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AN ANALYSIS OF pH TOLERANCE AND SUBSTRATE 
PREFERENCE OF ISOLATED SKELETAL MUSCLE 

MITOCHONDRIA FROM BUFO MARINUS AND RANA 
CATESBEIANA 

JEFFREY M. DUEilR* and STANLEY S. HILLMAN 

Department of Biology, Portland State l!niversity, Portland, OR 97207, U.S.A. 

Abstract-I. The effects of varying pH and substrate on isolated skeletal muscle mitochondria from Bufo 
Jllllrinus and Rtm11 catesbeiana were investigated. . . 

2. For both species, V01 max significantly decreased at all pH~ 7.~ ~p < 0.05), whde mwmum values 
were observed at a pH range of 7.3-7.6 with B. marinus mamtammg a gruter V01 max than R. 

autsbtUUta. . o OS) 
3. Respiratory control values (RCR) decreased significantly at all pH < 6.9 for both spec~ (P < . · 
4. Isolated mitochondria from both species were maintained at pH = 7.2 and 0 2 consumption measured 

under five separate substrate conditions. 
S. A rank preference was established based upon state 3 and RC:R values. . . 
6. Substrate preference was identical for both species and interspecific compansons revealed differences 

in state 3 respiration and coupling. 

INTRODUCJ10N 

There is a limit to the rate of oxygen consumption 
lV01 max). Two predominating hypotheses exist to 
~lain this limitation. The first hypothesis, that the 
•ber of skeletal muscle mitochondria is rate-limit­
qinitself, is supported by studies evaluating citrate 
!\1hase activity (Putnam and Bennett, 1983; Cum­
llgs, 1979), and correlations of V01 max with 
lll!beror density of mitochondria (Hoppeler, 1990; 
HlliJleier et a/., 1987). The second hypothesis con­
tnds that V01 max is governed by systemic oxygen 
hnspon (see Hillman et al., 1985). 

8oth hypotheses, however, consider only oxygen 
!&! and not the possible role of carbon dioxide 
din. Uptake of oxygen by mitochondria dictates the 
lllduction of carbon dioxide. If carbon dioxide is 
* effectively removed at the cellular level, the 
l!llilting decrease in intracellular pH may have a 
~ntal effect on mitochondrial function and 
~ ~01 max. This investigation evaluates mito­
liocdrial performance at five pH values in order to 
~ne the effect of decreasing pH on mitochon­
inll func.tion. 
~trate utilization by mitochondria in vitro 
~ the possible array of molecules oxidized 
•!'ito. Studies on the oxidative properties of carp 
liUJcle (Moyes et al., 1989; Johnston, 1977) suggest 
ihttlllitocbondria from different fiber types (i.e. red 

,Othomcorrespondence should be addressed at: Univer-
111YofHawaii, Department of Zoology, 2S38 The Mall, 
liouoluiu, HI 96822, U.S.A. 

or type I, and white or type II) are specialized for 
oxidation of different sets of substrates as reflected by 
their substrate preference. To date, little data is 
available for amphibian mitochondrial substrate 
preference. Existing studies on substrate oxidation by 
frog skeletal muscle mitochondria include data for 
pyruvate/malate, succinate, and several acylcamitines 
of varying lengths (Skoog et al., 1978; Osmundson 
and Bremer, 1978). However, no individual study 
addresses substrate preference over a wide range of 
fuels. 

The following study delineates a mitochondrial pH 
profile for both Bufo marinus and Rana catesbeiana. 
Isolated skeletal muscle mitochondria performance is 
evaluated over a pH range of 6.1-7.6. This range 
encompasses normal physiological extremes based on 
blood pH measured from amphibians at rest and 
following exhaustive exercise (Putnam, 1979), and 
assuming a blood--celllipH of -0.4 (see Roos and 
Boron, 1983). If mitochondrial oxygen consumption 
diminishes with decreasing pH, then the possibility of 
carbon dioxide efflux directly affecting oxygen metab· 
olism is possible. In addition, substrate preference of 
isolated skeletal muscle mitochondria from both the 
toad and frog was assayed and compared. 

MATERIAlS AND MEmODS 

Animals 

Bufo marinus were purchased from a commercial 
supplier while Rana catesbeiana were captured from 
local wild populations in Washington County, OR. 
Both species were maintained in the laboratory and 



Jl'm (rce access to water. Experiments were per­
formed ~~tithin 3 weds of arrival for toads and 2 
~~te-eh of capture for frogs. 

bolatuHt of mitfKhondrill 

Amnul1 ... ere doubly pithed and the thigh muscu­
bture qu1ckly ucascd with ice-cold scissors. Approxi­
natdy 5 l of muscle was weighed in a beaker 
cont1an.ng an isolation medium consisting of 
170 mM mannatol, 55 mM sucrose, 5 mM EGTA 
(cth)kneel>col-bas·P·aminoethyl ether), 20 mM Tris 
(1-amano·2·hydroxymethyl·l,3·propanediol), 0.5% 
bo' anc r.crum albumin (BSA) and 50 units/ml of 
hc~nn The final osmotic pressure of270 mOsm was 
\~raf!Cd ~~tllh a vapor pressure osmometer (Wescor 
Inc. Model 523A). Muscle tissue was manually 
mu~o~.~ v.ath scissors and placed in a bladed hom­
o,cnller for approximately 30 sec at 1000 rpm. The 
homoeenate wu forced by a threaded piston through 
0 II mm daameter holes in a custom fabricated tissue 
~eu, pl.lt:cd into a Potter-type glass homogenizer 
(Tu·R lnmuments) and ground with the first two 
(load 1 or all three (frog) pestles with clearances of: 
0 I~. 0 0~ and 0 025 mm, at 200 rpm. 

The re1uhins homogenate was spun at 755 g for 
~man at 5 C to separate large cellular debris from the 
tn1h,., hondna, "'hich remained in the supernatant. 
The pre~Crvcd supernatant was spun at 9800 g for 
9 man at S C to pellet mitochondria. The pellet from 
the t«(md spin was resuspended in isolation medium 
ar~o~l cc:ntnfu~d a third time (to yield a more pure 
matr~;hondnal irolation) for 7 min at 9800 g and 5°C. 
The lin;1l rnuspension involved 200 pi of isolation 
mcdaum >A·ith 8SA being gently mixed into the second 
l"'t'JICI lltlth I JIUS Stirring rod forming a mitochon­
dnal ,Jurry. A SO JAI (toad) or 20 pi (frog) aliquot was 
frotrn for rrotc:in determination. 

• \lro.lllfC'fPI('nf of rtspiration 

O•>~n uptake: was measured at 20°C with a 
Tran,.d)·nc: General Chemical Microsensor Model 
I~SI cahbration cell. Attached to the 0.9 ml reaction 
chamber was an oxygen microelectrode, which uti­
htrd the rolarographic principle to measure oxygen 
lcn,ion wllhin the: chamber (see Estabrook. 1967). 
The outrut voltage of the system was recorded on a 
11np-chart recorder. 

For all l!l<W~ys, the reaction chamber was filled with 
870Jll of an oxygen uptake medium which consisted 
of SS mM mannitol, 24 mM sucrose, 10 mM Tris 
<rH • 7.2 at room temperature), 10 mM K.H2PO. , 
90 mM KCl, and SO mM malic acid (osmotic press· 
ure • ::!83 mOsm). A high concentration of malate 
iMured against .transporter limitation, and since rank 
order comparisons are made, the endogenous rate of 
malate: oxidation is cancelled. In combination with 
~xygen urtake ~edia, 10 JAI of mitochondrial suspen­
IUOn and saturatmg concentrations of substrate were 
r~nt. Maximal oxidative activity was initiated with 
the add1tion of O.S mM ADP. 

For assays involving pH effects, the pH of the 
oxygen uptake medium was adjusted to 6.1, 6.5, 6.9, 
7.3, or 7.6 at room temperature with either HCI or 
NaOH. Pyruvate (11 mM) is a substrate with known 
high oxidation rates in amphibian skeletal muscle 
mitochondria (Hillman et a/., 1991). Under saturat. 
ing conditions, pyruvate transport is not carrier-me­
diated or pH-dependent in the range studied here 
(Pande and Parvin, 1978); consequently, pH does not 
affect substrate transport. For assays involving sub­
strate preference, the pH of the oxygen uptake 
medium was held constant at 7.2. Although a pH 
optimum of> 7.3 was determined with data from the 
first half of this experiment, a pH of 7.2 was believ~ 
to be an appropriate simulation of in vivo conditions 
(see Roos and Boron, 1983) during steady-state reS· 
piration. Each substrate was added to separate assay 
chambers to a concentration of 11 mM, except oc· 
tanoylcarnitine, which was added to 2.2 mM. All 
biochemicals were obtained from Sigma Chemical 
Co. (St Louis, MO). 

Upon the addition of0.5 mM ADP, mitochondrial 
oxidative phosphorylation was measured as the 
difference in 0 2 tension within the reaction chamber 
per minute. This rate of oxygen consumption is 
considered either state 3 or vo2 max (under saturat· 
ing conditions). Respiratory control ratios (RCR) 
were calculated as the ratio of the rate of oxygen 
uptake in the presence of ADP (state 3) to the rate of 
oxygen uptake after exhaustion of ADP (state 4) or 
state 3/state 4 (Estabrook, 1967; Chance and 
Williams, 1956). Aliquots of mitochondrial suspen· 
sions were thawed, diluted and added to Folin phenol 
reagent. Concentration of mitochondrial protein was 
based on absorbance at 625 run after Lowry et a/. 
(1951). Final oxygen consumption was expressed as 
nm 02 consumed per mg mitochondrial protein per 
minute . 

All statistical comparisons were made with 
ANOVA, using Scheffe's tests for multiple compari­
sons, unless specifically noted. A P < 0.05 was con· 
sidered significant. Interspecific comparisons between 
the toad and frog were performed using independent 
Student's t-tests. 

RFSULTS 

For both B. marinus and R. catesbeiana state l 
oxygen consumption rates declined significantly at all 
pH < 7.3 (P < 0.05) and state 4 values were signifi. 
cantly different at H = 6.1 (P < 0.05), Respirator)' 
control ratios for B. marinus decreased significantly at 
all pH < 6.9, and for R. catesbeillna all RCR values 
were significantly different from each other in the 
assayed pH range (P < 0.05), (Figs I and 2). At 
pH "" 6.1, all state 4 values were indistinguishable 
from state 3 (i.e. uncoupled) and consequently RCil 
values were considered equal to one for B. marinur 
and for R. catesbeiana, none of the three respiratory 
measurements were observed at pH= 6.1. 



30~--------------

7 
pH 

8 

Fig. l. The effect of pH on state 3 respiration and state 4 
respiration in isolated skeletal muscle mitochondria from 
both anuran species. Values are mean± standard error. 
Squares = Bufo mtUinus and circles = Rana catesbeiana. 
Unfilled symbols =state 3 and filled symbols = state 4. 

State 3 respiratory rates for B. marinus of the five 
individual substrates all showed significant differ­
ences (P < 0.05) from each other with the exception 
of pyruvate vs octanoyl. Preference of substrate in 
order of greatest to least is as follows: alpha-ketoglu­
tarate, pyruvate, octanoyl--camitine, beta-hydroxy­
butyrate and oxaloacetate (Fig. 3). There were no 
~gnificant differences among the state 4 substrate 
o1idation measures (Fig. 4). All RCR values for 
substrate oxidation were significantly different from 
each other. Substrate preference ranked by RCR 
values matched that set by state 3 values (Fig. 5). 

State 3 values for R. catesbeiana were all signifi­
cantly different with the exception of pyruvate vs 
octanoyl. The preferred substrate ranking is identical 
to B. marinus, (Fig. 3). State 4 data from R. cates­
beiana showed significant differences with the follow­
ing four exceptions: pyruvate vs octanoyl, pyruvate vs 
beta-hydroxybutyrate, alpha-ketoglutarate vs ox­
aloacetate, and octanoyl vs beta-hydroxybutyrate 

4 

cr.: 3 
u 
cr.: 2 

1 

7 
pH 

8 

~g. 2. The effect of pH on respiratory control ratios in 
ISOlated skeletal muscle mitochondria from Bufo marinus 
and Rana catesbeiana. Values are mean± standard error. 
Squares = Bufo marinus and circles = Rana catesbeiana. 

2 3 4 5 
Fig. 3. State 3 substrate preference in isolated skeletal 
muscle mitochondria. Column 1 =alpha-ketoglutarate, 
2 =pyruvate, 3 = octanoyl, 4 = beta-hydroxybutyrate, 
5 = oxaloacetate. Values and mean± standard error. Filled 
bars = Bufo marinus and unfilled bars = Rana cattsbeiana. 

(Fig. 4). Respiratory control ratios were all 
significantly different from each other in R. cates­
beiana. Substrate preference as determined using 
RCR values presented the following rank order: 
octanoyl-carnitine, alpha-ketoglutarate, pyruvate, 
beta-hydroxybutyrate and oxaloacetate (Fig. 5). 

Interspecific statistical comparisons made with the 
five substrates using state 3 data showed that 
B. marinus had a significantly higher V02 (P < 0.05) 
in four of the five substrates. Oxaloacetate was the 
only substrate that showed no significant difference in 
utilization between the two species. RCR data re­
vealed no significant differences with any of the 
substrates, confirming consistent quality of recovery 
and good mitochondrial membrane integrity. 

DISCUSSION 

During intense metabolism, a ccumulation of both 
col (aerobically), and lacta te (anaerobically) arc 
unavoidable and result in unfavorable acidic con-
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Fig. 4. State 4 substrate preference of isolated skeletal 
muscle mitochondria. Column I = alpha-ketoglutarate, 
2 = pyruvate, 3 = octanoyl, 4 = beta-hydroxybutyrate, 
S = oxaloacetate. Values and mean ± standard error. Sytn· 

bois same as Fig. 3. 
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tor ~ RCR aub.trate preference of isolated skeletal muscle 
"'''~hondr-.. Colu"'n I ,. alpha-ketoglutarate, 
;: - r)f\1'0111:, ) • oct•noyJ, 4 • beta-hydroxybutyrate, 
~- e>ul.-~ute. Valuct and mean± standard error. Sym-

boiJ same as F1g. 3. 

dollon\. rutnam (1979) reported muscle fatigue as­
~lo('loltcd ~~oath lactate accumulation and lowered pH 
duran1 an:acrobac exercise. 

The d.1t1 auprort a pH optimum. A decrease in 
anll.lccllubr pll, possibly as the result of an in­
••k4fu.ltC: CO: efflux in t·it·o. may be detrimental to 
matt~<.hondn.alactivity and ultimately limit V01 max. 
tMTc:renc" 1n pll may affect mitochondrial carrier 
pu,tean rc:rrormance through altered oxidation states 
,,( ccrtJin amino acids, and/or disturbed ter­
taJry quaternary structure of proteins. Proton bind­
'"' ''tcs on carrier proteins govern certain transport 
pre>tc'~ (LaNoue and Schoolwerth, 1979). 

The f'Tt'paration demonstrated that maximum V02 

''a d~rect function of extramitochondrial pH (p~). 
Th11 roant is illustrated in Fig. I. Decreasing pH, 
lud• to a corresponding decrease in respiration. 
Thc\C results corroborate existing pH studies on 
an\Trtchrate mitochondria in which a similar relation­
•h•r l-ct~~o C>tn pll and V01 is evident (Ballantyne and 
Storey, I9R), 1984). Our results are in conflict with 
Mo)n n of. (1988), in which increasing state 3 and 
RCR \·aloes were associated with decreasing pH. 
\llues. a result that is not consistent with a chemios­
motlc model for oxidative phosphorylation in 
mll(l('hondria. 

fJ<,th species preferred each of the five substrates in 
idcnll~:al order, indicating multidimensional aerobic 
urah1hty for each. However, mitochondrial V02 
mu m B. mori11w was significantly greater than that 
of R. rottsbdCJ11a in all instances except when ox­
aloacctate was given as a substrate. In contrast, 
•uh~trate preference in carp red and white muscle 
mat(l('hondria (Moyes tt a/., 1989) demonstrated a 
rrofound d1ffercnce: white muscle remained primarily 
glycolytic." hercas red muscle relied on a wider range 
of fuels. ~pccially fatty acids, which would yield a 
greater number of ATP molecules after complete 
Ollidation. This curious disparity may be explained by 
the fact that carp have histologically distinct red and 

white muscle fibers while anuran locomotory muscles 
are arranged in mixed groups (Putnam and Benneu 
1983; Mendiola et a/., 1991). ' 

Generally, pyruvate is oxidized at rates as great as 
any other substrate in vertebrate muscle (Moyes 
et al., 1990). However, for anuran amphibians, alpha. 
ketoglutarate is oxidized at a greater rate. Rates of 
oxidation for beta-hydroxybutyrate, and oxaloac. 
etate were in agreement with data obtained from 
other vertebrates (Moyes et a/., 1990). In both the 
frog and the toad, octanoylcamitine and pyruvate 
were oxidized at similar rates. These data are com. 
pared to Skoog et a/. (1978) in which frog skeletal 
muscle mitochondria also oxidized palmitoyl-car· 
nitine and pyruvate at similar rates. This indicates an 
ability of amphibian thigh muscle mitochondria to 
utilize C.8 or C-16 fatty acids as an alternate source 
of substrate. Osmundsen and Bremer (1978) report 
oxidation of octanoylcamitine at 80% of palmitoyt. 
carnitine in frog heart mitochondria. Hence, it ap. 
pears that a preferential difference between oxidation 
of C-8 and C-16 acylcarnitines is detectable in heart 
muscle. 

The data support the conclusion that pH balance 
is important for maximal mitochondrial oxidation, 
and implicate carbon dioxide effiux as a potential 
limit to V01 max. Substrate preference data is con· 
sistent with that obtained for other vertebrates and 
supports a mixed muscle fiber type theory for anuran 
amphibians. It appears that both the frog and toad 
are adapted for aerobic metabolism as reflected by 
their identical substrate preference. However, the 
lower mitochondrial V02 max and lower mitochon· 
drial density of the frog relative to the toad indicates 
lower aerobic muscle metabolism. 
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