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NHENHE and NBC during ischemia and reperfusion 

Abstrac t t 
Objective:Objective: Animal studies but not clinical trials show reduction of reperfusion injury 

uponn inhibition of Na+/H+ exchange (NHE). Explanation of this controversy requires 

insightt into NHE and Na+-HCCV cotransport (NBC) during ischemia and reperfusion. 

Methods:Methods: We fluorimetrically measured NHE and NBC mediated H,+ flux (JNHE and 

)) and Na+ (Na+;) flux in beating rabbit ventricular myocytes subjected to 

metabolicc inhibition, pseudo-ischemia, and pseudo-reperfusion. Results: Metabolic 

inhibitionn and pseudo-ischemia suppressed VNHE by 40% and 90%, and ./NBC by 65% 

andd 100%, respectively. Pseudo-reperfusion restored the PH,-./NHE profile and 

doubledd its steepness, whereas the PH,-JNBC profile recovered to only 50%. Neither 

NHEE nor NBC contribute to the Na+, increase from ~6 to -20 mM during metabolic 

inhibitionn or pseudo-ischemia. Metabolic inhibition and pseudo-reperfusion caused a 

metabolicc acidosis of 5 and 9 mM H+, respectively. These H+ trigger the hyperactive 

NHEE upon pseudo-reperfusion. The resultant sharp cariporide-sensitive rise in Na+, 

fromm -20 mM to ~30 mM within 1.5 min leads to hypercontracture. Conclusions: 

Metabolicc inhibition and pseudo-ischemia inhibit NHE and NBC. Pseudo-reperfusion 

hyperactivatess NHE, but not NBC and causes a metabolic acidosis within 3 minutes. 

Givenn the fast time course of NHE activation by pseudo-reperfusion, the rate at which 

NHEE inhibitor can reach cardiac tissue at risk becomes a critical factor. 

Introductio n n 
Cardiacc ischemia and reperfusion cause hypercontracture, electrical dysfunction and, 

finally,, death of the injured myocytes. The underlying pathophysiological chain of 

eventss revolves around energy deprivation and the consequent liberation of H+. The 

latterr are thought to stimulate the two acid extrusion systems of ventricular myocytes: 

Na+/H++ exchange (NHE) and Na+-HC03" cotransport (NBC). The resultant 

sarcoplasmicc Na+ loading, in turn hampers or even reverses Na+/Ca2+ exchange 

leadingg to sarcoplasmic Ca2+ loading which causes cell injury [1]. However, a 

numberr of key details of the chain, viz. the timing and magnitude of the changes in 

transportt activity of NHE and NBC as well as timing and the magnitude of the 

sarcoplasmicc metabolic acidosis of ischemia and reperfusion, are as yet unknown. 
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Becausee of the role of NHE in the chain, hypotheses about the potential salutary 

effectss of its pharmacological blockade on the amount of ischemia-reperfusion 

damagee have been tested in both animal models and clinical trials. Virtually all 

animall  studies demonstrate that inhibition of NHE significantly reduces reperfusion 

injuryy [2]. However, clinical trials show less clear-cut results. The GUARDIAN trial 

revealedd that advantages were limited to high-risk patients that underwent coronary 

arteryy bypass graft surgery [3]. A smaller trial reported beneficial effects in patients 

withh acute anterior myocardial infarction undergoing percutaneous transluminal 

coronaryy angioplasty [4], The ESCAMI trial, on the other hand, failed to uncover any 

protectivee effect of NHE inhibition in patients with ST-elevation that underwent 

reperfusionn therapy [5]. 

Possiblee explanations for these discrepancies have been discussed in detail by 

Avkirann et al. [6]. One of the major conclusions from this discussion pertains to the 

uncertaintyy as to exactly what extent NHE is active during the various phases of 

myocardiall  infarction and reperfusion therapy. This particular question is as yet also 

unresolvedd in animal models. Several studies showed that inhibition of NHE at the 

momentt of reperfusion was sufficient to reduce reperfusion injury [7-11]. However, 

otherr groups found that NHE inhibition during the ischemic period was essential [12-

18].. These contradictory pieces of evidence fuelled a scientific debate. Again, central 

too the dispute is whether or not NHE is active throughout the ischemic period and if 

so,, to what extent. In contrast to the extensively studied role of NHE, data on the 

contributionn of NBC to ischemic Na+ loading are surprisingly scarce. Singling out 

NHEE seems not quite justified if only because Vandenberg et al. presented evidence 

suggestingg that NBC contributed even more than NHE to the pH, recovery of 

reperfusionn [19]. This report was corroborated by later work [20,21], Taken together, 

thee question as to exactly what extent both Na+-dependent acid extruders are active 

throughoutt ischemia and reperfusion needs to be resolved. In this paper we address 

thiss issue. We report that metabolic inhibition and pseudo-ischemia inhibit NHE and 

NBC.. Immediately after pseudo-reperfusion, however, NHE, but not NBC, becomes 

hyperactivee and mediates injurious Na+ loading. Our observations suggest that NHE 

inhibitionn should be immediate and total at the very beginning of reperfusion to be 

reallyy beneficial. This makes the rate at which NHE inhibitor can reach cardiac tissue 

att risk after opening of the occluded coronary artery a critical factor and offers an 

explanationn for the variable outcomes of the clinical trials 
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Method s s 
Animalss used in the present study were treated in accordance with guidelines 

publishedd in the Guide for the Care and Use of Laboratory Animals (US National 

Institutess of Health). 

CellsCells and solutions 

Rabbitt ventricular myocytes were isolated by an enzymatic dissociation procedure 

modifiedd from Tytgat [22]. Myocytes sedimented on a poly-L-lysin-coated coverslip 

thatt formed the floor of a cell chamber on the stage of an inverted microscope, and 

weree superfused with normal Tyrode's solution (3 mL/min) at 35-37°C. Current 

pulsess of 3 ms duration with a frequency of 3 Hz forced the cells to contract and were 

deliveredd via glass agar bridges except when NH3/NH/ prepulses were delivered. 

Tyrode'ss solution consisted of (in mM) 140 NaCl, 5.4 KC1,1.8 CaCl2, 1.0 MgCl2, and 

5.55 glucose at pH 7.4 (37°C). The 'normal' variant was buffered with 5.0 mM 

HEPES.. The C02/HC03~-buffered variant was buffered using 22.4 mM NaHC03 

(equimolarr NaCl substitution) and 5%C02/95% air gassing. Metabolic inhibition was 

inducedd by replacing all glucose with 5 mM NaCN ('cyanide protocol') or by leaving 

outt all glucose and replacing all 02 with N2 ('anoxia protocol'). Results obtained 

withh both protocols were similar and were pooled. The only difference proved the 

timee it took for the myocytes to stop contracting: 18+1.1 min (n=19) in the 'cyanide 

protocol',, but 6 min (n=12) in the 'anoxia protocol'. All other effects on pH, as 

welll  as the degree of inhibition of NHE and NBC were qualitatively and 

quantitativelyy similar (data not shown). In three myocytes we excluded direct effects 

off  cyanide on NHE (data not shown). 

Forr the NH3/NH/ prepulses NH4CI was substituted for NaCl. We used 20 mM total 

NH3/NHj++ except when the myocytes were metabolically inhibited, then we used 5 

mM.. To examine NHE we used HEPES-buffered solutions. To investigate NBC we 

usedd 5%C02/22.4 mM HC03~-buffered solutions and inhibited NHE with 10 uM 

cariporidee (kindly provided by Dr. Andreas G. Weichert, Hoechst Marion Roussel, 

Germany). . 
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IntracellularIntracellular Ft and Na+ measurements 

Myocytess were loaded with the fluorescent pH indicator carboxy-

seminaphthorhodafluor-11 (SNARF, Molecular Probes) by exposing them for 10 

minutess to 10 uM of the acetoxy methyl ester at 35°C. The microscope was equipped 

withh apparatus for epi-illumination. Dye-loaded myocytes were excited with light of 

wavelengthh of 515 nm for 50 ms once every 3 s (75 W Xenon arc lamp). Intensities 

off  the emitted light at wavelengths of 580 (Isso) and 640 nm (I^o) were recorded by 

twoo photomultiplier tubes. A rectangular adjustable slit ensured negligible 

backgroundd fluorescence levels. The I580/I640 ratio was calibrated by a series of 

preciselyy set pH solutions that contained 140 mM K+ instead of Na+ and 10 uM 

nigericinn (Sigma) [23]. Images obtained by trans-illuminating the myocyte with 700 

nmm light (50 W halogen lamp) were captured by a closed circuit TV system. 

Forr the Na+ measurements we exposed the myocytes to 10 uM of the acetoxy methyl 

esterr of 1,3-benzenedicarboxylic acid, 4,4*-[ 1,4,10-trioxa-7,13-

diazacyclopentadecane-7,13-diylbis(5-methoxy-6,12-benzofurandiyl)]bis--

,tetrakis[(acetyloxy)methyl]]  ester (SBFI-AM, Molecular Probes) at 35°C for 2 hours. 

Wee used this fluorescent indicator in the dual emission ratio mode and corrected for 

thee background fluorescence as previously described by Baartscheer et al. [24] 

DeterminationDetermination of proton flux (JH+) 

Too determine intrinsic buffering power (P*, Fig. 1), acid-loaded myocytes were 

exposedd to series of nominally Na+ and Ca2+ free (replaced with N-methyl-D-

glucammoniumm ions), HEPES buffered (pH 7.4) Tyrode's solutions containing 

decreasingg amounts of NH3/NH4+. To minimize NHV*" entry via K+ channels, 2.0 mM 

BaCbb and, under metabolically inhibited conditions, 3 uM glibenclamide (Sigma) 

weree added. CdĈ  (1 mM) prevented Ba2+ influx through L-type Ca2+ channels. 

Injuriouss hypercontracture after pseudo-reperfusion was avoided by 10 uM cariporide 

(Fig.. 1). 

Thee CO2/HCO3" buffering power, $co2, was computed using: 

Pco2=2.3*[HCO3"]o*10(pH'-pHo,. . 

withh [HC03"]0 representing the extracellular HCO3" concentration. 

Totall  buffering power, p,of, was computed by: 

Ptor=P,-+PoM M 
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NHENHE and NBC during ischemia and reperfusion 

Byy multiplying the time derivative (dpH,7dt) of pH, traces with P; or p\0, we arrive at 

thee H+ flux (J). We verified the absence of significant background acid-base transport 

byy blocking NHE with cariporide and/or NBC with 250 uM 4,4'-

diisothiocyanostilbene-2,2'disulfonicc acid (DIDS, Sigma) while subjecting the 

myocytess to identical experimental protocols (data not shown). 
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Statistics Statistics 

Wee used Microsoft Excel™ software to conduct statistical analyses. Two sets of data 

weree considered significantly different if the P value of the (paired) Student's t-test 

wass < 0.05. 

Result s s 
EffectsEffects of metabolic inhibition and pseudo-reperfusion on NHE and NBC 

Wee applied three consecutive NH3/NH/ prepulses to beating myocytes (Fig. 2, A and 

B,, thick horizontal lines). Recovery from the first acid load progressed under control 

conditions,, the second under metabolically inhibited conditions and the third after 

pseudo-reperfusion.. Quantitative details of the pH, data are summarized in Table 1. 

Acutee energy deprivation caused a transient alkalosis, inexcitability, a sustained 

acidosis,, and assumption of the rigor shape. Rigor shaped myocytes recovered much 

slowerr from the second acid load. This suppression was caused by a reduced 

steepnesss combined with an acidic shift of the PH,-JNHE and PH;-JNBC profiles (Fig. 2, 
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CC and D). Fig. 2, E and F, summarize the data of all experiments. In rigor shaped 

myocytess JNHE fell to -60% of its control flux (Fig. 2E), whereas JNBC fells to -35% 

(Fig.. 2F). The sustained acidosis of 0.07-0.14 pH unit (Table 1) represents an H+ load 

of-55 raM H+ given an average p, of 50 mM (Fig. 1). 
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Pseudo-reperfusionn caused hypercontracture within 3 min. All surviving myocytes 

experiencedd a sometimes hardly recognizable transient acidosis (Fig. 2A), which 

occasionallyy was followed by a brisk pH, rise toward near-neutral pH, values (Fig. 2 

B).. In myocytes that tolerated pseudo-reperfusion the third acid load was rapidly 

extrudedd by means of a hyperactive NHE. The PH,-./NHE profile not only returned to 

itss original position but also doubled its steepness (Fig. 2C). In contrast, NBC 

recoveredd only partially (Fig. 2D), ,/NHE proved -200% of aerobic control flux 

whereass in JNBC recovered to only 50% (Fig. 2, E and F). 

Fromm these data we conclude that metabolic inhibition suppresses both NHE and 

NBC,, whereas pseudo-reperfusion hyperactivates NHE while NBC remains 

suppressed. . 

EffectsEffects of pseudo-ischemia and pseudo-reperfusion on NHE and NBC 

Nextt we assessed the effects of metabolic inhibition combined with an acidic pHQ of 

6.44 (pseudo-ischemia) on both acid extruders. 

NHE E 

Wee applied two consecutive NH3/NH4+ prepulses to one and the same myocytes (Fig. 

3A).. When pH0 was lowered to 6.4 the metabolically unchallenged myocyte was not 

ablee to completely recover from the first acid load (Fig. 3A, trace labeled '1'). 

Instead,, a more acidic steady-state pH, of -6.75 was reached. Furthermore, the 

recoveryy progressed at a relatively slow rate of 6 mM/min at pH, 6.57+0.06 

(n=5)) compared to 7 mM/min at pH; 1 (n=37) under control 

conditions.. Only after pHo was restored to 7.4, pH, recovered to physiologic levels 

(tracee labeled '2'). When pH„ was lowered to 6.4 the metabolically inhibited myocyte 

wass virtually unable to recover from the second acid load (trace labeled '3'). pH, now 

stabilizedd at -6.6. Only after pH0 was restored to 7.4 the energy deprived myocyte 

spedd up the recovery (trace labeled '4'). The quantitative details of these data for this 

andd four other cells are summarized in Table 1. 

Ass shown in Fig. 3B, a 1 pH unit extracellular acidosis caused a parallel shift of the 

pHr̂ NHEE profile of -0.3 pH unit in the acidic direction, whereas pseudo-ischemia 

addedd a decreased steepness of the profile on top of the shift. The diminished 

steepnesss of the PH,-./NHE profile during metabolic inhibition was less prominent in 
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thiss experiment. This is presumably because the recoveries progressed over a 

relativelyy small pH; trajectory. 
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NHENHE and NBC during ischemia and reperfusion 

Too summarize the data of this myocyte and four others, we determined the mean JNHE 

att pH, 6.55 when pH0 was 6.4 and the mean JNHE at pH, 6.55 under pseudo-ischemic 

conditions.. For comparison we determined the control JNHE at pH, 6.55 when pH0 is 

7.44 of a different group of 35 myocytes. The results are shown in Fig. 3C. Lowering 

pH00 to 6.4 decreased /NHE at pH, 6.55 on average by 40% (P<0.05). During pseudo-

ischemia,, JNHE fell to 15% of the value observed when only the extracellular acidosis 

iss present. This remaining JNHE is only 9% of the control flux. From these data we 

concludee that pseudo-ischemia suppresses JNHE by more than 90%. 

NBC C 

Too investigate the effects of extracellular acidosis and pseudo-ischemia on NBC, we 

acidd loaded five myocytes twice by means of 45% CO2/22.4 raM HCO3" pulses. 

Raisingg the PCO2 nine-fold while keeping all other ionic conditions unaltered, lowers 

pHH of the superfusate to 6.4 but does not compromise NBC's ability to mediate acid 

extrusionn for most pH,'s. At the same time the high PCO2 imposes a sarcoplasmic 

acidd load on the myocyte. When pH0 was lowered to 6.4 the metabolically 

unchallengedd and later challenged myocyte was not able to recover (Fig. 3D). Only 

afterr pH0 was restored to 7.4 by normalizing the PCO2, pH, returned to physiologic 

levels.. This re-alkalization is mainly due to rapid CO2 efflux from the sarcoplasma. 

Similarr observations were made in the now metabolically inhibited myocyte: virtually 

completee absence of the recovery from the acid load. The details of these data for this 

andd five other cells are summarized in Table 1. 

Wee next addressed the question whether NHE could fight the acid load. To this end, 

wee repeated the experiment of Fig. 3D and omitted cariporide. As is shown in Fig. 

3E,, pH, recovered at a rate of 5 mM/min when pH, was 7 (n=3). This 

ratee is not significantly different from the rate observed under HEPES-buffered 

conditionss (Fig. 3A). In addition, consistent with previous results, also in the 

presencee of CO2/HCO3" NHE was incapacitated under pseudo-ischemic conditions 

(Fig.. 3E). 

Too summarize the data of all six cells subjected to the solution changes of Fig. 3D we 

determinedd the mean JNBC at pH; 6.55 when pH0 was 6.4 and the mean JNBC at pH; 

aa Lowering the PCO2 from 45% to 5% causes an acute sarcoplasmic respiratory alkalosis. Given an 
averagee buffering power of 30 mM under control conditions (Fig. 1), the maneuver would cause an 
acutee pH, rise from 6.55 to 7.10. Given an average buffering power of 50 mM under metabolically 
inhibitedd conditions, the maneuver would cause an acute pH, rise from 6.55 to 6.95 
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6.555 under pseudo-ischemic conditions. For comparison we determined the control 

JNBCC at pH, 6.55 when pH0 is 7.4 of a different group of 18 myocytes. The results are 

shownn in Fig. 3F. A lowered pH0 of 6.4 as well as pseudo-ischemia completely 

inhibitedd NBC. 

Tablee 1: Effect of metabolic inhibition , pseudo-reperfusion, extracellular  acidosis 
andd pseudo-ischemia on pH, 

Experimentss of Figure 2 HEPES CO/HC03 

Metabolicc inhibition/pseudo-reperfusion 

Restingg pH, 1 (n=36) 7.05+0.02 (n=30) 

pH,, after first prepulse 2 (n=36) 3 (n=30) 

Magnitudee of transient alkalosis (pH unit) 1 (n=22) 1 (n=14) 

Durationn of transient alkalosis (min) 5 (n=22) 9 (n=14) 

Timee between start metabolic inhibition and contraction stop (min) 19.2+1.3 (n=31) 29.0+2.6 (n=16) 

Timee between start metabolic inhibition and rigor (min) 5 (n=31) 33.6+2.6 (n=16) 

Magnitudee of sustained acidosis (pH unit) 1 (n=31) 1 (n=15) 

pH(( value after second prepulse 6.65+0.04 (n=23) 6.69+0.02 (n=l0) 

Magnitudee of transient acidosis (pH unit) 1 (n=23) 3 (n=9) 

pH,, after third prepulse 5 (n=17) 6.80+0.02 (n=4) 

Experimentss of Figure 3 

Extracellularr  acidosis/pseudo-ischemia 

pH,, after first prepulse during extracellular acidosis 

pH,, after second prepulse during pseudo-ischemia 

HEPES HEPES COJHCO3 COJHCO3 

55 (n=5) 2 (n=6) 

6.6210.044 (n=5) 6.51+0.06 (n=6) 

EffectsEffects of pseudo-reperfusion following metabolic inhibition onpHi andNa+i 

Soo far we found that metabolic inhibition and pseudo-ischemia reversibly suppressed 

NHEE and NBC, whereas pseudo-reperfusion hyperactivates NHE, but not NBC. 

However,, the contribution of NHE and NBC to Na+; loading under these conditions 

remainss to be assessed. Therefore, we measured pH, and Na+; of beating myocytes 

whilstt applying the cyanide protocol in HEPES and CCVHCCV-buffered conditions 

andd omitted the NHs/NH4+ prepulses. 

pH, , 
Ass shown in Fig. 4, A and B, during metabolic inhibition the cells and their pH; went 

throughh the aforementioned pattern of changes. Again pseudo-reperfusion caused 
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NHENHE and NBC during ischemia and reperfusion 

hypercontracturee which coincided with a transient acidosis (Fig. 4, A and B, traces 

labeledd 'A'). As shown in traces labeled 'B', addition of cariporide during pseudo-

reperfusionn prevented hypercontracture and unmasked a sustained acidification of 

11 pH unit that developed within 4 min (n=15). The corresponding acid 

influxx rate was 5 mM/min. A 0.23 pH unit acidosis represents an H+ load of-9 

mMM H+ if p\- averages 40 mM (Fig. 1). Thereafter pH, acidified negligibly at a rate of 

0.02+0.111 mM/min, whereas under CC^/HCCV-buffered conditions pHj slowly 

recovered,, presumably because of NBC. We estimated VNHE from experiments as in 

tracee labeled 'A' in Fig. 4A. At an average value of 6.7, pH/ recovered at a rate of 

44 mM/min (n=14) whereas the averaged background acid influx was 4.4 

mM/minn (see above). This indicates that JNHE is at least 7.7 mM/min. This is -200% 

off  the averaged JNHE at pH, 6.7 under aerobic conditions. 

Na+, , 

Wee then measured Na+, in cells that underwent the same solution changes. Resting 

Na+,, of metabolically unchallenged myocytes proved ~6 mM, whereas during the 

metabolicc inhibition Na+, slowly rose until it had reached a plateau level of -20 mM 

inn rigor-shaped myocytes (Table 2). In all experiments in which we omitted 

cariporide,, pseudo-reperfusion caused hypercontracture. Hypercontracture coincided 

withh a steep rise and fall of Na+, with peak values of -30 mM reached in 1.5 min 

(Tablee 2, Fig. 4, C and D, traces labeled 'A'). The corresponding Na+ influx rate was 

7.3+2.00 mM/min (n=7) under HEPES-buffered conditions and 3 mM/min (n=6) 

underr CC^/HCCV-buffered conditions. 10 uM cariporide completely abolished the 

Na+,, transient (Fig. 4, C and D, traces labeled 'B'). This indicates that NHE, but not 

NBC,, mediated the excessive Na+, loading. The pooled averaged rate at which this 

occurred,, -8 mM/min, is again -200% of average JNHE at pH, 6.7 under aerobic 

conditions.. Amplitude of the rapidly peaking Na+, influx of pseudo-reperfusion is 

~111 mM (cf. Table 2) which agrees well with the notion that NHE expels the majority 

off  the H+ of the sustained acidosis (-5 mM) and the acidosis of pseudo-reperfusion 

(~99 mM). Inasmuch as Na+, levels had normalized within 10 minutes after pseudo-

reperfusion,, we infer that Na+ extrusion pathways rapidly recuperated and may have 

limitedd peak of the Na+, transient. 
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Fig.4.Fig.4. pH, and Na'i during metabolic inhibition and pseudo-reperfusion. A,B Typical pH, traces. 

Pseudo-reperfusionPseudo-reperfusion was accomplished without (trace 'A ') or with 10 pM cariporide (trace 'B'J. 'no 

he':he': absence of hypercontracture. Arrowheads mark the transient acidosis of trace 'A'. C,D Na*t 

recordingsrecordings of two other myocytes that underwent the same solution changes as in A and B. Pseudo-

reperfusionreperfusion was performed with (solid line) or without 10 pM cariporide (dashed lines). E, Na*, 

recordingrecording when cariporide was present during metabolic inhibtion and pseudo-reperfusion. 

Inn three myocytes we tested to what extent NHE contributes to Na+, loading during 

metabolicc inhibition (Fig. 4E). We added 10 uM cariporide during the metabolic 

inhibitionn and pseudo-reperfusion phase of the experiment. Na+, levels rose to plateau 

valuess similar to those observed in the absence of the drug (Table 2). This indicates 

thatt NHE does not significantly contribute to Na+, loading during metabolic 

inhibition.. Inasmuch as the plateau Na+, levels under HEPES-buffered conditions 

weree similar to those observed in under CCVHCCV-buffered conditions (Table 2) we 
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concludee that NBC did not significantly contribute to Na+, loading during metabolic 

inhibition. . 

EffectsEffects of NHE and NBC on pHj and Na+i during pseudo-ischemia 

Too confirm the negligible contribution of NHE and NBC to Na+, loading during 

pseudo-ischemia,, we repeated the experiments of Fig. 4 but now with a pH„ of 6.4. 

pH, , 

Underr 45%C02/22.4 mM HC03"-buffered conditions, pH, fell instantaneously from 

7.11 to 6.6, then recovered because of NHE and, when metabolic inhibition took full 

effect,, re-acidified again to pH 6.65 (Fig. 5A, trace 'A'). In the presence of cariporide 

onlyy a modest acidic drift of pH, was observed from 6.65 to 6.55 (trace 'B'). Pseudo-

reperfusionn caused a two-phase pH, recovery. The rapid phase and at least first 

portionn of the slow phase were cariporide insensitive and due to CO2 efflux. pH, did 

nott return to control values because of the increased buffering power and the pseudo-

reperfusionn induced sarcoplasmic acidification . Further details of these experiments 

aree summarized in Table 2. 

C02 /HC03 --
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77 2 - , 45% C0 2 + cyanide 
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_ _ 
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FigFig 5. pHj and Na*j during pseudo-ischemia and pseudo-reperfusion. A. Typical pH, traces. B. Na 1 

recordingsrecordings of two other myocytes that underwent the same solution changes as in A. Trace labeled 'A ' 

waswas recorded in the absence of cariporide, whereas trace labeled 'B' was recorded in its presence. 

bb Lowering the PC02 from 45% to 5% causes an acute sarcoplasmic respiratory alkalosis. Given an 
averagee buffering power of 50 mM (Fig. 1), the maneuver would cause an acute pH, rise to 7.16. with a 
correspondingg sarcoplasmic HCO3' of 13 mM. We observed an instantaneous pH, rise from -6.65 to 
-6.855 in 1 minute. At the latter pH;, 6.4 mM HCO3" is present. This indicates that a metabolic acidosis 
off  6.6 mM H' had occurred in the first minute of pseudo-reperfusion. 
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Na\ \ 

Duringg pseudo-ischemia Na+,- rose steadily. The process was not affected by 

cariporidee (Fig. 5B) indicating that the Na+ extrusion pathways were intact at the 

onsett of pseudo-ischemia and that NHE does not contribute to the process of Na+, 

loadingg when the Na+ extrusion pathways do get suppressed. At the moment of 

reperfusionn we did not observe the sharp Na+, transient. This indicates that the H+ are 

mainlyy consumed by way of association with HCO3" ions. 

Tablee 2: Effect of metabolic inhibition , pseudo-reperfusion, extracellular  acidosis 
andd pseudo-ischemia on Na\-

Na+,, (mM) 

control l 

cariporide* * 

cariporidef f 

control l 

cariporide* * 

control l 

cariporide* * 

Control l 

) ) 

--

--

7.210.22 (n=9) 

--

6.0+0.11 (n=7) 

--

Rigor r 

HEPES HEPES 

16.411.77 <n=10) 

--

12.9+0.99 (n=3) 

5%C05%C02 2 

15.811.88 (n=9) 

--

45%C045%C02 2 

12.311.66 (n=4) 

10.811.11 (n=3) 

Rigorr  + 5 min 

17.911.77 (n= 10) 

--

13.510.66 (n=3) 

21.011.77 (n=9) 

--

13.811.99 (n=4) 

13.510.11 (n=3) 

Pseudo--

Reperfusion n 

HEPES HEPES 

29.413.44 (n=7) 

15.811.99 (n=3) 

13.410.55 (n=3) 

5%C05%C02 2 

32.114.77 (n=6) 

21.513.77 (n=3) 

5%C05%C02 2 

14.411.88 (n=4) 

14.510.11 (n=3) 

HEPES-bufferedd Tyrode's solution (HEPES), 5%C02/22.4 mM HCO3 -buffered Tyrode's solutions 

(5%C02),, and 45%C02/22.4 mM HC03 -buffered Tyrode's solutions (45%C02). 

Cariporidee present during pseudo-reperfusion only, 

ff  Cariporide present during metabolic inhibition and pseudo-reperfusion. 

Discussio n n 
Inn this paper we define a number of key details of pathophysiology of reperfusion 

injury.. These include timing and magnitude of changes in transport activity of NHE 

andd NBC as well as timing and magnitude of the sarcoplasmic metabolic acidosis of 

ischemiaa and reperfusion. We found that metabolic inhibition and pseudo-ischemia 

suppressedd JNHE by 40 and 65%, respectively. This agrees with studies that stress the 

importancee of pH0 and sarcoplasmic ATP for full activation of NHE [25-29]. Pseudo-

reperfusionn restored the PH,-./NHE profile and doubled its steepness. Hyperactivity is 
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presumablyy caused by reactive oxygen species [30,31] that are mainly formed in the 

firstt minutes of reperfusion [32]. We found that NBC gets even more suppressed: 

metabolicc inhibition and pseudo-ischemia reduced ./NBC by 90 and 100%, respectively. 

NBCC recovered to only 50% upon pseudo-reperfusion. 

Inn our cell model neither NHE nor NBC contribute to the Na+, loading of ~6 to -20 

mMM during metabolic inhibition or pseudo-ischemia. This agrees with our 

observationn that NHE and NBC are largely suppressed under these conditions and is 

alsoo in keeping with the work of SchaTer et al. [33] who showed that NHE and NBC 

doo not contribute to intracellular Na+ loading during pseudo-ischemia. 

Inn our cell model NHE is solely responsible for the injurious Na+, loading of -20 to 

~300 mM immediately after pseudo-reperfusion. This agrees with our observation that 

NHEE doubles its transport rate virtually instantaneously. Metabolic inhibition and 

pseudo-reperfusionn cause a metabolic acidosis of -14 mM H+ triggering the 

hyperactivee NHE quickly after pseudo-reperfusion. The resultant sharp cariporide-

sensitivee rise in Na+, to levels as high as five times resting value within 1.5 min causes 

thee hypercontracture. Schafer et al. [33] did not make this observation in their rat 

model.. These authors however, measured Na+; 5 and 10 minutes after pseudo-

reperfusionn and may have missed the rapidly peaking Na+
; transient. Therefore, we 

attributee the protective effect of NHE inhibition to prevention of the NHE-mediated 

sharpp sensitive rise in Na+, following pseudo-reperfusion. 

Wee found that the contribution of NBC to pseudo-reperfusion injury is negligible. 

Thiss is at odds with other reports that do mention a role for NBC in rat and ferret [19-

21].. However, like in guinea pig [34], in our rabbit myocytes JNBC too is less than 

30%% of 7NHE; furthermore ./NBC recovers only to 50% upon pseudo-reperfusion, 

whereass ,/NHE doubles. Inasmuch as the low JNBC we observe provides a plausible 

explanationn for our observations we have as yet no good explication for the 

discrepanciess with previous work [19-21], other than species differences or 

differencess in the NBC isoform. 

Wee thus identify the first few minutes following pseudo-reperfusion as an extremely 

criticall  moment. Our data and those of others [33] suggest that before and after that 

timee interval NHE inhibition is of limited value. It is essential that NHE inhibition is 

immediatee and total at the very beginning of reperfusion to be beneficial. This calls 

forr high enough NHE inhibitor concentrations in ischemic cardiac muscle. Obviously 

thiss condition is difficult to meet in blood deprived tissue. One solution is to 
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administerr NHE inhibitors before start of reperfusion therapy. This may explain why 

severall  studies reported that NHE inhibition during the ischemic period was essential 

[12-18]]  whereas others showed that inhibition of NHE at the moment of reperfusion 

wass sufficient [7-11]. Our observations suggest that the rate at which the NHE 

inhibitorr can reach the cardiac tissue at risk after opening of the occluded coronary 

arteryy becomes a critical factor. We also hypothesize that this rate may vary for 

patientt groups which may explain why some trials revealed advantages of NHE 

inhibitionn [3,4] while others did not [5]. 
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