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Introduction
In these days of beautiful cell, sub-cell, gene explorations
few studies focus on the performance of an organ and the
mechansims responsible for that performance. For the
pulmonary clinician it might be helpful to review how
different forms of acid-base imbalance affect one of the
pumps responsible for providing the organism with oxygen,
the diaphragm (D).

Respiratory and metabolic acidoses can be compensated
suggesting that if the uncompensated acidoses produced
a deleterious effect, the compensation of that form would
attenuate or even abolish the deleterious effect. The four
forms of imbalance can appear in several pathologies such
as COPD, asthma, diabetes, kidney malfunction.
The impact of AB imbalance on muscle tissue focused initially
on limb skeletal muscles (smitendinosus, EDL, soleus) and
cardiac muscle. Studies on the D were exceedingly few, very
probably due to the fact that the D is not a readily accessbile
skeletal muscle. What must be kept in mind is that the D,
though a skeletal muscle, is much like the heart in that both
are continuously contracting in a way that limb muscles
are not. And whereas both the heart and D need external
calcium for contraction, it is not clear that all limb muscles
are so obligated. Hence, it would seem advisable to avoid a
too facile extrapolation of results from limb muscle studies
to the D.
Most clinicians treating COPD understandably focus on

the major problems of gas exchange. Very little, if any,
attention is paid to the impact on the functioning of the D.
Yet attendant on poor gas exchange in addition to hypoxemia
could be an increase in PaCO2. As we shall see, hypercapnia
can compromise the force of contraction (FC) of the D, thus
initiating a chemoreceptor-mediated injurious positive
feedback circle. The increased PaCO2 would stimulate
an increase in ventilation. But the very muscle charged
with increasing the ventilation is being rendered less able
to contract. Other clinical conditions involving increased
airways resistance, hypoventilation, or kidney malfunction
can also generate an acid-base imbalance.
Effect of Respiratory Acidosis on Skeletal Muscles

The deleterious effect of respiratory acidosis on the force
of contraction (FC) of skeletal muscle is well documented
[1-6]. Patients with moderate to severe COPD commonly
experience mild to moderate hypercapnia. Skeletal muscle
dysfunction in COPD patients has also been reported [7].
Hence, it is not surprising that several studies on the D have
shown that increased CO2 reduces the D’s FC, including in
vitro studies of the rat D [8], in vivo studies of the dog D [9],
and some human studies [7,10].

Though some studies have reported that the D does not
increase its FC when challenged with a lowered PCO2
(hypocapnia, alkalosis), fewer studies have focused on the
results of a compensated respiratory acidosis. In the in vitro
rat D study [8] when bath PCO2 was set at 119.5 ± 4.4 mmHg
and [H+] was 97.7±5.9 nM, the FC decreased to 89% of the
control at 1 min and remained there for the entire 15 min
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exposure. But with the addition of HCO3¯ to the bath, when
PCO2 was set at 114.0±4.5 mmHg and [H+] was recorded at
34.9± 1.3 nM, the FC decreased to ~95% of the control at 1 min
but then rose to control levels out to the 15 min of exposure.
We are unaware of any study of HCO3¯ compensated respiratory
acidosis in other animal models, human subjects, or patients.
Consistent with these results are the studies of the interaction
of fatigue and acidosis [11,12].
Effect of Metabolic Acidosis on the D

In response to metabolic acidosis the same ten in vitro rat Ds
as above [8] showed that the FC was reduced. When HCO3¯ was
reduced from 28.0 to 11.3 mM, the [H+] increased from 30.5±1.6
to 57.8±3.5 nM. The lowered HCO3¯ dropped the PCO2 of the
bath from 40.9±3.2 to 34.8±1.7. The FC decreased to 92% of
the control in the first min. And though recovering somewhat
over the next 14 min, FC remained significantly lower at 95%
of the control. When these same ten rat Ds were challenged
with a compensated metabolic acidosis by lowering the bath
PCO2 from 40.6±3.2 to 18.7±1.8 mmHg with [H+] going from
33.8±1.7 to 32.5±2.4, the FC significantly decreased to 89% of
the control by the first min; by min 5 FC was at 86% of the
control and remained there through min 15.

A similar regimen was followed in a canine model in which
13 open-chested dogs had their abdomens tightly casted.
This makes any contraction of the D virtually isometric. Their
phrenic nerves were stimulated at frequencies 5 -70 Hz. FC
was assessed by the pressure changes (Pdi) in a balloon placed
immediately under the D [13]. Table 1 presents the in vivo
blood gas values. Metabolic acidosis was induced by infusion
0.6 N HCl into the left femoral artery.

the normal value. For example, an earlier study of the resting
rat D, using 31PNMR spectroscopy, reported [14] that during
metabolic acidosis when the superfusate pH fell from 7.42
to 7.00 the intracellular pH dropped from ~7.05 to ~6.85 in
the course of a two hour exposure. However, during the two
hour exposure to compensated metabolic acidosis when
superfusate pH fell from 7.40 to 7.35, the intracellular pH
changed from ~7.05 to ~ 7.08; the trend was alkalotic probably
due to the superfusate’s very low PCO2 (31.6 to 10.2 mmHg).
But restoring FC is not always so uniform, and sometimes
seems paradoxical. However, Bettice [15], examining the rat
thigh muscle, did not see an intracellular acidosis when the
animal was made systemically acidotic with an intraperitoneal
injection of 6mEq/kg HCl. Somewhat puzzling is the report
of Burnell [16] who also states that acidification by reducing
extracellular HCO3¯ did not produce intracellular acidosis.
Yet his table 1 and the connected text presents just the
opposite. The pHi dropped from 6.84 to 6.78 (P<0.02). The
seminal work of Heisler [17] in the in vitro rat D showed that
when pHe was varied between 7.15 and 7.40, pHi remained
relatively constant during both respiratory and metabolic
acidosis. This suggested that during metabolic changes there
was a bicarbonate efflux from the intracellular compartment.
During respiratory changes there was a bicarbonate influx into
the intracellular compartment.
Effect of Respiratory Acidosis on Muscle Mechanics

A brief inspection of what happens to the twitch characteristics
of skeletal muscle gives some insight into the mechanics of why
the FC is compromised by acidosis. Peak twitch tension (PTT),
Time to peak tension (TPT), and 1/2 relaxation time (1/2RT)
are the characterisics usually studied.

Table 1

Control

Metabolic Acidosis

Compensated Acidosis

pHa

7.38±.01

7.00±.03

7.34±.02

PaCO2 (torr)

36.2±2

36.2±2

12.8±1

PaO2 (torr)

260±19

268±19

171±1

And again the FC, measured as transdiaphragmatic pressure,
during metabolic acidosis was significantly less than control at
all frequencies of stimulation greater then 5Hz. The FC during
the compensated acidosis was significantly less than metabolic
acidosis at all stimulation frequencies. So with both the in
vitro rat model and the in vivo dog model the D reduced its
FC more during the compensated metabolic acidosis (lowered
PCO2) than during metabolic acidosis.

A significant corpus of literature supports this brief overview
of the response of skeletal muscle, particularly the D, to
changes in acid-base balance. The attempts to compensate
either respiratory or metabolic acidosis are usually successful
with respect to bringing the intracellular [H+] back towards

In the in vivo canine model during normocapnia a single
supramaximal impulse to the phrenic nerves generated a PTT
of ~20 cmH2O in the sub-diaphragmatic balloon (Pdi).

Hypercapnia (PaCO2 ~ 87 mmHg) uniformly reduced PTT to
83% of the control. TPT was not altered significantly in these
18 exposures in the six animals [18]. Other studies of both
diaphragm [12,9] and other skeletal muscles [5] have shown
results consistent with these findings. The major impact of the
increased CO2 is on the PTT. Frequently the TPT and the 1/2RT
are unaffected. As remarked above we are unable to find any
report of the the D’s performance or its twitch characteristics
when challenged with compensated respiratory acidosis.
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Effect of Metabolic Acidosis on Muscle Mechanics
With the canine diaphragm challenged with metabolic
acidosis one study [13] reports the PTT was reduced but not
significantly. However, with compensated metabolic acidosis
the decrease became significant. There was no impact on the
TPT. But the 1/2RT was significantly reduced in both forms,
suggesting a more rapid disappearance of calcium from the
sarcoplasm into the sarcoplasmic reticulum. Frequently the
changes in the twitch characteristics explain why the FC was
changed, but this is not always the case. The decrease in 1/2RT
suggests the possibility that different mechanisms operate
behind the decreased FC in metabolic acidosis.
Potential Souces of Decreased FC and Mechanics

were reduced, accompanying the intracellular acidosis related
to hypercapnia.

Of major, indeed critical, importance is the effect of acidosis on
free Ca++ in the muscle. The report of Fabiato and Fabiato [23]
thoroughly explores the response of Ca++ in the sarcolemmafree semitendinosus of the frog. Decreasing the pH of the fluid
bathing the sarcolemma-free muscle from 7.4 to 6.2 required
a 3-fold increase in the fluid’s concentration of free Ca++ for
the myofilaments to develop 50% of the maximum tension.
Further, acidosis depressed the maximum tension developed
in the presence of a saturating concentration of free Ca++.
Moderate fluid acidosis caused an effect on the semitendinosus
sarcoplasmic reticulum that could compensate for the
depressant action of acidosis on the myofilament. Finally, their
data from the skinned muscle cells did not suggest a simple
competition between H+ and Ca++ for a single class of binding
sites on troponin. Indeed, the troponin-tropomyosin system
may not be the only Ca++-regulatory system in skeletal muscles.

Seeking an explanation of why the FC and these twitch
characteristics behaved in the manner in which they did, one
finds that sources of the weakness include changes in fiber
types. In COPD more Type IIb fibers are present than Type
I. Type IIb are fast twitch, develop tension, and are prone to The movement of potassium ions (K+) greatly impacts the
fatiguibility. Type I are slow twitch and fatigue resistant. Also condition of the resting membrane potential of a muscle. This
reported have been reduced capillarity, decreased oxidative would condition the D’s susceptibility to stimulation.
enzyme capacity, altered cellular bioenergetics [19].
Table 2

Species

Treatment

Species

Treatment

dog, cat, rabbit, man

1

dog, cat, rat, rabbit, man

4

dog, cat man
,
dog, cat, rabbit, man

2

dog, cat, rat, guinea pig

5

3

dog, cat, rabbit, man

6

where treatment 1 = acute mineral acid acidosis; 2 = acute organic acid acidosis; 3 = acute metabolic alkalosis; 4 = acute mild respiratory acidosis; 5 = acute
extremely severe respiratory acidosis; 6 = acute respiratory alkalosis

Further, of course, one might look to energy stores, calcium
handling, and influence on the myofibril itself. In the 31PNMR
spectroscopic study of the resting rat in vitro D exposed to two
hours of hypercapnia [20] (superfusate PCO2 of 109 mmHg;
pH of 6.99; pHi of ~6.88) PCr, ATP, Pi values did not differ
significantly from those during the normocapnic exposure
(supefusate PCO2 of 37.3 mmHg; pH of 7.43; pHi of ~7.03).
The companion study [15] using the same preparation and
same technique with exposures to metabolic acidosis and
compensated metabolic acidosis (cf. above for pH values) again
PCr, ATP, and Pi values between the two forms of acidosis were
virtually identical. These results suggest that acidoses per se
might have no effect on the energy stores in the rat and dog
D. However, Dawson et al. [21], using the 31PNMR technique
with the frog gastrocnemius, report the stimulus-driven
contractions increased [H+] and decreased [ATP] and the FC.
And Fiaccadori et al. [22] report that in muscle biopsies from
quadriceps of patients with severe COPD ATP and PCr contents

The comprehensive review of Androgue and Madias [24]
explores the role of acute changes in acidity on the movement
of K+ ion in various body compartments. Acute respiratory
acidosis promotes a rise in plasma [K+], but one that is
significantly less than that observed during mineral acid
acidosis. Interestingly, whereas this type of metabolic acidosis
alters the plasma [K+], organic acid acidosis, such as lactic,
acetic, -OH-butyric acids, do not produce a significant change
in plasma [K+]. And in the diabetic the ketoacidosis is usually
associated with a normal or even an elevated plasma [K+].
Acute respiratory alkalosis leads to a decrement in plasma [K+].
Sodium bicarbonate-induced metabolic alkalosis generally
leads to a decrement in plasma [K+]. They have studied the
acid-base distribution effect on plasma [K+] in several species
(cf. Table2). And Fraley and Adler [25] show in the rat that
acute variations in plasma [HCO3¯] under isohydric conditions
(by manipulating the PCO2) are accompanied by reciprocal
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Further, acute hypercapnia is known to trigger increased
sympathetic activity and a catecholamine-induced release
of glucose and potassium from the liver [26,27]. An overall
summary shows that acute acidemia usually results in
hyperkalemia and acute alkalemia usually reduces plasma
potassium, though these changes can be modified by an
interplay of other factors. Hence, it appears that the D’s FC and
PTT could be reduced during acidosis at least in part by the
impact of increased plasma [K+] on the D’s resting membrane
potential.
Pharmacological Agents Correcting the Effect of Acidoses
on the D

Many such agents are capable of correcting the reduced
contractility of the D during acidoses. However, the elements
within the muscle which they are capable of affecting are
several. The sarcoplasmic reticulum, the myofibril itself, the
sarcolemma, the neuromuscular junction as well as enzyme
systems such as ATPase make any analysis of where agents
such as aminophylline, isoproterenol, neostigmine have their
effect(s) highly complex and complicated. Presenting a helpful
schema of their multiple effects would extend this mini review
beyond a reasonable length and in large part be speculative.
Hence, we shall note that such agents have been reported to
have correcting effects [18], and leave it to the clinician reader
to pursue such explanations if helpful.
							
Conclusion
A clear, precise understanding of how H+ ion affects the D’s
FC remains to be found. That H+ ion affects critical processes
in skeletal muscle performance is well documented. All of
these effects would seem to compromise FC. But then how
does one explain the largest decrease in FC observed, during
compensated metabolic acidosis where the pHi of the muscle is
somewhat alkalotic? This apparent paradox suggests multiple
mechanisms must operate in conditions involving some sort
of acidosis. Possibly the interplay of H+ ion in nanomolar
concentrations with HCO3¯ ion in millimolar concentrations,
or their effect on plasma [K+] affects a mechanism involving
the excitation-contraction processes of FC. Firmly established
mechanisms accounting for both the expected and the
apparently paradoxical phenomena in striated muscles await
further investigation. But for the clinician to be sensitive to the
potential of an acid-base imbalance to impact the performance
of the D seems advisable. Helpful information, even though
not focused specifically on acid-base imbalance per se, are the
studies found in Roussos [28] and Laghi’s study of respiratory
muscles [29] which focus more on COPD and other pulmonary
problems capable of creating systemic acid-base problems.
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