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Diffusive resistance to O2 transport in muscle P. D. WAGNER Division of Physiology, Department of Medicine, University of California, San Diego, La Jolla, CA, USA ABSTRACT Although it has been generally well-accepted since the work of August Krogh at the start of the 20th century that O2 travels between muscle microvascular red cells and muscle mitochondria by diffusion, the importance of this process to maximal O2 ¯ux remains in question. This review presents data that suggest maximal rates of diffusion of O2 in muscle are limited by both the amount of capillary structure and the haemoglobin concentration in the blood. On the other hand, diffusional conductance appears unrelated to muscle ®bre size and thus to distance. Functional data further suggest that the limited rate of diffusion acts to constrain O2 unloading from muscle capillaries and thus also maximal V_ o2, at least in the trained state. In fact, the calculated sensitivity of V_ O2max to muscle diffusional conductance is about as great as that for muscle blood ¯ow. While additional impairment of O2 unloading from perfusion/metabolism heterogeneity cannot yet be excluded (for lack of methodology), it seems evident that the process of O2 transport between the muscle microvasculature and the mitochondria is subject to signi®cant limits, even in health, that have substantial effects on maximal V_ o2. Keywords VO2max, diffusion, O2 transport, muscle, exercise, capillaries. Received 18 November 1999, accepted 9 December 1999



The pathway for O2 between the environment and the muscle mitochondria is structurally well de®ned 1 (Weibel 1984) and consists of a series of sequentially connected convective and diffusive steps. The purpose of this review is to discuss what is generally considered to be the ®nal step in this O2 pathway from the muscle microcirculation to the mitochondria. That this step has received less attention and is less well understood than the preceding steps involving the lungs, heart and circulation is clear from the literature. This is because of the dif®culty in studying this component of O2 transport. We still do not possess all the tools to fully understand how O2 reaches the mitochondrial cytochromes and wherein lie the principal sites of O2 transport resistance, as will become evident. FUNCTIONAL ANATOMY Figure 1(a) sketches the O2 pathway from the microcirculatory red cell to the mitochondria of a single muscle ®bre, based on the capillary and ®bre arrangement typical of muscle as shown in the lower panel. This ®gure is deceptively simple because in vivo video-



microscopic studies have shown that one cannot simply 2 consider a muscle as a sum of such `units'. Segal (1999) has proposed that microvascular units and neuromuscular units do not coincide; the relationship of vessels to one another and to ®bres raises the possibility of complex pathways for movement of O2 that Fig. 1 does not include. Nevertheless, Fig. 1 points out that O2 must negotiate several structural components after ®rst dissociating from the Hb molecule within the microvascular red cell (RBC). Thus, O2 must diffuse out of the RBC and through the plasma. It must then diffuse through the capillary wall, interstitium and sarcolemma. Next, O2 must move within the myocyte to the mitochondria. The traditional view has been that myoglobin is important as a facilitator of intracellular O2 transport, but this view has been challenged by Brooks & Fahey 3 (1984). Brooks hypothesizes a mitochondrial syncytium through which O2 moves directly (rather than a cytoplasmic, myoglobin-facilitated route); Garry et al. (1998) have recently produced myoglobin-de®cient mice that appear to exercise as well as normal mice and Hochachka (1999) has postulated that the myocyte interior is convectively active and that diffusion of any molecule may be an unimportant transport mechanism.
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In the lungs, we have the tools to directly identify and even quantify non-homogeneity of function; this is not yet true in the muscles where it must be stressed that non-uniform blood ¯ow alone is not the concern. Blood ¯ow distribution can be measured, for example, by microspheres (Piiper et al. 1985). However, it is how blood ¯ow is distributed in relation to metabolic use of O2 that we need to assess. While promising methods based on magnetic resonance imaging and spectroscopy are under development, we do not yet know, during exercise, the degree to which functional heterogeneity is important for O2 transport. Diffusive steps in the lungs and muscles can be studied, but even here the methodologies remain somewhat indirect, especially those that can be applied to intact humans. Nevertheless, useful and robust insights into many of the above described components of O2 transport have been gained both in animals and in man and these form the basis of the remainder of this paper.



(b)



I M P A I R M E N T O F O 2 TR A N SP ORT B E T W E E N RB C A N D M I T O C H O N D R I A



Figure 1 (a) Diagram of the O2 transport pathway within muscle. O2



must ®rst dissociate from Hb in the red blood cell (RBC), diffuse out of the red cell and through the plasma and then through the capillary wall and interstitial space. It then enters the ®bre and, possibly facilitated by myoglobin, diffuses to the mitochondria. (b) Transverse section of normal skeletal muscle. Capillaries, dilated and free of cells from perfusion ®xation, run parallel to ®bres, so both appear in crosssection. Distance from RBC to sarcolemma is far less than from sarcolemma to interior of the ®bre. Capillaries are 5±10 lm in diameter and ®bres are 50±100 lm in diameter.



Figure 1 also oversimpli®es the muscle insofar as muscle ®bres are generally thought to be perfused nonuniformly (Piiper et al. 1985). If metabolic use of O2 is not matched to blood ¯ow, perfusion/metabolism non-uniformity may impair O2 unloading overall, much in the same way as ventilation/perfusion mismatching in the lungs impairs O2 uptake from the air into the pulmonary capillary blood. Indeed, the obstacles facing O2 transport in the lungs and muscles are very similar as Table 1 shows.



Perhaps the ®rst question to ask is whether there is any evidence for impaired O2 transport from the muscle microcirculation to the mitochondria. If O2 were fully extracted from the blood such that muscle venous PO2 and saturation were zero, we would have absolute evidence that overall, there was no impediment to O2 transport. Thus, examining ef¯uent muscle venous O2 levels is useful. It is quite clear that even in maximal exercise, muscle ef¯uent venous PO2 is far from zero. Higher in sedentary subjects than in athletes, venous PO2 at peak exercise often is 25±30 Torr in sedentary subjects and 15±20 Torr in most athletes (Roca et al. 1989, 1992). However, the mere presence of residual O2 in muscle venous blood does not prove the existence of O2 transport impediment. Thus, if the muscle mitochondria were running at full biochemical potential, limited not by O2 availability but by intrinsic substrate/ enzyme concentrations, residual venous O2 could simply re¯ect unused (and unusable) O2. One would have to hypothesize a high intracellular PO2 (high enough to be driving oxidative phosphorylation maximally), but there need not be any transport limitation for O2. Such seems to be the case in normal but un®t sedentary subjects, because when FIO2 is raised to 1.0,



Process



Lungs



Muscles



Reduced input Reduced available O2 Diffusional limitation Non-uniformity Shunts



Hypoventilation Inspiratory hypoxia Alveolar±capillary Ventilation/perfusion Right to left, heart or lung



Low muscle blood ¯ow Arterial hypoxaemia Capillary±mitochondrial Metabolism/perfusion Arterio-venous
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Table 1 Obstacles to O2 transport



in the lungs and muscles
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they are incapable of using the extra O2 available (Cardus et al. 1998). Furthermore, they do demonstrate relatively high values of intracellular PO2 by proton magnetic resonance spectroscopy. However, as these estimates of intracellular PO2 are still far less than estimated mean muscle capillary PO2 (or measured muscle venous ef¯uent PO2), it appears that there is a degree of impairment of O2 transport to the cell. Whether this re¯ects a ®nite O2 diffusional conductance or the presence of metabolism/perfusion inhomogeneity cannot presently be determined. Athletes appear to behave differently. While as mentioned, ef¯uent muscle venous PO2 is generally lower than in un®t subjects, it is still surprisingly high. Rarely will O2 extraction exceed 90% even in the elite athlete. Yet, when additional O2 is made available by the tactic of breathing 100% O2, exercise capacity and V_ O2max are increased (Knight et al. 1993, Richardson et al. 1999). Thus, breathing air, O2 extraction is incomplete yet the hyperoxic results show these muscles were not achieving their full biochemical potential when the subject breathed room air. This is good evidence for functionally signi®cant O2 transport limitation at some point(s) between the muscle microcirculatory red cell and the mitochondria. These results lead to the next question: Is the transport limitation in ®t subjects based on a ®nite diffusional conductance for O2 in muscle or a convective problem in metabolism/perfusion matching? We do not know the answer with certainty, but in normal muscle, it is suggested that diffusion limitation and not convective heterogeneity is the reason. Although unequivocal separation of these two types of transport limitation is not currently possible, several studies point to the diffusion limitation hypothesis. In canine studies of electrically stimulated muscle contraction, altering capillary PO2 (while holding convective O2 delivery to muscle constant) proportionally alters V_ O2max as expected from Fick's law of diffusion. The argument is that increasing the diffusion gradient for O2 will increase V_ O2 only if V_ O2 is diffusion-limited in the ®rst place; at constant O2 delivery, altering PO2 but not O2 content should not affect O2 unloading if only convective heterogeneity explains residual O2 in muscle venous blood. Thus, cyanate feeding, reducing Hb P50 and therefore muscle capillary PO2 reduces V_ O2max (Hogan et al. 1991b) while increasing Hb P50 with methylpropionic acid (RSR-13, Allos Therapeutics) increases vascular PO2 and also V_ O2max (Richardson et al. 1998). Figure 2 shows the data supporting these conclusions. The changes in V_ O2max with cyanate and RSR-13 are proportional to the changes in estimated mean muscle capillary PO2 as Fick's Law would predict. 4 Theoretical studies by Groebe & Thews (1986) and Ó 2000 Scandinavian Physiological Society
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Figure 2 Effects of altering muscle capillary PO2 on V_ O2max at



constant O2 delivery. (a) Reduced V_ O2max when Hb P50 is lowered 14 by cyanate (Hogan et al. 1991b). (b) The converse when P50 is raised 15 by methyl propionic acid (Richardson et al. 1998). (c) The proportional relationship between mean capillary PO2 and V_ O2max as P50 is altered in either direction (m, Hogan et al. 1991b; d, Richardson et al. 1998).



frozen myoglobin spectroscopy by Honig et al. (1984) support these in vivo observations. S I T E S O F R E S I S T A N C E T O D I F F U S I VE O 2 T RA N S P O R T I N M U S C L E We will proceed on the premise that in normal muscle of trained subjects and athletic species (the dog), O2 transport resistance is owing to the ®nite nature of the 611
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diffusional conductances somewhere between the muscle microvascular red cell and the mitochondria (Fig. 1) and discuss possible sites of O2 transport resistance. Hb±O2 dissociation kinetics and plasma spacing between muscle microvascular red cells There is evidence that Hb concentration per se plays a role in setting the overall RBC±mitochondrial conductance for O2. Thus whole-muscle O2 conductance is [Hb]-dependent as shown in Fig. 3 for the dog (Hogan et al. 1991a). Less striking data show similar results in humans (Schaffartzik et al. 1993). While the human data seem less impressive, ethically allowable changes in [Hb] are considerably less than in the dog studies. The data of Fig. 3 taken alone do not allow separation of various possible mechanisms for how O2 conductance could be [Hb]-dependent; (1) via the limited speed of O2±Hb dissociation kinetics, (2) via the effects of [Hb] on average plasma spacing between microvascular red cells or (3) via effects of [Hb] on convective red cell distribution amongst microvessels. Despite elegant



Figure 3 Effects of haemoglobin concentration on V_ O2max and



muscle O2 conductance in stimulated dog muscle. (a) A single relationship between convective O2 delivery and V_ O2max for normal (14 g dL)1) and reduced (6.9 g dL)1) [Hb] in normoxia and hypoxia. (b) Relationship between V_ O2max and mean capillary PO2 at the two [Hb] levels. The slopes of the dashed lines in the lower panel represent muscle O2 conductance, which can be seen to be highly 16 [Hb]-dependent (Hogan et al. 1991a).
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5 theoretical calculations (Federspiel & Popel 1986) that suggest the importance of the plasma space between red cells as reducing effective O2 diffusion out of the microcirculation, manipulating the O2 capacity of the interred cell space by ¯uorocarbon (Hogan et al. 1992) or free Hb (Hogan et al. 1994) fails to increase O2 conductance even as V_ O2max is increased. While the plasma space contains very little O2 (compared with the red cell) and this might be expected to reduce overall O2 conductance, perhaps there is enough convective mixing in the microcirculation that the predicted limitation does not materialize. Recent studies with crocetin, a compound that supposedly enhances O2 transport 6 in plasma (Wagner et al. 2000) also failed to improve conductance for O2. The distribution of 15 lm microspheres in dog muscle appears unaffected by [Hb] (Kurdak et al. 1995), which does not support the third hypothesis of altered RBC distribution. However, more direct ways to assess RBC distribution would help clarify this hypothesis. The data thus point to a quantitatively important role for Hb in contributing to overall O2 conductance in muscle, probably via Hb±O2 dissociation kinetics. This is much as in the lung where Roughton and Forster showed over 40 years ago that pulmonary O2 and CO conductances were in part dependent on Hb±O2 and Hb-CO kinetics. Capillary wall and interstitium The capillary wall is extremely thin and the interstitial distance from capillary to sarcolemma is very short. Thus, the O2 conductance per unit surface area of capillary wall should be high. However, as Fig. 1 shows, O2 must diffuse radially out of capillaries into a much larger domain of surrounding muscle ®bres. Consequently, if the amount of capillary wall area is limited, the overall diffusive conductance for O2 through the capillary/®bre interface may be limited, as the laws of diffusion imply. There is evidence for this hypothesis. Overall O2 conductance does relate to the amount of capillary surface (Bebout et al. 1993, Hepple et al. 2000). Conversely, O2 conductance (at normal [Hb]) does not relate at all to muscle ®bre size (Fig. 4). Thus, when intercapillary diffusion distances are reduced, O2 conductance is not increased (Bebout et al. 1993, Hepple et al. 2000). Functional data also support the capillary limitation hypothesis. Thus, while estimated average muscle capillary PO2 is about 40 Torr (Roca et al. 1989) at peak V_ O2, average intracellular cytoplasmic PO2 is about 3 Torr (Richardson et al. 1995) in the same muscles of the same subject. Even if mitochondrial PO2 were essentially zero, these results suggest that over 90% of the O2 diffusion gradient occurs over the very short distance between the red cell in the microcirculation and the sarcolemma. Such data, obtained in man, Ó 2000 Scandinavian Physiological Society
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Figure 4 Relationships between muscle O2 conductance (DMO2)



and both capillary density and capillary/®bre number ratio in control, trained and immobilized dog muscle. The two panels show that DMO2 relates positively to capillary/®bre ratio, but is less rather than greater when capillary density is increased from ®bre size reduction. DMO2 thus depends more on capillary surface area than diffusion distance.



are supported both by modelling of the O2 transport 7 process (Groebe & Thews 1986) and by measurement of myoglobin O2 saturation in canine muscle by cryospectroscopy (Honig et al. 1984). Intracellular O2 transport to mitochondria Standard teaching proposes that myoglobin facilitates O2 transport in the working myocyte (Wittenberg & 8 Wittenberg 1989). Firstly, myoglobin binds O2 which removes some O2 from solution in the cytoplasm and thus helps reduce intracellular PO2. This in turn maintains the PO2 gradient from red cell to myocyte, promoting O2 ¯ux. Secondly, myoglobin is thought to be quite mobile and diffusible and so directly assists mass ¯ux of O2 within the cell. Consistent with such a role are the observations of Gayeski & 9 Honig (1986) suggesting rather uniform intracellular PO2 across the large (50±100 lm) distances within single myocytes. However, the spatial resolution underlying these conclusions appears to have been Ó 2000 Scandinavian Physiological Society
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Figure 5 (a) Dependence of V_ O2max on FIO2 in ®t subjects, showing



a proportional relationship to mean capillary PO2 consistent with limitation by diffusion (Richardson et al. 1998). (b) Myocardial V_ O2 during maximal exercise in normoxia and hypoxia plotted against calculated mean capillary PO2 in two studies. V_ O2 appears 17 provocatively related to PO2 just as for skeletal muscle (s, Chacaltaya, 18 L. KauÈser, personal communication; d, Grubbstrom et al. 1993).



overstated and the results are no longer as clear-cut as once thought. Nevertheless, if mean cytoplasmic PO2 (i.e. that associated with myoglobin) is only about 3 Torr (Richardson et al. 1995), it seems hard to imagine large differences in intracellular PO2 could exist. Challenges to the role of myoglobin have recently appeared. These hypotheses offer the view that myoglobin is not essential for rapid intracellular distribution of O2 and if true would be compatible with the lack of evidence for much intracellular variation in PO2. As mentioned earlier, Brooks suggests O2 is distributed directly to the mitochondria through the concept of a mitochondrial syncytium, thereby bypassing myoglobin altogether (Brooks & Fahey 1984). Hochachka (1999) suggests more generally that intracellular distribution of many molecules may be as a result of convective processes that would not depend on PO2 gradients and Garry et al. (1998) recently reported that myoglobinde®cient mice appear to exercise normally. The role of myoglobin in O2 transport has thus been questioned with several intriguing counter-hypotheses that will require much research to resolve. 613
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O 2 T R A N S P O R T LI M IT A T I O N IN THE HEART The entire discussion up to this point has focused on the skeletal muscles. The highly capillarized myocardium might appear to be less subject to mitochondrial O2 supply limitation, but this conclusion may not be the case. From coronary sinus catheter studies of normal subjects exercising maximally in normoxia and hypoxia (Grubbstrom et al. 1993), it appears that myocardial V_ O2 relates in a proportional manner to estimated myocardial mean capillary PO2, just as is seen for skeletal muscles (Fig. 5). The apparent dependence of V_ O2 on O2 availability implies that even the heart may be limited in its contractile function by O2 transport in physiologically relevant conditions. Whether this hypothesis is correct will require future research dissociating myocardial from skeletal muscle O2 transport as subjects are made hypoxic ± itself a daunting challenge. R E F E RE N C E S Bebout, D.E., Hogan, M.C., Hempleman, S.C. & Wagner, P.D. 1993. Effects of training and immobilization on V_ O2 and DO2 in dog gastrocnemius muscle in situ. J Appl Physiol 74, 1697±1703. Brooks, G.A. & Fahey, T.D. 1984. Exercise Physiology: Human Bioenergetics and its Applications. pp. 80±84. John Wiley and 10 Sons, New York. Cardus, J., Marrades, R.M., Roca, J. et al. 1998. Effects of FiO2 on leg V_ O2 during cycle ergometry in sedentary subjects. Med Sci Sports Exerc 30, 697±703. Federspiel, W.J. & Popel, A.S. 1986. A theoretical analysis of the effect of the particulate nature of blood on oxygen release in capillaries. Microvasc Res 32, 164±189. Garry, D.J., Ordway, G.A., Lorenz, J.N. et al. 1998. Mice without myoglobin. Nature 395, 905±908. Gayeski, T.E.J. & Honig, C.R. 1986. O2 gradients from sarcolemma to cell interior in a red muscle at maximal V_ O2. Am J Physiol 251, 789±799. Groebe, K. & Thews, G. 1986. Theoretical analysis of oxygen supply to contracted skeletal muscle. Adv Exp Med Biol 200, 495±514. Grubbstrom, J., Berglund, B. & Kaijser, L. 1993. Myocardial oxygen supply and lactate metabolism during marked arterial hypoxaemia. Acta Physiol Scand 149, 303±310. Hepple, R.T., Hogan, M.C., Stary, C., Mathieu-Costello, O. & Wagner, P.D. 2000. The role of capillarity in muscle O2 diffusing capacity: evidence from muscle function in situ. J Appl Physiol 88, 560±566. Hochachka, P. 1999. New insights on lactate and hypoxia. Proceedings of 11th International Hypoxia Symposium, Lake Jasper, Canada, 28 February±3 March. Hogan, M.C., Bebout, D.E. & Wagner, P.D. 1991a. Effect of haemoglobin concentration on maximal O2 uptake in canine gastrocnemius muscle in situ. J Appl Physiol 70, 1105±1112. 614
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