
In Vitro Augmentation of Muscle Oxygen Consumption by Hemoglobin 
(35697) 

ROBERT F. LOIZZI AND JAMES R. REDMOND 
(Introduced by S. F. Marotta) 

Department of Physiology, University of Illinois College of Medicine, Chicago, Zllinob 60680; 
and Department of Zoology and Entomology, Iowa State University, Antes, Zowa 50010 

I t  has been suggested by Nicolson and 
Roughton (1) that hemoglobin and related 
respiratory pigments, in addition to their tra- 
ditional role as oxygen "carriers," also aid the 
diffusion of oxygen across short distances 
both intra- and extracellularly. Wittenberg 
( 2 ,  3 )  and Scholander (4 )  showed that when 
a thin, aqueous film of hernoglobin separates 
an oxygen-rich atmosphere from one with 
low oxygen, oxygen diffuses across the film 
several times faster than can be accounted 
for by the Po2 gradient alone. Films of intact 
erythrocytes exhibit the same property (5, 
6) .  While hemoglobin unquestionably in- 
creases the availability of oxygen to respiring 
tissues, the exact manner in which hemo- 
globin influences the relationship between res- 
piratory rate and Po2 is vague. Interesting 
questions remain: is there a particular Po2 a t  
which the hemoglobin is most effective in 
facilitating tissue oxygen uptake; can hemo- 
globin depress oxygen consumption at  low 
Po2 by competing with tissues for available 
oxygen; in in vitro respiring systems does 
agitation completely replace the effects of he- 
moglobin in increasing oxygen availability to 
tissues? The experiments reported here were 
designed to determine the effects of the 
presence of hemoglobin on the respiratory 
rates of excised tissue exposed to different 
oxygen partial pressures. 

Materials and Methods. Manometric mea- 
surements of oxygen consumption were car- 
ried out on upper leg muscles of large grass 
frogs. Muscles were dissected out into cold 
amphibian Ringer's solution, cleaned of all 
tendons and blood vessels, and teased apart 
with pointed forceps into pieces containing 
only a few fibers. Approximately 100 mg of 
muscle were transferred to each 15-ml War- 

burg vessel equipped with a gassing cock. 
Media consisted of 5 ml of 1 "/o glucose-amphi- 
bian Ringer buffered to pH 7.6 with 
Tris-HC1, with or without 1% bovine hemo- 
globin. Center wells contained 0.2 ml of 10% 
KQH to absorb C02.  Hemoglobin was 
prepared by lysing washed bovine red blood 
cells with an equal volume of distilled, deion- 
ized water and then removing whole cells and 
ghosts by centrifugation. The final stock so- 
lution, which contained 9.3 % hemoglobin as 
determined by the acid hematin method (7), 
was frozen and stored at  0-4' in 10-ml ali- 
yuots for use as needed. Spectral analysis of 
the thawed material showed absorption peaks 
at 540 and 576 mp indicating the presence 
of oxyhemoglobin; the absence of a peak at  
630 m p  indicated no appreciable methemo- 
globin. The final media containing 1% hemo- 
globin was prepared by diluting the stock 
solution with Tris-glucose-Ringer. 

Mixtures of oxygen and nitrogen contain- 
ing 2.5, 5.0, 7.5, 10, and 15% oxygen were 
prepared using a double mixing flowmeter 
and a Beckman C2 oxygen analyzer. Reac- 
tion vessels containing tissues in either plain 
or hemoglobin media were prepared in tripli- 
cate and gassed for 15 min with one of the 
above mixtures or ambient air. An additional 
3 vessels containing only hemoglobin media 
were included in each experiment to measure 
oxygen uptake or release by the pigment it- 
self; and these values were then used to cor- 
rect oxygen consumption measurements of 
tissues in hemoglobin media. Oxygen uptake 
was measured at 25" for 1-hr periods and 
expressed as Qos (pl of O2 consumed/mg of 
dry tissue wt/hr). To test the effects of agi- 
tation, periods of shaking (60 cpm) were 
alternated with stationary periods. At each of 
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the six oxygen concentrations, tissues from 
the same four animals were used to measure 
Qo2 under four conditions: shaking control; 
shaking hemoglobin ; nonshaking-control ; and 
nonshaking-hemoglobin. 

To examine the possibility that other fac- 
tors such as nonfunctional heme groups, gen- 
eral proteins, denatured hemoglobin or red 
blood cell salts might be responsible for the 
altered Q o 2 ,  experiments were also carrjed 
out in which methemoglobin, casein, or the 
centrifugate of boiled stock solution were 
substituted for hemoglobin at  equivalent con- 
centrations. Measurements were made using 
5% oxygen in the gas phase. 

Results and Discussion. Examination of 
the shaken and nonshaken control curves in 
Fig. 1 shows that in the Po2 range studied 
(19-154 mm Hg), oxygen consumption in- 
creased with Po:! in a hyperbolic fashion sim- 
ilar to that observed with many other tissues 
(8) and intact animals (9) ; that is, 
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FIG. 1. Effects of shaking and hemoglobin on frog 
skeletal muscle QOZ. ?Ireatments: shaking + 
the presence of 1% bovine hernoglobin ( 0 )  ; 
shaking controls (0) ; no shaking + hemoglobin 
(A); and no-shaking controls (A) .  With shaking, 
hemoglobin mean values are dl significantly higher 
than controls using the paired means t test (p<.O5). 
Withou't shaking, hemoglobin mean valuw are 
always higher than controls, but the differences are 
not significant at  the 5% level of confidenlce. Hyper- 
bolic curves were fitted using linear regression analy- 
ses with n = 24. 

where l /K1  reflects the rate at  which Q 0 2  

approaches a maximal value with increasing 
Po2 and l / K z  is the maximum Qoz at  infinite 
oxygen concentration. Highest observed val- 
ues occurred in air where the Qo2 was 0.66 
pl/mg/hr in shaken vessels and 0.15 
pl/mg/hr in nonshaken vessels. Thus, 
though shaking increases oxygen consumption 
by decreasing diffusion distances ( lo),  ox- 
ygen availability was a limiting factor both in 
shaken control vessels and also in the non- 
shaken, particularly a t  the lower Po2 levels. 

In the presence of 1% hemoglobin, muscle 
tissues consumed oxygen at  a higher rate 
than did the controls. In  the shaken vessels, 
a t  all six oxygen concentrations, the mean 
hemoglobin values were significantly higher 
than the means of their paired controls 
( p  < .05) , with the greatest absolute increase, 
0.19 pl/mg/hr, occurring at 10% 0 2  (72.5 
mm Hg) as shown in Table I. In  the non- 
shaken vessels, all of the hemoglobin means 
were again higher than the paired control 
means, but the differences were not signilfi- 
cant. Maximum absolute increase, 0.1 5 
pl/mg/hr, again occurred a t  10% 0 2 .  Since, 
in the nonshaking experiments, at least three 
of the individual hemoglobin Qoz values at 
each Poz were higher than their paired con- 
trols, we suggest that hemoglobin facilitation 
of Qo2 occurred in both the shaken and non- 
shaken vessels; however, in the latter, ex- 
tremely low respiratory rates combined with 

TABLE I. Influence of Poz on Hemoglobin Facili- 
tation of Qo, Showing Peak Effect at 72.5 mm Hg 

(10% 0,). 

N onshaking Shaking 

18.4( 2.5yo) 0.019 & 0.012 0.110 2 0.022b 
36.01( 5.0%) 0.024 & 01.019 0.178 2 0.036b 
53.7( 7.5%) 0.078 0.065 0.181 & 0.022b 

104.4(15%) 0.031 r+ 0.019 0.171 2 0.032b 
15l. l(air)  0.029 r+ 0.025 0.115 2 0.080b 

72.5(10yo) 0.154 3. 0.073b 0.191 0.052b 

~~ 

a Difference between hemoglobin and control 
paired m e w  2 s t andud  error of the diffetrmce. 

Siiignifioant increases ( p  < .05) due to presence 
of hemoglobin using the paired means t test with 
N = 4 pairs. 
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TAEl lE 11. Effects of Shaking :iii(l Heiiioglobin on Rate of Qo, Increase ( l /K l )  and Maximal 
Qo, a t  0, ( l /K2)  Derived by Fi t t ing  Eq. (I) to the Data. 

1 - 1 - 
K ,  K2 

Treat iiieii t 

Konsha ki ng 
Heiiioglobiii 24 
colltrol 2-4 

Heiiioglobiii 
Control 

24 
24 

0.0161 1 1.38 1 
0.0068 1 2' < "" 1.85 1 Ns 

a Not sigiiificaiit a t  the 5 7 ,  level of coiifideiicc based on :iiialysis of variance. 

a normal variability to render the consistent, 
small increases in Qo2 with hemoglobin insig- 
ni fican t. 

Maximum stimulation a t  10% O2 suggested 
that the hemoglobin effect may be oper- 
ational mainly at lower, more physiological 
Po2 levels. T o  investigate this possibility we 
examined statistically the effects of hemo- 
globin on l/K1 and 1 / K 2  in the fitter hy- 
perbolic equations. Confidence limits for 
these constants were estimated from analysis 
of variance tables using data obtained from 
the linear regression analyses. The results, 
shown in Table 11, indicate that hemoglobin 
alters the hyperbolic relationship between 
(202 and Po2 in a very specific manner. That 
is, hemoglobin approximately doubles the 
rate of rise ( l /Kl )  of Qo2 toward its max- 
imum, but has little effect on the maximum 
itself ( 1/K2). This suggests that hemoglobin 
exerts its effect primarily by increasing the 
rate of oxygen diffusion from media to tis- 
sues, possibly in a manner similar to facilita- 
tion in hemoglobin films, rather than by di- 
rectly stimulating the metabolic machinery of 
the cells or by increasing the oxygen content 
of the media as shaking does. 

That  these effects are due to oxyhemo- 
globin is shown in Fig. 2. When centrifugate 
of boiled hemoglobin media, casein, or methe- 
moglobin are substituted for hemoglobin, 
there is no augmentation of Qo2. Spectral 
analyses showed that neither the methemo- 
globin nor the centrifugate possessed the twin 
absorption peaks of oxyhemoglobin ; howev- 
er, a methemoglobin peak a t  630 m p  was 
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FIG. 2 .  Comparison of effects of hemoglobin, cen- 
trifugate of boiled hemoglobin, casein, and methemo- 
globin on frog skeletal muscle Qo2: gas phase = 5% 
Os. Each bar represents the mean of four animals 
plus one standard deviation, expressed as percentage 
of the mean Qo, for the shaken control values of that 
group. The only significant increase occurred 
with hemoglobin in the shaking experiment 
($<.02). 

present in both. 
The greater effect of hemoglobin in the 

shaken vessels is interesting since i t  might be 
expected that agitation of the media would 
improve oxygen diffusion and thus mask a 
hemoglobin effect, while in the nonshaken 
vessels, hemoglobin facilitation should have a 
marked effect on the oxygen-starved cells. 
The results, however, are consistent with the 
model proposed by Zilversmit (1 1 ) , and sub- 
stantiated experimentally by Scholander ( 1 2 )  
to describe hemoglobin facilitation of oxygen 
diffusion in thin films. I n  this model the two 
components of oxygen diffusion are: (a )  
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simple diffusion of oxygen along a Po2 gradi- 
ent in the media, which operates mainly at 
the oxygen-rich surface; and (b)  diffusion of 
oxyhemoglobin along its concentration gradi- 
ent with continuous release of oxygen at  the 
low Po2 surface. The two gradients interact 
in the film by reoxygenation of reduced he- 
moglobin. In this experiment, agitation of the 
tissue and media during shaking aided diff- 
usion of both oxygen and oxyhemoglobin, 
and also increased the probability of interac- 
tions between oxygen and reduced hemo- 
globin. Hence, since all of its dependent reac- 
tions are accelerated, hemoglobin facilitation 
should operate more efficiently in the shaken 
vessels. 

These results demonstrate that hemoglobin 
increases oxygen availability to in vitro res- 
piring tissues in a manner quantitatively diff- 
erent from that produced by shaking, and 
that the hemoglobin effect is potentiated by 
shaking. They also suggest that hemoglobin 
could be used in tissue respiration studies to 
maximize Qo2, particularly when carried out 
a t  lower, more physiological Po2 levels. 

Summary. Frog skeletal muscle Qo2 in- 
creased hyperbolically with increasing Poz 
when the latter was varied from 19 to 154 
mm Hg. Shaking the reaction vessels a t  60 
cpm or adding 1% hemoglobin to the media 
significantly increased muscle respiration. 
However, while shaking alone increased 
both the rate of rise of QoP with increasing 
Po2, as well as the calculated maximum Qo2 
at infinite oxygen supply, addition of hemo- 
globin significantly increased only the rate of 

Qo2 rise (maximal effect at  Po2 = 72.5 mm 
Hg) but not maximum Qo2. When the two 
treatments were tested together, shaking po- 
tentiated the hemoglobin effect. A variety of 
related substances tested did not augment 
muscle respiration. The results suggest t h t  
hemoglobin increases the availability of ox- 
ygen to tissues by increasing the rate of diff- 
usion of oxygen from media tol cells in a 
manner related to the facilitated diffusion ob- 
served in hemoglobin films. 
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