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Abstrac t t 
Background:Background: We previously identified and characterized the Na+/H+ exchanger 

(NHE),, Na+/HC03" cotransporter (NBC), C17HC03" exchanger (AE), and C170H 

exchangerr (CHE) in rabbit cardiomyocytes. Data on human cardiac acid-base 

transporterss are limited. Hence we addressed the question whether these four acid-

basee transporters were also present in human cardiomyocytes. 

MethodsMethods and Results: Fluoremetrical measurements of pH, in atrial myocytes isolated 

fromm human appendages revealed the presence of both acid extruders and acid 

loaders.. In the absence of CO2/HCO3" pH, recovered quickly from an acute acid load. 

Additionn of the NHE-inhibitor cariporide completely abolished pH,—recovery. In 

CCh/HCCV-bufferedd conditions intracellular acidosis was slowly opposed by a 

cariporide-insensitivee mechanism. Moreover, in the absence of CO2/HCO3" pH, 

recoveryy progressed slowly, whereas it was accelerated under CC^/HCCV-buffered 

conditions.. Regarding the high similarity of these pH,-recovery trajectories with 

rabbitt cardiomyocytes, we attributed the fast and the slow acid extrusion pathway to 

respectivelyy NHE and NBC. The HCCV-independent acid loader was ascribed to 

CHE,, whereas the HCCh-mediated acid loading was due to the contemporary action 

off  both AE and CHE. From the pH,-recovery trajectories we derived the proton-

equivalentt flux (JH+) through NHE (JNHE), NBC (JNBc), AE+CHE (JAE+CHE) and CHE 

(^CHE)-- The PHJ-JNHE profile revealed a steep dependence on pH„ while the PH—^NBC 

profilee depended only weakly on pH,. At pH, 6.4 JNBC was -30% of JNHE, however 

JNBCC exceeds JHHE at near neutral pH, values. JCHE resembled AE+CHE in the pH, 

intervall  between 6.9 and 7.0, however ./AE+CHE increased at more alkaline values. The 

overlapp of pHr-Jmc and pH-^cHE at neutral pH, values suggests a major role for NBC 

andd CHE in determining the resting pH,-value in human cardiomyocytes. 

Conclusions:Conclusions: Human atrial myocytes exhibit the same four cardiac acid-base 

transporterss as found in rabbit. Also the relative contribution of these transporters to 

pHy-regulationn did not differ much between rabbit and human. NHE is the major acid 

extrusionn pathway, whereas AE is the most important acid loader. The only 

differencee is the three times larger Ju+ at resting pH; values in human cardiomyocytes. 

Thiss might explain the high intracellular Na+ concentrations observed in human 

cardiomyocytes. . 
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Introductio n n 
Acid-basee transporters have been identified in the heart of various animals. These 

transporterss can be categorized in acid extruders and acid loaders. The Na+/H+ (NHE) 

exchangerr and the NaVHCCV (NBC) cotransporter remove acid from the cytoplasm, 

whereass the C17HC03" (AE) and the C170H* (CHE) exchanger load the cytoplasm 

withh acid. In guinea pig all four acid-base transporters have been shown to coexist in 

onee and the same myocyte[l]. 

Thee role of NHE under normal and pathophysiological conditions is most extensively 

studied,, whereas data on NBC, AE and CHE are relatively scarce. NHE proved to 

playy an important role in ischemic heart disease and in the development of heart 

failure.. Acute inhibition of NHE during ischemia and reperfusion significantly 

decreasedd the reperfusion injury[2]. In addition, chronic inhibition of NHE prevents 

thee development of post-ischemic heart failure[3]. Although the importance of NHE 

wass recognized in animal models of heart failure, functional data on NHE in human 

cardiacc myocytes is limited. One report showed increased NHE activity in ventricular 

myocytess from chronic end-stage heart failure compared to unused donor hearts. 

Thesee authors attributed this to differences to post-translation regulation of NHE[4]. 

Recentlyy functional data regarding NBC were provided by Loh et al.[5]. They 

demonstratedd that both NHE and NBC were present in human atrial myocytes. NHE 

provedd sensitive to selective NHE inhibitors, whereas NBC could be inhibited by 

4,4'diisocyanatostilbene-2,2'-disulphonicc acid (DIDS). The transport activity of NHE 

activityy depended steeply on pH„ whereas NBC seemed almost pH,-insensitive. In 

contrastt to NHE and NBC there are no reports on AE and CHE in human 

cardiomyocytes. . 

Wee previously demonstrated the presence of NHE, NBC, AE and CHE in rabbit 

ventricularr myocytes. These four acid-base transporters are in equilibrium thereby 

keepingg resting pH, near neutral values. In normal rabbit ventricular myocytes set-

pointt pHj values (pH; at which a transporter is almost quiescent) of both acid 

extruderss and acid loaders were similar (pH, ~7.0). In contrast a clear overlap of set-

pointt pH, values of Na+-mediated acid extruders (NHE and NBC) and Cl"-mediated 

acidd loaders (AE and CHE) was observed in failing rabbit hearts. Despite this overlap 

restingg pH, did not differ, however it was causative for the elevated intracellular Na+ 

(Na+/)) found in these failing hearts. Inasmuch as Na+, concentration of healthy human 
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cardiacc muscles is higher than in other species, we expected a similar overlap in acid-

basee transport in human cardiomyocytes[6]. 

Inn this study, we addressed the question whether the same four acid-base transporters 

couldd be identified in human atrial myocytes and to what degree an overlap exists. 

Material ss  and method s 
CellCell preparation 

Rightt atrial appendages were obtained from patients undergoing hearts surgery or 

heartt transplantation. The tissue was transported to the laboratory in Tyrode's 

solutionn consisting of (mM) 140 NaCl, 5.4 KC1, 1.8 CaCl2, 1.0 MgCl2, and 5.5 

glucosee at pH 7.4 (37°C). The atrial tissue was sliced into several pieces (10 mm long 

andd 5 mm in width). Each strip of tissue was placed in a separate vial containing 3 

mLL nominally Ca2+-free enzyme containing Tyrode's solution (54 U/L collagenase 

typee B, 191 U/L collagenase type P and 100 mg/L trypsin inhibitor, 71800 U/L 

hyaluronidasee and 27 mM creatinephosphate). The atrial strips were stirred at 35°C 

forr ~45 min until myocytes were observed in the supernatant. At this moment the 

dissociatedd strips were transferred to a test tube containing nominally Ca2+-free 

Tyrode'ss solution to which 1% bovine serum albumin was added. Single rod-shaped, 

striatedd myocytes were obtained by triturating the dissociated strips through a pipette 

(tipp diameter of 3 mm) for 10 min at 35°C. Cells were allowed to settle down for 30 

min.. Consequently, the supernatant was replaced by normal high Ca2+ Tyrode's 

solutionn containing 1% bovine serum albumin. In our experiments we used only rod 

shapedd myocytes with clear cross striations. 

Solutions Solutions 

Inn the CCyHCCV-buffered Tyrode's solution 22.4 mM NaCl was replaced by 

NaHCC*33 and was gassed with 5%CC>2 balanced with 95%air. For ammonium 

prepulsess 20 mM NaCl was replaced by NH4CI. For acetate prepulses 40 or 80 mM 

NaCll  was replaced by NaAcetate. In Na+-free Tyrode's solutions Na+ was replaced 

byy Af-methyl-D-glucammonium (NMDG*) and Ca2+ was omitted to prevent Ca2+-

loadingg through reverse mode Na+/Ca2+ exchange. The Na+/H+ exchanger inhibitor 
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cariporidee was provided by Dr. Weichert of Hoechst Marion Roussel, Germany. 

Cariporidee was prepared as 1000x stock in water. 

IntracellularIntracellular  tt 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 inverted microscope was 

equippedd with apparatus for epi-illumination. Dye-loaded myocytes were excited 

withh light of wavelength of 515 nm for 50 ms once every 3 s (75 W Xenon arc lamp). 

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

recordedd by two photomultiplier tubes. A rectangular adjustable slit ensured 

negligiblee background fluorescence levels. The I580/I640 ratio was calibrated by a 

seriess of precisely set pH solutions that contained 140 mM K+ instead of Na+ and 10 

uMM nigericin (Sigma)[7]. The obtained ratios were plotted against the pH„ which 

equalss pH„, to construct the calibration curve (see Fig. 1 A). 
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Fig.Fig. 1. In situ calibration curve of SNARF and intrinsic bufferpower in human atrial myocytes. The 

bestbest fit through the calibration curve yielded a maximal ralio(Rmax) of 1.43, a minimal ratio (Rmin) of 

0.100.10 and a pK of 7.35 (A). The best fit through the intrinsic buffering power data required a slope of 

30.930.9 mM/pH unit and an intercept of-153.2 mM'(B). 

DeterminationDetermination of intrinsic (pi) and CO 2 (PcoJ buffering power 

Too determine p\, acid-loaded myocytes were exposed to series of nominally Na+ and 

Caa + free, HEPES buffered (pH 7.4) Tyrode's solutions containing decreasing 

amountss of NH3/NH4. To minimize NH/ entry via K+ channels 2.0 mM BaCh and 

CdChh (1 mM) prevented Ba2+ influx through L-type Ca2+ channels. We determined 
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pH,, dependency of p, in 2 human atrial myocytes. Over the pH* range between 6.6 

andd 7.4, p, increased from -50 to -70 mM in an approximately linear fashion. The 

bestt fit  to these data required a slope of 30.9 mM/pH unit and an intercept of-153.2 

mMM (Fig. IB). The CO2/HCO3" buffering power, $co2, was computed by the 

followingg equation: 

pVo2=2.3*[HC03-]oo *10 (PH'-PH*>. 

withh [HCCVJo representing the extracellular HCO3" concentration. 

Totall  buffering power, p(t>, was computed as follows: 

Thee first two minutes of the pH, recovery from an alkaline load under CO2/HCO3-

bufferedd conditions were ignored to exclude out-of-equi librium effects of the 

bufferingg system[8]. 

Statistics Statistics 

Resultss are expressed as mean  standard error of the mean (SEM). Two sets of data 

weree considered significantly different if the P value of these tests was <0.05. Lower 

casee "n" represents the number of cells measured. 

Results s 
IdentificationIdentification of the four sarcolemmal acid-base transporters in human atrial 

myocytes myocytes 

Too activate cardiac acid-base transporter we induced either an acid or an alkaline load 

inn the myocytes using respectively a NH3/NH/ and a HAc/Ac" prepulse. After the 

cellss completely recovered from the acid load they were subsequently subjected to the 

alkalinee load. Typical pH/ traces of myocytes undergoing this protocol bathed either 

inn HEPES or in CC^/HCCV-buffered Tyrode's solutions are shown Fig. 2 A and B. 

Inn HEPES-buffered solutions, withdrawal of 20 mM NH3/NH/ caused an acid load 

fromm which the cells could not recover in the presence of 10 uM cariporide. At the 

momentt cariporide was removed, pH, recovered 0.6 units in less then 10 minutes (Fig. 

2A).. After pH/ reached neutral values myocytes were exposed to 40 mM HAc/Ac". 

Withdrawall  of HAc/Ac" caused an acute alkalosis of 0.1 pH, units. In the continuous 

presencee of cariporide it took 10 minutes to recover pH, to initial values (Fig. 2A). 
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Thee fast cariporide-sensitive and bicarbonate-independent acid extrusion pathway 

pointt to the presence of NHE, whereas the slow cariporide-insensitive and 

bicarbonate-independentt acid loading mechanism indicates the presence of CHE in 

humann cardiomyocytes. 

Inn CCVHCCV-buffered solutions, an acute acid load induced by washout of 20 mM 

NH3/NH4++ could be defeated even though 10 uM cariporide was present (Fig. 2B). 

Thee bicarbonate-dependent and cariporide-insensitive acid extruder was able to 

recoverr a 0.7 pH, unit acidosis within 20 min. After pH, had recovered completely, an 

acutee alkaline load was induced by withdrawal of 80 mM HAc/Ac". The myocytes 

weree able to defeat the alkalosis although pH; recovery progressed in the total absence 

off  extracellular Na+. The alkalosis of 0.2 pH, units was rapidly restored within 7 min 

(Fig.. 2B). The cariporide-insensitive and HCCV-dependent acid extruder suggests the 

presencee of NBC, whereas the Na+-independent but HCO3"-dependent acid loader 

indicatess the presence of AE in human atrial myocytes. 

HEPES S B B C02/HCCy y 
10pMM cariporide 0 Na* & 0 Ca2* 

PH; ; 

cariporide e 

NH/INH,, HA:/Ac 

00 10 20 30 40 50 0 10 20 30 40 

timee (min) time (min) 

Fig,Fig, 2. pH, regulation in human atrial myocytes. pH: recovery by means of NHE and CHE under 

HEPES-bujferedHEPES-bujfered conditions (A). pH, recovery by means of NBC and AE under CO'VHCOj -buffered 

conditionsconditions (B). Intracellular acidosis was induced by withdrawal of extracellular NH3/NH4 , whereas 

anan intracellular alkalosis was induced by withdrawal of HAc/Ac. The time myocytes were exposed to a 

NH/NHfNH/NHf or HAc/Ac' is indicated by a black horizontal bar. To dissect NBC from NHE we added 10 

pMpM cariporide following a pH, recovery under CO2/HCO3-buffered conditions. Furthermore pH{ 

recoveryrecovery from an intracellular alkalosis was performed either in the presence of WpM cariporide (A) 

oror in the absence of extracellular Na* (B) to prevent possible opposing effects of Na"-mediated acid 

extrusion. extrusion. 
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ItIt  equivalent flux ofNHE, NBC, AE+CHE and CHE in human atrial, and rabbit 

ventricularventricular myocytes 

Singlee exponential functions were fitted to the recovering pH, traces from the 

experimentss as shown in Fig. 2 A and B. We computed the dpH^/dt's and multiplied 

thesee with the appropriate p; or J3to, to compute the proton-equivalent flux (JH+)- We 

equatee J\\ of an acid load recovery under HEPES-buffered conditions with NHE and 

underr CC^/HCCV-buffered conditions in the presence of cariporide with NBC. Jn of 

ann alkaline load recovery under CC^/HCCV-buffered and Na+-free conditions was 

attributedd to simultaneous action of AE+CHE, whereas JH
+ of an alkaline load under 

HEPES-bufferedd conditions was equated with CHE. The averaged pHrJn+ 

relationshipss belonging to NHE, NBC, CHE and AE+CHE of human atrial myocytes 

aree depicted in Fig. 3A. For comparison we plotted the recently well-characterized 

averagedd pH,-̂ H+ relationships belonging to NHE, NBC, CHE and AE+CHE of rabbit 

ventricularr myocytes in Fig. 3B. 

NHE E 

Likee in rabbit ventricular myocytes, the PH,-^NHE profile of human atrial myocytes 

showedd a steep dependency on pH, (Fig. 3A and B). The transport rates at pH, 6.40 

weree large in both human and rabbit myocytes, respectively 1 rnM/min and 

00 mM/min, whereas at pH, 6.9 NHE proved almost quiescent in both species. 

Thuss besides the doubled transport rate in human, both species share the same pH, 

dependencyy for NHE. 

NBC C 

Inn both species the magnitude of Ju through NBC was 2-3 times less compared to 

NHE.. Moreover, NBC showed a less strong pH; dependency than NHE (Fig. 3A and 

B).. Compared to rabbit ventricular myocytes, in human atrial myocytes the transport 

ratess of NBC proved two times larger at all pH* values. At pH, 6.5 JNBC was 

4.15+0.511 mM/min in human and 8 mM/min in rabbit myocytes. In both 

speciess NBC was almost quiescent at pH, -7.0. 

CHE E 
Likee the acid extruders, the CHE-mediated J\C was qualitatively similar between 

rabbitt and human cardio-myocytes. In both species JyC increased linearly with rising 
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pH,.. However absolute JH
+ values through CHE seemed larger in humans, conclusion 

towardss quantitative differences can not be drawn. For this more observations are a 

prerequisite. . 

AE+CHE E 

Ass can be derived from the PH,-JH+ profiles of AE+CHE and CHE obtained in rabbit 

ventricularr myocytes, AE exhibit larger pH, dependence than CHE. This difference 

betweenn AE and CHE seems preserved in human atrial myocytes. But again, more 

experimentss are required to establish the exact contribution of CHE and AE to acid 

loadingg in the human heart. Ju
+ through AE+CHE at pH, -7.3 is 1.92+0.52 mM/min 

inn rabbit and a large deviating JAE+CHE of 2 mM/min in human. 

human n B B rabbit t 
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Fig.Fig. 3. Proton equivalent flux through NHE, NBC, CHE and CHE+AE in human atrial and rabbit 

ventricularventricular myocytes. Averaged pHrdependency ofJNHE (filled circles), JNBc (open circles), JAE+CHE 

(open(open triangles) and JCHE (filled triangles) obtained in human atrial (A) and rabbit ventricular (B) 

myocytes.myocytes. To construct a plot of the permissive range (gray filled area) of acid-base transport we 

fittedfitted linear lines through the pHrJu profiles in the pH, interval between 6.6 and 7.4. The vertical 

dasheddashed lines indicate the steady-state pHt value under CO'2/HC03 -buffered conditions. Note the large 

permissivepermissive range in human atrial myocytes, which might explain the relative high intracellular Na 

concentrationsconcentrations found in human cardiac myocytes. 
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PermissivePermissive range of acid-base transporters in human and rabbit myocytes 

AA schematic scheme of the overlap between the acid extrusion and acid loading 

activityy at the resting pH, value (permissive range) of human and rabbit 

cardiomyocytess are shown in Fig. 3 C and D. The solid lines indicated with NHE, 

NBC,, CHE and AE+CHE are obtained by a linear fit  through the according pHt-Jn+ 

profiless in the pH, interval between 6.6 and 7.4. The gray filled area represents the 

permissivee range, whereas the vertical dashed lines indicate the steady-state pH; value 

underr CC^/HCCV-buffered conditions. When total acid extrusion equals total acid 

loadingg in quiescent myocytes a steady-state pH; is reached. The steady-state pH, 

deducedd from the scheme is ~7.00 in human and -7.05 in rabbit myocytes. This 

perfectlyy fits with the measured resting pH, of quiescent myocytes, which is 

respectivelyy 7 (n=6) and 2 (n=30) under C02/HC03"-buffered 

conditions.. The resting pH, in the absence of CO2/HCO3" was not different in human 

atriall  myocytes 6.91 6 (n=6) than in rabbit ventricular myocytes (7.02+0.03, 

n=27).. Again this is in accordance with the set-point pH, values (intersection of the 

solidd lines indicated with NHE and CHE with the pH, axis) of NHE and CHE. 

AA large permissive area is beneficial for pH, control, however this is presumably at 

thee expense of an increased NaCl flux (indicated with horizontal dashed lines). The 

largee difference in permissive range area in human atrial myocytes goes along with a 

NaCll  influx of 1.5 mM/min, which is threefold larger than the 0.5 mM/min in rabbit 

ventricularr myocytes at resting pH* values. This might be an explanation for the 

threefoldd higher intracellular Na+ concentration values found in human cardiac 

muscle. . 

Discussion n 
Overview Overview 

Wee proved the existence of acid extrusion and acid loading mechanisms in human 

atriall  myocytes. In the absence of CO2/HCO3" NHE is the only acid extrusion 

pathway,, since addition of the selective NHE-inhibitor 'cariporide' completely 

preventedd pH, recovery from an acid-load. Under CCh/HCCV-buffered conditions an 

additionall  cariporide insensitive acid extruder is present, probably NBC. A slow 
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cariporide-insensitivee acid loading mechanism was activated at alkaline pH, values 

underr CCVHCCV-free conditions. This acid loader represents most likely CHE. In 

addition,, pH, recovery sped up in the presence of CO2/HCO3. The additional acid 

loadingg capacity was bicarbonate-dependent and Na+-independent. We attributed this 

additionall  fast acid loader to AE. Thus like guinea pig and rabbit, human 

cardiomyocytess probably exhibit the same four acid-base transporters. The resting 

pH,, of -7.0 under CC^/HCCV-buffered conditions in human and rabbit 

cardiomyocytess resulted from balanced acid extrusion and acid loading at a rate of 

respectivelyy 1.5 mM/min and 0.5 mM/min. The three times larger transport rate at 

restingg pH, in human atrial myocytes might explain the relative high intracellular Na+ 

concentrations. . 

pHipHi  regulation in human atrial myocytes 

Quantitativee data on the proton-equivalent flux through human cardiac acid-base 

transporterss are limited. One study provided functional evidence of NHE in human 

ventricularr myocytes[4]. In the absence of CO2/HCO3", acid load recovery could be 

inhibitedd by cariporide. At pH, 6.9, J\\+ through NHE was -1.1 mM/min in normal 

andd -2.0 mM/min in failing hearts. Another study performed in human atrial 

myocytess showed that besides NHE, a cariporide-insensitive, DIDS-sensitive and 

Na+-dependentt acid extruder exists under CO2/HCO3-buffered conditions[5j. This 

Na++ and HCO3" dependent acid extruder is ascribed to NBC. Although they did not 

determinee 7H
+, the dpH,/dt values indicate that NHE is the major acid extrusion 

pathway.. About 80% of the total acid extrusion capacity was mediated by NHE and 

onlyy -20% by means of NBC. Here we report that in the pH, interval between 6.3 and 

6.6,, NHE accounted for -70% of the total acid extrusion, whereas NBC expelled only 

-30%% of the acid. Molecular cloning strategies revealed the sequence of a human 

cardiacc NBC[9-11]. Expression studies of this NBC showed that it cotransports one 

Na++ with two HCO3" ions into the cytoplasm. However, this electrogenic NBC has 

neverr been characterized in human cardiac tissue. Moreover, it remains illusive 

whetherr this electrogenic NBC is the major NBC isoform in the human heart. 

Functionall  data on AE and CHE are completely lacking in human cardiomyocytes. 

Wee provided for the first time functional evidence for the existence of two acid 

loadingg pathways, one of which uses HCO3". Acid loading mechanisms have been 

shownn in guinea pig and rat ventricular myocytes[12-15]. In these species the fast pH, 
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recoveryy was mediated by AE, whereas the slow by CHE. Except for minor 

quantitativee differences there is good agreement between our data and those published 

forr guinea pig. In this species CHE and AE respectively contributes for 30% and 70% 

too the acid loading rate[8]. We previously found a 15%/85% CHE/AE ratio in rabbit 

ventricularr myocytes. In human CHE and AE contribute equally -50% to the total 

acidd loading capacity at near neutral pH, values. More experiments are required to 

assesss the exact ratio in human cardiomyocytes. 

PermissivePermissive pHi range in human atrial myocytes 

Thee overlap in acid extrusion and acid loading activity at the resting pH, (permissive 

range)) proved three times larger in human than in rabbit cardiomyocytes. Under 

C02/HC03-bufferedd conditions CI" dependent acid loaders counteracts Na+ dependent 

acidd extruders thereby keeping pH, constant at ~7.0. This balanced acid-base 

transportt goes along with NaCl influx. The sodium potassium pump will oppose the 

Na++ extrusion influx until the extrusion rate equals the influx rate. The larger Na+ 

influxx rate in human atrial myocytes might explain the higher intracellular Na+ 

concentrationn found in human myocardium. Na+ proved ~15 mM and 6 mM in 

respectivelyy human and rabbit ventricular myocytes[6]. Higher Na+ concentrations 

mightt change the diastolic Ca2+ concentration through reverse Na+/Ca2+ exchange, 

whichh in turn stimulates Ca2+ uptake in the Ca2+ stores. A higher Ca2+ content 

increasess the Ca2+ transient amplitude and consequently the contraction. Thus acid-

basee transport in humans might have a larger contribution to cardiac contraction than 

inn rabbits. 
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