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Abstrac t t 
Background-lncïQd&QÓ.Background-lncïQd&QÓ. Na+/H+ exchange (NHE) is associated with hypertrophy and 

heartt failure, but also with augmenting contractile force in healthy stretched cardiac 

muscles.. We addressed the question whether resting pH„ NHE and the other pHr 

regulatoryy proteins, like Na+/HC03" (NBC) cotransporter, C17HC03" (AE), and CI" 

/OH""  (CHE) are changed and whether NHE and NBC contribute differently to cardiac 

contractilityy in these failing hearts. 

MethodsMethods and Results- Fluoremetrical measurements of pH, and acid-base activity 

revealedd a large increased JNHE and JAE, and a moderate significant increase of JNBC 

andd JQHE in HFH myocytes. Resting pH, was elevated from 7.02 to 7.23 in HEPES, 

whereass in CC^/HCCV-buffered conditions resting pH/ of 7.05 remained unchanged 

inn HFH myocytes. Furthermore, analysis of cell length of contracting myocytes 

showedd no difference in the twitch-frequency relation between both groups. 

Moreover,, NHE contributes similarly to the twitch amplitude of normal and HFH 

myocytess at 1Hz. NHE inhibition decreased the diastolic length and reduced systolic 

shortening.. In contrast, NBC and AE did not contribute to contractility of normal and 

HFHH myocytes. Thus an increased NHE, but not NBC or AE, activity in HFH 

myocytess is necessary to maintain normal twitch amplitudes at low frequencies. 

Conclusions-JxHEConclusions-JxHE and JAE were largely increased, whereas JNBC and 7CHE showed 

onlyy a modest increase in failing hearts. JNHE improves contractility to the same 

extentt in both normal and HFH myocytes. Thus, increased /NHE is required to 

maintainn contractility at low stimulation frequencies in HFH myocytes. 

Introductio n n 
Thee importance of the cardiac sarcolemmal Na+/H+ exchanger (NHE) in ischemic 

heartt disease and reperfusion therapy has been extensively studied[l-4]. Inhibition of 

NHEE limited infarct size area and improved recovery of heart function after 

reperfusion.. The cardio-protective effects were attributed to prevention of NHE-

mediatedd sarcoplasmic Na+ loading and consequent intracellular Ca + overload. 

Surprisingly,, continuation of NHE inhibition after myocardial infarction diminished 

thee development of hypertrophy and heart failure[5]. These experiments suggest a 

59 9 



ChapterChapter 3 

tightt association between NHE activity and the development of hypertrophy and heart 

failure[6].. Indeed, animal models of left[7] and right[8] ventricular hypertrophy, and 

humann hearts with end-stage heart failure showed increased NHE expression levels as 

welll  as increased NHE transport rates[9]. In spontaneously hypertensive rats (SHR) 

bothh NHE-mediated acid extrusion rates and C17HC03" exchange (AE)-mediated acid 

loadingg rates proved significantly increased[10]. Increased protein levels of NHE and 

expressionn of different AE isoforms underlie these changes[ll]. Also in this SHR 

modell  of heart failure, NHE inhibition reduced the hypertrophy[12]. Thus, NHE and 

presumablyy other acid-base transporters play a role in the pathophysiology of heart 

failure. . 

Thee main function of the cardiac sarcolemmal NHE and AE is to control intracellular 

pH„„  aided by Na+/HC03" (NBC) cotransporter and a C1VOH" (CHE) exchanger that 

alsoo have been identified in cardiac tissue[13]. Normally, transport rates of these four 

acid-basee transporters are balanced such that they keep pH, at near neutral values. 

Externall  stimuli such as, vaso-active peptides, catecholamines and membrane stretch 

modulatee their transport rates[4,7,14-26]. Indeed, stretching of healthy cardiac 

muscless increased NHE activity and subsequently activate a NHE-mediated slow 

increasee of the force response[23]. Thus increased NHE activity enhances cardiac 

contraction.. Since increased levels of peptide hormones, catecholamines as well as 

increasedd membrane stretch are commonly present during heart failure it is likely that 

pH,, regulation and contractility have been changed in failing hearts. 

Inn this study we addressed the question as to what extent steady-state pH; and, pHr 

dependentt activity of NHE, NBC, CHE and AE are changed in hypertrophied 

myocytess from a rabbit model of heart failure. Moreover we wanted to elucidate the 

contributionn of NHE and NBC to cardiac contractility in myocytes from normal and 

failingg hearts in the presence and absence of CC^/HCCV-buffered conditions. 

Heree we report a large increase in NHE and AE transport activity and a moderate but 

significantt increase in NBC and CHE in failing hearts. NHE inhibition reduced 

contractilityy to the same extent in both normal and failing myocytes at low stimulation 

frequenciess under C02/HC03"-buffered conditions. In contrast, blockage of NBC and 

AEE had no effect on cardiac contractility. We conclude that NHE activity is increased 

too maintain contractility rather than to improve pH, regulation in failing hearts. 
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Material ss  and method s 
CellCell preparation 

Cardiacc failure was induced in 24 New Zealand-White male rabbits by combined 

volumee and pressure overload as described by Vermeulen et. al.[27]. Three weeks 

afterr mechanically damaging the aortic valve the abdominal aorta was partially 

ligated.. Three months thereafter the animals were sacrificed and the hearts excised. 

Leftt ventricular myocytes were isolated by directly perfusing the coronary arteries 

withh enzyme containing solutions. The rabbits were considered hemodynamically 

failingg because in addition to gallop rhythm and ascites, their wet heart weight relative 

too body weight doubled. Secondly, their wet lung weight relative to body weight 

becamee 1.5 times higher. Finally, their left ventricular end diastolic pressure was ~6 

timess higher than in control animals. Consistent with the gross anatomy, membrane 

capacitancee of the hypertrophied failing heart (HFH) myocytes was more than 

doubled[28].. Myocytes from 30 aged-matched hearts were enzymaticaly isolated by 

retrogradelyy perfusing the aorta, essentially as described by Tytgat[29]. Single cells 

weree stored in Tyrode's solution at room temperature and were used within 8 hours. 

Animall  care was in accordance with institutional guidelines. 

Solutions Solutions 

Tyrode'ss solution consisted of (mmol/L) 140 NaCl, 5.4 KC1, 1.8 CaCl2, 1.0 MgCl2, 

andd 5.5 glucose at pH 7.4 (37°C). The normal variant was buffered with 5.0 mmol/L 

HEPES.. In the C02/HC03 -buffered variant 22.4 mmol/L NaCl was replaced by 

NaHCC>33 and was gassed with 5%C02 balanced with 95%air. For ammonium 

prepulsess 20 mmol/L NaCl was replaced by NH4CI. For acetate prepulses 40 or 80 

mmol/LL NaCl was replaced by NaAcetate. In Na+-free Tyrode's solutions Na+ was 

replacedd by W-methyl-D-glucammonium (NMDG+) and Ca2+ was omitted to prevent 

Ca2+-loadingg through reverse mode Na+/Ca2+ exchange. In Cl'-free Tyrode's 

solutionss CI" was replaced by gluconate. All salts were purchased from Merck 

(Darmstadt,, Germany). The Na+/H+ exchanger inhibitor cariporide was provided by 

Dr.. Weichert of Hoechst Marion Roussel, Germany. Cariporide was prepared as 

1000**  stock in water. 4,4'-diisothiocyanato-stilbene-2,2'-disulfonic acid (DIDS) was 

preparedd as a 1000* stock in DMSO. 
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IntracellularIntracellular  it 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 (I58o) and 640 nm ( I ^ ) were 

recordedd by two photomultiplier tubes. A rectangular adjustable slit ensured 

negligiblee background fluorescence levels. The ISSO/IMO ratio was calibrated by a 

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

uMM nigericin (Sigma)[30]. 

DeterminationDetermination of intrinsic (j%) and CO2 (Pco) buffering power 

Acid-loadedd myocytes were exposed to series of nominally Na+ and Ca2+ free, HEPES 

bufferedd (pH 7.4) Tyrode's solutions containing decreasing amounts of Ntb/NH/. 

Too minimize NH/ entry via K+ channels 2.0 mmol/L BaCb and CdCb (1 mmol/L) 

preventedd Ba2+ influx through L-type Ca2+ channels. The CO2/HCO3" buffering 

power,, Pco,, was computed by the following equation: 

(3co;=2.3*[HC03-]oo *10 (pH'-pHo). 

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

Totall  buffering power, p,0, was computed as follows: 

p\0,, = p,+ pcw 

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

bufferedd conditions were ignored to exclude out-of-equilibrium effects of the 

bufferingg system[31]. 

DeterminationDetermination of myocyte twitch-amplitude 

Electricall  field stimulated myocytes were exposed firstly to 'normal' Tyrode's 

solutionn for 15 min and secondly to Tyrode's solution containing 10 uM cariporide 

alonee or in combination with 250uM DIDS for the following 15 min. In the 

experimentss in which we used DIDS, 0.1% DMSO, the vehicle used to dissolve the 

stilbenee was added to the 'normal Tyrode's solution. Myocytes were allowed to adapt 

forr 5 min to each stimulation frequency before images of the trans-illuminated (700 
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nm)) contracting myocyte were captured by a closed circuit TV system. From every 

oddd and even field of a video frame we measured cell length of the contracting 

myocytess using the software package UTHSCSA Image Tool (San Antonio, Texas, 

U.S.A.).. From these data we determined the diastolic length, systolic length and 

twitchh amplitude (diastolic minus systolic length). We averaged for each stimulation 

frequencyy the twitch amplitudes and constructed a twitch-frequency relation. All 

diastolicc and systolic lengths measured in one and the same cell were normalized to 

thee diastolic length obtained at 1 Hz to reduce variations between the myocytes. 

Statistics Statistics 

Resultss are expressed as mean  standard error of the mean (SEM). We conducted 

statisticall  analyses (linear regression model with repeated measurements, ANOVA 

Student'ss /-tests) using SPSS® software. Two sets of data were considered 

significantlyy different if the P value of these tests was O.05. The capital "N" 

representss the number of hearts used. Lower case "n" represents the number of cells 

measured. . 

Result s s 
IdentificationIdentification of the four sarcolemmal acid-base transporters in age-matched, 

normalnormal rabbit ventricular myocytes 

Wee identified the cardiac acid-base transporters by imposing acute acid and alkaline 

loadss on the myocytes. In HEPES-buffered solutions, withdrawal of 20 mmol/L 

NH3/NH// caused an acid load, the recovery from which proved CO2/HCO3-

independent,, but Na+-dependent and sensitive to 10 uM cariporide (Fig. 1A). These 

aree the hallmarks of NHE. Withdrawal of 40 mmol/L HAc/Ac" caused an alkaline 

loadd the recovery from which proved CC^/HCCV-independent, Na+-independent, C1-

dependentt but DIDS-insensitive (Fig. IB). These are hallmarks of CHE. 

Inn 5% CO2, 22.4 mmol/L HCO3" buffered solutions, a Na+-dependent, cariporide-

insensitivee but DIDS-sensitive acid load recovery was observed (Fig. 1C). These are 

hallmarkss of NBC. Withdrawal of 80 mmol/L HAc/Ac" caused an alkaline load the 

recoveryy from which proved CCVHCCV-dependent, Na+-independent, Cl"-dependent 

andd DIDS-sensitive (Fig. ID). These are the hallmarks of AE. Because for CHE no 
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specificc blocking agent is known yet, recovery from an alkaline load in CO2/HCO3" 

bufferedd solutions is presumably mediated by both CHE and AE. 
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Fig.Fig. 1. Identification of the four sarcolemmal acid-base transporters. A and B pH, recovery after an 

acuteacute acid load, induced by withdrawal of 20 mmol/L NH/NHf, under either HEPES (A) and 

COj/HCO)-bufferedCOj/HCO)-buffered (B) conditions. C and D pH, recovery from an acute alkaline load. Under 

HEPES-bufferedHEPES-buffered conditions (C) 40 mmol/L HAc/Ac' was used and under CO'VHCO3 -buffered (D) 

conditioncondition 80 mmol/L HAc/Ac' to compensate for the increased /?„„. In panels B and D, the traces 

labelledlabelled with 'A ' and 'B' are measured respectively in the absence and presence of 250 /JM DIDS. See 

texttext for details. 

Fromm these data we conclude that in rabbit cardiac myocytes in HEPES-buffered 

solutionss recovery from an acid load is mediated solely by NHE, whereas recovery 

fromm an alkaline load is mediated solely by CHE. We conclude also that in 

CCVHCCV-bufferedd solution to which 10 uM cariporide is added recovery from an 

acidd load is mediated solely by NBC, whereas recovery from an alkaline load is 

mediatedd by AE and, presumably, CHE. 
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IntrinsicIntrinsic  buffering power (/3j) in normal and HFH  myocytes 

Wee then determined the pH,-P, relationships of 11 normal and 12 HFH myocytes as 

describedd in the Material and Method section. Fig. 2 summarizes these data. In 

normall  myocytes P, decreased in the pH, interval 6.6-7.5 from 27.2  4.7 mmol/L to 

15.44  1.8 mmol/L. Linear regression analysis yielded a slope of-12 mmol/L/pH unit 

andd an intercept of 102 mmol/L. In HFH myocytes the slope was similar, -10 

mmol/L/pHH unit, but the intercept was significantly increased to 116 mmol/L. From 

thesee data we conclude that in the pH, interval 6.6-7.6 p\ is virtually doubled in HFH 

myocytes. . 

5 5 

80 0 

60 0 

40 0 

.EE 20 

I I 
3 3 0 0 

•• CTR OO HFH 

— i — — 

6.8 8 6.44 6.8 7.2 7.6 

Fig.Fig. 2. Intracellular pH (pHJ dependence of the intrinsic buffer power of normal and HFH myocytes. 

InIn normal myocytes (filled circles) the best fit to these data required a slope of-11.8 mM/pH unit and 

anan intercept of 102 mM. The best fit to the data obtained from HFH myocytes (blank circles) required 

aa slope of 10 mM/pH unit and an intercept of 116 mM.. 

ifif  equivalent flux ofNHE, CHE, NBC, and AE in age-matched, normal and HFH 

myocytes myocytes 

Too study the JH+ of the four acid-base transportes we imposed an acute acid load 

followedd by an acute alkaline load on the myocytes and allowed them to recover from 

both.. We conducted these experiments in HEPES-buffered solutions to study NHE 

andd CHE in normal (Fig. 3A) and HFH myocytes (Fig. 3C). To limit interference of 

NHEE with the recovery form the alkaline load we blocked NHE with cariporide. To 

studyy NBC and AE + CHE in normal (Fig. 3B) and HFH myocytes (Fig. 3D) we used 
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C02/HC03-bufferedd solutions. To limit interference of both NHE and NBC with the 

alkalinee load recovery we omitted Na+. 
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Fig.Fig. 3. pH, regulation in normal and HFH myocytes. pH, recovery by means of NHE and CHE in 

normalnormal (A) and HFH (C) myocytes under HEPES-buffered conditions. pH, recovery by means of NBC 

andand AE in normal (B) and HFH (D). Intracellular acidosis was induced by withdrawal of extracellular 

NHj/NHf,NHj/NHf, whereas an intracellular alkalosis was induced by withdrawal of HAc/Ac. The time 

myocytesmyocytes were exposed to a NH/NHf or HAc/Ac' is indicated by a black horizontal bar. To dissect 

NBCNBC from NHE we added 10 pM cariporide following a pH, recovery under CO'VHCO3 -buffered 

conditions.conditions. Furthermore pH, recovery from an intracellular alkalosis was performed either in the 

presencepresence of WpM cariporide (A and C) or in the absence of extracellular Na* (B and D) to prevent 

possiblepossible opposing effects of Na*-mediated acid extrusion. Lower case 'n' indicates numbers of 

myocytesmyocytes measured whereas the capital 'N' indicates the number of hearts 

Wee fitted single exponential functions to the recovering pH, traces. From these we 

computedd the dpH,/dt's at 0.05 pH unit intervals and multiplied these with the 

appropriatee p, or (3,„, to arrive at J\C. Inasmuch as we observed a negligible pH, drift 

whenn NHE, NBC and AE were blocked (Fig. 1) we equate JH of an acid load 

recoveryy under HEPES-buffered conditions with NHE-mediated JH
+
 (./NHE), JH+ of an 

acidd load recovery in the presence of cariporide under CCVHCCV-buffered conditions 
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withh NBC-mediated Jn+
 (JNBC), JH of an alkaline load recovery under CO2/HCO3-

buffered,, Na+-free conditions with AE + CHE-mediated Ju+
 (AE+CHE)- AS a first 

approximationn we relate J\C of an alkaline load recovery under HEPES-buffered 

conditionss with CHE-mediated JH+ (^CHE)- Fig. 4 summarizes the data. 
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Fig.Fig. 4. Proton equivalent flux through NHE, NBC, CHE and CHE+AE in normal and HFH myocytes. 

DataData obtained from normal myocytes are shown in filled circles, whereas from HFH myocytes are 

indicatedindicated with blank circles. Panel A illustrates that J^HE is significantly increased throughout the 

wholewhole pH) range in HFH compared to normal myocytes. pHrJNHE profile is shifted 0.2 pH, units 

towardstowards more alkaline values. Panel B. pHrJcuE profiles showed a weak pH, dependence in both 

normalnormal and HFH myocytes. In addition JCnt proved significantly increased in HFH myocytes. Panel 

CC showed a steeper pHrJNBc profiles in HFH myocytes. At acidic pH, values JHBC was significantly 

increased.increased. However set-point pH, of NBC remained unchanged. The pHrJA£tCnE profiles obtained 

fromfrom normal and HFH myocytes are depicted in panel D. Again JAE+CHE 'S significantly increased 

throughoutthroughout the whole pH, range, although not near neutral pH, values. 

NHE E 

Ass is shown in Fig. 4A. the PH,-./NHE profile of HFH myocytes is significantly 

differentt than in age-matched normal cells (PO.001). The profile had shifted 0.26 
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unitss in the alkaline direction, from 6.91 4 to 3 and has an increased 

steepness.. As a result the transport rates tripled: at pH, 6.40 JNHE was 0 

mmol/L/minn in normal myocytes but 6 mmol/L/min in HFH myocytes (306 % 

increasee in pH; interval 6.4-6.8). 

CHE E 

Ass is shown in Fig. 4B the PH,-JCHE profile of HFH myocytes is significantly different 

thann in age-matched normal cells (PO.001). The profile did not shift 5 in 

normall  myocytes versus 4 in HFH cells) but had an increased steepness. As 

aa result, CHE transport rates more than doubled: at pH, 7.40 JCHE was 7 

mmol/L/minn in normal myocytes but -0.53+0.17 mmol/L/min in HFH myocytes 

(458%% increase in pH, interval 7.1-7.4). 

NBC C 

Ass is shown in Fig. 4C. the PH,-./NBC profile of HFH myocytes is significantly 

differentt than in age-matched normal cells (P<0.001). The profile did not shift 

66 versus ) and has a moderate increased steepness. As a result 

NBCC transport rates doubled: at pH/ 6.40 JNBC was 4 mmol/L/min in normal 

myocytess but 4.1 3 mmol/L/min in HFH myocytes (190% increase, in pH, interval 

6.4-7.0). . 

AE+CHE E 

Ass is shown in Fig. 4D. the PH,-./AE+CHE profile of HFH myocytes is significantly 

differentt than in age-matched normal cells (P<0.001). The profile had not shifted 

(7.08+0.022 versus ) but had a greatly increased steepness, especially at pH, 

valuess more alkaline than 7.30. At pH/ 7.6 JAE+CHE was 0 mmol/L/min in 

normall  myocytes, but 11+3.2 mmol/L/min in HFH myocytes (842% increase in pH, 

intervall  7.2-7.6). Inasmuch as JCHE is less than 15% of AE+CHE the increased fluxes 

mustt be attributed to increased AE. 

Takenn together, we conclude that in HFH myocytes NHE, CHE, NBC and AE are all 

increased. . 

Steady-stateSteady-state pHj in normal and HFH  myocytes 

Consideringg the high transport rate of NHE and the shift of its profile in the alkaline 

direction,, steady-state pH, of HFH myocytes may be expected to be more alkaline in 
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HEPES-bufferedd solutions but not in CCVHCCV-buffered solution. As is shown in 

Fig.. 5 this was indeed the case (pO.0001). In CCVHCCh'-buffered solutions 

increasedd acid extrusion in the pH, interval 7.0-7.3 values is balanced by AE+CHE-

mediatedd acid loading, which pushed pH, back toward neutral values (Fig. 5). This is 

presumablyy at the expense of an increased NaCl flux. 

CTRR HFH CTR HFH 

Fig.Fig. 5. Steady-stale Steady-stale pH, in resting norma! and HFH myocytes. The resting pH, values were obtained in 

normalnormal (blank bars) and HFH (filled bars) myocytes either under HEPES or CO 2/HCO3-buffered 

conditions.conditions. The number of observations are indicated with 'n'. 

pHipHi  regulation and contractility in normal and HFH  myocytes 

Next,, we tested the hypothesis that increased NaCl influx enhances contractility in 

HFHH myocytes. We recorded cell length and pH, of contracting myocytes stimulated 

att 1, 2 and 3 Hz, and disrupted pH, regulation by adding 10 uM cariporide alone or in 

combinationn with 250 uM DIDS in HEPES and C02/HC03"-buffered Tyrode's 

solution.. There are no differences in pH, values of resting myocytes (Fig. 5) versus 

contractingg myocytes (Fig. 6). Contracting HFH myocytes also have a more alkaline 

pH,, of 2 (n=10) compared to contracting normal myocytes under HEPES 

bufferedd conditions (Fig. 6A). Again there were no differences in pH, in contracting 

CTRR and HFH myocytes under CCVHCCV-buffered conditions. When NHE and 

NBCC are uninhibited (Fig. 6A) pH, remained constant at all stimulation frequencies 

underr both buffering conditions. When we inhibited NHE, using 10 uM cariporide, 

pH,, decreased linearly at increasing stimulation frequencies in both normal and failing 

myocytess under HEPES-buffered conditions. This frequency dependent fall in pH, 

wass absent under CCVHCCV-buffered conditions and may be attributed to an intact 

NBCC preventing the acidification (Fig. 6B). Indeed, simultaneous inhibition of NHE 

andd NBC resulted in a frequency-dependent fall in pH, in normal and HFH myocytes 

underr both buffering conditions (Fig. 6C). 
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mm CTRCO/HCOj (n.11) D HFH CO?'HC03 (n-9)  CTR Hepes(n-13) o HFH Hepes (n-10) 

AA 74-1 control B 74-, cariporide C 74-, cariporide+DIDS 

PH/ / p H / / 

0 1 2 33 0 1 2 3 0 1 2 3 

stimulationn frequency (Hz) stimulation frequency (Hz) stimulation frequency (Hz) 

Fig.Fig. 6. Steady-state pH, of contracting normal and HFH myocytes. The pH, values were obtained from 

1111 normal (filled squares) and 9 HFH (open squares) myocytes under CCU/HCO3 -buffered conditions 

andand from 13 normal (filled circles) and 10 HFH (open circles) under HEPES-buffered conditions when 

stimulatedstimulated at 1, 2 2 and 3 Hz (A). The effect of 10 pM cariporide alone (B) or in combination with 250 

pMpM DIDS (C) on pH, was tested in normal and HFH myocytes under both buffering conditions. The 

numbernumber of observations are indicated with 'n'. 

Fromm the contracting normal and HFH myocytes, shown in figure 6, we measured the 

twitchh amplitudes at 1, 2, and 3 Hz. Under CCVHCCV-buffered conditions both 

normall  and HFH myocytes showed a twitch amplitude of ~8 % of diastolic length at 

alll  stimulation frequencies (Fig 7B). In contrast, under HEPES-buffered conditions 

HFHH myocytes exhibit a negative twitch-frequency relation whereas normal myocytes 

showedd a bell-shape twitch-frequency relation. The twitch amplitude of HFH 

myocytess fell from 9.210.2 % at 1 Hz to 8.1+0.3 % at 3Hz, whereas in normal 

myocytess twitch amplitude first increased from 8.5+0.5 % at 1Hz to 9.3+0.6 % at 2Hz 

andd subsequently fell to 8.2+0.8 % at 3Hz (Fig. 7C). 

B B 
2 6 0 1 1 1 

255 5 

XX 256 

'a. . 
245 5 

2400 J 

r r 

_ _ 
P P u u 

rr i 

^ ^ 

1 1 

twitch h 

r r 

uu 4-

11 2 
systole e 

cq,/HC03--

 CTR 

DD HFH 

11 4" 
II  2-

HEPES S 

 CTR 

OO HFH 

11 sec stimulationn frequency(Hz) stimulation frequency(Hz) 

Fig.Fig. 7. Twitch amplitude at different frequencies of normal and HFH myocytes. A Cell length 

shorteningshortening at I, 2 and 3 Hz of a normal myocyte under HEPES-buffered conditions. B averaged 

twitch-frequencytwitch-frequency relation of 11 normal (filled squares) and 9 HFH (open squares) myocytes under 

CO2/HCOf-bufferedCO2/HCOf-buffered conditions. C averaged twitch-frequency relation of 13 normal (filled circles) and 

1010 HFH (open circles) myocytes under HEPES-buffered conditions. 

70 0 



pH—regulationpH—regulation in normal and failing rabbit hearts 

Althoughh there are no large differences in twitch amplitude values between normal 

andd HFH myocytes, the contribution of acid-base transport might be different in HFH 

myocytes.. To test this hypothesis we exposed the contracting cells either to 10 uM 

cariporidee alone or in combination with 250 uM DIDS (Fig. 8). Under both buffering 

conditions,, inhibition of NHE significantly reduced twitch amplitude of normal and 

HFHH myocytes at 1Hz. In normal myocytes twitch amplitude was also significantly 

reducedd at 2Hz under HEPES buffered conditions. In contrast, addition of cariporide 

significantlyy decreased twitch amplitudes at all frequencies in HFH myocytes under 

CO2/HCO3-bufferedd conditions. Moreover, it reversed the negative twitch-frequency 

relationn in HFH myocytes observed under HEPES-buffered conditions. Inasmuch as 

NHEE inhibition under CCVHCCV-buffered conditions does not change pH„ the 

effectss of cariporide on twitch amplitude are more likely due to reduced NHE-

mediatedd Na+ influx. 
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Combinedd application of cariporide and DIDS did not further reduce twitch 

amplitudess at 1Hz in normal and HFH myocytes under both buffering conditions. 

However,, a larger reduction was observed at 2Hz in normal, but not in HFH myocytes 

underr CC^/HCCV-buffered conditions. Interestingly, DIDS also reduced twitch 

amplitudess at high stimulation frequencies under HEPES-buffered conditions. Since 

NBCC and AE are not operative in the absence of CCVHCCV, the inhibitory effects of 

DIDSS at high stimulation frequencies can not be attributed to inhibition of NBC and 

AEE activity. The inhibitory effects on DIDS are thus more likely due to other actions 

off  this drug, for example blockage of anion channels. From these data we conclude 

thatt only NHE significantly changes contractility of normal and HFH myocytes under 

CO2/HCO3""  and HEPES buffered conditions. 

Wee next investigated the changes in diastolic and systolic length of the cells that were 

exposedd to cariporide. We normalized the diastolic and systolic length measured at 1, 

22 and 3Hz in the absence and presence of cariporide to the diastolic length at 1Hz. 

Thee diastolic and the systolic length of the cells from each group under the same 

bufferingg conditions were averaged (Fig. 8). In CC^/HCCV-buffered solutions 

diastolicc length shortened in a frequency dependent manner in both normal (A) and 

HFHH myocytes (B). Cariporide significantly reduced the diastolic length at 1Hz and 

abolsihedd the frequency dependent shortening. In normal myocytes, the systolic 

lengthh also shortened in a frequency dependent manner. In contrast, the systolic 

lengthh was virtually frequency independent in HFH myocytes. In both groups 

cariporidee significantly reduced the systolic length at 1Hz under CCVHCCV-buffered 

conditions.. In HEPES-buffered solutions diastolic length shortened in a frequency 

dependentt manner in normal (Fig. 8C) and HFH myocytes (Fig8. D). Only in normal 

myocytess cariporide significantly changed the diastolic length. The systolic length 

provedd frequency dependent in normal but not in HFH myocytes. Like under 

CCVHCCV-bufferedd conditions, cariporide significantly reduced the systolic length at 

11 Hz in both groups. 

Takenn together, we conclude that NHE contributes similarly to the twitch amplitude 

off  normal and HFH myocytes at 1Hz by elongating the diastolic length and improving 

systolicc shortening. Thus an increased NHE in HFH myocytes is necessary to 

maintainn normal twitch amplitudes at low frequencies. 
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Discussion n 

Overview Overview 

Wee identified NHE, NBC, AE and CHE in rabbit ventricular myocytes. In our rabbit 

modell  of heart failure transport activity all four acid-base transporters proved 

increased.. NHE because of a combined alkaline shift and increased steepness of its 

pH,-transportt rate profile, all others because of an increased steepness only. This 

changee in NHE transport activity explains the relatively alkaline steady-state pH, 

underr HEPES-buffered conditions. Under C02/HC03" -buffered condition AE+CHE 

pushess pH, back towards neutral values, presumably at the expense of an increased 

NaCll  flux. Disruption of this mechanism did not result in an increased systolic 
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shorteningg in HFH mocytes, despite the fact that acid-base transport does affect 

contractility. . 

pHjpHj  regulation in normal rabbit ventricular myocytes 

Thee presence of NHE in rabbit ventricular myocytes has been shown earlier[7,19,21], 

butt data on NBC, AE and CHE are scarce. We used the experimental approach 

previouslyy published for guinea-pig ventricular myocytes[32] to characterize these. 

Exceptt for minor quantitative differences there is good agreement between our data 

andd those published for guinea pig. In this species CHE contributes for 30% to the 

acidd loading rate[31], whereas we find 15%. In rabbit NHE contributes 65% to the 

acidd extrusion. Similar transport rates were found in guinea-pig[32,33], rat[34] and 

sheepp purkinje fiber[13]. 

pHipHi  regulation in HFH  rabbit ventricular myocytes 

p\\ of HFH myocytes has doubled. Thus either the protein content of the HFH 

myocytess has increased in excess of volume, but it is also possible that the ionizable 

groupss of the newly formed proteins have different pKa's thereby specifically 

increasingg the buffering capacity in the 6.6-7.6 pH, interval. 

Wee find a three-fold increase of JNHE- This observation is in keeping with three other 

reportss that mention increased NHE activity in failing hearts of normal rats[35], of 

SHRR rats [36]and of human[25,37]. Inasmuch as surface to volume ratio of HFH 

myocytess is reduced by some 30% [2 8] we deduce that either a four-fold increase of 

NHEE protein expression or four-fold stimulation of NHE transport rates or a 

combinationn of both underlies the increase of JNHE- Like in our preparation, in failing 

heartss of SHR rats too an increased JNHE is matched by increased AE transport 

rates[ll,35].. This causes steady-state pH* in CO2/HCO3" buffered solution to remain 

nearr neutral pH; values, whereas in HEPES-buffered solutions steady-state pH, does 

alkalinizee by 0.2 pH unit. Similar observations were made in failing heart of SHR 

rats[38],, but not in human[9]. Finally, we found a moderate increase in NBC and 

CHE. . 

Mostt studies investigating the role of NHE in heart failure demonstrated that NHE-

inhibitorss diminished hypertrophy and prevented the development of heart 
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failure[5,25,39,40].. The exact role of acid-base transport in cardiac pathophysiology, 

however,, remains obscure. 

pHipHi  regulation and contractility in HFH  rabbit ventricular myocytes 

Ourr contractility experiments in HEPES-buffered solutions agree with the data of 

Baartscheerr et al.[28]. These authors showed a reduction by cariporide of the 

intracellularr Ca2+ transients in normal myoctes at all stimulation frequencies, but only 

att frequencies lower than 1.5 Hz in HFH myoctes. Thus aside from regulating pH„ 

NHEE regulates intracellular Na+ levels and via Na/Ca exchange exerts an effect on 

contractilityy by influencing intracellular Ca2+ transients[28]. In CC^/HCCV-buffered 

conditionss the effects of NHE inhibition on contractility were similar to those 

observedd under HEPES buffered conditions. We therefore assume that NHE also 

modulatess the Ca2+ transients under CC^/HCCV-buffered conditions. However, 

cariporidee has a remarkable different effect on the diastolic length in the presence of 

CO2/HCO3'.. Under HEPES-buffered conditions NHE inhibition hardly changes the 

diastolicc length, whereas under COa/HCCV-buffered it does so significantly at low 

stimulationn frequencies in both normal and HFH myocytes. This contradicts our 

hypothesiss that NHE inhibition would lower diastolic Ca2+ and prolong the diastolic 

length.. Explanation of this observation requires studying Ca2+ homeostasis under 

CC^/HCCV-bufferedd conditions. 

Takenn together, we conclude that NHE significantly contributes to cardiac 

contractilityy at low stimulation frequencies in normal and HFH myocytes. Apparently 

ann increased NHE activity is required to have a similar contribution of NHE to the 

contractilityy in HFH myocytes. 

Inn conclusion, NHE and AE are largely increased, whereas a moderate increase in 

CHEE and NBC activities were observed in HFH myocytes. Hyperactivity of NHE 

resultss in a more alkaline steady-state pH, under HEPES-buffered conditions whereas 

steady-statee pH, remained unchanged due to simultaneous activation of a hyperactive 

AEE under CC^/HCCV-buffered conditions. Moreover, NHE contributes similarly to 

thee twitch amplitude of normal and HFH myocytes at 1Hz. NHE inhibition decreased 

diastolicc length and the systolic shortening. In contrast, NBC and AE did not 

contributee to contractility of normal and HFH myocytes. Thus an increased NHE, but 
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nott NBC or AE, activity in HFH myocytes is necessary to maintain normal twitch 

amplitudess at low frequencies. 
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