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The effect of acid-base alterations was analyzed using isolated rat hearts perfused at constant coronary perfusion pressure, and 

,cimulated to contract at constant rate. 
The amount ofshortening in the major axis and its derivative were measured to assess myocardial contractility. Both the 'respira

.ory' and 'metabolic' alterations affected the contractile behavior to the same extent. In the physiological range studied by us, 
~cidosis depresses and alkalosis increases myocardial contraction. However, acidosis seems to depress contractility more than the 
~nhancement produced by the same change in pH towards the alkalotic side. When either amount of shortening or max dl/dt was 
plotted as a function of hydrogen ion activity eH +) a linear correlation was obtained, either with pure 'metabolic' or 'respira
tory' acid-base induced alterations (correlation coefficients higher than - .95; P < .01). Our findings suggest that in the range 
studied by us, contract ion of the perfused rat he art following acid-base alterations, is a linear function of hydrogen ion activity. 

pH and the heart; myocardial contractility; pC02 and the heart; bicarbonate and the heart 

Introduction 

Since the work of Gremels and Starling [11] it 
has been well established that changes in pH elicited 
by altering the pCO~ can affect myocardial con
tractility. 

There is, however, no consensus regarding the 
effect of changes in pH at constant pCO 2 upon myo
cardial contractility [4-7, 11, 26]. Whereas some 
investigators have reported th at changes in pH at 
constant pC0 2 do not affect contractile behavior 
[11], other reports indicate that myocardial con
tractility is atfected by metabolic acid- base alter
ations [18, 25; 27, 28]. These conflicting results may 
be explained partially by different preparations , dif
ferent species, and differences in the extent of 
changes in acid-base status. 

* Established investigator from Consejo Nacional de In
vestigaciones Cientificas y Técnicas, Argentina. 

The present experiments were designed to evalu
ate the quantitative relation. between acid-base 
alterations and contractile beha vi or in the perfused 
rat heart. 

There are two main objectives in this communi
cation. The first is to present data indicating that in 
the perfused rat heart a change in pH affects myo
cardial contractiJity independent of the way in 
which the change is produced ('respiratory' or 
'metabolic' alterations). The second is to examine 
the quantitative relation between acidosis and 
alkalosis, and cardiac performance in this prepa
ration. 

Methods 

Isolated hearts from white rats weighing 250 g 
\vere perfused at 37 °C using the Langendorfl 
technique [21]. Details about the preparation have 
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been reported previously [22]. The hearts were 
perfused through the coronary arteries and we re 
beating empty. The small amount of solution 
draining into the left ventricle through the Thebe
sian vessels was drained by a small polyvinyl cath
eter inserted into the Jeft ventricIe at the apex. The 
hearts were stimulated at a ra te of 240 min -1 with 
two ring-shaped pJatinum electrodes stitched to the 
epicardial surface of the right ventricIe. To prevent 
interference from atriaJ beats, total heart bJock was 
performed by cutting the bundIe of His. The dis
placement of the heart in the major axis was re
corded by a DC-lOO Sanborn displacement trans
ducer (weight : 1 g). The signal was electronically 
differentiated in order to obtain the instantaneous 
velocity of shortening (dljdt). The ECG was usu
ally obtained from electrodes attached to the lateral 
part of the left ventricle. Mechanical and e1ectrical 
activity were amplified with Sanborn preampJifiers 
and recorded on magnetic tape and a Sanborn 
oscillographic recorder at a paper speed of 100 mm/ 
sec. Figure 1 shows the mechanical records of a 
typical experiment. 
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Fig. 1. Record from a typical experiment showing 
amount of shortening (arbitrary units) and its derivative 
(1 mm = .01 sec). 

The experimental set up allowed us to switch 
rapidJy from one Ringer's soJution with a given 
sodium bicarbonate concentration and a given 
pC02 , to another solution with the same pC02 but 
a different bicarbonate concentration, or with the 
same bicarbonate concentration but a different 
pC02 . In this way, either pure 'respiratory' or 
'metabolic' acid-base aJterations were produced at 
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constant coronary perfusion pressure and heart 
rate . The pH was constantly monitored by means of 
Radiometer flowelectrodes and a Radiometer pM 
27 pH meter. Samples of the solution were obtained 
af ter equilibration periods of approximately 10 
minutes for pH and pC02 measurements. 

In the first series of experiments, p~rformed in 10 
hearts, changes in pH at constant pC02 ('metabolic' 
changes) were produced by aJtering the sodium 
bicarbonate concentration and keeping sodium and 
osmolarity constant. The mechanical response to 
five different pH values was analyzed and the ex
periment was finished in approximately one hour 
af ter the stabilization period. Preliminary experi
ments showed no statistically significant decay of 
the mechanical performance cifthe preparation over 
a 60-minute period after the equilibration period. 

A different random order to exposure was used 
for each heart and bicarbonate concentrations of 5; 
10; 20; 40 and 60 mM/I were used to change 
the pH at a constant pC02 of approximately 
35 mmHg. The different pH values obtained were 
6.86±0.16, 7.12±.024, 7.4l±.076, 7.65±.024 
and 7.80± .018. Coronary flow was measured 
by collecting the effluent draining from the 
heart. 

In a second series of experiments performed in 9 
hearts, the changes in pH we re produced by 
changing pC02 in the gas mixture at a constant 
sodium bicarbonate concentration of 20 mM/I. 
Again the sequence of the changes was randomized . 
The different pC02 used were: 17, 36, 55 and 68 
mm Hg. The pH values obtained with these 'respira. 
tory' changes were: 7.67±.022, 7.37± .020, 7. E 
±.018 and 7.07±.014. The composition of th 
Ringer's solution in mM was: Na + = 149, K + :0 

4.7,Ca++ = 2.6, Mg+ + = 2.1, Cl- = 138,C0 3 H 
= 20, P04 H- = .4, and glucose = 11. In bOi 
series of experiments, the condition in which r ' ' 
was approximately normal (pC02 = 35 mm H , 
NaHC0 3 = 20 mM! l) was considered the contr · 
condition. The results were expressed as percenta~: 

of change from control either in amount of shor: 
ening or maximal dl/dl. Regression lines by the Ie" , 
square method and correlation coefficients wel' . 
performed using a Hewlett-Packard desk computer 
model 9100 B. Student's t-test was used to determin c 
significance of these data with a P value of .05 or 
Jess considered significant. 
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Results 

.' . Changes in pH at constant pC02 

Figure'2 shows the heart's mechanical response 
, changes in pH at constant pC02 . Bicarbonate 

' )ncentration was altered in a range of 5 to 60mM/I. 
'J th the extent of shortening in the major axis 
id maximal dl/dt increased when pH was increased 
') m 7.40 to 7.80. However, when our results were 

'impared quantitatively, contractility* decreased 

Contractility was assessed by the measurement of the 
:nount of shortening in the major ax is and its derivative. 
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by 47 % when pH was changed from 7.4 to 
7.0 whereas the change in pH from 7.4 to 7.8 
enhanced myocardial contractility by only 17 %. 

2. Changes in pH at constant sodiufJl bicarbonate 
concentration 

Figure 3 shows the mechanical effects produced 
by altering pC02 at a constant bicarbonate con
centration of 20 mM/I. 

The changes in pC02 in the range from 17 to 68 
mm Hg produced essentially the same changes 
which were found in experiments in which pH was 
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Fig. 2. Relat ionship between pH changes at constant pC0 2 (metabolic changes) and maximal dl/dt (up per pannel) an 
amount of shortening (lower panel). Note the inverse and nonlinear relationship bt!lween pH and the mechanical parameters use 
to assess myocardial contractility. Both the acidotic and alkalolic points are slatistically sign ifica nt from the acidotic 10 a lkalo t 
side. 
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Fig. 3. Relationship between pH changes at constant bicarbonate concentration (respiratory changes) and maximal dl/dt 
(upper pannel) and amount of shortening (lower pannel). Both the ac idotic and alkalotic points are statistically significant from 
control. Slopes are statistically different from the acidotic to the alk alo tic side. 

altered by changing NaHCO 3 concentration at 
constant pC02 . With 'respiratory' alterations, con
tractility was again more atfected by acidosis than 
by alkalosis, as it is reflected by the slopes of the re
lationship between pH versus amount of shortening 
or max dI/dt. When compared, the slopes of the 
plots produced by 'respiratory' (Fig. 3) and 'meta
bolic' (Fig. 2) alterations we re not significantly dif
ferent. However, both plots have statistically dif
ferent slopes for the 'acidotic' and 'alkalotic' alter
ations (P < .01) suggesting that alkalosis influences 
cardiac performance to alesser extent than acidosis 
does. 

Figures 4 and 5 show how mechanical activity is 
atfected in the perfused rat heart when the data 

present above were replotted as a function of hy
drogen ion activity af ter 'metabolic' (Fig. 4) or 
'respiratory' (Fig. 5) acid-base alterations. There 
was a highly significant correlation between aH + 
and myocardial contractility as assessed by max dil 
dt or amount of shortening. With changes in aH + 
at constant pC02 max dl /dt (%) was = (-.60±.03) 
x (aH +)+ 125±2.6 and amount of shortening (%) 
= (-.58±.04) x ("H+)+121±2.9. The correlation 
coefficients (r) were -.95 and - .96, respectively 
(P < .01). When the changes in aH+ were produced 
at constant NaHC0 3 concentration, max dl jdt (%J 
= (-.49±0.9) x (aH + +120±5.1 and amount of 
shortening (%) = (-.37±.06) x ('H+)+l13± 
3.4). The correlation coefficients were - .96 and 
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Fig. 4. Plot showing the linear relationship bet ween hydrogen ion activity ('H+) and maximal dl/dt (upper panel) with meta· 
bolie ac id- base aIterations and amount of shortening (lower panel). The correlation coefficients Cr) were - .95 and - .96, re 
spectively. 

- .97. respective1y, Tt is evident now that for a given 
change in hydrogen ion activity (either below or 
above normal values) contractility is affected to the 
same extent. No significant differences were found 
in the slopes of the relationship between cardiac per
formances and hydrogen ion activity for the 'meta
bolie' versus the respiratory acid-base alterations. 

No significant changes in coronary flow were 
found during these acid- base changes although th1S 
varia bIe usually increased slight ly fo llowi ng a de
crease in contractility. 

Discussion 

In the perfused rat heart at constant coronary 

perfusion pressure and heart rate, contractility as 
sessed either by the amount of shortening in tht 
major axis or by maximal velocity of shortening, i! 
affected by 'metabolie' or 'respiratory' acid-bast 
alterations. In the range studied by us, acidosi ~ 

depressed contractility and conversely, alkalosi ~ 

enhanced myocardial performance. It is unlikel~ 

that small changes in coronary flow could accoun 
for the changes in contractility, since this variabl< 
did not change significantly duri ng the experiments 
It is also unlikely that a varia bIe response to circu 
lating catecholamines could have influenced oU! 
results in this in vitro preparation, although th( 
possibility of pH changes producing an effect upor 
the nerve endi ngs or beta receptors was not explored 
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Fig. 5. Plot showing the linear relationship between aH + and the mechanical parameters used to assess contractility in 
preparation. The correlation coefficients we re - .96 and - .97, respectively. 

When compared quantitatively, the changes in 
pH at constant pC02 or at constant bicarbonate 
concentration affect myocardial performance to the 
same extent. This was reflected in the fact that the 
slopes of the plots of pH versus the amount of 
shortening or pH versus max dl/dt we re not signifi
cantly different either with respiratory or metabolic 
acid-base aJterations. 

One of the most interesting findings of these 
experiments, ho wever, was the quantitative re
Iationship between pH and contractility either with 
metabolic or respiratory alterations. Contractility 
changedless for a given change in pH to the alka-

lotic side than with alterations obtained to 
acidotic side. However, when the mechanical pé 
meters used to assess contractility were plotted ~ 

function of hydra gen ion activity, a linear co 
lation was obtained (Figs. 4 and 5) with either ' 
p;ratory' or 'metabofic' changes. In view of tI 
findings, it appears that if the definition of alkal 
or acidosis were a change in aH+, heart contract 
would not be affected to a different extent by 
dosis or alkalosis, at least in the range of aH+ in 
study. The explanation for these observations . 
be due to the fact that pH has a logarithmic 
Iationship with hydrogen ion activity. FigUl 
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' ,0 
... «In the meontime the pH nolalion moy continue, 

os it hos for fjhy yeors, la make the subject of 
acid - base regulat ion seem unnecessorily diHicul t 

end excessively important la doctors.» 

E.J. Moron Compbell. 

,=ig. 6. This figure shows how a change in pH from 7.4 to 
7.8 will decrease 'H+ by approximately 25 nM/I, whereas the 
.;ame change in pH to the acidotic si de will produce an in
~rease of 60 nM/ I. The logarithmic relationship between 
pH and 'H+ perhaps can explain the nonlinear relationship 
oetween contractility and pH in the rat heart. 

illustrates how a given change in pH to the alkalotic 
side is associated with a smaller change in hydrogen 
ion activity than the same change in pH to the aci
dotic side does. The senten ce of E. J. Moran Camp
bell quoted in the same figure is relevant to our 
findings [11]. In connection with this controversial 
aspect, a healthy skepticism has developed towards 
the pH notation in accordance with the Huckabee 
[16] suggestion that "nature cannot recognize or 
extract a logarithm". At least the mechanical per
formance of the perfused rat heart responds in a 
linear fashion to hydrogen ion activity and not to 
the minus log of'H+. 

The present experiments do not establish the 
mechanism by which 'H+ affects myocard ia I con
tractility in the rat heart. Several possibilities should ~ 

be discussed in connection with our findings. Kata 
and Hecht [i7] have suggested an interesting theory 
based on a possible competition between Ca + + and 
aH +. They stated- that the level of contractility in 
the myocardium will be determined by the number 
of troponin binding sites which are bound to cal
cium, if the quantities of calcium ion normally re
leased are insufficient to provide enough calcium for 
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each troponin molecule. In the acidotic heart, ho'il 
ever, the increase in hydrogen ion activity woul 
displace the troponin-bound calcium and thereb 
decrease the number of active interactions. The ir 
creased (H +) would also increase the affinity of tb 
sarcoplasmic reticulum for calcium and decrea~ 
the release of bound calcium [23]. An increase i 
hydrogen ion activity could affect the contracti! 
proteins directly or through their sensitivity t 
Ca + + [3]. In connection with this hypothesis 
the finding that in low sodium solutions, an increa~ 
in pCOz was followed by a decrease in contractilil 
that was smaller than the one observed when ti 
muscle was immersed in a solution with norm. 
sodium concentration [12]. Low sodium mediUJ 
enhances calcium up take [19]. In this way, 10 
sodium or high calcium concentrations could shal 
a common mechanism. 

The results presented here are not in agreemeJ 
with those reported in some previous investigatior 
(4-8, 11, 12,20,26) in which we are unable to sho 
significant changes in contractility with pH changt 
at constant pCOz. Some of these discrepancies ma 
be due to species differences. Previous work 1: 
Opie [24] in the rat heart supports the fact th. 
metabolic acidosis depressed contractility. In e: 
periments performed by us in cat papillary musc1( 
or the dog heart lung prepration [4-6, 20] on 
changes in pH brought by pCOz are ab Ie to affe, 
contractility due perhaps to the fact that CC 
permeates the cell rapidly and could change intr. 
cellular pH rapidly. The greater penetrating pOW( 
of COz for the cel I membrane was suggested 1: 
Gremels and Sarling in 1923 [11] and Hartree an 
Hili [13] have concluded that COz penetrates tl 
ceIl walls of skeletal muscle causing alowering ( 
pH more quickly than other acids do. The rat hea 
muscle is very resistant to dig.italis [1, 9. 10], hl 
negative staircase [15] and can be tetanized mo! 
easily than other species [14]. Perhaps bica 
bonate is able to leak into the cell of the rat hea 
muscle and change intracellular pH to the same e 
tent as pCOz and this could be another physiol, 
gical difference of the rat heart muscle. In additio 
we cannot discard completely the possibility of oth, 
factors such as he art rate, temperature, or buff, 
capacities playing additional rol es in exploring ti 
differences between the rat's response as opposed . 
other species. 
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