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Optical Measurement of Perfused Rat Hindlimb Muscle
with Relation of the Oxygen Metabolism
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Abstract Optical measurements of myoglobin (Mb) and cytochromes
(Cyts) in the isolated rat hindlimb muscle perfused with cell-free medium
were performed at 35 and 15°C under various oxygen supply, in the relation
to the oxygen metabolism. Molar ratio of Cyt a+a;, Cyt b, Cyt c+c¢,,
and Mb, oxygen affinity of Mb (Psy), and the thermodynamic
parameter (4H°) of Mb oxygenation in cyanide-perfused muscle were
similar to those reported. The “apparent Ps,” of Mb in cyanide-free muscle
was almost two orders larger in magnitude than P, in the presence of
cyanide. O, uptake by the perfused hindlimb muscle was constant above .
O, supply of 0.73 pmol/(min- g muscle) (under a flow rate of 1.0 ml/(min-g
muscle) at 35°C). Below the value of O, supply, the O, uptake decreased
and lactate/pyruvate ratio increased. The critical mean oxygen tension in
tissue (estimated by Mb oxygenation) for O, uptake at 35°C was ca.
10mmHg. It was found that oxidation level (%) of Cyt a+a; was
equivalent to oxygenation level (%) of Mb at 35°C, while the oxidation
level of Cyt a+a; was higher than the oxygenation level of Mb at 15°C.
Based on the results, the uneven distribution of O, in the muscle tissue
and the intracellular O, gradient were discussed.

Key words: tissue oxygenation, perfused rat hindlimb muscle, myoglo-
bin, cytochrome a+a,, spectrophotometry.

Natural pigments contained in the tissue are useful indicators for monitoting
of metabolic activities: hemoglobin (Hb) and myoglobin (Mb) for the oxygenation
in the tissue (e.g., TAMURA et al., 1978); members of réspiratory chains for the
oxidative activities (CHANCE and WILLIAMS, 1955a); and NADH, which also reflects
the activity of the glycolytic pathway under certain circumstances (e.g., CHANCE ef
al., 1965).
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In early works, JOBsIs (1963a, b) has reported spectrophotometric observation
of mitochondrial respiratory chain of intact skeletal muscle. Although the system,
in which the isolated muscle is held in the flowing buffer, is useful for investigation
of the nature of respiratory chains in the intact muscle, the function of the circulatory
system, such as supply of O, and nutrients and removal of metabolites via capillaries,
is lost. )

Isolated perfused organ is a valuable preparation for physiological and
biclogical studies, since it retains most of the functions in the intact organ in
vivo. Isolated perfused rat hindlimb has been used for the study of metabolic state
in skeletal muscle such as O, uptake, glucose uptake, lactate release, lactate/pyruvate
ratio, creatine content, ATP/ADP ratio and so on (e.g., RUDERMAN ef al., 1971,
1980; Saiota and Sugano 1986). Such metabolic property and function of the
perfused rat hindlimb, however, have not been investigated in detail in the relation
of tissue oxygenation or intracellular O, concentration,

In the present paper, we describe the optical measurement of isolated rat
hindlimb perfused with cell-free medium and the oxygen metabolism of the hindlimb
muscle. Using this technique, we show 1) molar ratio of Mb and cytochromes (Cyts)
in the quadriceps muscle, 2) oxygen affinity of Mb (P,) in the muscle at 35, 25,
and 15°C, and 3) changes in oxygenation of Mb and oxidation of Cyt a+a, in the
relation of oxygen metabolism. Based on the results, the uneven distribution of Q,
in the muscle and the intracellutar O, gradient are discussed.

MATERIALS AND METHODS

Perfusion of rat hindlimb. Male Wistar rats (250 to 300 g in body weight) fed
on a commercial diet were used. Rats were anesthetized with sodium pentobarbital
(30 mg/kg body wt., i.p.). Preparation of the isolated rat hindlimb and the perfusion
system were essentially the same as those of SHioTa and SugaNo (1986).
Experimental setup is shown in Fig. 1. Krebs-bicarbonate buffer (NaCl, 115mm;
KCl, 5.9mm; MgCl,, 1.2 mM; NaH,PO,, 1.2 mMm; Na,S0,, 1.2 mm; NaHCOy3, 25 mm;
CaCl,, 2.5mwm; glucose, 10 mm, pH 7.4) containing 4% (w/v) polyvinylpyrrolidone
(PVP-40T; purchased from Sigma Chem.: avg. mol. wt., 40,000) was perfused at
35, 25, and 15°C from abdominal aorta in a flow-through mode at 1 ml/(min-g
muscle). The effluent was collected from inferior vena cava in order to measure the
rate of lactate and pyruvate releases (see below). Before measurements, the rat
hindlimb was perfused with the buffer equilibrated with 95% O, + 5% CO, for
30min. Then, the O, concentration in the perfusate was varied stepwise by mixing
buffer equilibrated with 95% O, + 5% CO, and that equilibrated with 95% N, + 5%
CO,, and the measurements were started. Perfusion pressure in the tubing leading
to aorta catheter was monitored with a pressure transducer (SCK-580, Nihon
Kohden Kogyo, Tokyo, Japan) connected to a carrier amplifier (AP-610G, Nihon
Kohden Kogyo, Tokyo, Japan). During the measurements, perfusion pressure was
maintained constant (e.g. 60-65mmHg at 35°C). As required, antimycin A,
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Fig. 1. Experimental setup for the perfusion of rat hindlimb and the optical
measurement of thigh muscle. The optical measurement was devised for both
reflectance and/or transmission mode. 1, perfusion pump; 2, stop cock; 3, three-way
stop cock; 4, circulating water jacket connected to water bath.

potassium cyanide or sodium dithionite was infused into the tubing by an injection
pump (Micro Feeder JP-W, Furue Science, Tokyo, Japan).

Spectrophotometric measurement. A computer-controlled rapid scanning
spectrophotometer (USP-501, Uniscku, Osaka, Japan) was used for the analysis
of Mb and Cyts in reflectance and/or transmission mode. Light was focused on the
thigh (quadriceps) muscle through a light guide of 5 mm diameter. The transmitted
light or the reflected light was conducted to the spectrophotometer through a light
guide of 5mm diameter. Spectra were recorded when constant O, uptake in the
hindlimb muscle was attained after changing O, concentration in the buffer (and/or
adding chemicals such as antimycin A). Simultaneously, the measurements of O,

tension of perfusate {of both influent and efftuent) and various metabolites were
performed, as described below.
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Analytical methods. O, tension in the perfusates was monitored with an
oxygen electrode (GU-BMS; Tijima Products M.F.G. Co., Ltd., Aichi, Japan). O,
concentration in the perfusate was calculated, based on oxygen solubility to the
buffer, 1.5 ymol/{{- mmHg) at 35°C. The rate of O, uptake was calculated from the
flow rate and the difference of O, concentration between influent and effluent.
Concentrations of lactate and pyruvate in the effluent were determined enzymatically
according to GUTMANN and WAHLEFELD (1974) and LAMPRECHT and Henz (1984),
respectively.

Materials. Lactate dehydrogenase (LDH; EC 1.1.1.27), reduced and oxidized
nicotinamide-adenine dinucleotide (8-NADH and -NAD, respectively) for analysis
of pyruvate and/or lactate were purchased from Boehringer Mannheim GmbH
(Mannheim, West Germany). Antimycin A was obtained from Sigma Chem. (St.
Louis, MO). All other chemicals were of analytical reagent grade.

RESULTS

Optical measurement of the perfused rat hindlimb ‘
Absorption spectra of quadriceps muscle in rat hindlimb were recorded by
perfusing the buffer of various O, concentration. Figure 2 shows changes of
difference spectra (in the range of 500-650 nm) between aerobic condition (taken
as a baseline) and the conditions under reduced O, supply. Upward peaks were
observed at 520, 554, and 605 nm, and downward peaks, at 540 and 582 nm.
In order to identify the components contributing to these absorbance changes
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Fig. 2. Spectral change of the thigh (quadriceps) muscle accompanied with decrease
of oxygen concentration in influent. Difference spectra were recorded in transmission
mode at 35°C. Aerobic state, where O, supply was 1.02 gmol/(min - g muscle), was
taken as a baseline (Trace 1). All difference spectra were obtained using 540 nm
as reference wavelength. The isolated rat hindlimb was perfused at constant flow
rate (1.02ml/(min-g muscle)). The O, supply {(umol/(min- g muscle)) was stepwise
decreased: 1.02 (Trace 1), 0.81 (Trace 2), 0.57 (Trace 3), 0.31 (Trace 4), 0.09 (Trace
5), 0 (Trace 6). Trace 6 was obtained by infusing the buffer containing 2 mm
Na,$,0,.
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Fig. 3. Spectrophotometric separation of myoglobin and cytochromes in quadriceps
muscle of perfused rat hindlimb. Difference spectra in the transmission mode at
15°C and those at 35°C (inserted figure) are shown. Traces 1 and 5, (aerobic + 67 um
antimycin A) —{aerobic); Traces 2 and 6, (aerobic + 1.7 mm KCN) — (aerobic); Trace
3, (anaerobic) — (acrobic + 1.7 mmM KCN); Trace 4, (anaerobic)— (aerobic).

and then to determine the appropriate wavelength pairs for measurements of
oxygenation (or deoxygenation) of Mb and oxidation (or reduction) of Cyt a+as,
difference spectra under various experimental conditions were measured, as follows
(Fig. 3).

fa) Identification of Cyts and Mb. Difference spectra, (aerobic+ antimycin
A)— (aerobic), were measured to separate a spectrum of reduced Cyt b (Fig. 3,
Trace 1 at 15°C and Trace 5 at 35°C). In this measurement, 40 to 80 um antimycin
A gave the same spectra. At 15°C, Mb was almost oxygenated and Cyts were almost
oxidized, respectively, under the perfusion with 95% O, +5% CO,)-equilibrated
buffer at a flow rate of 1.02 ml/(min- g muscle). Thus, only broad peak was observed
at about 565nm by reduction of Cyt b (Trace 1).

The spectrum of reduced state of respiratory chain components was obtained
at 15°C by treatment with cyanide in aerobic condition, (aerobic + 1.7 mm KCN) —
(aerobic), as shown in Trace 2 (1 to 4mM KCN gave the same spectra). Various
peaks in Trace 2 were identified as follows: # band of Cyt b and Cyt c+c, (as
broad peak) at about 520nm, « band of Cyt ¢c+c¢; at 551 nm, « band of Cyt b (as
shoulder) at 564 nm, and « band of cyanide complex of Cyt a+a, at 605nm (cf.,
JoBss, 1963a). The difference spectrum between deoxygenated and oxygenated state
of Mb could be obtained by the subtraction of Trace 2 from Trace 4, i.e.,
(anaerobic) — (aerobic+ 1.7mM KCN), as shown in Trace 3. Abve 600 nm, a slight
discrepancy from purified Mb spectrum was observed, probably due to a slight
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Table 1. Molar ratio of myoglobin and cytochromes in rat quadriceps muscle.

Component A—A, (nm) e(mM '-em™) Molar ratio
Mb 561-387 5.6 4.69+0.15
Cyta+a, 605-630 24.0 l
Cyt b 564-375 20 0.54+0.03
Cytc+c, 550-540 19 1.78 +0.07

Molar ratio was calculated from difference spectra measured at 15°C by using wavelength
pair of 4-4,. Mb: anaerobic — (aerobic +1.7mm KCN). Cytochromes: (acrobic + 1.7 mm
KCN) - aerobic. Extinction coefficient applied for Cyt a+a; was cited from Van GELDER

{1966) and those for Cyt b and Cyt ¢+¢, {rom CHANCE and WiLLIAMS (1955b). The values
are means +3.E. from 4 animals.
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Fig. 4. Hill plot of oxygen equilibrium of myoglobin (left) and van’t Hoff plot of Py,
(right) in perfused hindlimb muscle. Tissue respiration was inhibited by addition
of 2mm KCN to the perfusate. O, at 35°C; O, at 25°C; a, at 15°C. At the end of
the oxygen titration, the buffer containing 2mm Na,8,0, was infused to obtain
complete anaerobic state. The value of Py, was in influent. Y represents %
oxygenation of myoglobin calculated from the difference of absorbance at
561-582 nm. The results obtained from 3 animals are shown.

contribution of Cyt a+a; (i.e., spectral difference between reduced the state and
the cyanide complex: VANNESTE, 1966; VAN BUUREN et al., 1972; NICHOLLS et al.,
1976; NicroLLs and HILDEBRANDT, 1978; WIKSTROM et al., 1981).

At 35°C, however, complex spectrum (Trace 5) was observed under the
perfusion with (95% O, + 5% CO,)-equilibrated buffer. Moreover, the reduction
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of Cyts by inhibition of respiration with cyanide was accompanied by the additional
oxygenation of Mb (a small peak at 580 nm, as shown in Trace 6). Analyzing the
spectra at 35°C, 10-15% of Mb and Cyt a+a; appeared to be deoxygenated and
reduced, respectively.

(b) Determination of Cyts and Mb. Optimal wavelength pairs and extinction
coefficients for the determination of molar ratio of Cyts and Mb are summarized
in Table 1. Molar ratio of Cyt b, Cyt c+c,, and Mb to Cyt a+a, estimated from
the difference spectra at 15°C was 0.54, 1,78, and 4.69, respectively (Table 1).

Based on the results of Figs. 2 and 3, wavelength pairs of 587-630 and
605-630 nm were chosen for the measurements of oxygenation (or deoxygenation)
of Mb and oxidation (or reduction) of Cyt a + a4, respectively, where the interference
of Cyts absorbance to Mb measurement was less than 10%, and that of Mb to Cyt
a+a, measurement less than 12%, as estimated from their molar ratio and their
extinction coefficients.

Oxygen affinity of myoglobin in perfused hindlimb muscle

Figure 4 shows the Hill plot of oxygenation of Mb obtained in cyanide-perfused
hindlimb muscle (left) and the van’t Hoff plot at 35, 25, and 15°C (right). In the
presence of cyanide, O, uptake of hindlimb was completely inhibited, thus O,
gradient in the tissue was neglected under steady state of perfusion. P, of Mb at
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Fig. 5. Relationship of myoglobin oxygenation between cyanide-perfused hindlimb
{right) and cyanide-free perfused hindlimb {left). The rat hindlimb was perfused at
constant flow rate (1.02 ml/(min-g muscle)), and the oxygen concentration in the
buffer was varied. Oxygenation of myoglobin in the cyanide-free perfused hindlimb
was calculated from the absorbance difference at 587-630nm. The value shows
mean+ S.E. from 6 animals at 35°C (the data include both transmission and
reflectance measurements). The oxygen equilibrium curve of myoglobin in the
cyanide-perfused hindlimb was drawn by using P, =5.0mmIg at 35°C in Fig. 4.
The Py, in the abscissa was in the influent.

Vol. 41, No. [, 1991



56 A, SETYAMA, N. MAEDA, and T. SHIGA

;__;100-—— W
- w1l
™M
S 80~ 'gf‘{
> 60- :g" :
kS
g 404 a .‘3/
g1l A
T 209 2
3 o6

O_I 7’

[ I I | T 1
C 20 40 60 80 100
Oxygenation of Mb (%)

Fig. 6. Steady-state oxygen titration in the perfused rat hindlimb. The experiments
were performed by reducing oxygen tension in influent from the aerobic to the
anacrobic conditions stepwise. Oxidation level of Cyt a+a, measured at
605-630 nm was plotted against oxygenation level of Mb measured at 587-630 nm.
O, reflectance measurements (from 4 animals) and @, transmission measurements

(from 2 animals} at 35°C. [, reflectance (from 2 animals) and M, transmission
(from 2 animals) at 15°C.

35, 25, and 15°C was 5.0, 2.3, and 1.1 mmHg (in the perfusate), respectively, and
the Hill's coefficient was unity. Thermodynamic parameter for the reaction (4 H®)
was - 13.0 kcal/mol.

Tissue oxygenation and oxidation in the perfused hindlimb muscle

Relationship between the oxygenation of Mb in the cyanide-perfused hindlimb
and that without cyanide is shown in Fig. 5. P, of the influent at half oxygenation
of Mb in the cyanide-free muscle was ca. 360 mmHg at 35°C, whereas that in
cyanide-perfused hindlimb was 5.0 mmHg,

Figure 6 shows the relationship between oxidation of Cyt a+a,; and
oxygenation of Mb measured under different O, supply. At 35°C, the oxidation
(or reduction) level (%) of Cyt a+a, in the resting perfused hindlimb muscle was
equivalent to the oxygenation (or deoxygenation) level (%) of Mb. However, at
15°C, the oxidation level of Cyt a +a; was higher than the oxygenation level of Mb.

Oxygen metabolism in perfused rat hindlimb

Figure 7 shows changes in lactate release, lactate/pyruvate (L/P) ratio and O,
uptake, under different O, supply to the perfused hindlimb. O, uptake at 35°C was
constant under O, supply above 0.73 umol/(min - g muscle) (P, =480 mmHg in the
influent), and below the value, O, uptake decreased and L/P ratio increased.
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Fig. 7. Changes in oxygen uptake, lactate release and lactate/pyruvate (L/P) ratio
with reducing the O, supply. The values are means +S.E. (from 3 animals for the .
measurements of lactate release and L/FP ratio, and from 6 animals for the
measurements of O, uptake). The hindlimb was perfused at 1.02 ml/(min - g muscle)
in a flow-through mode except for O, supply of 1.35 ymol/(min - g muscle) of which
the flow rate was 1.35 ml/(min- g muscle). The 0 yumol/(min-g muscle) of O supply
was obtained by infusing 2mm Na,5,0,.

DISCUSSION

In this paper, oxygen metabolism of rat hindlimb muscle perfused with cell-free
medium was studied by an optical method, and 1) molar ratio of Mb and Cyts, 2)
oxygen affinity of Mb in the muscle, and 3) oxygenation of Mb and oxidation of
Cyt a+ a5 were measured.

Molar ratio of Mb and Cyts. The molar ratio of Cyts b and c+c, to Cyt
a-+as was similar to those determined in purified mitochondria of rat skeletal muscle
(MakiNEN and Leg, 1968), and that of Mb to Cyt a+a, (4.7: 1) is also similar to
that reported by TAMURA et al. (1987), when the value was compared by recalculating
on the basis of an extinction coefficient of Cyt a-+a; reported by Van GELDER
(1966) (Table 1). The ratio of Mb to Cyt a+ a4 in the muscle obtained in the present
experiment was much smaller than that in rat heart (8-10: 1; TAMURA ef al., 1978;
KANAIDE ef af., 1982; KENNEDY and JONES, 1986), since quadriceps muscle of rodents
is composed of three types of muscle with different concentration of Mb and
mitochondria; i.e., white, red and intermediate muscles (BALDWIN ef al., 1973).

Heterogeneous oxygenation of tissue. Oxygenation of Mb in the perfused
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muscle was measured in the absence and the presence of 2 mM cyanide (Figs. 4 and
5). In the presence of cyanide, Hill plot of Mb showed the linear slope of unity
(Fig. 4, left). P5, of Mb was 5.0 mmHg at 35°C, 2.3 mmHg at 25°C, and 1.1 mmHg
at 15°C (Fig. 4, left), and the AH° was — 13.0 keal/mol (Fig. 4, right). These values
were quite similar to those of purified Mb of rat skeletal muscle (STRICKLAND er
al., 1959; ANTONINT and BRUNORI, 1971). Thus, in the present preparation of perfused
rat hindlimb, the interference of contaminated hemoglobin (Hb) in isolated hindlimb,
if any, for the measurement of Mb and Cyts can be negligible.

In the absence of cyanide, oxygenation of Mb showed sigmoid saturation and
the “apparent Ps,” was almost two orders larger than P5, in the presence of cyanide
(Fig. 5, left). This relation in the shape of Mb saturation curve and value of apparent
Ps5q depends on the rate of O, uptake and/or temperature of the tissue {unpublished
data). This relation may be due to the heterogencous oxygenation of cyanide-free
perfused muscle. Thus, mean tissue Py, (tP,} in cyanide-free perfused hindlimb
muscle was estimated from the oxygenation of Mb (Fig. S, left), based on the
oxygenation curve of Mb in the cyanide-perfused muscle (Fig. 5, right). In 0O,
supply below 0.73 umol/(min - g muscle) (the influent Py, =480 mmHg in the present
experimental condition), O, uptake of perfused hindlimb muscle started to decrease

and L/P ratio to increase (Fig. 7). At this “critical” point of O, uptake, mean
oxygenation of Mb in cyanide-free perfused muscle was ca. 70% (Fig. 5, left) and,
thus, critical 1P, was estimated as ca. 10mmHg. In several tissues, the in vive
critical 1Py ’s as high as 10 mmHg have been reported (CHANCE et 4., 1964; FABEL,
1968). These values are much higher than that reported for the respiration of isolated
mitochondria (OsHINO et al., 1974). As for the reason, uneven distribution of 0O,
in the perfused organ due to the inhomogeneity of capillary function (HowiG et al.,
1971), and also Py, difference from extracellular space to mitochondrial inner
membrane (KENNEDY and JONES, 1986) should be considered,

Oxygenation of Mb and oxidation of Cyt a+ a, in the perfused hindlimb muscle.
Coherent relation of oxygenation of Mb and oxidation of Cyt a+a, has been
reported in the perfused rat heart (TAMURA ef al., 1978; K ANAIDE ef al., 1982): the
respiration state of mitochondria is expected to be near state 3 (SuGANO er al.,
1974) and the O, affinity of Cyt a+a, is about 10-fold higher than that of Mb (cf.
OsHINO et al, 1974). The interpretation of linear relationship between the
oxygenation (or deoxygenation) of Mb and the oxidation (or reduction) of Cyt
a+aj in the perfused heart is still disputed experimentally and theoretically as
follows: (1) presence of oxygen gradient between cytosol and mitochondrion
(KEnnNEDY and Jones, 1986; CHANCE and CHANCE, 1987, TaMURA ef al., 1989),
termed as gradient coherence (TAMURA e al., 1989; CHANCE, 1989); {2) heterogeneity
of oxygen tension among cells (CASPARY et al., 1985; CLARK et al., 1987; WITTENBERG
and WITTENBERG, 1989), termed as geometric coherence (TAMURA e al., 1989) or
pseudo-coherence (CHaNCE, 1989); (3) difference in oxygen affinity of Cyt a+a,
between in vivo and in vitro (ie., O, affinity of Cyt a+a, in vivo may be much
lower than that in vitro) (16Bsis, 1974). -
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It should be noted in the present result that coherent relation between oxidation
(or reduction) of Cyt a + a, and oxygenation (or deoxygenation) of Mb was observed
unexpectedly in the perfused hindlimb of rat at 35°C (Fig. 5}, since mitochondrial
respiration state in the resting skeletal muscle is expected to be close to the state 4
(CHANCE et al., 1962), where the O, affinity of Cyt a+a, is much higher than that
of Mb (cf. OsHINO et al., 1974). Loss of the relationship and the increased oxidation
level of Cyt a+a, were observed at 15°C (Fig. 6), wherein O, uptake at 15°C in
the aerobic condition was about one-fourth of that at 35°C. This indicates that the
relation between oxidation {or reduction) level of Cyt a+a5 and oxygenation (or
deoxygenation) level of Mb depends on the rate of O, uptake in tissue. This effect
of metabolic rate on the relationship between oxygenation level of Mb and oxidation
level of Cyt a+a, is characterized by gradient coherence (CHANCE, 1989). On the
other hand, as discussed before, uneven distribution of O, and heterogeneous
composition of three types of muscle with different concentrations of myoglobin
and mitochondrion result in the heterogeneous oxygenation and metabolic state in
tissue, which is characterized as geometric or pseudo-coherence (CHANCE, 1989).
Thus, the coherent relation between oxidation level of Cyt a+a, and oxygenation
level of MDb in the perfused hindlimb muscle may be caused by superposition of
such heterogeneities in tissue on intracellular O, gradient.

This work was supported in part by a Grant-in-Aid for Scientific Research from the
Ministry of Education, Science and Culture, Japan, and a-grant from the Ehime Health
Foundation.
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