
R-00246-2016R1            Diffusive shunting in the renal vasculature        27/07/16 1

 1 

Diffusive shunting of gases and other molecules in the renal vasculature: 2 

Physiological and evolutionary significance 3 

 4 

Jennifer P. Ngo1, Connie P.C. Ow1, Bruce S. Gardiner3, Saptarshi Kar4, 5 

James T. Pearson1, 2, 5, David W. Smith4 & Roger G. Evans1 6 

 7 

1Cardiovascular Disease Program, Biosciences Discovery Institute and Department of Physiology 8 

and 2Monash Biomedical Imaging Facility, Monash University, Melbourne, Australia. 9 
3School of Engineering and Information Technology,  10 

Murdoch University, Perth, Western Australia. 11 
4School of Computer Science and Software Engineering,  12 

The University of Western Australia, Perth, Australia. 13 
5Department of Cardiac Physiology, 14 

National Cerebral and Cardiovascular Center Research Institute, Osaka, Japan. 15 

 16 

Running title: Diffusive shunting in the renal vasculature 17 

 18 

Author for correspondence: 19 

Dr Roger Evans 20 
Department of Physiology 21 

 PO Box 13F, Monash University, Victoria 3800, Australia 22 
Tel: 61 3 9905 1466 23 
Fax: 61 3 9905 2566 24 
Email: Roger.Evans@monash.edu  25 



R-00246-2016R1            Diffusive shunting in the renal vasculature        27/07/16 2

Abstract 26 

Countercurrent systems have evolved in a variety of biological systems that allow transfer of 27 

heat, gases and solutes. For example, in the renal medulla, the countercurrent arrangement of 28 

vascular and tubular elements facilitates the trapping of urea and other solutes in the inner medulla, 29 

which in turn enables the formation of concentrated urine. Arteries and veins in the cortex are also 30 

arranged in a countercurrent fashion, as are descending and ascending vasa recta in the medulla. For 31 

countercurrent diffusion to occur, barriers to diffusion must be small. This appears to be 32 

characteristic of larger vessels in the renal cortex. There must also be gradients in the concentration 33 

of molecules between afferent and efferent vessels, with the transport of molecules possible in 34 

either direction. Such gradients exist for oxygen in both the cortex and medulla, but there is little 35 

evidence that large gradients exist for other molecules such as carbon dioxide, nitric oxide, 36 

superoxide, hydrogen sulfide, and ammonia. There is some experimental evidence for arterial-to-37 

venous (AV) oxygen shunting. Mathematical models also provide evidence for oxygen shunting in 38 

both the cortex and medulla. However, the quantitative significance of AV oxygen shunting 39 

remains a matter of controversy. Thus, while the countercurrent arrangement of vasa recta in the 40 

medulla appears to have evolved as a consequence of the evolution of Henle’s loop, the 41 

evolutionary significance of the intimate countercurrent arrangement of blood vessels in the renal 42 

cortex remains an enigma.  43 

Word count: 236 44 

Keywords: Countercurrent shunting, arteries, blood vessels, oxygen, carbon dioxide, nitric oxide, 45 

ammonia, hydrogen sulfide. 46 

  47 



R-00246-2016R1            Diffusive shunting in the renal vasculature        27/07/16 3

Introduction 48 

Countercurrent systems in the kidney have long been associated with the arrangement of 49 

tubules in the renal medulla that is critical for urine concentration. However, countercurrent systems 50 

also exist in the renal vasculature. The intimate countercurrent arrangement of arteries and veins in 51 

the cortex (52), as well as that of the descending and ascending vasa recta in the medulla (167), 52 

facilitates the exchange of certain gases and other highly diffusible molecules down their 53 

concentration gradients. The selection pressures that drove the evolution of these vascular 54 

arrangements have only partly been identified. For example, the countercurrent arrangement of 55 

descending and ascending vasa recta appears to be critical for urinary concentrating mechanisms 56 

(127). The countercurrent arrangement of arteries and veins in the renal cortex has been proposed to 57 

function as an antioxidant defense mechanism (104, 105). However, many molecules, including 58 

carbon dioxide, nitric oxide, superoxide, hydrogen sulfide and ammonia have the potential to 59 

diffuse between paired vessels in the renal circulation. Thus, it is possible that diffusion of one or 60 

more of these molecules provided the adaptive advantages that drove the evolution of the 61 

countercurrent vascular arrangements in the mammalian kidney. 62 

The advantage of countercurrent flow over co-current flow is that it maximizes transfer of 63 

heat or mass between the two flows, because it maximizes the transfer gradient.  The magnitude of 64 

the transfer is controlled by (i) the proximity and length of the countercurrent flows, (ii) the 65 

magnitude of the transfer gradient and (iii) the ease with which heat or mass can move between the 66 

two flows. Heat or mass transfer between flows (i.e. radially) is usually driven by diffusive 67 

transport rather than active or advective transport, and in this case is sometimes referred to as a 68 

‘diffusive shunt’. The fraction of heat or mass transferred radially from one flow to the other 69 

depends on the ratio of the rate of heat or mass transfer between flows to the rate of flow along a 70 

tube. Note that in the case of radial mass transfer between flows, the fraction of mass transferred is 71 

also affected by sources or sinks along the radial route of mass transport. Thus it is possible for the 72 

mass leaving one flow to be different to that appearing in the other flow. The fraction of heat or 73 
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mass transferred is an important concept for assessing the effectiveness, of countercurrent flow with 74 

a diffusive shunt, for trapping or excluding heat or mass from a region. 75 

In this review, we assess the potential physiological significance of diffusive shunting of 76 

various molecular species in the renal circulation. We review published information regarding the 77 

transport and biochemical interactions of oxygen (O2), carbon dioxide (CO2), ammonia and 78 

ammonium (NH3 and NH4
+), nitric oxide (NO), superoxide (O2

-), and hydrogen sulfide (H2S) 79 

within the renal vasculature and renal parenchyma. 80 

According to Fick’s 1st law (10), the rate of transport per unit surface area of a specific 81 

molecular species diffusing in a specific medium depends on two factors; (i) the diffusivity of each 82 

molecule in that medium (also called the diffusion coefficient), and (ii) the magnitude of the 83 

gradient in partial pressure/concentration driving diffusion. The direction of diffusion is from high 84 

concentration to low. Often, when Fick’s 1st law is applied (e.g. in biological systems) or described, 85 

a discrete or membrane form is used. In this case the concentration gradient is approximated by a 86 

difference in concentration across the membrane (or barrier) divided by the thickness of the barrier. 87 

Finally, if one is to consider the total molecular transport, the transport from Fick’s 1st law must be 88 

multiplied by the surface area through which the transport occurs. For convenience we then 89 

consider three factors when discussing countercurrent exchange in the renal vasculature: (1) 90 

diffusivity, (2) the difference in concentration between the countercurrent flows, and (3) the nature 91 

of the barrier, which includes the barrier thickness, the surface area of vessels and the intimacy of 92 

their spatial association. We address each of these factors and then consider diffusive shunting from 93 

a physiological as well as an evolutionary perspective, to allow us to consider the selection-94 

pressures that have driven the evolution of countercurrent arrangements in the renal vasculature. 95 

But first, we consider the importance of countercurrent exchange in biological systems in general. 96 

  97 
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Countercurrent exchange in organs other than the kidney 98 

Heat exchange 99 

Countercurrent heat exchange is a common mechanism among marine animals, facilitating 100 

the maintenance of warm body temperature in cold environments. For example, arteries and veins 101 

in the fins of whales are arranged in a manner that allows for the preservation of heat. A single 102 

artery is often closely surrounded by multiple venous vessels (129) (Fig. 1A & B). Likewise, the 103 

arrangement of afferent and efferent vessels in the legs of aquatic birds also facilitates heat 104 

exchange (95, 96, 138) (Fig. 1C & D). The Iceland gull, an arctic seabird, has 3-4 veins in close 105 

association with a single artery in each leg (95). Cold venous blood returning to the body from the 106 

feet passes close to warm arterial blood, such that heat from the warm arterial blood is transferred to 107 

the cold venous blood. Anatomical and histological observations in sloths (128), leatherback turtles 108 

(57), and tuna (137) also suggest the existence of mechanisms for heat preservation via 109 

countercurrent heat exchange between afferent and efferent blood vessels. Thus, it seems clear that 110 

selection pressure, for adaptations that allow regulation of tissue and body temperature, have 111 

influenced the evolution of vascular architecture across a range of species. Could the same be said 112 

for regulation or transport of gases and other molecules? 113 

Gas exchange 114 

Diffusional shunting of gases has been demonstrated in a range of vascular beds including 115 

the stomach, small intestine, and skeletal muscle of cats (71, 73, 132), as well as in the canine heart 116 

(126). For example, the time required for oxygen to traverse the circulation of the stomach (71) and 117 

small intestine (73) was found to be less than that for erythrocytes. Similar findings were made by 118 

Levy and colleagues in the kidney (88, 89), as will be discussed later in detail. These studies 119 

utilized boluses of blood enriched in oxygen beyond its physiological level, so the arteriovenous 120 

gradient of the partial pressure of oxygen was considerably greater than that observed under 121 

physiological conditions. In skeletal muscle, Sejrsen et al examined the transit of 133xenon, 122 

51chromium-labelled erythrocytes, as well as albumin conjugated with Evans blue dye across a 123 
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skeletal muscle vascular bed, by measuring the concentration of these substances in the venous 124 

effluent (132). By using xenon, a highly diffusible inert molecule that is not naturally present in the 125 

body, Sejrsen et al maximized the likelihood of diffusion between afferent and efferent vessels in 126 

skeletal muscle. Thus, although these experimental studies show the potential for highly soluble 127 

gases to diffuse between closely associated vessels, they do not provide direct evidence that 128 

countercurrent diffusion is quantitatively significant under physiological conditions. Nevertheless, 129 

countercurrent gas exchange is thought to occur in a range of vascular beds. Does the structure of 130 

the kidney allow for physiologically significant shunting of molecules, and if so, where? 131 

Potential locations of countercurrent diffusion in the renal circulation 132 

Multiple computational models have provided insight into how countercurrent oxygen 133 

shunting might operate in the kidney and other vascular beds (19, 34, 51, 133). For example, Sharan 134 

and Popel created a mathematical model of oxygen transport between generic paired arterioles and 135 

venules (133). Their findings indicate that the separation distance between paired flows is a critical 136 

determinant of the flux of oxygen from the arteriole to the venule. Their model predicted that the 137 

shunt fraction would increase from 27% to 41% as separation distance decreases from 50 μm to 25 138 

μm (133). It is imperative for mathematical models, directed towards understanding the 139 

physiological significance of diffusive shunting in the vasculature, to include accurate data 140 

regarding the geometric arrangement of blood vessels. More recently, Ngo et al (103) generated 141 

quantitative information regarding the barriers to diffusion between arteries and veins in the renal 142 

cortex. Simulations, generated using a computational model based on these data, indicate that 143 

separation distance is an important factor in influencing oxygen flux between paired vessels in the 144 

kidney (52). Specifically, the flux of oxygen is inversely proportional to the distance between the 145 

vessels. Separation distance must similarly strongly influence the flux of other molecular species 146 

between paired renal blood vessels. Consequently, we must consider the nature of barriers to 147 

countercurrent diffusion in the renal circulation. 148 
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Renal cortex 149 

Arteries and veins in the renal cortex have an intimate relationship, particularly the large 150 

vessels found at the cortico-medullary border (49). There is some experimental evidence for 151 

diffusive shunting of oxygen from arteries to veins in the renal cortex (88, 130, 161), which will be 152 

described in detail later in this review. Schurek et al were the first, to our knowledge, to suggest that 153 

arteriovenous (AV) oxygen shunting in the kidney is facilitated by the intimate relationship between 154 

intrarenal arteries and veins (130). At the time, it was known that an intimate relationship existed 155 

between some intrarenal arteries and veins (at least in the rat). It was also recognized that intrarenal 156 

veins have an unusual structure, having very thin-walls and fenestrations similar to those of 157 

capillaries (49). These two features of the renal preglomerular circulation were proposed to 158 

facilitate diffusive shunting of oxygen and, potentially, other molecules (104, 105). However, there 159 

was little understanding of how these features change along the course of the renal circulation, and 160 

thus the relative quantities of oxygen (and other gases) that might diffuse between arteries and veins 161 

at various points along the renal circulation. Subsequently, Ngo et al found that the larger, proximal 162 

arteries of the renal cortical circulation, such as the interlobar and arcuate arteries, were more likely 163 

to be in close physical contact with corresponding veins than their smaller distal counterparts (103). 164 

Unfortunately, there are no available methods to directly measure diffusive shunting in the kidney 165 

under physiological conditions, either across the entire vascular bed or at a segmental level. 166 

Consequently, we must rely chiefly on mathematical models, informed by quantitative information 167 

about the spatial relationships between arteries and veins in the renal circulation. 168 

Gardiner et al, using a two-dimensional (2D) model of countercurrent flow in idealized 169 

artery-vein pairs, identified four factors that likely have a critical impact on the quantity of oxygen 170 

(and as a natural extension, other molecules) that diffuses between individual pairs of vessels (52). 171 

These include (i) the presence of capillaries or tubules between the walls of the artery and vein that 172 

could act as sources, or sinks, of the gas (e.g. oxygen consumption by tubules), (ii) the distance 173 

between the lumen of the artery and vein (diffusion distance), (iii) the degree to which the wall of 174 
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the vein envelops the wall of the artery (wrapping), and (iv) the gradients in partial pressure of 175 

gases and concentrations of molecules between the arterial and venous blood (52). Note that three 176 

of these four factors depend upon the spatial relationships between arteries, veins and the renal 177 

parenchyma. The findings of Gardiner et al accorded with those of previous modeling studies of 178 

oxygen diffusion between generic artery-vein pairs in other vascular territories (40, 79, 133). The 179 

unique aspect of the relationship between arteries and veins in the renal circulation, which was not 180 

considered in these earlier studies, is the phenomenon of ‘wrapping’. That is, some arteries in the 181 

kidney are partially enveloped by their paired vein.  182 

To determine how the radial geometry of artery-vein pairs changes along the course of the 183 

renal pre-glomerular circulation, light microscopy was employed to measure arterial diameter, 184 

diffusion distance and degree of wrapping in a large sample (n = 1628) of artery-vein pairs in the 185 

kidneys of rats (103). Arteries in the inner-cortex and juxtamedullary region were more likely, than 186 

smaller arteries in the mid- and outer-cortex, to (i) be devoid of capillaries and tubules in the space 187 

between the artery and its paired vein, (ii) have some proportion of the arterial wall wrapped by the 188 

wall of the vein, and (iii) have a short diffusion distance (< 20 µm) between the lumen of the artery 189 

and vein (Fig. 2). Importantly, the 2D model of Gardiner et al (52) predicts that significant diffusion 190 

of oxygen from an artery to a paired vein can only occur when all three of these characteristics are 191 

present.  192 

Renal medulla 193 

The vessels that supply the renal medulla, the vasa recta, arise from the efferent arterioles of 194 

juxtamedullary glomeruli. The descending and ascending vasa recta are arranged in a 195 

countercurrent manner and are closely associated (80, 81, 85). But to the best of our knowledge, 196 

this association has not been quantified. Visual inspection of published micrographs (85, 113, 114, 197 

165) indicates that descending and ascending vasa recta can be as close as 5-10 μm, providing a 198 

short pathway for diffusion (Fig. 3). Exchange of water and solutes between vasa recta is well 199 
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established. Descending vasa recta lose water and gain solute (e.g. urea) while ascending vasa recta 200 

gain water and lose solute (127). This countercurrent arrangement also promotes diffusion of gases 201 

and other highly diffusive molecules between descending and ascending vasa recta (19, 20, 35). 202 

The structural factors described above, chiefly in the context of putative oxygen shunting, 203 

will also influence diffusion of other molecules between the afferent and efferent vessels in the 204 

kidney. However, there are two other important sets of factors that must also be considered. Firstly, 205 

we must consider the physico-chemical properties of each molecule, which in turn defines its ability 206 

to diffuse through blood, the vessel walls and renal tissue. Secondly, we must consider the way in 207 

which each molecule is handled within the kidney, which in turn determines the nature of the 208 

gradients in partial pressure that could potentially drive countercurrent diffusion of each species in 209 

the vasculature. 210 

Properties that influence countercurrent diffusion of molecules and gases in the renal 211 

circulation 212 

Tubular reabsorption and secretion are the canonical renal transport processes. Water-213 

soluble molecules can pass through pores in the capillary wall by bulk flow, and across the gap 214 

between capillaries and tubules by passive diffusion. At the tubular epithelium, active and passive 215 

transport systems (including facilitated transport) regulate the magnitude of reabsorption and 216 

secretion of specific molecular species. Thus, many molecules that are unable to passively diffuse 217 

across cell membranes are reabsorbed or secreted. In contrast, for any molecule to pass through the 218 

multiple layers of the arterial wall, it must be lipid soluble. Consequently, countercurrent shunting 219 

between arteries and veins depends upon the diffusivities of substances both in aqueous media and 220 

across lipid membranes. 221 

The ability of a specific molecular species to diffuse through a specific medium is defined 222 

by Krogh’s diffusion coefficient; the product of the diffusion coefficient of the molecule and its 223 

solubility in the medium through which it diffuses (120). Thus, Krogh’s diffusion coefficient is 224 
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determined largely by the solubility of the molecule in question. Oxygen, carbon dioxide, nitric 225 

oxide, superoxide, hydrogen sulfide and ammonia are all highly diffusible in plasma and/or water 226 

(Table 1), making them very likely to diffuse within intracellular and extracellular space. Carbon 227 

dioxide is 24 times more soluble in water than is oxygen (120) so diffuses more readily within the 228 

interstitium than oxygen. Oxygen and nitric oxide have similar diffusion coefficients (153, 166). 229 

The solubilities of oxygen, carbon dioxide and nitric oxide differ, but their diffusion coefficients are 230 

similar because these molecules have similar effective molecular radius (Table 1).  231 

We must also consider the permeability of these molecules in cellular membranes. 232 

Permeability is a measure of the ability of a liquid or gas to pass through a medium. It is thus 233 

defined as the rate at which a liquid or gas penetrates a medium. Even if a concentration gradient 234 

exists, a molecule will not diffuse between arteries and veins, or descending and ascending vasa 235 

recta, unless it is lipid permeable. Oxygen, carbon dioxide, nitric oxide, and hydrogen sulfide are 236 

highly lipid permeable (Table 2). In contrast, ammonia’s ability to pass through lipid bilayers is 237 

much less than oxygen, carbon dioxide, nitric oxide, and hydrogen sulfide. Indeed, the cell 238 

membranes of the colon, gastric cells and thick ascending limbs of the loop of Henle appear 239 

impermeable to ammonia (7, 77, 106, 136, 156). Superoxide has limited lipid permeability because 240 

of its negative charge (58, 90, 98, 142). However, superoxide can pass through cell membranes via 241 

anion channels (90, 98), so lipid permeability is not required.  242 

Diffusion of molecules between paired vessels must be driven by a concentration gradient. 243 

The greater the concentration gradient, the greater the driving force for countercurrent diffusion. 244 

This concept is important for consideration of the interpretation of some of the earlier studies of 245 

diffusive shunting in the renal circulation. These studies, described in detail below, relied on 246 

injection of pulses of molecules that do not naturally occur in the kidney, or of supra-physiological 247 

amounts of naturally occurring molecules. Such approaches inflate the gradients for countercurrent 248 
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diffusion, so findings utilizing them should be interpreted with care with respect to the significance 249 

of shunting under physiological conditions. 250 

Countercurrent diffusion of exogenous lipid soluble substances in the renal circulation 251 

Effros et al tested the hypothesis that lipid soluble substances are able to diffuse from 252 

arteries to veins in the kidney (39). They reasoned that this phenomenon would be evinced by the 253 

appearance of lipid soluble substances in the renal vein at an earlier time point than non-lipid 254 

soluble substances, after administration via the renal artery (39). In perfused isolated kidneys from 255 

rabbits, they observed greater concentrations of [14C]-butanol (lipid soluble) than 3H2O and [125I]-256 

albumin (non-lipid soluble) in initial samples collected from venous outflow. Increasing flow 257 

resulted in earlier appearance of [125I]-albumin in the renal venous effluent compared to [14C]-258 

butanol and 3H2O. Thus, [14C]-butanol can diffuse from arteries to veins, at least at low rates of 259 

perfusion. But can more biologically relevant molecules also diffuse between these vascular 260 

elements, and if so, do these phenomena have significance in terms of the physiology of the kidney? 261 

To answer this question we must consider the gradients in the intravascular concentrations of 262 

oxygen, carbon dioxide, ammonia, nitric oxide, superoxide, and hydrogen sulfide and the 263 

experimental and/or theoretical evidence of countercurrent diffusion of these molecules in the renal 264 

vasculature. 265 

Oxygen 266 

Concentration gradients 267 

The consumption of oxygen in the kidney, predominantly to drive sodium reabsorption (43), 268 

generates a driving force for diffusion of oxygen from arteries to veins (51) and from descending to 269 

ascending vasa recta (19, 20). Under normal physiological conditions, the kidney extracts only 10-270 

20% of the oxygen delivered to it. Consequently, when arterial oxygen tension (PO2) is ~100 271 

mmHg renal venous PO2 is 50-60 mmHg (42), so an AV gradient of 40-50 mmHg exists. PO2 in 272 

descending and ascending vasa recta has not been measured directly, but has been estimated to be in 273 
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the range of 45 to 65 mmHg (167). A value of 55 mmHg, in the descending vasa recta at the 274 

corticomedullary junction, has been assumed for the purposes of computational modeling (167). 275 

Model simulations predict a PO2 at the end of the ascending vasa recta of 40 to 45 mmHg, giving a 276 

gradient of 10 to 15 mmHg (167).  Both experimental (88, 161) and computational studies (19, 20, 277 

51, 52) have provided evidence that oxygen shunting occurs in both the cortex and medulla. 278 

However, the quantitative significance of these phenomena remains a matter of controversy (44, 279 

107, 108). 280 

Evidence of diffusive oxygen shunting 281 

Renal cortex: Historically, most interest in the diffusive shunting of gases in the renal cortex 282 

has focused on the phenomenon of AV oxygen shunting. Levy and colleagues, in a set of ingenious 283 

experiments, provided evidence that the mean transit-time for oxygen across the renal circulation is 284 

less than that of erythrocytes (88, 89). The only satisfactory explanation for these observations was 285 

the existence of a diffusive shunt between the afferent (arterial) and efferent (venous) limbs of the 286 

renal circulation. However, an important caveat must be applied to the interpretation of these 287 

studies. As was the case for the studies of countercurrent shunting in the stomach (71) and small 288 

intestine (73) of the cat mentioned above, these studies were conducted under conditions in which 289 

the AV gradient in PO2 was increased way beyond that present under physiological conditions. This 290 

demonstrates shunting occurs, but does not indicate how much occurs under physiological 291 

conditions. 292 

Schurek et al showed that the glomerular PO2 in Wistar rats is lower than that in systemic 293 

arteries (an average of 46 mmHg vs 90 mmHg respectively) (130). These observations indicate that 294 

oxygen is lost from arteries in the preglomerular circulation, although they do not indicate the fate 295 

of this oxygen. Indeed, their findings could also be explained by diffusion of oxygen from arteries 296 

to the renal parenchyma. Delivery of oxygen to tissue by diffusion from arteries is well established 297 
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in skeletal muscle (32, 40) and is supported in the kidney by the findings of recent theoretical 298 

analyses (103, 107). 299 

Perhaps the best evidence for the existence of AV oxygen shunting comes from the work of 300 

Welch et al (161). They used miniaturized Clark electrodes (outer tip diameter 3 – 5 μm) to 301 

measure the PO2 of various segments along the nephron and in the vasculature of the superficial 302 

cortex. The PO2 measured in efferent arterioles (average of 45 mmHg) was lower than that in the 303 

renal vein (average of 52 mmHg). These observations provide evidence that some of the oxygen in 304 

renal arterial blood diffuses directly to adjacent veins, bypassing the peritubular capillaries.  305 

The critical question is: how much of the oxygen supplied to the kidney in the renal artery is 306 

lost by diffusion to veins? Unfortunately, AV oxygen shunting cannot be quantified by 307 

experimental measurement under physiological conditions, so it has been necessary to rely on 308 

computational models to try to answer this question. Gardiner and colleagues calibrated their model 309 

using the values of intrarenal PO2 observed by Welch et al (161). That is, they applied a single 310 

diffusion co-efficient, across all levels of the circulation, that resulted in values of renal tissue PO2 311 

equivalent to the value of efferent arteriolar PO2 measured by Welch and colleagues (45 mmHg) 312 

when arterial (85 mmHg) and renal venous PO2 (52 mmHg) were also set at the levels measured 313 

experimentally. Thus, their estimate that 5-10% of the total amount of oxygen delivered in the renal 314 

artery is shunted to the intrarenal veins under normal physiological conditions (51) is highly 315 

dependent on the accuracy and generalizability of the findings of Welch and colleagues. It is also 316 

noteworthy that their simulations indicate that this proportion could increase considerably in 317 

pathological conditions associated with renal ischemia and/or anemia. In contrast, Olgac and 318 

Kurtcuoglu (44, 107, 108) developed an alternative model that predicts AV oxygen shunting is 319 

negligible. Their model was based on the assumption that artery-vein pairs are separated by a 320 

distance of 67 - 106 μm (107). But recent anatomical analyses indicate that a characteristic feature 321 

of the renal cortical circulation is that some arteries are partially surrounded by a vein (wrapped), 322 
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and that separation distances for such artery-vein pairs are only ~15 μm (103). Critically, in the case 323 

of these wrapped arteries, oxygen sinks (tubules and capillaries) are not present in the space 324 

between the artery and vein (103). Thus, both models are limited by the absence of precise 325 

information regarding the spatial relationships between arteries and veins in the kidney (44). We 326 

speculate that the truth may lie somewhere in between these two extreme cases. But resolution of 327 

this controversy will require the development of more sophisticated models that incorporate 328 

detailed anatomical information. 329 

Renal medulla: Modeling of oxygen transport across the vasa recta provided evidence that 330 

oxygen could be shunted from the descending to the ascending vasa recta (167) thus limiting 331 

delivery of oxygen to the renal papilla (167). On the other hand, the vascular topography of the 332 

outer medulla appears to sustain oxygen delivery to the inner medulla (19, 20). The long descending 333 

vasa recta are sequestered in the center of the vascular bundle, thus limiting loss of oxygen from 334 

descending vasa recta that penetrate the inner medulla (19, 20). This arrangement is also predicted 335 

to impede the diffusion of oxygen to the thick ascending limbs of the loop of Henle (19).  336 

Carbon dioxide 337 

Concentration gradients 338 

Metabolism of fats, carbohydrates and proteins results in the production of carbon dioxide. 339 

Thus, catabolism contributes to the gradient of carbon dioxide between efferent and afferent vessels 340 

in all vascular beds. In the kidney, an additional process operates, since carbon dioxide and 341 

bicarbonate (HCO3
-) are reabsorbed into peritubular capillaries from tubules (2). Furthermore, 342 

within peritubular blood the relative concentrations of carbon dioxide and bicarbonate are 343 

influenced by the activity of carbonic anhydrase and the buffering actions of proteins in the plasma 344 

and hemoglobin in erythrocytes (145). In humans at rest, renal venous carbon dioxide tension 345 

(PCO2) has been estimated to be ~ 1 mmHg greater than arterial PCO2, whereas mixed venous 346 
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PCO2 is ~ 4 mmHg greater than arterial PCO2 (123). Thus, the AV gradient of PCO2, that would 347 

drive venous-to-arterial shunting of carbon dioxide, is rather small. 348 

The diffusive shunting of carbon dioxide from ascending to descending vasa recta in the 349 

renal medulla would require a greater PCO2 in ascending than descending vasa recta. Burke and 350 

colleagues, using a simple model to generate simulations of intrarenal PO2, PCO2 and pH, predicted 351 

a gradient of PCO2, from the descending vasa recta in the outer medulla to the tip of the papilla, of 352 

20 mmHg (16). This was sufficient to generate a corticomedullary gradient in pH of ~0.2 units, 353 

consistent with their experimental observations (16). PCO2 has been calculated from measurements 354 

of pH in descending and ascending vasa recta at the tip of the papilla (82, 83). But it has not been 355 

technically possible to measure PCO2 in descending and ascending vasa recta in the outer medulla. 356 

Thus whether a gradient exists, and its magnitude, remains to be determined.  357 

Evidence of diffusive carbon dioxide shunting 358 

Renal cortex: DuBose et al measured PCO2 in the kidney (29, 30). Using pH-sensing 359 

microelectrodes, they found gradients of PCO2 in the renal cortex (30). Similar findings were 360 

generated by four other research groups (8, 13, 55, 66). In the studies of DuBose and colleagues, 361 

PCO2 was approximately 65 mmHg in the distal tubules and stellate vessels (subcapsular vessels 362 

that form the interlobular veins) of the outer cortex, and was approximately 40 mmHg in the renal 363 

vein. These findings are consistent with the presence of diffusive transfer of carbon dioxide from 364 

venules/veins to arterioles/arteries in the renal cortex. Bidani et al took a mathematical approach to 365 

examine the role of diffusive shunting of carbon dioxide in generating high PCO2 in the outer cortex 366 

(9). They also compared the model’s predictions of PCO2 (9) with those measured by DuBose et al 367 

(29, 30). Their model could replicate the findings of DuBose et al, provided both metabolic 368 

production of carbon dioxide by aerobic respiration and its diffusion from veins to arteries were 369 

accounted for. Modeling also predicted that the effect of countercurrent exchange can explain the 370 

high levels of PCO2 in the superficial cortex (3). Taken together, these observations support the 371 
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proposition that diffusive shunting of carbon dioxide generates a gradient of PCO2 in the cortex. 372 

This proposition, however, was questioned by De Mello Aires et al (24) who were unable to detect 373 

a difference in PCO2 between the renal cortex and systemic arterial blood. Three different types of 374 

Severinghaus PCO2 microelectrodes were used in their studies, one of which was a ‘glass bubble’ 375 

pH electrode with some similarities as well as some differences to the ‘glass membrane’ electrode 376 

employed by DuBose et al. The discrepancy between the findings from these different groups has 377 

not been resolved (27). Consequently, the presence of venous-to-arterial shunting of carbon dioxide 378 

in the renal cortex remains unresolved.  379 

Renal medulla: Burke and colleagues (16) reasoned that, due to the countercurrent 380 

arrangement of the descending and ascending vasa recta, gradients in PCO2 and pH should 381 

accompany gradients of PO2 within the kidney (16). As described above, their model indicates that 382 

there can be shunting of carbon dioxide between descending and ascending vasa recta, provided 383 

there is a gradient in PCO2 between them. But, as also mentioned above, we do not have direct 384 

experimental measurements of the size of this gradient. 385 

Ammonia 386 
Concentration gradients 387 

Ammonia exists in two molecular forms, uncharged ammonia (NH3) and charged 388 

ammonium (NH4
+). These molecular species play an important role in maintenance of intracellular 389 

pH. Herein, we define ‘ammonia’ as the total of both ammonia species. When referring to a specific 390 

species, we use either NH3 or NH4
+. In most mammalian biological fluids of pH 7.4, total ammonia 391 

is mostly present as NH4
+ and ~1% is present as NH3 (160). Ammonia is produced by the kidney in 392 

the proximal tubule and is then transported to the renal vein or into urine. It is delivered to the renal 393 

medulla via the loops of Henle, and ammonia from the thick ascending limb is ‘recycled’ into the 394 

descending limb of the loop of Henle. This recycling therefore leads to accumulation of ammonia in 395 

the medullary interstitium and formation of a cortico-medullary gradient in the concentration of 396 

ammonia (125, 139). 397 
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Is there evidence of diffusive ammonia shunting in the renal circulation? 398 

Renal cortex: NH3 is uncharged but highly polar. Consequently, NH3 has high water 399 

solubility and limited lipid permeability (7, 106). Indeed, the cell membranes of the colon (136), 400 

gastric glands (156), and medullary thick ascending limb of the loop of Henle (77) have low 401 

permeability for NH3. Because of its charge, NH4
+ requires channels, carriers, or transport proteins 402 

to pass through lipid layers. To the best of our knowledge, such transporters are only present in 403 

tubules, not blood vessels. Thus, it is unlikely that NH3 or NH4
+ can diffuse between arteries and 404 

veins in the renal cortex. 405 

Renal medulla: The ascending vasa recta are highly fenestrated (111, 112) and lie in close 406 

proximity to the ascending limbs of the loop of Henle (86) and the collecting ducts (115, 116). 407 

Subsequently, some of the ammonia, as it diffuses from the loop of Henle into the collecting duct, 408 

will diffuse into the ascending vasa recta. However, it is unlikely that NH3 diffuses between 409 

descending and ascending vasa recta due to the limited permeability of NH3 and continuous 410 

epithelium of the descending vasa recta.  411 

Thus, there is little evidence of countercurrent shunting of ammonia in either the cortical or 412 

medullary circulations.  413 

Nitric oxide, superoxide and hydrogen sulfide 414 

Concentration gradients 415 

Nitric oxide (110) and superoxide (37, 163) are both highly diffusible but have short half-416 

lives, so act chiefly as paracrine or autocrine factors. They rapidly react with each other to form the 417 

potent oxidizing agent peroxynitrite (6, 47), and so can be considered to operate as a system (6). 418 

Nitric oxide inhibits sodium reabsorption, and thus renal oxygen consumption, by inhibiting the 419 

Na+/K+/2Cl- co-transporter (110). Superoxide has reciprocal effects, both indirectly via scavenging 420 

of nitric oxide and through direct cellular actions (53). Furthermore, nitric oxide and superoxide 421 

also affect tubular oxygen consumption, through the ability of nitric oxide to inhibit oxygen 422 
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utilization by the mitochondria (11). They also strongly influence vascular tone in both the cortical 423 

and medullary circulations (45, 61, 168). There is evidence that metabolites of arachidonic acid can 424 

diffuse from venules to adjacent arterioles in skeletal muscle to induce vasodilatation, providing a 425 

local feedback mechanism through which tissue perfusion can be regulated to match metabolic 426 

demand (63, 64). Is it possible for nitric oxide, superoxide or other vasoactive small molecules to 427 

diffuse from venules to arterioles, so providing a mechanism for feedback control of vascular tone? 428 

The relative concentrations of nitric oxide in venules compared with arterioles remains a 429 

matter of controversy. Arterioles have a shear rate 4 – 6 times greater than venules (100), but 430 

venules have more endothelial cells in their walls than arterioles because of their larger size (21). 431 

Experimental studies in non-renal vascular beds, when taken collectively, provide little evidence of 432 

a venular-to-arteriolar gradient in the concentration of nitric oxide (12, 99, 100, 155) Although 433 

modeling predicts that radial concentration gradients for nitric oxide and superoxide are present in 434 

the medulla (37), we are not aware of theoretical or experimental evidence to support the presence 435 

of gradients in the concentrations of these molecules between veins and arteries in the cortex, or 436 

between ascending and descending vasa recta in the medulla.  437 

Hydrogen sulfide has emerged as an important signaling molecule in control of blood 438 

pressure and vascular function (67). In the kidney, hydrogen sulfide is produced by cystathionine β-439 

synthase and cystathionine γ-lyase, both of which are found mainly in the proximal tubule, and 3-440 

mercaptopyruvate sulfurtransferase (68, 162). Hydrogen sulfide is scavenged by methemoglobin, 441 

yielding sulfhemoglobin (65, 162). The half-life of hydrogen sulfide is <5 minutes in plasma and in 442 

vivo (150, 158). Hydrogen sulfide is also highly soluble so able to permeate cell membranes without 443 

the requirement for specific transporters (94). A wide range of plasma concentrations of hydrogen 444 

sulfide in plasma (<1 μM to 391 μM) have been reported in the literature (109). Levels of hydrogen 445 

sulfide were found to be <0.05 μM in the kidney (87). Similarly, soluble hydrogen sulfide was 446 

found to be undetectable in arterial blood of rats (78). Thus, due to limitations associated with 447 
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current methods for measurement of hydrogen sulfide in biological fluids, the existence of gradients 448 

in the concentration of this molecule between afferent and efferent vessels in the kidney remains a 449 

matter of conjecture. New and more sensitive methods are currently being developed (134, 135). 450 

Is there evidence of diffusive shunting of nitric oxide, superoxide or hydrogen sulfide in the renal 451 

circulation? 452 

Due to the important roles of nitric oxide and superoxide in the regulation of 453 

microcirculatory function, the transport and interactions between these molecules has been 454 

extensively studied using computational models (17, 25, 74-76, 84). Collectively, these modeling 455 

studies provide evidence that the diffusion of these molecules between paired vessels is possible. In 456 

particular, computational models of nitric oxide transport between a paired arteriole and venule 457 

provide support for the concept that venular release of nitric oxide could induce dilatation of 458 

adjacent arterioles, provided there is a significant gradient in the concentration of nitric oxide and if 459 

the paired vessels are close together (21, 75). However, there is little evidence that significant 460 

gradients of nitric oxide, superoxide, or hydrogen sulfide exist between afferent and efferent vessels 461 

in the renal circulation. Also, to the best of our knowledge, there are no experimental data or model 462 

simulations that provide evidence that diffusive shunting of nitric oxide, superoxide, or hydrogen 463 

sulfide occurs in the renal cortical or medullary circulations. Thus the direction of shunting for 464 

these gases and molecules is unknown (Fig. 4). 465 

What factors have driven evolution of the vascular architecture of the mammalian kidney? 466 

Renal cortex 467 

A unique aspect of the mammalian kidney is the intimate association of arteries and veins. 468 

O’Connor et al proposed that diffusional shunting of oxygen, from arteries to veins in the renal 469 

cortex, represents a structural anti-oxidant mechanism (104, 105). They argued that, by limiting 470 

oxygen delivery to renal tissue, this mechanism would prevent excessive production of superoxide, 471 

and thus oxidative stress. An antioxidant defense mechanism of this nature, that inhibits formation 472 
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of reactive oxygen species, would be more energetically efficient than one that relies on the 473 

chemical quenching of reactive oxygen species once they are formed. This argument is, of course, 474 

entirely dependent on the proposition that AV oxygen shunting is quantitatively significant. As 475 

discussed above, the jury is still out on this question.  476 

Carbon dioxide is much more soluble than oxygen, so should diffuse more readily. Venous-477 

to-arterial shunting of carbon dioxide would be predicted to have two important effects. Firstly, it 478 

would be expected to lead to ‘trapping’ of carbon dioxide, particularly in the outer cortex (30, 91). 479 

This phenomenon would potentially enhance oxygen delivery to tissue by shifting the oxygen-480 

hemoglobin dissociation curve to the right. Furthermore, it would potentially be enhanced when 481 

renal blood flow is reduced, thus providing a mechanism that sustains oxygen delivery to cortical 482 

tissue during renal ischemia. However, as reviewed above, it seems that the gradient in PCO2 483 

between veins and arteries in the renal cortex is relatively small (~1 mmHg) (123), at least under 484 

normal physiological conditions, so may not be sufficient to drive quantitatively significant 485 

shunting of carbon dioxide. A plausible explanation for the absence of a significant gradient is that 486 

the cortical structures have high permeability to carbon dioxide, so that its levels approach 487 

equilibrium. DuBose et al (30) observed that PCO2 was similar across the proximal tubule, distal 488 

tubule, and stellate vessels. Thus their findings accord with those of others, indicating high tubular 489 

permeability to carbon dioxide (131, 159). 490 

Theoretically, vasoactive paracrine factors could diffuse from intrarenal veins to intrarenal 491 

arteries, thus providing a mechanism for feedback regulation of arteriolar tone. Such mechanisms 492 

have been described in non-renal vascular beds (50, 121). However, we are not aware of any 493 

evidence that such mechanisms operate in the kidney.  494 

It seems unlikely that countercurrent shunting of nitric oxide, superoxide, hydrogen sulfide 495 

or ammonia is quantitatively significant in the cortical vasculature. Thus, based on currently 496 

available information, shunting of oxygen seems to be the best candidate, with carbon dioxide less 497 
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likely, for providing selection pressure for the evolution of the intimate spatial relationships 498 

between arteries and veins in the mammalian kidney (Fig. 4). 499 

Renal medulla 500 

It is not currently feasible to quantify the concentration gradients of any molecule between 501 

descending and ascending vasa recta in the outer medulla. Therefore our current understanding of 502 

diffusive shunting in the medulla comes from theoretical studies underpinned by anatomical 503 

observations. Our review of the literature indicates that countercurrent shunting of ammonia, nitric 504 

oxide, superoxide, and hydrogen sulfide are unlikely to be important in the renal medulla. However, 505 

it remains feasible that the evolution of the architecture of the medullary vasculature has been 506 

influenced by the adaptive advantages of diffusive countercurrent shunting of oxygen and/or carbon 507 

dioxide (Fig. 4). 508 

The countercurrent arrangement of the descending and ascending vasa recta is thought to be 509 

critical for the countercurrent trapping of solutes, and thus the mechanisms that allow generation of 510 

concentrated urine (117, 127). It has been argued that this arrangement renders the renal medulla 511 

susceptible to hypoxia (14). This could represent a counter-adaptive consequence of the 512 

evolutionary imperative for concentration of urine in terrestrial animals. But could the 513 

countercurrent arrangement of vasa recta also have additional functional consequences for the 514 

kidney? 515 

Oxygen shunting could exacerbate medullary hypoxia, but the sequestration of long vasa 516 

recta into the core of vascular bundles may help preserve oxygen delivery to the inner medulla (20). 517 

This is of particular importance as the medulla is susceptible to hypoxia (33, 42, 60). Indeed, 518 

medullary PO2 has been reported in the range of 10-20 mmHg (101). However, the preservation of 519 

oxygen delivery to the inner medulla appears to be at the expense of limiting oxygen delivery to the 520 

thick ascending limbs, a major site of sodium reabsorption and thus oxygen consumption. 521 
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Predictions from a computational model support the idea that the countercurrent shunting of 522 

carbon dioxide, from ascending to descending vasa recta, acts to ‘trap’ carbon dioxide in the inner 523 

medulla (16). This mechanism was predicted to be augmented when medullary blood flow is 524 

reduced or when medullary oxygen consumption is increased (16). However, all of this rests on the 525 

assumption of a gradient in PCO2, between ascending and descending vasa recta, which is yet to be 526 

verified experimentally. 527 

Perspectives and significance 528 

Our discussion of the physiological and evolutionary significance of countercurrent 529 

diffusion in the renal vasculature has identified the critical gaps in our knowledge that must be 530 

filled before we can fully understand the selection pressures that led to the unique countercurrent 531 

arrangements of afferent and efferent vessels in the renal cortex and medulla.  Firstly, we require 532 

more detailed and quantitative information regarding the barriers to diffusion between arteries and 533 

veins and descending and ascending vasa recta. Some progress has been made in this field (103, 534 

116, 118), but we still have a long way to go. Secondly, we require measurements of the 535 

concentrations of the relevant molecules within the renal vasculature. Currently, our knowledge is 536 

mostly limited to measurements in arterial and renal venous blood, and in some cases (e.g. oxygen) 537 

in vessels in the superficial cortex (161) or the tip of the papilla (28, 56, 82, 83, 139). The available 538 

information has allowed development of computational models of the transport of oxygen (19, 20, 539 

51, 52, 107, 133, 167), carbon dioxide (16), nitric oxide (25, 35-38) and superoxide (36-38) in the 540 

renal cortex and/or medulla. Mathematical models can tell us what is theoretically possible, but we 541 

rely on experimental measurements to know what ‘is’. Consequently, the lack of methods to assess 542 

the concentrations of various molecules within the renal vasculature, at high temporal and spatial 543 

resolution, remains the major obstacle to understanding the physiological and evolutionary 544 

significance of countercurrent diffusion in the renal circulations.  545 

  546 
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Table 1. The solubility and diffusivity of the six molecules reviewed. 933 

ND = information not available. Superscript numbers represent the source of the data presented in this table. 934 
O2 = oxygen, CO2 = carbon dioxide, NO = nitric oxide, O2

- = superoxide, H2S = hydrogen sulfide, NH3 = ammonia 935 

 936 

Gas 
Solubility in 

plasma at 37°C 
(ml/dL) 

Solubility in 
water 

(ml/dL) 
α 

(Solubility relative to oxygen) 
Diffusivity 

(μm2/s) 

D 
(diffusion coefficient 

relative to oxygen) 

K = αD 
(Krogh’s diffusion 

coefficient) 
O2 0.003 1 0.003 1 1 

(1.34 × 10-3 mol.m-3.mmHg-1) 2 

 

2070-2550 3-8 (water; 25 °C) 
2800 9 (tissue) 

1 1 

CO2 0.067 – 0.078 10-12 0.067 5 24 
(3.21 × 10-2 mol.m-3.mmHg-1) 13 

 

1850-2110 4, 6, 7, 8  (water; 25 °C) 
2500 19, 20 (water; 37 °C) 

0.89 21.40 

NO ND 0.035 - 0.04 21 1.9 
(2.55 × 10-3 mol.m-3.mmHg-1) 22 

 

3300 9, 23 (tissue) 
2210 11 (water; 25 °C) 

1.18 2.24 

O2
- ND ND ND 

 
2800 9 (tissue; assumed same as 

oxygen) 
1 ND 

H2S ND 0.28-0.31 24, 25 ~93-103 
(0.12 – 0.14 mol.m-3.mmHg-1) 

1480-1930 27, 28 (water; 25 °C) 0.58 – 0.93 54-96 

NH3 0.91 26 0.6-0.9 30 200 – 300 30

(3.85 × 104 mol.m-3.mmHg-1) 31 
1770 31  (water) 0.63 108 - 162 

1. Marino and Sutin (2007); reference (93) 
2. Lamkin-Kennard et al (2004); reference (84) 
3. Tse & Sandall (1979); reference (151) 
4. Davidson & Cullen (1957); reference (23) 
5 Baird & Davidson (1962); reference (4) 
6. Vivian & King (1964); reference (154) 
7. Ferrel & Himmelblau (1967); reference (46) 
8. Duda & Vrentas (1968); reference (31).  
9. Buerk et al (2003); reference (15) 
10. Beachey (2013); reference (5) 
11. Powell Jr (2003); reference (122) 
 

12. Neuman & Thom (2008); reference (102) 
13. Forster & Edsall (1969); reference (48) 
14. Tang & Himmelblau (1965); reference (144) 
15. Thomas & Adams (1965); reference (149) 
16. Tham et al (1967); reference (148) 
17. Perez & Sandall (1973); reference (119) 
18. Unver & Himmelblau (1964); reference (152) 
19. Geers & Gros (2000); reference (54) 
20. Hulikova & Swietach (2014); reference (70) 
21. Wise & Houghton (1968); reference (164) 
22. Zacharia & Deen (2005); reference(166) 
 

23. Malinski et al (1993); reference (92) 
24. Duan et al (2007); reference (26) 
25. Hughes et al (2009); reference (69) 
26. Jacquez et al (1959); reference (72) 
27. Haimour & Sandall (1984); reference (62) 
28. Tavares de Silva & Danckwerts (1968); reference (146) 
29. Tamimi et al. (1994); reference (143) 
30. Taylor (1998); reference (147) 
31. Cameron (1986); reference (18) 
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Table 2. Lipid membrane permeabilities of the six molecules reviewed. 937 

Permeability is defined as the rate at which a molecule passes through a medium. 938 
PC = phosphatidylcholine, EYPC = Egg yolk phosphatidylcholine, DPhPC = diphytanoyl-phosphatidylcholine 939 

Molecule Membrane type Temperature 
(°C) 

Permeability 
(cm/s) Reference 

Oxygen EYPC (0 mol% cholesterol) 20 67 (141) 
EYPC (27.5mol % cholesterol) 20 48 (141) 
L-α-Dimyristoyl-PC 
(0 mol% cholesterol) 

18 12.2 ± 0.4 (140) 

 29 125 ± 12.5 (140) 
L-α-Dimyristoyl-PC 
(50 mol% cholesterol) 

18 10.4 ± 1.6 (140) 

 29 22.7 ± 4.1 (140) 
L-α-Oleoyl-PC 
(0 mol% cholesterol) 

10 33 ± 1.9 (140) 

 30 114 ± 4.9 (140) 
L-α-Oleoyl-PC 
(50 mol% cholesterol) 

10 13.7 ± 1.6 (140) 

 30 54.6 ± 5.6 (140) 
     

Carbon 
dioxide 

Egg lecithin & cholesterol 
(1:1 mol ratio) 

22-24 0.35 (59) 

Three types: 
- Pure diphytanoyl-PC (DPhPC) 
- 3:2:1 mixture of cholesterol, DPhPC, and 
egg sphingomyelin 
- EYPC, egg phosphatidylethanolamine, 
brain phosphatidylserine, cholesterol, and 
sphingomyelin 

 3.2 (97) 

     
Ammonia DPhPC  (48 ± 5) × 10-2 (1) 

2:1 mixture of DPhPC and cholesterol  (21 ± 10) × 
10-2 

PC from soybeans  (52 ± 4) × 10-2 

2:1 mixture of PC from soybeans and 
cholesterol 

 (16 ± 5) × 10-2 

EYPC  13 × 10-2 (157) 
    

Hydrogen 
sulfide 

Bilayer lipid membrane from E.coli 20 0.5 ± 0.4 (94) 
Dilauroyl-PC liposome membranes 25 3 (22) 
Calculated using solubility-diffusion model  11.9 ± 0.7 (124) 

Nitric oxide Predicted from data of carbon dioxide 
permeability in phospholipid membrane 
and phospholipid-water partition 
coefficients 

25 4.6 (41) 

EYPC (0 mol% cholesterol) 20 93 (141) 
EYPC (30 mol% cholesterol) 20 77 (141) 

     
Superoxide Soybean PC 25 2.1 × 10-6 (142) 

EYPC 23 7.6 × 10-8 (58) 
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Figure legends 940 

Figure 1. Examples of artery-vein arrangements that enable counter-current exchange of 941 

heat. A & B Cross sections of whale fins displaying a single artery surrounded by multiple veins. C 942 

& D Cross sections of the hind limbs of an aquatic bird. a=artery, m = main artery, v = vein, n = 943 

peroneal nerves. Images A and B reproduced, with permission, from Scholander et al (129). Images 944 

C and D reproduced, with permission, from Midtgård et al (96). 945 

 946 

Figure 2. Changes in artery-vein associations in the renal cortex of the rat. (A) An interlobar 947 

artery partially surrounded by a vein, demonstrating the phenomenon of ‘wrapping’. (C & E) 948 

Smaller arteries tend to be separated from the nearest vein. (B, D & F) represent magnified images 949 

of A, C & E respectively. (G) Changes in proportion of wrapping (%) with arterial diameter. (H) 950 

Relative frequencies of wrapping (defined as an arterial profile wrapped by a vein) according to 951 

ranges of arterial diameter. The same lower case letters represent bins of arterial diameter for which 952 

wrapping (Tukey’s test; G) or percentage frequency of categories of wrapping (Cochran-Armitage 953 

test for trends; H) did not differ significantly. All images reproduced, with permission, from Ngo et 954 

al (103). 955 

 956 

Figure 3. Images of the close spatial association of descending (DVR) and ascending vasa 957 

recta (AVR). (A) Transmission electron microscopy of rat renal medulla (~×1000 magnification). 958 

(B) Electron micrograph of DVR and AVR. Fenestrations (fen) are observed in the AVR, and the 959 

close contact of the vasa recta can be clearly seen (×12,400 magnification). (C) Vascular bundles of 960 

the medulla visualized by fluorescence microscopy. DVR are shown in green while AVR are shown 961 

in red. Scale bar = 100 μm. Image A reproduced, with permission, from Lemley and Kriz (85). 962 

Image B reproduced, with permission, from Pallone et al (111) and Pallone et al (114). Image C 963 
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reproduced, with permission, from Yuan and Pannabecker (165). CD = collecting duct, P = 964 

proximal tubule, D = distal tubule. 965 

 966 

Figure 4. The likely direction of diffusion for oxygen, carbon dioxide, nitric oxide, superoxide, 967 

and ammonia between afferent and efferent vessels of the renal cortex (A) and medulla (B). 968 

DVR = descending vasa recta, AVR = ascending vasa recta, O2 = oxygen, NO = nitric oxide, CO2, 969 

= carbon dioxide, O2
- = superoxide, H2S = hydrogen sulfide, NH3 = ammonia. Note that blood 970 

vessels are relatively impermeable to ammonia, unless they are fenestrated, as is the case for 971 

ascending vasa recta. 972 
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