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Overview Overview 

Maintenancee of a neutral pH, is crucial for virtually all cellular processes. For this 

purposee the heart possesses several acid-base transporters. In guinea pig ventricular 

myocytess four acid-base transporters coexists and keep pH, constant. Na /H 

exchangee (NHE) and Na+-HCC>3" cotransport (NBC) activate when pH; drops, 

whereass CI/HCO3" exchange (AE) and C170H" exchange (CHE) operate when pH, 

becomess alkaline[l]. In this thesis we for the first time show that also rabbit 

ventricularr myocytes and human atrial myocytes possess the same four acid-base 

transporters.. These acid-base transporters have in common that they stop at neutral 

pH,, values even though they did not reach their individual thermodynamic 

equilibrium.. This propensity is attributed to the presence of a 'H+ sensor' located at 

thee internal site of each acid-base transporter. The pH, at which an acid-base 

transporterr stops is called the 'set-point pH/ of that transporter. The set-point pH, and 

activityy of NHE, NBC, AE and likely also CHE are tightly controlled mainly by G-

proteinn coupled signal transduction pathways. Under normal conditions the set-point 

pH,, values of NHE, NBC, AE and CHE are nearly equal[2]. In contrast under patho-

physiologicall  conditions extracellular stimuli, such as membrane stretch and elevated 

vaso-activee hormone levels, shift the set-point pH, of the acid-extruders towards more 

alkalinee pH, values and the set-point pH, of the acid loaders towards more acidic pH; 

values.. The shift of set-point pH, values in opposing direction leaves resting pH, 

unchangedd at neutral values, but increase Na+ and CI" influx. 

Nextt to these four acid-base transporters the heart harbors a monocarboxylate 

cotransporterr (MCT) which carries e.g. lactate together with a proton across the 

membrane.. Although activation of MCT changes intracellular proton concentration it 

iss not really involved in maintenance of resting pH,. Under aerobic conditions the 

mainn task of MCT is to retrieve lactate from the blood and to provide the heart an 

extraa metabolic energy source. On the other hand, under anaerobic conditions, MCT 

wil ll  expel lactate together with a proton from the cytoplasm and thus contributes to 

acidd extrusion[3]. 

pHi-requlationn during ischemia 
Inn an ischemic heart pH, becomes acidic despite the presence of potent acid extrusion 

mechanisms,, such as NHE and NBC. In this thesis we provide evidence that 

metabolicc inhibition and extracellular acidosis (pseudo-ischemia) suppress NHE and 
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NBCC activity. Suppressed acid-extrusion underlies the persistent acidosis during 

ischemia.. Although these NHE and NBC do not require ATP-hydrolysis to operate, 

ATPP seemed necessary for full activation. The inhibitory effect of ATP-depletion on 

NHEE is likely caused by net dephosphorylation of phosphatidylinositol 4,5-

bisphosphatee (PIP2)[4]. Aharonovitz et al. showed that full activation of NHE 

requiress binding of plasmalemmal PIP2 to the PIP2-binding motifs on the c-terminal 

domainn of NHE. A similar mechanism may underlie the ATP-dependence of NBC, 

howeverr this remains to be investigated. The inhibitory effect of an extracellular 

acidosiss of NHE and NBC can be partially explained by reduced driving force for acid 

extrusion.. In this thesis we demonstrated that a lowered pHo shifts the set-point pH, 

valuess of NHE and NBC towards more acidic pH, values. The large suppression of 

NHEE and NBC explains why both acid extruders are unable to maintain pH, at neutral 

valuess during ischemia. 

Duringg ischemia, monocarboxylate cotransport (MCT) is an alternative pathway for 

protonss to leave the cytoplasm. Lactate and H+ produced by anaerobic metabolism 

shouldd be effectively removed by MCT-mediated lactate-H* cotransport. However, 

lacticc acid accumulates and subsequently leads to tissue swelling. Inadequate removal 

off  lactate is generally explained by the already limited aerobic MCT-mediated lactate 

effluxx capacity. In contrast, in this thesis we provide evidence that the capacity of 

aerobicc MCT-mediated lactate efflux is not rate limiting. Instead, we conclude that 

MCT,, like NHE and NBC, is also suppressed by metabolic inhibition. Moreover, 

extracellularr lactate and H+ accumulation will further hamper MCT-mediated lactate 

effluxx during ischemia. 

phi-regulationn following reperfusion 
Althoughh our data indicate that NHE and NBC are almost inactive, many animal 

studiess showed that NHE inhibition during ischemia and reperfusion reduce 

reperfusionn injury [5,6]. They attribute the cardio-protective effect of NHE inhibition 

too diminished Na+, and subsequent Ca2+ loading during ischemia and reperfusion. In 

thiss thesis we provide evidence that immediately after washout of metabolic inhibition 

orr pseudo-ischemia the suppressed NHE becomes hyperactivated by 200%, whereas 

NBCC recovers only to 50% of its aerobic control flux. The hyperactive NHE, 

triggeredd by the metabolic acidosis, causes injurious Na+; loading and 
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hypercontracturee at the very instant of reperfusion. Inhibition of NHE at the moment 

off  reperfusion prevented excessive Na+, loading and hypercontracture. Moreover 

NHEE inhibition during metabolic inhibition or pseudo-ischemia had no significant 

effectt on the gradual rise in Na+,. Hence we suggest that the cardio-protective effects 

off  NHE inhibition during ischemia and reperfusion found in the animal studies are 

duee to prevention of deleterious NHE-mediated Na+, loading immediately upon 

reperfusionn and not to prevention of Na+; accumulation during the ischemia period 

itself.. Thereof, the time at which selective NHE inhibitors can reach the blood-

deprivedd tissue at the moment of reperfusion becomes a critical factor. Intravenous 

injectionn of NHE inhibitors prior to reperfusion therapy will be beneficial to reduce 

reperfusionn injury. Regarding the low transport activity of NBC (7% of NHE) after 

reperfusion,, additionally strategies to selectively inhibit NBC during ischemia and 

reperfusionn will not significantly improve to salutary effects of NHE inhibition. 

Duringg reperfusion extracellular lactate is washed out and pHo quickly recovers to 7.4. 

AA reduction in extracellular lactate and H+ concentration will promote lactic acid 

effluxx and subsequent recovery of pH,. In this thesis we showed that the inhibited 

MCTT was quickly restored its lactate efflux rate after reperfusion. Because of this 

MCTT might significantly contribute to pH, recovery following reperfusion. 

Experimentss in which MCT is inhibited following reperfusion might resolve this 

question.. Indeed this has been suggested by vandenberg et al.[7] 

pHrrequlationn in hypertrophied failing hearts 
Inn failing hearts acid-base transport activity is enhanced. In our model of combined 

pressuree and volume overloaded failing hearts we observed a moderate increase in 

NBCC and CHE activity, and a large increase in NHE and AE activity. This is in 

accordancee with previous reports on increased NHE activity in other animal models of 

heartt failure [8~10]. Both modulation and increased protein expression levels of NHE, 

probablyy induced by elevated levels of vaso-active hormones and membrane stretch, 

seemedd to underlie these changes. Simultaneous increase in Na+-mediated acid 

extrusionn and Cl"-mediated acid loading leaves resting pH; unchanged but increased 

Na++ and CI" influx. In the face of a reduced Na+/K+ pump and SR Ca2+ pump activity, 

andd increased Na+/Ca2+ exchange activity, Na+, and diastolic Ca2+ concentrations are 

elevatedd in failing hearts. Indeed, inhibition of NHE normalized Na+, and diastolic 
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Caa concentrations to values observed in control hearts[ 11,12]. Moreover, NHE 

inhibitionn reduced the Ca2+ transient amplitude at low stimulation frequencies in 

failingg hearts[ll]. This restored the positive frequency Ca2+-transient-amplitude 

relation.. We hypothesized that increased NHE underlies the negative force-frequency 

relationn generally observed in failing hearts. Thereof we investigated to what extent 

NHEE and NBC contribute to cardiac twitch amplitude in myocytes isolated from 

normall  and failing hearts. We confirmed that, like the Ca2+ transient, the twitch 

amplitudee was significantly reduced at low stimulation frequencies when NHE was 

inhibitedd in failing hearts. Moreover, additional inhibition of NBC and AE did not 

furtherr reduce the twitch amplitude of failing myocytes. 

Besidess the acute cardio-protective effects of NHE inhibition, chronic blockage of 

NHEE has been shown to reduce hypertrophy and the development of heart failure[10]. 

Wee recently started experiments to test whether a cariporide-containing diet could 

preventt development of heart failure in rabbits that underwent disruption of the aortic 

valvee and ligation of the abdominal aorta. 

Patientss with heart failure have a lower anaerobic threshold during exercise and will 

consequentlyy produce more lactate. Circulating lactate, retrieved from the blood by 

MCT,, becomes a major energy source for carbohydrate oxidation in failing hearts. 

Thiss notion is supported by the increased MCT-1 activity found in myocytes isolated 

fromm a rat model of congestive heart failure. Increased MCT-1 activity was due to 

enhancedd expression levels in the sarcolemma. In failing hearts MCT-1 was no 

longerr restricted to the intercalated disc, but could be detected all over the 

membrane[13].. In our rabbit model of heart failure MCT-mediated lactate influx was 

significantlyy increased at all extracellular lactate concentrations and pH0 values. This 

iss in accordance with the findings of Johannsson et al. However the lactate efflux rate 

remainedd unchanged between normal and failing hearts. The asymmetric behavior of 

MCTT seemed to be changed, which can not only be explained by an increased protein 

expressionn level of one MCT isoform. We thereof conclude that indeed MCT-

mediatedd lactate influx is increased due to changes in modulation of MCT or due to 

changess in expression of MCT isoforms. 
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Swelling-activatedd chloride currents. 
Heartt cells subjected to excessive workloads undergo typical morphological and 

electrophysiologicall  changes. Prolongation of the action potential (AP) is frequently 

observedd in hypertrophied myocytes of failing hearts. As reviewed by NSbauer et. al. 

[14],, this is due to a reduction of a number of different K+ conductances. Because of 

this,, AP configuration of hypertrophied cells may be expected to be more susceptible 

too membrane stretch-induced currents, among which is the swelling-activated CI" 

currentt ( I Q swell)- Moreover, because failing heart cells are chronically subjected to 

membranee stretch, density and properties of I Q swell  m ay ^e changed. In contrast to 

previouss reports, we did not find a persistent active I Q swell  m failing hearts under 

isotonicc conditions. In this thesis, we show that the influence of I Q swell  o n no11113! 

rabbitt cardiac AP and abnormal AP configuration in HFH myocytes is scaled to the 

intensityy of the osmotic stress. Moreover, the smaller effects of I Q s w el l on AP 

parameterss in HFH myocytes are due to a reduction in I Q s w el l density in failing 

myocytes.. Differences in animal model of heart failure might explain the 

discrepancies.. Moreover, differences in the period of time the cells function in a 

failingg heart may contribute to the divergence. 
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