DP
were found over a broad range of [Ca}, (0.5-5 mM, P < 0.001)
and during maximal Ca?* activation (P < 0.001). Intramyocar-
dial pH (pH,) was lower in the acidic group than in the unmo-
dified group during early reperfus:on, but not at steady state.

Phosphate compounds were comparable in both groups. To
clarify whether the protectwe effect of acidosis is due to intra-
cellular or extracellular pH, we produced selective intracellu-
lar acidosis during early reperfusion by exposure to 10 mM
NH,CI for 6 min just before ischemia (n = 6). For the first 12
min of reperfusion with NH,Cl-free solution (pH = 7.4), pH;
was decreased relative to the unmodified group. Recovery of
DP was practically complete, and maximal Ca?*-activated
pressure was comparable to that in a nonischemic control
group (n = 5) These results indicate that transient intracellu-
lar acidosis can prevent myocardial stunning, presumiably
owing to a reduction of Ca influx into cells and/or competi-
tion of H* for intracellular Ca®* binding sites during early
reperfusion.

Introduction

Even if ischemic heart muscle is reperfused before irreversible
injury can occur, contractile function remains impaired for
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long periods, a phenomenon known as myocardial s;unmng
(1, 2). Several lines of evidence support the hypothesis (3-6)
that cellular Ca overload during reperfusion constitutes a
major cause of myocardial stunning. It has long bgen recog-
nized that an increase in total tissue Ca content ogcurs with
reperfusion after ischemia (3, 4, 7-14). We (9, 13, 14) and
others (10) have shown that cytosolic free Ca levels i increase
markedly during 10-20 min of ischemia, and recently we have
found that [Ca”’], remams elevated during the first 5 min of
reperfusion (13). Changes in fluorescence during ischemia
have recently been interpreted as evidence for antincrease in
both diastolic [Ca?*}; and in the amplitude of [Ca?*}; transients
in perfused hearts loaded with the Ca®* indicator indo-1 (15).

A pathogenetic link between cellular Ca overload during re-
flow and stunning is suggested by the observation that reper-
fusion with low-Ca solutions improves functional recovery
after 15 min of ischemia in the Langendorff-perfused ferret
heart (5). Calcium overload may even lead to “stunning” in
the absence of ischemia and reperfusion: we have recently
observed that transient Ca overload without ischemia leaves
behind contractile dysfunction which closely mimics stunned
myocardium (6). These results suggest that maneuvers de-
signed to reduce Ca loading during reperfusion may help im-
prove functional recovery.

One particularly promising intervention is acidosis, which
is known to blunt Ca?* influx into cells and Ca?* binding to a
number of high- and low-affinity intracellular sites. H* inhibits
Na4Ca exchange (16, 17), slow inward Ca channels (18-20),
Ca®* release from the sarcoplasmic.reticulum (21, 22), and
binding of Ca** to troponin C (22-24) and to sarcolemmal
phospholipids (25). Perhaps as a consequence of the decrease
in Ca?* binding to intracellular sites, the Ca?* transient that
underlies excitation-contraction coupling is increased by aci-
dosis (26, 27). Considerable attention has already been focused
on the effects of acidosis during hypoxia or ischemia. As early
as 1973, Bing and co-workers (28) found that acidosis during
hypoxia improved functional recovery upon reoxygenation, as
confirmed and extended by other investigators (29-31). The
effects of acidosis on function have also been investigated dur-
ing ischemia (32), but not upon reperfusion. Intracellular aci-
dosis due to lactate accumulation can be quite severe during
ischemia, but intramyocardial pH recovers very quickly after-
wards (5). If pH; is restored to normal before other ionic gra-
dients (particularly that for sodium) can reequilibrate, Ca in-
flux is augmented and Ca binding to intracellular sites is po-
tentiated, setting the stage for Ca-mediated reperfusion injury
(3, 33). On the other hand, if acidosis is purposely induced
during the very early reperfusion period, it may be possible to
attenuate Ca influx and/or Ca binding and thereby protect
against myocardial stunning.

To test the idea that acidosis might protect against stun-
ning, we measured basic parameters of mechanical function in
ferret hearts (myocardial responsiveness to Ca?* and maximal
Ca?*-activated pressure [34]). After 15 min of ischemia, hearts



were initially reperfused with acidic solution before returning
to solution of normal pH. To examine selectively the effect of
intracellular acidosis during reperfusion, hearts were exposed
to NH,CI just before ischemia, then reperfused with normal
solution. We used phosphorus-31 nuclear magnetic resonance
(NMR)' to measure intracellular pH and to examine the rela-
tionship between mechanical deterioration and loss of high-
energy phosphates after reperfusion.

Methods

Preparation. The experimental preparation has been described pre-
viously (5, 34, 35). In brief, hearts were excised from 11-14-wk-old
ferrets anesthetized with sodium pentobarbital (200 mg, intraperito-
neal injection), and retrogradely perfused with 100% O,-bubbled mod-
ified Tyrode’s solution. The perfusate contained (in millimolar) 108
NaCl, 5 KCl, 1 MgCl,, 5 Hepes, 2 CaCl,, 20 Na acetate, and 10
glucose. The pH of the solution was normally adjusted with NaOH to
7.40 at 37°C. To make the perfusate acidic (pH = 6.6 or 7.0), we added
concentrated HCI as necessary. The coronary flow rate was controlled
by a peristaltic pump and was initially adjusted so that the coronary
pressure equaled 90 mmHg, after which the flow rate was kept constant
throughout the experiment except during global ischemia (induced by
stopping the pump and clamping the perfusion line). The heart was
paced at 170-190 beats/min with a model S44 stimulator (Grass In-
strument Co., Quincy, MA). A thin latex balloon tied to the end of a
polyethylene tube was inserted into the left ventricle through the mitral
valve and connected to a Statham P23DB pressure transducer (Gould
Inc., Cleveland, OH). The balloon was filled with aqueous solution to
achieve an initial end-diastolic pressure of 8—-12 mmHg, then kept
isovolumic throughout the experiment. Perfusion pressure was moni-
tored at the tip of the aortic cannula. Left ventricular (LV) pressure and
coronary perfusion pressure were recorded with a chart recorder
(Gould Inc., Cleveland, OH) and an FM instrumentation tape recorder
(Hewlett-Packard Inc., Palo Alto, CA).

Ca, responsiveness and maximal Ca’*-activated pressure. We
measured fundamental parameters of Ca®*-activated contraction as
defined previously (34, 35). The responsiveness of myocardium to
changes in extracellular Ca concentration ([Ca),) was determined by
measuring the isovolumic left ventricular developed pressure (DP)
during twitch contractions as a function of [Ca], (0.5, 1.0, 2.0, 5.0
mM). All measurements were bracketed by exposure to 2 mM [Ca],
solution to ascertain the stability of cardiac function. To avoid Ca
paradox or Ca overload, [Ca], was restored to 2 mM as soon as DP
reached steady state at each [Ca],. Ca, responsiveness was determined
at the beginning of each experiment and once again 30 min after the
appropriate intervention.

Maximal Ca**-activated pressure (MCAP) was determined from
the saturating level of DP during tetani as [Ca], was increased (34).
After the second determination of Ca, responsiveness, hearts were
exposed for 10-20 min to ryanodine (3 uM; Penick Corp., Lyndhurt,
NJ), after which tetani were produced by high-frequency electrical
stimulation (8-12 Hz). [Ca), was increased progressively to 10, 15, and
20 mM to obtain the saturation of DP with respect to [Ca), during
tetani. The greatest value of DP during each tetanus was determined,
and saturation was inferred when the values at two or more distinct
[Ca], agreed within 5%.

3IP-NMR measurements. In 24 of the 26 hearts studied, 3'P-NMR
spectra were obtained along with simultaneous recordings of ventricu-
lar pressure. The 3'P-NMR methods have been reported (5). In brief,
3P-NMR spectra were produced on a model WH-180 spectrometer
(Bruker Instruments, Inc., Billerica, MA) with a wide-bore 4.2 Tesla
superconducting magnet (*'P resonance frequency = 72.89 MHz)

1. Abbreviations used in this paper: DP, developed pressure; MCAP,
maximal Ca?*-activated pressure; NMR, nuclear magnetic resonance;
PCr, phosphocreatine; P;, inorganic phosphate.

operated in the pulsed Fourier transform mode. Spectra were obtained
at a spectral width of 3 kHz using 45° pulses delivered at 2-s intervals.
Exponential multiplication equivalent to 15-Hz line broadening was
applied to smooth the spectrum. The balloon in the left ventricle was
filled with a 15 mM solution of magnesium trimetaphosphate as a
standard. The amounts of inorganic phosphate (P;), phosphocreatine
(PCr), and ATP in the myocardium were obtained by planimetry of the
areas under individual peaks using a digitizer (model 9810A, Hewlett-
Packard Co., Palo Alto, CA). Tissue contents of P;, PCr, and ATP were
normalized by the area under the peak for the magnesium trimeta-
phosphate standard. The calculated amounts of P;, PCr, and ATP were
divided by the measured weight of each heart to yield concentrations
([P;], [PCr], and [ATP]) in units of micromole per gram wet weight.
Intramyocardial pH (pH;) was estimated from the chemical shift of the
Pi peak measured relative to the resonance of PCr (36).

Experimental protocols. In all experiments, Ca, responsiveness was
measured before and after 20 min of normal perfusion, 15 min of
ischemia, and 30 min of reperfusion (or a nonischemic period of equal
duration). After the second determination of Ca, responsiveness,
MCAP was measured in each heart as described above. The hearts were
then removed from the perfusion column, blotted, and weighed. The
experiments were divided into four protocols: nonischemic control (n
= 5), unmodified reperfusion (n = 6), acidic reperfusion (n = 7), and
NH,Cl washout (n = 6). The nature of each intervention, its rationale,
and its timing are presented in detail in the Results.

Statistical analysis. All data were expressed as means+SE. Statisti-
cal analysis was performed with paired or unpaired ¢ tests, and multi-
variate analysis of variance to compare Ca, responsiveness and
changes in pH; during early reperfusion in the different experimental
groups (37, 38).

Results

Improved recovery of function with acidic reperfusion. Fig. 1
shows developed pressure (means=SE) as a function of time in
three distinct experimental groups: (4) 15 min of ischemia,
then reperfusion with unmodified solution; (B) the same dura-
tion of ischemia followed by reperfusion with acidic solution;
and (C) isochronal controls subjected transiently to acidosis
without ischemia. Note that functional recovery in Fig. 1 4 is
incomplete when hearts (n = 6) are reperfused with unmodi-
fied solution after 15 min of ischemia. We have previously
shown that such contractile dysfunction is associated with little
evidence of histologic injury (5) and therefore qualifies as
stunned myocardium.

In contrast to the persistent decrease in contractile pressure
with unmodified reperfusion, Fig. 1 B shows virtually com-
plete recovery of function in a group of hearts (n = 7) tran-
siently reperfused with acidic solutions before returning to
normal solution. The changes of solution pH in this protocol
are depicted above the pressure data: hearts were reperfused
with pH = 6.6 for the first 3 min and pH = 7.0 for another 3
min before returning to normal pH (7.4). As compared with
the unmodified reperfusion group, functional recovery is sig-
nificantly improved (P < 0.001). The dramatic preservation of
function in this group agrees with our prediction that acidosis
during the first moments of reperfusion might attenuate
stunning.

We verified that transient acidity itself did not produce
persistent changes in function by subjecting five hearts to the
protocol shown in Fig. 1 C. The hearts were perfused with
acidic solutions at the same time as in B, but were never made
ischemic. Although perfusion with solutions of low pH acutely
decreased DP (29, 39), no change was apparent at steady state
after returning to normal solution. This observation indicates
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Figure 1. Ventricular function as a function of time in three experi-
mental groups. Extracellular pH is indicated above the data for DP
(means=SE) in each protocol. (4) Results from the unmodified re-
perfusion group; (B) results from the acidic reperfusion group; and
(C) results from the nonischemic controls (which were never isch-
emic but were exposed to the same acidic solutions as in B). (4)
After 15 min of global ischemia, DP recovers to 68+4% of its initial
value in 2 mM [Ca],. (B) Hearts reperfused with low pH solutions
(pH 6.6 for 0-3 min, then pH 7.0 for 4-6 min) before return to pH
7.4 show a marked improvement in recovery (to 95+2% of DP be-
fore ischemia). (C) Hearts transiently perfused with low pH solution
with the same timing as in the acidic reperfusion protocol but with-
out ischemia show no sustained impairment of function.

that the beneficial effect of transient acidity during reperfusion
is not an aftereffect of low pH per se.

According to the rationale for our experiments with acidic
reperfusion, we would predict that the extracellular acidity
blunts the rate at which pH; returns to normal after ischemia.
We tested this idea by measuring pH; using >'P-NMR. Fig. 2
shows pH; during late ischemia and early reperfusion in the
unmodified group (@) and in the acidic group (O). While the
extent of acidosis at the end of the ischemic period is compara-
ble, the two groups clearly diverge during the critical early
phase (0-12 min) of reperfusion (P < 0.01). The difference in
pH; is attributable to the extracellular acidification: pH; con-
verges in the two groups after 9 min of reperfusion, shortly
after external pH is restored to normal.

Contractile parameters in unmodified and acidic reperfu-
sion. Stunned myocardium is characterized by impaired pres-
sure development during twitch contractions over a wide
range of [Ca], and by a decrease in MCAP (5). We sought to
determine whether the beneficial effect of acidic reperfusion
might be restricted to one or the other parameter because of
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Figure 2. Intracellular pH during late ischemia and early reperfusion
in the unmodified reperfusion group (e) and in the acidic reperfusion
group (0). Although severe acidosis is observed at the end of isch-
emia in both groups, pH; returns to baseline more slowly (P < 0.01)
in the acidic than in the unmodified reperfusion group. The pH; was
nearly identical in both groups after 9 min of reperfusion.

differences in their mechanistic implications (34). Fig. 3 sum-
marizes the parameters of Ca?*-activated contraction from the
unmodified reperfusion (®), the acidic reperfusion (O), and
the nonischemic control (OJ) groups. Fig. 3 4 shows developed
pressure at various [Ca], in each group (Ca, responsiveness).
Over the range of [Ca], from 0.5 to 5.0 mM, the force of
contraction in the acidic reperfusion group was greater than in
the unmodified group (P < 0.001), but not different from the
function in the nonischemic controls (P > 0.5).

A similarly striking preservation of function in the acidic
reperfusion group was apparent from measurements of the
pressure developed during tetani after exposure of the hearts to
ryanodine. Fig. 3 B shows that the curves of tetanic pressure
and [Ca), reach saturation at [Ca], = 10 mM in all three
groups. The saturating pressure (i.e., MCAP) in the acidic

A Figure 3. Characteriza-
|504 | tion of contractile dys-
function in the unmodi-
fied reperfusion group
1001 " (e), acidic reperfusion
group (0), and nonisch-
50 " emic controls (0). (4)
Ca,, responsiveness (DP
B 300- _
250 4
200 4
150 -
100
50 - =

Developed Pressure
Twitch (mm Hg)

during twitch contrac-
tions as a function of
[Ca],) in the unmodi-
fied reperfusion group
is significantly lower (P
< 0.001) than in the
acidic reperfusion
group. On the other
hand, there is no signifi-
cant difference between
DP in the acidic reper-
fusion and nonischemic
control groups. (B) DP
during tetani in various
[Ca),. MCAP is signifi-
cantly higher in the acidic reperfusion group than in the unmodified
group (P < 0.001), although no difference is observed between the
acidic reperfusion and nonischemic control groups.

o
(6
N
o

)

Developed Pressure
Tetanus (mm Hg)

T T LB
10 15 20
(Cal, mM

~N -



group was also higher than in the unmodified reperfusion
group (28143 vs. 233+8 mmHg, P < 0.001). Mean MCAP in
the control group equals 281 mmHg, in fortuitously exact
agreement with the value in the acidic reperfusion group.

When Ca, responsiveness is normalized by the corre-
sponding value for MCAP, the result has been termed “Ca,
sensitivity” (5). If the Ca?* transient is unchanged in reper-
fused myocardium, Ca, sensitivity is directly comparable to
the true myofilament Ca?* sensitivity as determined from the
[Ca**]-tension relation in skinned muscle. We found pre-
viously that Ca, sensitivity is shifted to higher [Ca], in stunned
hearts (5), and we have confirmed this in our unmodified
reperfusion group (data not shown). In addition, we find that
Ca, sensitivity is unchanged in the acidic reperfusion group as
compared to nonischemic controls, again indicating an im-
proved preservation of function with acidic reperfusion. Dur-
ing the actual acidosis, Ca®* transients are expected to be in-
creased relative to normal reperfusion (26, 27), but a persistent
aftereffect of acidosis would need to be postulated in order to
explain the improved recovery evident in Fig. 3 A4 solely on the
basis of changes in the Ca?* transient.

In hearts perfused with saline solutions without blood cells
or proteins, contractile dysfunction after ischemia involves not
only a decrease in systolic pressure but also a rise in diastolic
pressure (5, 40). As Table I shows, we confirmed that end-dia-
stolic pressure was higher in the unmodified reperfusion group
than in the nonischemic control hearts (P < 0.025). In the
acidic reperfusion group, end-diastolic pressure was signifi-
cantly lower than in the unmodified reperfusion group (P
< 0.01), although still somewhat elevated with respect to the
nonischemic controls (Table I). This indicates that the benefi-
cial effects of acidic reperfusion are evident in improved recov-
ery of both systolic and diastolic function.

Acidification decreases contractile force and, although the
difference in DP between the unmodified and acidic groups is
small during the first 6 min of reperfusion (Fig. 1, 4 and B), we
considered the possibility that ventricular “unloading” during
early reperfusion might explain the protective effect of aci-
dosis. To check this notion, we deflated the balloon during 6
min of reperfusion in two hearts, then restored it to its pre-
vious volume. At steady state, both DP and MCAP were as low
in these hearts as in the unmodified reperfusion group (DP 78
and 80 mmHg, MCAP 220 and 230 mmHg), indicating that
the protective effect of acidic reperfusion is not simply due to a
decrease in ventricular work.

Table I. End-Diastolic Pressure at Various [Cal,

[Ca], (mM) 0.5 1 2 5

mmHg

Unmodified reperfusion* 43.3+2.2 39.0+3.0 30.3%+3.2 25.0+2.3

Acidic reperfusion# 30.9+5.1 29.7+4.7 21.4+3.1 12.3+1.5
Nonischemic control' 24.3£3.6 17.6+2.7 13.2+2.1 11.6+2.3
NH,CI washout? 19.0+4.3 17.0+£3.1 15.3+2.2 10.7+2.2

Values given as mean+SE.

* P <0.025,% P <0.001 vs. the nonischemic control group by
MANOVA.

P <0.025,* P <0.01 vs. the unmodified reperfusion group by
MANOVA.

Is intracellular or extracellular acidosis beneficial? The re-
sults presented above indicate that transient acidosis during
reperfusion is protective, but they leave unresolved the ques-
tion of whether the extracellular acidity or the secondary in-
tracellular acidosis exerts the beneficial effect. To settle this
point, we devised a new experimental strategy which results in
selective intracellular acidification upon reperfusion. The key
element in this strategy is exposure to 10 mM NH,Cl for 6 min
just before ischemia. When the heart is reperfused with normal
(NH,Cl-free, pH 7.4) solution, NHj; diffuses from the cell,
leaving behind an acid load in the cytoplasm. Fig. 4 shows the
time course of changes in DP and pH; with such a protocol in
six hearts. As expected, the washout of NH,Cl upon reperfu-
sion produced a mild intracellular acidosis (Fig. 4 B) compara-
ble to that in the acidic reperfusion group (Fig. 2) despite the
fact that the pH of the perfusate was kept at 7.4 throughout the
experiment. Fig. 4 4 shows that the eventual recovery of DP
was just as complete with this protocol as observed previously
with acidic reperfusion. Similarly, end-diastolic pressure was
strikingly well preserved (Table I).

The beneficial effects of NH4Cl conditioning are evident
over a broad range of [Ca), during twitches and tetani, as
shown in Fig. 5. MCAP was higher in the NH,Cl washout
group than in the unmodified reperfusion group (277+7 vs.
233+8 mmHg, P < 0.001). The extents of recovery in Ca,
responsiveness and MCAP were identical in the acidic reper-
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Figure 4. Effects of 6 min of perfusion with 10 mM NH,CI before
ischemia on DP and pH;. Although both DP and pH; increase
slightly during NH,Cl perfusion, the extents of decrease in pH; are
comparable in the NH,Cl group (2) and in the unmodified reperfu-
sion group (e). Nevertheless, during early reperfusion, the intracellu-
lar acidosis resolves more slowly in the NH,Cl group. The recovery
of DP in the NH,Cl group is significantly (P < 0.001) greater than
the unmodified reperfusion group. The data for the unmodified re-
perfusion group overlap with those for the same group in Figs. 1 and 2.
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fusion and NH,Cl groups, indicating that intracellular acidosis
is the primary factor in the protective effect of acidification
during early reperfusion.

High-energy phosphate concentrations dissociated from
functional recovery. An increase in either inorganic phosphate
concentration ([P;]) or [H*] in myocardium has been shown to
decrease maximal Ca*-activated force and myofilament Ca?*
sensitivity in skinned papillary muscle (22, 41); a decrease in
MCAP has been confirmed in intact hearts (35). In stunned
myocardium, neither pH; nor [P;] is significantly different
from the values before ischemia (5). Nevertheless, we checked
whether transient intracellular acidosis leaves behind changes
in [P] or pH; by interpreting the 3'P-NMR spectra. Fig. 6
demonstrates representative spectra from individual hearts in
the unmodified reperfusion (4), acidic reperfusion (B), non-
ischemic control (C), and NH,Cl (D) groups, each obtained at
steady state after ischemia (or isochronally in the nonischemic
control heart). The appropriate physiological peaks are labeled
with the names of the corresponding phosphate species. The

calculated pH; is shown in the upper right-hand corner of each
panel. Only minor variations are evident among the [P;] and
pH; values in the various groups. On the other hand, [ATP] is
somewhat lower in the spectra from each of the ischemia/
reperfusion groups (4, B, D) as compared to the control
heart (C).

The findings apparent in the individual spectra in Fig. 6 are
representative of the pooled data for metabolite concentra-
tions in the various groups. Fig. 7 shows the mean values
(£SEM) for pH;, [ATP], [P;], and [PCr] in each group. During
initial perfusion with normal solution (labeled “Control”), the
metabolite concentrations are indistinguishable in the various
groups. The nonischemic control hearts (OJ), although sub-
jected transiently to acidosis, did not develop any lasting meta-
bolic changes throughout the experiment. In contrast, the
three groups subjected to ischemia and reperfusion all exhib-
ited qualitatively and quantitatively similar changes. The se-
verity of ischemia in the three groups was comparable as
gauged by the degrees of acidosis, PCr breakdown, and ATP
depletion. At steady state during reperfusion, neither [P;] nor
pH; in the three postischemic groups was significantly different
from those in nonischemic controls. In contrast, [ATP] was
decreased in the unmodified, acidic, and NH,Cl groups rela-
tive to the nonischemic controls (P < 0.05). The decrease in
[ATP] was comparable in all three postischemic groups despite
the marked differences in functional recovery. The observa-
tion that transient acidosis during reperfusion does not prevent
ATP depletion serves as further evidence (5, 42) that ATP
depletion is not responsible for the impairment of function in
stunned myocardium.

Discussion

We have found that transient intracellular acidosis during
early reperfusion prevents myocardial stunning. The beneficial
effect is apparent for twitches over a range of [Ca], and also for
maximal Ca?*:activated pressure. These observations indicate
that acidotic reperfusion prevents the decrease in Ca®* respon-
siveness of the contractile proteins that characterizes stunned
myocardium. ATP depletion is the only identifiable metabolic
sequela of ischemia in the transiently acidotic hearts, but the

A B C D
PCr PCr PC
7.02 7.83 7.70
PH; =7.02 pH; =7.08 PH;=7.03
ATP pi lﬁis 2‘522
Pi 225 LI7 ATP
1.06 2.0 W
5 0 5 -0 -5 5 6 5 -lo -5 5 0 -5 -0 -I5 5§ 0 -5 -lo -5

PPM

Figure 6. Representative >'P-NMR spectra (3-min acquisition time) in unmodified reperfusion (A4), acidic reperfusion (B), nonischemic control

(C), and NH,Cl washout (D) groups.
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extent of ATP depletion bears no relation to the degree of
functional recovery.

Ca overload: cause of myocardial stunning? Several lines of
evidence suggest that cellular Ca overload occurs during myo-
cardial reperfusion after prolonged periods of ischemia. Shen
and Jennings (7) demonstrated a gain in total Ca during reper-
fusion, as confirmed by others (4, 12). Measurements of “*Ca
accumulation have been interpreted as showing a marked in-
crease in Ca?* uptake during reperfusion (8, 11). These
methods only indicate that total cellular Ca content (or total
Ca uptake into cells) is increased during reperfusion, leaving
open the question as to whether the free intracellular Ca?*
concentration, [Ca?*];, is elevated. Alternatively, most of the
Ca gained might be bound rapidly to intracellular sites or
compartmentalized (e.g., within mitochondria). Some light
can be shed on this issue by recent measurements of [Ca?*};
during ischemia and reperfusion using "F-NMR and fluori-
nated Ca indicators. Steenbergen and co-workers (10) reported
a fivefold increase in [Ca®*]; during 10~15 min of ischemia in
rat hearts, but no sustained increase in [Ca®*}; upon reperfu-
sion. In ferret hearts, we have observed a significant rise in
[Ca?*]; during 10-20 min of global ischemia at 30°C (9, 13,
14), and we have also detected a sustained increase during the
first 5 min of reperfusion (13). Taken together, the data from
various techniques suggest that intracellular calcium increases
during reperfusion. '

A link between cellular Ca overload and stunning was first
suggested by the observation that reperfusion with solutions of
low [Ca], was quite effective in preserving contractile function
(5). Ryanodine, an antagonist of the cytoplasmic Ca?* oscilla-
tions that characterize Ca overload, has also been reported to
minimize stunning (43). Recently we tested whether Ca over-
load might suffice to explain stunning even without invoking
other features of ischemia and reperfusion. We found that

T v v
Control  Ischemia Reperfusion

reperfusion groups despite the marked differ-
ences in functional recovery.

ferret hearts subjected to transient Ca overload without isch-
emia develop contractile dysfunction indistinguishable meta-
bolically and histologically from stunning (6). These various
lines of evidence suggest that Ca overload during reperfusion
plays a major, if not primary, role in the pathogenesis of
stunned myocardium.

Mechanisms by which acidosis prevents intracellular Ca
overload. During reperfusion, the principal abnormality de-
tectable by Ca tracer uptake measurements has been an in-
crease in Ca influx (11). The cellular consequences of aug-
mented Ca influx will be greatly influenced by the extent to
which Ca?* binds to intracellular receptors such as Ca?*-de-
pendent enzymes, since these presumably act as the final ef-
fectors of reperfusion injury. An increase in intracellular H*
concentration can inhibit several pathways of Ca?* movement
into cells, as well as decrease the binding of Ca to intracellular
sites. First of all, an increase in [H*] leads to decreased Ca
influx through voltage-dependent slow Ca channels (18-20).
Irisawa and Sato (20) showed that effects of H* on Ca current
are more potent at the inner surface of the cell membrane than
extracellularly, consistent with our finding that intracellular
acidosis is the crucial variable. Nevertheless, Ca channels prob-
ably play only a minor role in reperfusion injury, since verapa-
mil is not protective when infused only during reperfusion (3,
11). Acidosis is also known to inhibit the release of Ca?* from
sarcoplasmic reticulum (21, 22); reactivation of Ca**-induced
Ca?* release may be capable of potentiating the physiologic
effects of augmented Ca influx, but is not likely to be the
primary site of action of H*.

A more likely mediator of the effects of H* is the Na-Ca
exchange (16, 17), which has been implicated as the pathway
primarily responsible for the increase in Ca influx upon reper-
fusion (3, 33). The changes in ionic gradients (increased [Na];
and [Ca?*];) and in membrane potential (depolarization) that
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accompany ischemia will, if anything, tend to favor Ca influx
via “reverse mode” Na/Ca exchange (44). The involvement of
Na-Ca exchange is supported by the finding that reperfusion
with low [Na*] solution markedly attenuates Ca uptake after
40 min of global ischemia in rat hearts (3). Similarly, func-
tional and metabolic recovery are improved when lithium
substitutes for Na in a low-flow ischemic perfusate (33). While
acknowledging that estimates of Ca influx via Na-Ca exchange
are subject to various technical limitations, a number of in-
vestigators have concluded that acidosis inhibits Ca transport
via this pathway. If [Na); is elevated during ischemia (45-47;
cf. 48), then the rapid restoration of pH; to normal would be
expected to increase the activity of Na—-Ca exchange and
thereby drive in Ca upon reperfusion. By blunting the time
course of pH; recovery after ischemia, reperfusion acidosis
could allow the Na gradient more time to be restored before
pH; returns to normal. The driving force for Ca entry upon
reperfusion would thus be dissipated before Na-Ca exchange
is fully reactivated.

The possibility that acidosis might attenuate injury by de-
creasing the degree of intracellular Ca binding is rendered
plausible by various observations. Direct measurements of
[Ca?*]; reveal a slight increase during acidosis (26, 27), indi-
cating that less Ca>* must be bound in view of the finding that
Ca uptake is not increased by acidosis (39). A fall in pH; de-
presses the Ca binding capacity of sarcolemmal phospholipids
(25) and troponin C (22-24). The precise relationship of de-
creased Ca binding to the mechanism of injury remains un-
clear, but candidates for effectors of injury include the Ca?*-
actjvated protease implicated in postischemic cytoskeletal deg-
radation (49).
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