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Abstract (249 words) 36 

The classical concepts of human sodium balance include (i) a total pool of Na+ of ≈4200 mmol 37 

(total body sodium, TBS) distributed primarily in the extracellular fluid (ECV) and bone, (ii) intake 38 

variations of 0.03 to ≈6 mmol ∙ (kg body mass ∙ day)-1, (iii) asymptotic transitions between steady states 39 

with a halftime (T½) of 21h, (iii) changes in TBS driven by sodium intake measuring ≈1.3 d 40 

(ΔTBS/Δ(Na+ intake/d)), (iv) adjustment of Na+ excretion to match any diet thus providing metabolic 41 

steady state, and (v) regulation of TBS via controlled excretion (90-95% renal) mediated by surrogate 42 

variables.  43 

The present focus areas include (i) uneven, non-osmotic distribution of increments in TBS 44 

primarily in ‘skin’, (ii) long-term instability of TBS during constant Na+ intake, and (iii) physiological 45 

regulation of renal Na+ excretion primarily by neurohumoral mechanisms dependent on ECV rather 46 

than arterial pressure. Under physiological conditions (i) the non-osmotic distribution of Na+ seems 47 

conceptually important, but quantitatively ill defined; (ii) long-term variations in TBS represent signifi-48 

cant deviations from steady state, but the importance is undetermined; and (iii) the neurohumoral 49 

mechanisms of sodium homeostasis competing with pressure natriuresis are essential for systematic 50 

analysis of short-term and long-term regulation of TBS.  51 

Sodium homeostasis and blood pressure regulation are intimately related. Real progress is 52 

slow and will accelerate only through recognition of the present level of ignorance. Non-osmotic distri-53 

bution of sodium, pressure natriuresis, and volume-mediated regulation of renal sodium excretion are 54 

essential intertwined concepts in need of clear definitions, conscious models, and future attention.    55 

  56 
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Introduction 57 

Sodium is a silvery-white, soft metal which in the presence of oxygen exists only as sodium 58 

ion (Na+, hereafter ‘sodium’). In mammals, it is the predominant extracellular cation which, together 59 

with associated anions, accounts for some 88% of the extracellular fluid osmolality (30). For a given 60 

subject, the sodium balance is the difference, over a specified time period, between the amount of sodi-61 

um (e.g., mmol) absorbed by the gut and the sum of sodium losses via urine, feces and skin. A negative 62 

value of sodium balance indicates that total body sodium (TBS) has decreased, and vice versa. Zero 63 

sodium balance, sometimes just ‘sodium balance’, means that TBS remained unchanged over the peri-64 

od of observation (usually day). Adequate observation time is required because sodium intake is inter-65 

mittent and losses occur continuously (151). Sodium balance can be achieved on a wide range of sodi-66 

um intakes; measures of sodium metabolism in specific cultures seem compatible with variations in 67 

sodium intake from about 0.03 mmol ∙ (kg body mass ∙ day)-1 (129) to at least 6 mmol ∙ (kg body mass ∙ 68 

day)-1, see review by Takahashi (152). ‘Normal’ sodium intake is a cultural variable covering orders of 69 

magnitude. 70 

The efficiency of the mechanisms of sodium retention is impressive. Under conditions of salt 71 

restriction (34, 98, 129) or salt loss (122) the urine may become virtually sodium-free, i.e., urinary so-72 

dium concentrations drop well below 0.5 mmol/l, equivalent to sodium chloride concentrations of  ≈10 73 

parts per million ≈ 10 mg/l, i.e., less than the average level of sodium in tap water in many North 74 

American cities (36 ± 7 mg/l (5)) and similar to the concentrations in commercial, bottled water (5) as 75 

well as to the sodium content of most low-salt food items (1 mg/100 g). This means that at normal kid-76 

ney function, sodium deficiency does not occur as long as supplies of food and water are adequate. 77 

Sodium deficiency is a symptom of disease or a side effect of treatment. 78 
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The rate of the renal sodium excretion is a function of numerous regulators, i.e., factors shown 79 

to cause graded responses in vivo. Regulators may be mediators and modulators, see Schnermann (144) 80 

In the present context, a mediator is a regulator with signal intensity primarily dependent on the TBS 81 

causing graded, monotonous responses in renal sodium excretion. A modulator may also cause graded 82 

changes in sodium excretion, but the signal strength is not primarily coupled quantitatively to TBS. 83 

With regard to the action of mediators on sodium excretion, principally different concepts exist. One is 84 

based on renal arterial pressure being the overriding mediator of sodium excretion, and that all other 85 

mediators operate via this ‘pressure natriuresis’ mechanism (Fig. 1, upper). This means that increases 86 

or decreases in sodium excretion occurring at a constant renal arterial pressure - or even during antipar-87 

allel changes herein - is an effect of pressure natriuresis assumed to be reset by the concomitant neuro-88 

hormonal changes. This is also the case where the latter unquestionably affect renal tubular function. 89 

Another concept includes parallel processing of the signals mediating renal sodium excretion (Fig. 1 90 

lower) allowing individual mediators to co-drive renal tubular handling of sodium and thereby to regu-91 

late sodium excretion by concerted actions. The latter concept is open for analysis by way of mediators 92 

and modulators, and in these terms, renal arterial pressure is a modulator. These concepts are discussed 93 

in the Appendix. 94 

[Fig. 1 near here] 95 

Renal sodium excretion is always the difference between filtration rate (‘filtered load of Na’) 96 

and total tubular reabsorption. The major challenges are that normally some 98 to 99.99 % of the fil-97 

tered load is reabsorbed, and that changes in filtered load within the error of measurement may be im-98 

portant to tubular handling and excretion rates. Conventionally, the major mediators are considered to 99 

include at least arterial pressure, renal sympathetic tone, renin angiotensin aldosterone system, and atri-100 
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al natriuretic peptide. However, an array of modulators may also be involved, e.g., dopamine, endo-101 

thelins, and nitric oxide. 102 

Sodium balance is positively correlated to body fluid volumes (7, 106, 151). ‘Salt sensitivity’ 103 

of arterial blood pressure describes the phenomenon that arterial blood pressure varies with sodium 104 

intake. It is a continuous, normally distributed, quantitative, physiological trait by which the blood 105 

pressure of some individuals changes in parallel with sodium intake without (other) measurable altera-106 

tions of sodium balance (39, 168). Surprisingly, a generally accepted protocol for assessment of salt 107 

sensitivity is not available (18), and data on the prevalence of the salt sensitivity of arterial blood pres-108 

sure in normotensive populations are affected by the different protocols and criteria. Experimental pro-109 

tocols adequate for the study of the overall operation of sodium homeostasis include studies of con-110 

scious subjects or animals, as any kind of anesthesia disturbs the aim of such studies e.g. (13, 51, 93, 111 

94, 114, 165), cf. reviews (8, 17, 140). In addition, as serial analysis of hormone concentrations often is 112 

required, most protocols call for multiple analyses of circulating concentrations of several hormones 113 

which can be performed conveniently only in large experimental animals and man. In return, such re-114 

sults allow quantification of regulatory mechanisms. The present review is focused on the interaction 115 

between cardiovascular, hormonal and renal mechanisms of sodium homeostasis under normal condi-116 

tions in large animals and man. Although important to the regulation of sodium excretion and blood 117 

pressure, the function of the renal nerves is not included; several recent reviews provide excellent cov-118 

erage (95, 105, 111, 130).  119 

 120 

Total body sodium and sodium distribution 121 
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The sodium content of the body is highly compartmentalized. At the middle of the last century, 122 

tracer dilution methods provided the basis for distinction between exchangeable sodium (equilibrating 123 

with 24Na+ within 24 h) and non-exchangeable sodium, see review by Edelman and Leibman (36) (Fig. 124 

2). Non-exchangeable sodium was assumed to be localized primarily in bone crystal structures (32), 125 

and to be modified primarily by bone restructuring independent of body fluid homeostasis.  126 

[Fig. 2 near here] 127 

The conventional view was challenged when Heer et al. (88) showed in man that a 7-d high in-128 

take of NaCl increased total body sodium and blood volume, but not extracellular fluid volume (ECV) 129 

or total body mass indicating that high sodium intake does not increase total body water, but rather 130 

shifts fluid from the interstitial into the intravascular space (88). ECV was measured by “the inulin-131 

dilution method” with reference to (46). It is puzzling, however, (i) that this inulin-dilution method is 132 

not described by Forbes (46), (ii) that the complex disappearance of inulin (12, 21) necessitating a spe-133 

cial mathematical approach (107, 127) was not considered, and (iii) that the cited supportive evidence 134 

from a prior study  (89) is absent, as said study does not contain any such data. Apparently, the deter-135 

mination of ECV (88) was performed by a simplified, but unvalidated approach. Subsequent studies 136 

have not provided clarity. Using the same method for ECV determination in a meticulous study of the 137 

response of normal humans to a 10-fold increase in sodium intake, the same group found parallel in-138 

creases in plasma volume, ECV and body weight when sodium intake increased 4-fold from low to 139 

regular, but not when sodium intake was elevated by another 2.8 fold (90). Separate studies confirmed 140 

(by use of iothalamate volume of distribution (163)) that low-to-normal changes in sodium intake (50 141 

to 200 mmol/d) elevate the ECV (150) and showed that the elevations were correlated to body mass 142 

index (162). The primary result of Heer et al., i.e., that increases in sodium intake lead to sodium stor-143 
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age at constant ECV (88) seems valid only with reservations, and more detailed analyses of the human 144 

response to changes in sodium intake seem warranted. 145 

Prior to the report of Heer et al. (88), the distribution of sodium within the body was assumed to 146 

take place without significant concentration gradients except for the ≈30% of total body sodium found 147 

'non-exchangeable' presumably in bone (cf. Fig. 2). Subsequently, Titze and coworkers by a considera-148 

ble number of detailed studies in rat and man have demonstrated persuasively that sodium is unevenly 149 

distributed with high abundance in certain skin and muscle compartments (104, 112, 113, 142, 155-150 

160, 169, 171).  Most of these studies include large amounts of data, and a comprehensive analysis is 151 

beyond the scope of the present review. However, part of the concept represents an unusual approach to 152 

fluid balance, e.g., ‘osmosensitivity’ is defined as a regulatory level which determines whether or not a 153 

retained Na+ load exerts osmotic activity or not and, hence, increases ECV (158), and a few comments 154 

may seem pertinent.  155 

The activity of sodium and water in the extracellular fluid. In experimental animals, tissue water 156 

was determined by desiccation which unquestionably provides results very close to the true water con-157 

tent, but the underlying notion that this represents a homogenous pool of water is probably an oversim-158 

plification; the state of interstitial water is complex, possibly including water-potential differences at 159 

the millimeter scale (117). Tissue sodium was determined by several methods, including flame pho-160 

tometry after dry ashing, e.g. (155-158, 160), 23Na-magnetic resonance imaging (103), and electron 161 

microprobe analysis of tissue slices (171) according to Beck et al. (6). These methods determine the 162 

skin content of sodium irrespective of its physico-chemical activity; the concentration/activity of Na+ 163 

ions dissolved in the extracellular fluid cannot be calculated from the amount determined by these 164 

chemical methods. Consequently, it is not possible by these methods to estimate the osmotic activity of 165 

the measured amounts of Na+, or to address the tonicity of the extracellular fluid.  166 
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A high sodium-to-water ratio may be due to a high sodium activity (‘active concentration’) in the 167 

tissue fluid, but maintenance of sodium concentration gradients requires the specific functional entities 168 

of a countercurrent multiplier (a hairpin vascular structure, a regulated flow, and active transmural ion 169 

transport). Alternatively, a relative excess of tissue sodium may exist if sodium is bound to other sub-170 

stances (proteins), in which case the free concentration of sodium ions in tissue water may well be 171 

similar to that of plasma water (corrected for the Donnan effect). Results from a recent study of tissue 172 

composition in humans show a correlation between glycosaminoglycan abundance and tissue cation 173 

amounts (44) supporting the notion that glycosaminoglycans have a role in water-free sodium storage 174 

and that excess sodium in soft tissues is complexly bound.   175 

Lack of clarity with regard the presence of excess sodium (protein bound or dissolved)  in skin 176 

and muscle compartments does not detract from the overall results indicating that a given increment in 177 

TBS is unevenly distributed between tissues, and that the skin interstitium sequesters excess sodium in 178 

salt-sensitive hypertension (169). However, the concept that retention in the skin of sodium in excess 179 

over water (without parallel potassium losses) indicates interstitial hypertonicity (171) is correct only 180 

under the assumption that binding of sodium to larger molecules is minor. Evidence of this does not 181 

appear to be available. Actually, a number of results have been interpreted by the authors to indicate 182 

osmotically inactive sodium storage (142, 155-157, 159, 160), while others are discussed on the basis 183 

of assumptions of osmotic gradients (103, 126, 169). The statement that an increase in the ratio of (Na+ 184 

+ K+) content to water content in skin ‘suggests an increase in interstitial tonicity’ (113) appears unwar-185 

ranted.  186 

Direct measurements of osmolality and sodium concentrations. Subsequently, the issue of local 187 

hypertonicity/hyperosmolality has been studied by exposure of rats to massive salt loading (8% NaCl in 188 

chow, 1% saline to drink, see below). It was demonstrated (169) that (i) during DOCA-salt conditions, 189 
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the amount of sodium in skin lymph was elevated by some 30 mmol/l without significant changes in 190 

corresponding chloride concentrations, (ii) that in skin microdialysate the osmolality was elevated by 191 

some 7 mOsm/kg, but sodium concentration was increased by 14 mmol/l (which, if present as NaCl, 192 

should have raised osmolality by some 25 mOsm/kg), and (iii) that vapor pressure osmometry of skin 193 

slices increased the osmotic pressure by some 20 mOsm/kg which, if generated by Na+ (associated with 194 

small anions), requires an elevation in sodium concentration of some 11 mmol/l. The first two results 195 

could be interpreted to indicate that a large part of the excess sodium was not dissolved together with 196 

small anions such as chloride, but rather bound to other molecules. Remarkably, a recent study partly 197 

by the same authors (126) showed that even during the severe (8% salt, 1% saline-to-drink) regimen in 198 

rats, interstitial fluid (sampled by wicks) and collected lymph showed osmolalities and sodium concen-199 

trations that were not different from the corresponding plasma values. Interstitial fluid isolated by cen-200 

trifugation did show higher osmolality, but also higher potassium concentrations, leading the authors to 201 

conclude that these data ‘suggest that the method is unsuitable for IF [interstitial fluid] studies’ (126) 202 

(and the reader to speculate why these results were included). In addition, it was also found, by vapor 203 

pressure measurements of small tissue discs, which differences exist between epidermal and dermal 204 

discs (126). However, the impact of these results seem questionable, firstly because the osmolality of 205 

the tissue is provided in milliOsmols per g dry weight (a unit which is not immediately intelligible), 206 

and secondly because the associated analysis of the major osmolytes (Na+, K+, urea) indicate a major 207 

gap between tissue osmolality (≈ 0.8 mOsm/g in low-salt diet epidermis) and the sum of corresponding 208 

[urea] plus 2 times ([Na+] + [K+]) which is ≈ 0.4 mOsm/g (Fig. 6 of (126)). This gap represents a re-209 

markable inconsistency and could indicate unrecognized methodological difficulties.  210 

It remains to be determined whether the uneven distribution of sodium in specific tissues is anal-211 

ogous to the renal medulla (where active transport and a specific flow pattern maintain interstitial hy-212 
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pertonicity), or to oxygen transport in blood, where protein (hemoglobin) binds ≈ 99% of the solute 213 

(oxygen) allowing the concentration of free solute (oxygen tension) to remain low. At the present time 214 

the latter seems the more plausible explanation. 215 

Quantitative significance of overabundance of sodium in soft tissues. Additional quantitative 216 

considerations seem to question the functional significance of the results obtained so far. In the initial 217 

studies of rats, the salt loading procedures included a transition from low salt diet (<0.1% NaCl) to high 218 

salt diet (8% NaCl) (156, 158) providing an ≈80-fold increase in sodium intake, assuming that food 219 

intake remained unchanged. In other early studies, sodium intake was increased by changing the drink-220 

ing water from tap water to 1% saline solution (171). In any case, the increase in sodium intake was 221 

severe. However, the effects of these changes were not impressive. Mean arterial blood pressure, plas-222 

ma sodium or the ratio between total body sodium and total body water did not change (156, 158, 171), 223 

neither did the ratio between skin (Na+ + K+) and skin water (158, 171).  Modest increases were found 224 

in the ratios between skin sodium and skin dry weight, and between skin sodium and skin water (+17% 225 

and +10%, respectively (158); +13% and +9%, respectively (171)). Therefore, these changes could 226 

represent a minor exchange of potassium for sodium in the skin during sodium loading. In subsequent 227 

work, the two severe sodium loading procedures were combined so the rats were exposed to a diet of 228 

8% NaCl concomitant with 1% saline as water source (113). This massive sodium load, associated with 229 

a 14% increase in mean arterial blood pressure, caused a modest 8% elevation in the ratio between skin 230 

(Na+ + K+) and skin water (113). Overall, the changes in the abundance of skin sodium associated with 231 

excessive sodium loading remain small, when statistically significant. 232 

In summary, Titze and coworkers have shown convincingly, with a huge amount of data, that the 233 

traditional concept (Fig. 2) must include an uneven tissue distribution of TBS with increased levels in 234 

skin and muscle. The changes in interstitial amounts of sodium associated with massive loading proce-235 
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dures (providing sodium per kg body mass at rates one to two orders of magnitude higher than very 236 

high sodium intakes in humans, cf. Fig. 7) seem modest as they are less than 10% when at all signifi-237 

cant. The specific format of this relative excess of sodium is uncertain, and the quantitative importance 238 

of the sequestration of sodium is less evident. The phenomenon remains potentially important, particu-239 

larly as part of pathophysiological mechanisms. 240 

 241 

Total body sodium and regulation dynamics 242 

 243 

Total body sodium (TBS) is a controlled variable (116, 138, 151, 166). In case of sudden dietary 244 

sodium restriction, renal sodium excretion decreases rapidly (Fig. 3). The discussion of models with or 245 

without a set point 246 

[Fig. 3 near here] 247 

(15, 91, 92) may be less pertinent considering that sodium losses never reach mathematical zero, and 248 

that the main controller at low sodium states (i.e., the renin system) seems to operate on a log-linear 249 

basis (9, 96).  Based on simple steady state considerations, the overall performance of TBS regulation 250 

is given by the TBS error signal, i.e., the change in total body sodium (mmol) per unit (change in) so-251 

dium intake per day (mmol ⋅ d-1); the unit, therefore, of the TBS error signal is ‘d’. Although several 252 

studies have been unable to demonstrate any change in TBS with increased sodium intake, a number of 253 

others have been more successful. In an extensive study, a linear model was found to fit this relation-254 

ship (167), and from 13 studies Walser (166) calculated a mean value of 1.3 d. Incidentally, in ‘normo-255 

tensive blacks’ the TBS error signal may be higher, a value of 2.7 d can be calculated from more recent 256 

results (143). Applying the value of 1.3 d, a change in sodium intake from 50 to 250 mmol/d (example 257 

of low normal to high normal change in an industrialized environment) increases total body sodium by 258 

260 mmol, i.e., ≈ 6 %, as TBS normally is in the order of 4200 mmol (45).  If this amount of sodium 259 
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were to be retained as osmotically active sodium, body mass would increase by ≈1 kg per 100 mmol 260 

increase in sodium intake.  261 

The TBS error signal is the integrated difference over days between a suddenly increased sodium 262 

intake and the slower, asymptotic increase in sodium excretion. In the material reviewed by Walser 263 

(166), the rate constant of the latter is close to 0.8 d-1, corresponding to a half time (T½) of some 21 h, 264 

i.e., it takes more than four days for sodium excretion to catch up with >95% of a step-up increase in 265 

sodium intake. Notably, this T½ is much larger than the T½ for the analogous increase in water excre-266 

tion correcting a sudden surplus of water.  267 

The simple, conventional concepts of sodium balance include that increases in TBS (i) are re-268 

tained as osmotically active sodium ions and (ii) are approximately stable providing a new steady state 269 

of TBS. The former assumption has been challenged by Jens Titze and collaborators with considerable 270 

merit as discussed above. However, this insight has not yet lead to a quantitative adjustment of the 271 

conventional concepts. The steady-state assumption has also been addressed by Titze et al. as discussed 272 

below.   273 

Long-term studies of sodium metabolism are necessary to investigate steady states of sodium bal-274 

ance, but notoriously difficult to perform. The set-up of simulated space-flight studies lasting many 275 

months seems to have offered the necessary logistic support. Focused on infradian rhythms, Titze et al. 276 

(159) reported a remarkable dissociation between weight gain and nominal changes in sodium balance 277 

over their 135 d study period. However, neither a new steady state of TBS nor an oscillatory behavior 278 

of TBS around a time-invariant mean was obtained. Dietary intake was not controlled and over time 279 

sodium intake increased, body mass increased by 5-8 kg, and TBS increased by 3000-7000 mmol (ap-280 

propriately described as ‘excessive’ by the authors (159)). During the first 90 d, the TBS response var-281 

ied between the three subjects, but body mass increased consistently. During the last 45 d of observa-282 
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tion, large and steady increases in TBS of 70-90 mmol/d were found (Fig. 3 of (159)) while body mass 283 

showed only minor deviations.  This disequilibrium of TBS warranted scrutiny of the underlying as-284 

sumptions, particularly that of extrarenal losses of sodium being 10 mmol/d every day. The authors 285 

found support for the assumption in the work of Heer et al. (88). However, the latter protocol (88) 286 

spanned a period of only 24 d (with shifts in sodium intake every 8th d), and the results of Heer et al. do 287 

not appear to lend strong support to assumptions with regard to phenomena occurring after 90 d (159). 288 

The massive elevations in TBS measured over 45 d in three subjects by Titze et al. (159) remain myste-289 

rious.  290 

Subsequently, the transitions between, and the stability of the steady states driven by controlled 291 

levels of sodium intake (each of >29 d duration) have been studied in a similar setting (134) again with 292 

focus on infradian rhythms and ultra-long-term steady state of TBS. From a huge amount of data, it 293 

was concluded that although the relationships between daily sodium intake, urinary sodium excretion, 294 

TBS, and extracellular fluid volume may seem to follow conventional concepts over periods of days 295 

(<7), considerable day-to-day variability as well as circaseptan (i.e., weekly) periodicity seem to be 296 

driven by other factors, notably glucocorticoids. Recently, the same data set was reanalyzed extensively 297 

(135). This reanalysis is difficult to follow.  298 

Firstly, one of the hypotheses was ‘that the salt-driven increase in urine osmolyte excretion was 299 

coupled with enhanced free water reabsorption’. It is puzzling that the authors focus on the existence of 300 

a relation between salt-driven increase in renal osmolyte excretion and renal water conservation. This is 301 

the very essence of the role of the kidney in water and sodium balance. It cannot be expected that an 302 

increase in sodium intake is followed by a parallel increase in water intake (subjects ingesting 250 303 

mmol sodium per day do not ingest five times as much water as subjects on a 50 mmol/d diet), there-304 
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fore the increased sodium intake must be associated with decreases in (i.e., a more negative) free water 305 

clearance. The hypothesis seems virtually impossible to falsify and, therefore, of limited interest.  306 

Secondly, the conceptual framework is confusing. In the 1132 page (!) supplementum the authors 307 

introduce a conceptually novel analysis of changes in urinary water and osmolyte excretion without any 308 

discussion of advantages and drawbacks. It is possible that the concepts of osmolar and free water 309 

clearances need to be improved, but the introduction of a new set of variables such as ‘osmolyte-310 

coupled water excretion’ (defined as ‘the difference between projected urine reduction and measured 311 

urine reduction’) deep into an addendum does not seem the proper way to do so. In addition, this new 312 

analysis is based on the assumption that urine osmolality is almost equal to twice the sum of the con-313 

centrations of sodium and potassium plus the concentration of urea leaving little room for other solutes 314 

such as phosphates and ammonia which normally provide sizable contributions to urine osmolality. 315 

This new quantitative approach would benefit from a proper presentation, appropriate modelling and 316 

detailed discussion.  317 

Thirdly, the relation between a number of the results and current concepts is unclear. The renal 318 

excretion data from the ten subjects were classified in tertiles based on sodium excretion, but the reason 319 

for, and methods of this subdivision are not provided. However, the analysis surprisingly revealed that 320 

daily water intake was on average 293 ml higher during low salt intake (6 g/d) than during high salt 321 

intake (12 g/d). It is puzzling that, particularly in the light of unchanged urine flow and approximately 322 

constant body mass, this must mean that the daily extra-renal water losses were some higher by some 323 

300 ml/day during low salt diet than on high salt diet. In addition, it is emphasized that the new results 324 

suggest that ‘that urea accumulation in the renal interstitium provides the osmotic driving force neces-325 

sary for antidiuretic water movement when dietary salt is concentrated in the urine’. This emphasis is 326 

quite surprising because for decades any other option has been unattractive.  327 

Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



15 

 

Finally, it is quite confusing that it is concluded that ‘the physiological response to daily-life increases 328 

in salt intake in humans relies on selective renal osmolyte elimination by urine concentration, which 329 

allows maintenance of a body fluid balance in the absence of environmental water sources’. This con-330 

clusion must represent a misinterpretation. Humans cannot avoid the loss of water via skin, exhaled air, 331 

urine and feces, and the implicit conclusion that ‘new’ water generated by metabolism of food items 332 

can exceed the obligatory water losses is untenable.   333 

The overall conclusion of the extensive re-analysis (135), i.e., that humans regulate osmolyte 334 

and water balance by rhythmical mineralocorticoid and glucocorticoid release and precise surplus ex-335 

cretion, does not seem to be substantially different from the original interpretation (134).  The re-336 

analysis (135) is published together with a study in mice (100) supposed to supplement the human data.  337 

However, in contrast to the protocol for the human investigation, the mice were not studied under 338 

steady state conditions. During the 20 h of study, they went through an extreme transition, i.e., (i) the 339 

animals were transferred to a metabolic cage, (ii) food intake was abruptly cut to zero, (iii) fluid intake 340 

was 5% of the preceding day, and (iv) urine volume was 2.4 times as large as fluid intake (per se de-341 

creasing body mass by some 5%/24h more than the substantial decrease which must have been a con-342 

sequence of the fasting). Much of the discussion seems to address changes which could very well be 343 

associated with the unspecific stress of the new situation, e.g., the ketogenesis of inanition. The com-344 

parison between the human data from well-defined steady state (135) with results in mice obtained dur-345 

ing extreme transition (100) seems unwarranted. 346 

In summary, sodium seems unevenly distributed also in soft tissues (muscle, skin) and the results 347 

of careful long-term studies in humans indicate that with regard to TBS, the steady state concept may 348 

well need to be revised, but the animal data so far available do not appear to be helpful in this regard.  349 
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 350 

Surrogate variables and pressure-volume relations 351 

TBS is a controlled variable for which the input to the homeostatic controllers relies on one or 352 

more substitute or ‘surrogate’ variable(s). Under normal conditions, the extrarenal losses of sodium are 353 

small and dictated by other body systems (bowel function and, in man, temperature regulation). There-354 

fore, renal sodium excretion is the regulator of TBS. As the mass of TBS is not a feasible signal for a 355 

biological sensor, and osmoregulation is rapid and precise, the regulation of TBS relies on the volume 356 

of one or more extracellular fluid compartments. The extent to which deviations in plasma volume, or 357 

in extracellular volume, are necessary and sufficient is uncertain, and the primary sequence of events 358 

that under physiological conditions leads to adjustments of renal sodium excretion in response to 359 

changes in sodium intake remains unclear. Remarkably, volume loading per se does not necessarily 360 

lead to increased sodium excretion as overhydration with plain water is not necessarily associated with 361 

an increased in sodium excretion.  362 

In the late sixties, Guyton and coworkers revolutionized the approach to body fluid and blood 363 

pressure regulation by focusing on renal excretion (56-58), and by developing these concepts into a 364 

complex, quantitative model of the relations between sodium intake, body fluid volumes, and blood 365 

pressure regulation (58-60). The core of this analysis is the ‘basic fluid volume feedback system for 366 

arterial pressure regulation’ (Fig. 4). Notably,  367 

[Fig. 4 near here] 368 

both for block 1(148, 154), and for block 5, essential relations were derived from results obtained in 369 

anesthetized, acutely prepared dogs. In addition, ‘mean systemic pressure’ was measured after many 370 

seconds of cardiac arrest, and the extent to which the determination of ‘mean systemic pressure’ was 371 
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affected by the presence of circulatory reflexes activated during the cardiac arrest must be reason for 372 

considerable concern. Over decades, the comprehensive model (60) has had an immense impact, par-373 

ticularly through the interpretation that the ‘pressure natriuresis mechanism’ always is involved in ad-374 

justments of renal sodium excretion even when blood pressure does not change. It should be kept in 375 

mind that simulations demonstrate neither that the elements of the model reflect real life components, 376 

nor that such components are operating as connected in the model. Another set of transfer functions 377 

operating in the existing model, or a completely different model for that matter, may generate equally 378 

satisfactory simulation results. Successful simulations provide likelihood of reality resemblance, not 379 

proof. The validity of a model is tested by its success in reproducing multiple experimental situations 380 

and transitions.  381 

A pivotal observation was made by Hall and coworkers when they showed that changes in so-382 

dium intake are associated with changes in arterial pressure when the renin system is prevented from 383 

operating, either by chronic infusion of angiotensin converting enzyme inhibitor (ACEI) or of angio-384 

tensin II (84). It is clear, therefore, that in the absence of an operating renin system, there is a well-385 

defined correlation between blood pressure and sodium excretion. In a modelling context, the relation-386 

ship between arterial pressure and sodium excretion has been named the ‘renal function curve’ and the 387 

‘pressure-natriuresis curve’ (56-58) and it continues to be a central element of current concepts (16, 19, 388 

68, 76, 164). However, experimental results in untreated, conscious dogs demonstrate that, within the 389 

physiological range even marked changes in sodium intake are not followed by significant changes in 390 

arterial pressure (25, 33, 84, 101, 102, 106, 146) i.e., under normal physiological conditions the relation 391 

between arterial pressure and sodium excretion (Fig. 5, panel A) is not different from vertical. If plotted 392 

in a more conventional way (dependent variable on the abscissa, Fig. 5, panel B),  393 

[Fig. 5 near here] 394 
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the results indicate that based on measurements on a 24/7 basis, arterial blood pressure in normal dogs 395 

is not sensitive to chronic changes in sodium intake (for details, see Appendix).   396 

The evidence summarized above and in the Appendix demonstrates that under extraordinary 397 

conditions changes in renal arterial pressure may cause natriuresis, but also that under other circum-398 

stances, the direct relation between renal arterial pressure and renal sodium excretion, if at all signifi-399 

cant, is likely to be trivial. There is considerable evidence to support that at physiological body fluid 400 

deviations (i) blood pressure regulation is so efficient that the direct relationship between ECV, cardiac 401 

filling and arterial pressure is uncoupled, i.e., that the relationship between ECV and arterial blood 402 

pressure exhibits a plateau when conditions are close to normal, and (ii) the natriuretic effect of small 403 

(<20%) changes in renal arterial pressure is easily overridden by the activity of the renin system.  404 

 405 

Volume natriuresis 406 

The possible relation between sodium intake and arterial blood pressure in normal animals and 407 

man has been investigated for more than a century, often in connection with hypertension. The litera-408 

ture on the subject is enormous, and it is way beyond the scope of the present review to provide an 409 

overview. Nevertheless, a few fixed points may be pertinent. In man, a somewhat arbitrary range of 410 

0.03 - 6 mmol (kg body mass ∙ day)-1 seems to cover almost all spontaneous intakes. Experimental an-411 

imals are often provided with much larger intakes. Often the available protocol descriptions do not al-412 

low for a calculation of sodium intake. When they do, values of  ≈70 mmol ∙ (kg body mass ∙ day)-1 are 413 

not unusual, e.g., (50, 170) and, if a standard (250 g) rat exposed to a diet of 8% salt and 1% saline for 414 

drinking, by moderate estimates ingests 15 g and 60 ml, respectively, the sodium intake is ≈120 mmol ∙ 415 

(kg body mass ∙ day)-1, i.e. 20 times in excess of a very high intake in humans. Daily sodium intakes 416 
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vary enormously and should be reported in mmol sodium per kg body weight per day. A ‘normal’ sodi-417 

um intake does not exist, as spontaneous intakes in humans vary by orders of magnitude. Compared to 418 

man, standard animal diets often provide high intakes of sodium, which during ‘sodium loading’ pro-419 

cedures occasionally reach excessive levels beyond the operating range of the renin system (cf. a to d 420 

of Fig. 7B below). 421 

As mentioned previously, under controlled conditions the arterial blood pressure of conscious 422 

dogs is not affected by changes in sodium intake (25, 33, 84, 101, 102, 106, 146). In addition, when 423 

diurnal periodicities of renal sodium excretion and mean arterial pressure were investigated by consec-424 

utive 20-min urine samples and continuous measurements of blood pressure, a coupling between the 425 

concomitant spontaneous variations between the two could not be detected (131). In man, the influence 426 

of dietary sodium intake on blood pressure is less clear. In normal subjects, so-called salt sensitivity of 427 

arterial pressure has been studied intensively. Methods have varied, and the agreement between the 428 

results is not impressive. From a comprehensive analysis, the Institute of Medicine (National Academy 429 

of Sciences) concluded in 2013 that the available evidence was ‘consistent with the observations that 430 

some individuals are salt sensitive and some are salt resistant’ (118).  Prominent examples include the 431 

presence of salt sensitivity in 26% (168) and up to 16% (35) of normal populations, and it seems rea-432 

sonable to assume that in ≈1 out of 5 normal subjects, arterial blood pressure can be affected by short-433 

term (i.e., weeks) changes in dietary sodium intake. The blood pressures of laboratory dogs and the 434 

large majority of normal human populations are salt resistant. Salt sensitivity is not a general phenome-435 

non (118).  436 

In the analysis of the multiple factors potentially regulating renal sodium excretion under 437 

normal conditions, renal arterial pressure has had a prominent role via the ‘pressure natriuresis’ con-438 

cept, i.e. that renal arterial pressure is the pivotal mechanism through which all other regulators of renal 439 
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sodium excretion operate (block 1 of Fig. 4). As mentioned above, the concept was essential to the 440 

renocentric revolution of blood pressure control initiated by Guyton et al. half a century ago (56). It has 441 

a prominent role in some current approaches (16, 19, 66, 68, 76, 121). Over several decades, we have 442 

been able to gather results pertinent to this issue by focusing on the effects of acute sodium loading 443 

using nearly identical protocols in conscious dogs and normal humans. Initially, these studies were in-444 

spired by the finding that traditional acute protocols of sodium loading in conscious dogs generated 445 

blood pressure elevations and massive increases in renal sodium excretion clearly beyond changes rel-446 

evant to physiological regulation. It became a persistent finding that with low rates of administration of 447 

NaCl solutions, robust elevations of renal sodium excretion occurred without measurable changes in 448 

arterial blood pressure (1-4, 10, 31, 40, 97, 120, 133, 136, 141). Generally, if the rate of infusion of 449 

sodium did not exceed 0.02 mmol ∙ (kg body mass ∙ min)-1, sodium loading over several hours did not 450 

elevate arterial pressure, but invariably caused robust increases in renal sodium excretion. Notably, this 451 

means that a conventional daily intake of 150-200 mmol of sodium can be infused into a normal person 452 

over a couple of hours without any increase in arterial pressure. As previously mentioned, experiments 453 

in which arterial pressure did change (11) showed that the renin system dominates over the direct ef-454 

fects of renal arterial blood pressure at least within ±15 mmHg changes from baseline. Taken together, 455 

these results support the notion that physiological changes in plasma angiotensin II concentration may 456 

easily override the direct effects of arterial blood pressure on renal sodium excretion, and thus add 457 

credibility to the concept that under physiological conditions, renal sodium excretion is regulated pri-458 

marily by volume-mediated changes in hormonal and nervous signaling pathways. With regard to long-459 

term regulation of TBS, it should be kept in mind that some mechanisms may operate at very long time 460 

constants, and that acute experiments do not reflect the importance of such mechanisms. 461 
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Recently a very large model (‘HumMod’) has been used to address the complex regulatory re-462 

sponses to changes in sodium intake (19). With such an enormous model (8000 variables) it is particu-463 

larly important that the baseline simulation results agree with experimental data. It is remarkable that 464 

one of the basic simulations of HumMod shows a) that blood pressure is salt sensitive, b) that the salt 465 

sensitivity is most pronounced at the most common range of human salt intake from 0 to 3 mmol ∙ (kg 466 

body weight ∙ day)-1, and c) that the simulated change in blood pressure (≈10 mmHg) is remarkably 467 

large (19). As discussed above, sodium sensitivity of arterial blood pressure (i) is not a consistent find-468 

ing in normal man (118), (ii) is not found in long-term studies in conscious dogs (25, 33, 84, 101, 102, 469 

106, 146), and (iii) is not seen in acute studies in conscious dog and normal humans (1-4, 10, 31, 40, 470 

97, 120, 133, 136, 141). Therefore, the essential baseline simulation of salt sensitivity of arterial blood 471 

pressure seems to be incongruent with a large number of observational and experimental results.  472 

In summary, sodium sensitivity is defined as a significant covariation between sodium intake 473 

and arterial blood pressure in a representative population sample. Sodium sensitivity cannot be demon-474 

strated by long-term studies of conscious dogs or normal humans. In acute experiments in conscious 475 

dogs and normal humans, robust changes in renal sodium excretion often occur without any change in 476 

blood pressure. Consequently, at least in acute studies volume-mediated neurohumoral pathways are 477 

responsible for the physiological regulation of renal sodium excretion. A model of sodium homeostasis 478 

should reproduce these basic experimental results. 479 

 480 

Perspectives 481 

The developments discussed in the preceding sections pose several questions to current con-482 

cepts and future developments with regard to the distribution and regulation of total body sodium as 483 
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well as to clinical entities, notably hypertension, which seem to include pathological deviations of so-484 

dium homeostasis.  485 

Does the classic model for sodium distribution need to be revised? The short answer is yes, but a 486 

number of details are less clear. The enormous work of Titze and coworkers demonstrates beyond rea-487 

sonable doubt that the disproportionate distribution of total body sodium in skin and muscle is real and 488 

significant. The derived questions go in several directions. Firstly, it seems important to relate quantita-489 

tively the new findings of disproportionate amounts of sodium in soft tissues to the classical concepts. 490 

When ‘standard man’, containing 4200 mmol of sodium, increases the intake of sodium by 200 491 

mmol/d, TBS will grow by some 250 mmol (see above) of which some are responsible for the isotonic 492 

increase in body fluids and others are bound (or less likely disposed of in a hypertonic environment). 493 

Assuming that the body mass increase, occurring with short-term elevations of sodium intake, basically 494 

is isotonic volume expansion, sodium balance studies (90, 143) indicate that some 40% of the increase 495 

in TBS cannot be accounted for by the body mass increase and thus represents the fraction of the TBS 496 

increase which is osmotically buffered.  Secondly, the (patho-)physiological importance of the uneven 497 

distribution of surplus in TBS seems difficult to assess on the present background also because most of 498 

the rodents studied have been exposed to very high sodium loads. Thirdly, the long-term instability of 499 

TBS and the mechanisms behind may well have implications for future developments in the under-500 

standing of sodium homeostasis and the clinical entities associated with abnormalities herein. Unfortu-501 

nately, studies of the latter phenomena in man are extremely demanding.  502 

Does the parallel input notion of the regulation of renal sodium excretion have merit? In con-503 

scious dogs and normal humans, solid support seems to exist for the notion that, at physiological condi-504 

tions, neurohumoral control pathways dominate the homeostatic regulation of renal sodium excretion. 505 

In addition, it seems likely that, at minor, slow deviations in arterial blood pressure (< ≈20%), these 506 
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neurohumoral mechanisms may easily override the direct renal effect of such changes in renal arterial 507 

pressure. As rapid changes in renal arterial pressure (release of servo clamp, opening of arterio-venous 508 

fistula) clearly are able to cause profuse natriuresis irrespective of all other mechanisms, a balanced 509 

view is required. Generally, at large, sudden changes in arterial blood pressure, pressure dominates and 510 

causality is easily demonstrated, but at small, slow pressure changes, neurohumoral mechanisms over-511 

ride the effects of pressure, and a correlation between arterial pressure and sodium excretion is absent 512 

or trivial. This balanced view is most appropriate in light of the fact that under normal physiological 513 

conditions, significant ‘salt sensitivity’ of arterial blood pressure cannot be demonstrated in unselected 514 

population samples, and in normal man simple saline loading may cause robust natriuresis even when 515 

arterial pressure happens to decrease (2). Given the urgency of hypertension research, this should not 516 

diminish the interest in the mechanisms responsible for salt sensitivity in the rather small minority of 517 

normal humans who display this characteristic and ENaC regulation may be a key to further under-518 

standing (132), but the selection bias should be given appropriate attention. 519 

Is the regulation of renin secretion dominated by logarithmic relations? The arterial pressure me-520 

diated control of renin secretion conventionally has been interpreted on the basis of a threshold con-521 

cept, i.e., as a bent linear relationship (43). Around and above mean arterial pressure, the slope is small, 522 

almost a plateau (38), but below the threshold small decreases in pressure elicit large increases in renin 523 

secretion. Importantly, the bend is situated some 15% below the average arterial pressure which, at 524 

best, makes pressure-mediated renin secretion a discontinuous regulator (38) at normal arterial pressure 525 

variations (see review (30)). The model seems open to re-analysis. As an example, the results of Seel-526 

iger et al. (146) (Fig. 6, to be discussed further below), have been redrawn on a logarithmic scale (Fig. 527 

7A). The results seem to fit appropriately to a log-linear relationship based on which the effect of 528 
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changes in blood pressure on renin secretion can be described as a shift in set point (e.g. at 100 mmHg) 529 

rather than a shift in slope.  530 

[Fig. 6 near here] 531 

The primary, continuous secretion of renin is taking place indirectly on the basis of TBS, and 532 

the quantitative description of this regulation is simplified by analysis of plasma renin activity as func-533 

tion of the logarithm of sodium intake (30) (Fig. 7B). These function lines are characterized by a set 534 

point and a slope. A convenient set point is the plasma renin activity at a sodium intake of 1 mmol∙ (kg 535 

body mass ∙day)-1. Rats and dogs have set points of 22 and 13 mIU/l, while the young men of the hu-536 

man studies had a set point of 47 mIU/l. In rats and dogs, the slopes (renin sensitivity to changes in 537 

sodium intake) were similar at 9 - 10 ‘slope units’ (change in plasma renin activity per decade change 538 

in sodium intake, see legend of Fig. 7) while the human subjects had a slope of 40 ‘slope units’. The 539 

log-linear analysis of renin secretion facilitates comparisons between different species and laboratories, 540 

as well as future studies of the normal renin secretion including the interaction between regulation me-541 

diated by macula densa, renal nerves and renal arterial pressure, and the description of pathophysiolog-542 

ical conditions, e.g., essential hypertension. 543 

[Fig. 7 near here] 544 

Notably, the time course of renal sodium excretion after a sudden reduction also seems to fol-545 

low a log-linear course (Fig. 3). Log-linear models seem to be an attractive way of analyzing what 546 

normally are described as curvilinear functions. 547 

Is essential hypertension a symptom for which the etiology need to be categorized? Essential hy-548 

pertension is not a disease; it is a symptom that predicts an array of negative cardiovascular outcomes, 549 

more like a ‘fever of the cardiovascular system’ open to life-long treatment in the absence of a curative 550 

approach. The primary abnormality may originate by neural, hormonal, reno-vascular or reno-tubular 551 
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malfunction. As discussed recently, clear definitions of essential and secondary forms of hypertension 552 

would be an advantage from an operational point of view (9), but the issue does not seem sufficiently 553 

prioritized. A large minority of the patients with essential hypertension may suffer from abnormal neu-554 

ral control involving - and perhaps even limited to - the kidney; another large fraction from primary 555 

abnormal renal tubular function; but the residual constitutes a considerable percentage possibly includ-556 

ing primary vascular abnormalities also including such changes in the kidney. One consequence of the 557 

present parallel processing concept of sodium homeostasis is that is opens up for a more differentiated 558 

approach to the analysis of situations where the regulatory mechanisms are not operating normally. The 559 

primary reason for abnormal sodium excretion could be hyperreabsorption of sodium due to reno-560 

tubular, neurogenic or hormonal abnormalities. Because of the renal localization of the pressure recep-561 

tor participating in the regulation of renin secretion, renal hypoperfusion may give rise to hormonally 562 

mediated hyperreabsorption. In principle, renal hypoperfusion could be secondary to reno-vascular, 563 

neurogenic and hormonal events. In addition, hyperreabsorption and hypoperfusion might co-exist for 564 

other reasons. In any case, new clinical insight seems particularly important, and the pathophysiologi-565 

cal mechanisms should be analyzed on the basis of the knowledge that the normal control of sodium 566 

excretion is governed by multiple neurohumoral regulators which dominate the control during normal 567 

physiological conditions, but also that these can be overridden by direct effects of renal arterial pres-568 

sure, particularly if these are rapid and/or large.  569 

 570 

Appendix: The pressure natriuresis concept and sodium balance1 571 

                                                      
1 The preceding text is based on the 2017 Ernest H. Starling lecture given on April 23, 2017. The appendix is a result of the 

editorial process. 
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Half a century ago, the identification of the kidney as a (if not the) primary organ of blood pres-572 

sure control (56, 57) was an iconoclastic break with conventional thinking. The new concepts included 573 

that the “physiologic basis of the renal-body fluid mechanism for regulation of arterial pressure is the 574 

direct effect of arterial pressure on output of water and salt from the kidneys” (58), i.e., that the kidney 575 

is an “overflow valve” of the circulation (52). The key renal element of this regulation is the pressure 576 

natriuresis relationship (PNR) (23). In reviews of blood pressure and body fluid regulation, the PNR 577 

often has been given a prominent role in the context of normal control and experimental (16, 22-25, 29, 578 

48, 53-55, 58-60, 62, 63, 65, 70, 81, 87, 115, 121, 123-125, 128), as well as of pathophysiological 579 

analyses (26-28, 47, 49, 61, 64, 66, 67, 69, 71, 72, 76, 78, 80, 86). The present comments are limited to 580 

the importance of the PNR to the physiological regulation of sodium balance. As discussed recently (9) 581 

the pivotal question is whether the PNR always represents a master regulator which is continuously 582 

reset by other controllers (Fig. 1 upper panel). The alternative view is that the PNR describes a correla-583 

tion between arterial pressure and sodium excretion which only under exceptional circumstances re-584 

flects a causal relationship, and that the regulation of renal sodium excretion normally is a concert of 585 

relatively independent regulatory instruments operating in parallel (Fig. 1, lower panel). Unfortunately, 586 

discussions of the importance of the PNR sometimes tend to be blurred by misinterpretations and ex-587 

perimental inconsistencies (42). 588 

[Fig. 8 near here] 589 

PNR concept 590 

The PNR is also called ‘real function curve’ or the ‘salt-loading curve’ and is the graphical 591 

presentation of renal sodium excretion as function of arterial pressure during conditions of sodium bal-592 

ance (Fig. 8).  In acutely prepared, anesthetized animals, large elevations of renal arterial pressure gen-593 

erated by extra-corporal devices are followed by marked increases in urine flow (Fig. 9, left panel) 594 
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(148, 149, 154) and sodium excretion (148, 153) concomitant with a large decrease in urine osmolality 595 

(Fig. 9, right panel) (154). Subsequently, it has been demonstrated that also in conscious dogs sudden 596 

large increases in renal arterial pressure (≈ 60 mmHg) cause severe natriuresis (77, 78). Under these 597 

conditions, sudden changes are large and causality is unquestionable. The essential part of the Guyton 598 

& Coleman model (the mathematical function of block 1, see present Fig. 4) (56) is consistent with the 599 

results of Thurau & Deetjen (Fig. 9) (154).   600 

[Fig. 9 near here] 601 

The concept of the PNR as the pivotal element in “the renal-body fluid mechanism for regulation 602 

of arterial pressure” (56, 57) generates several uncertainties. The possible reasons for the absence of 603 

universal acceptance of the concept are best illustrated by a discussion of the pertinent experimental 604 

evidence. 605 

The classical results of Hall et al. (84) were part of extensive chronic studies in conscious dogs 606 

of the interaction between blood pressure changes, renin system activity and renal sodium excretion 607 

(33, 74, 75, 77, 82-85, 109, 161) all interpreted to comply with the pressure natriuresis concept. These 608 

demanding and innovative experiments identified the renal actions of angiotensin II, e.g. (74) and pro-609 

vided valuable results with regard to the action of converting enzyme inhibitors, e.g. (75). However, it 610 

is puzzling to realize that to the unprepared eye, the common denominator seems to be that the activity 611 

of the renin system dominates the control of renal sodium excretion, for instance (i) infusion of physio-612 

logical amounts of angiotensin II elevates arterial pressure, but decreases renal sodium excretion (83), 613 

(ii) blockade of the formation or action of angiotensin II decreases arterial pressure substantially partic-614 

ularly during low-sodium conditions, but increases renal sodium excretion (84, 85), (iii) such blockade 615 

via the renal artery elevates the rate of excretion of sodium robustly at constant (73, 161) or falling (82) 616 

arterial pressure (albeit not in sodium-depleted, adrenalectomized animals (109)), and (iv) massive sa-617 
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line loading (up to 34 mmol/(kg ∙ d)-1) lead to sizeable increases in arterial blood pressure only when 618 

subtle amounts of angiotensin II are infused at the same time (33). Other results may deserve re-619 

evaluation as well. The finding that administration of sub-pressor doses of angiotensin into the renal 620 

artery caused a 40-50% decrease in renal sodium water excretion cf. (62)  seems compatible with a 621 

pressure-independent effect of angiotensin, rather than with an effect via ‘volume-loading hyperten-622 

sion’ (62). The results that aldosterone infusion (elevating plasma aldosterone by 20-fold) was associ-623 

ated with marked hypertension (≈ +60 mmHg) and dangerous fluid retention when renal blood pressure 624 

is prevented from rising by renal arterial servo control, and that that sudden removal of this control is 625 

followed by massive diuresis, natriuresis and systemic blood pressure reduction (79) are remarkable 626 

indeed, but do not necessarily support the notion that mechanisms driven by blood pressure dominate 627 

the control of sodium excretion under physiological conditions, in particular those conditions where 628 

blood pressure does not change at all.  629 

The issue was addressed by the technically demanding, week-long experiments conducted in 630 

conscious dogs after preceding surgical preparation to allow chronic catheters in, and adjustable, servo-631 

controlled occluders on both renal arteries and collection of urine from each kidney (split bladder tech-632 

nique) (119). Remarkably, when renal arterial pressure to one kidney was reduced (average -12.5 633 

mmHg) systemic arterial pressure rose (average +4.1mmHg), and the rates of sodium excretion fol-634 

lowed arterial blood pressure so that the decrease in the low-pressure kidney (-16 mmol/d, -40%) 635 

matched the increase in the high-pressure kidney (+14 mmol/d, +34%). Remarkably, the changes in 636 

sodium excretion were very similar despite a 3-fold difference between the changes in arterial pressure. 637 

Although immediately convincing, these results are not totally consistent, e.g. at the end of the 12-d 638 

servo control period, the pressure to the high-pressure kidney does not appear significantly elevated: 639 

Arterial blood pressure on the last control day was 89 ±2 mmHg (from Fig. 1 of ref. (119)), and for 640 
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intervention days 10 and 12, blood pressures were 89 ±4 and 91 ±4 mmHg, respectively (Fig. 1 of ref. 641 

(119)). This means that at the end of the intervention and based on continuous measurements around 642 

the clock, arterial blood pressure to the high-pressure kidney was not elevated significantly when com-643 

pared to the last control day, while sodium excretion had increased by up to 60%. The alleged exquisite 644 

sensitivity of the high-pressure kidney to minute changes in renal arterial pressure concomitant with a 645 

2-3 fold increase in plasma renin activity (119) is intriguing, but also confusing. It is regrettable, that 646 

results of mathematical modelling were not published along with these results and that apparently fol-647 

low-up modelling results have not been published subsequently.  648 

Other laboratories also have used conscious dogs in technically complex studies of the rela-649 

tions between total body sodium, body fluid volume, and blood pressure regulation. Using remote ac-650 

cess to vascular catheters as well as adjustable servo-controlled occluders on the aorta above the kidney 651 

as well as bladder catheters allowing urine sampling 24/7 at 20-min intervals (see (14)), Reinhardt et al. 652 

studied body fluid control by reducing renal arterial pressure and manipulating the renin angiotensin 653 

aldosterone system, see reviews (138, 147). Compared to the work of Hall et al., the experiments by 654 

Reinhardt and coworkers generally allowed for a higher time resolution (hours vs. days), but were con-655 

ducted for shorter periods of observation (days vs. weeks) and at fixed intakes not only of food, but 656 

also of water, e.g., (146). A period of four days is relatively short for studies of chronic changes in so-657 

dium metabolism and markedly shorter than the intervention of Mizelle et al. (119). In addition, proto-658 

col of the fixed water intake applied by Reinhardt et al. represents a potentially important systematic 659 

deviation from the natural mechanisms of water balance. Therefore, direct comparison of the results 660 

from these two groups is not straightforward. However, the results of the studies of Reinhardt et al. 661 

include the demonstration of the significant effect of changes in TBS on the control of renin secretion 662 

mediated by arterial pressure. Moderate deviations in TBS, positive as well as negative, were associat-663 
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ed with large changes in the sensitivity with which renin secretion reacted to changes in arterial pres-664 

sure (Fig. 6) (146) and, as renin is the main determinant  of the activity of angiotensin II and aldoste-665 

rone, such changes in slope are important for the regulatory efficacy of pressure-mediated renin secre-666 

tion on sodium homeostasis. 667 

 Other pertinent results include the quantitative description of the interaction between chronic 668 

20% reduction in renal arterial pressure and the activity of the renin system (Fig. 10). In the absence  669 

[Fig. 10 near here] 670 

of other interventions, such reduction over 4 days elevated systemic arterial pressure (≈ +30 mmHg), 671 

reduced heart rate (-12 bpm) and glomerular filtration rate (-17%), while plasma atrial natriuretic pep-672 

tide concentration tripled and plasma renin activity doubled, but plasma aldosterone only increased 673 

modestly (≈ 50%) on day 1 only. Although not measured, it is very likely that suppression of sympa-674 

thetic tone and a marked increase in plasma angiotensin II concentration also occurred. Remarkably, 675 

sodium balance was positive only on day 1, and TBS remained stably elevated (≈ +4 mmol/kg body 676 

mass) for the rest of the experiment (137) compatible with a concept of ‘pressure escape’ (137). Equal-677 

ly remarkable was the finding that the elevated renin system activity was indispensable for the TBS 678 

elevation, as (i) converting enzyme inhibition (captopril) eliminated sodium and volume retention (as 679 

well as the decrease in glomerular filtration and the increase in systemic blood pressure) in response to 680 

the ≈ 24% reduction in renal arterial pressure (14), and (ii) infusion of low doses of aldosterone pre-681 

vented the establishment of a new steady state although the daily increment in TBS decreased over time 682 

(Fig. 10), a phenomenon named ‘partial escape’ (145). During infusion of aldosterone plus angiotensin 683 

II, the partial escape was less pronounced, but still evident (Fig. 10), and this residual partial escape 684 

was interpreted to reflect the operation of natriuretic mechanisms other than the renin system, notably 685 

elevated secretion of cardiac natriuretic hormones and decreases in renal sympathetic nerve activity 686 

Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



31 

 

(145). The procedure that in any one dog, the renal arterial pressure was suddenly reduced to a fixed 687 

numerical value for the rest of experiment, and the finding that the consequences hereof with regard to 688 

sodium and volume retention are totally dependent on the pressure-mediated activation of the renin 689 

system, is compatible with the notion that (at least when changes are modest and slow) a decrease in 690 

renal arterial pressure per se is not an important regulator compared to the associated renin system acti-691 

vation, see reviews (30, 147) supporting the general notion that within a 20% change in blood pressure, 692 

the activity of the renin system is able to override the direct effects of arterial pressure on renal sodium 693 

excretion. It is unfortunate that, in analogy to the work of Mizelle et al. mentioned above, the studies of 694 

the Reinhardt group have not been repeated by others, and that this type of meticulous, integrative 695 

physiological research seems to have been discontinued. 696 

The experiments with controlled reduction in renal arterial pressure, which lead Reinhardt et 697 

al. to the concept of pressure escape (137), bear some resemblance to the selective renal artery con-698 

striction studies of Hall and collaborators discussed above (119). It is difficult to reconcile the overall 699 

results of these two reports, but it is remarkable that the baseline conditions seem markedly different. In 700 

Reinhardt’s lab, measurements were performed in freely moving dogs, blood results were daily averag-701 

es of samples obtained from 0500 to 2100, and a mean arterial blood pressure of 111 mmHg was the 702 

basis for the controlled 20% reduction in renal arterial pressure (137) (notably, in any one dog the re-703 

duction was based on the individual baseline blood pressure); in the study of Hall et al. (119), dogs 704 

were placed in metabolic cages and a baseline mean arterial pressure of 87 mmHg (measured continu-705 

ously 20 h/d) was the starting point of the controlled reduction of 15% in renal arterial blood pressure 706 

(119) (also based on individual baseline values). Even in light of the difference that night-time blood 707 

pressures were included in the Mizelle study, but not the Reinhardt studies, a difference in baseline 708 

mean arterial pressures of 24 mmHg in two sets of normal, conscious dogs is remarkable. It means that 709 
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based on group mean values, all of the 20% reduction in the renal arterial pressure performed by the 710 

Reinhardt group took place above the baseline renal arterial pressure in the Mizelle study (119). In con-711 

temporary dog studies performed in a different setting (37, 43, 99) baseline mean arterial pressures 712 

were 107-114 mmHg, and the threshold pressures for acceleration of renin secretion found to be 12-19 713 

mmHg below mean pressure indicating that at a mean arterial blood pressure below 90 mmHg renin 714 

secretion could be highly pressure dependent, cf. review (30). The differences between baseline arterial 715 

pressures and other variables (Table 1) remain unexplained, but provide a caveat with regard to direct 716 

comparisons between studies of ‘normal conscious’ dogs. Baseline conditions may vary to an extent 717 

that reservations apply.  718 

[Table 1, near here] 719 

Other results of acute studies in conscious dogs seem to add to the impression that - at small 720 

deviations from normal steady state - angiotensin dominates over blood pressure changes. If an acute 721 

sodium load (0.06 mmol (kg body weight ∙ min)-1) - which undisturbed lead to 100-fold increase in 722 

sodium excretion at a 6 mmHg increase in arterial pressure - was performed together with a replace-723 

ment infusion of angiotensin II (converting enzyme inhibition plus AngII infusion), then sodium excre-724 

tion was reduced by more than 90% although the increase in blood pressure doubled; if the angiotensin 725 

infusion then was terminated, blood pressure decreased by 13 mmHg, but sodium excretion increased 726 

by 45-fold (11). With regard to sodium excretion, clamping of angiotensin II levels seems to override 727 

modest blood pressure changes meaning that during daily day changes in renin system activity domi-728 

nate over modest pressure changes. It seems equally true, however, that sudden large changes in arterial 729 

pressure easily override all neurohumoral regulators.  730 

It is a reason for confusion that in normal, conscious animals and man, the steady-state PNR has a 731 

slope which is not different from infinity. Although often presented graphically with a (very high) 732 

Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



33 

 

slope, e.g. (33, 71, 78, 87), the experimental data in man and dog do not demonstrate that the slope has 733 

a finite value (33, 84, 139). Notably, as mentioned in the main text and shown in Fig. 5A, the presence 734 

of such a finite slope would be odd as this would imply that arterial blood pressure is dependent on 735 

sodium intake (cf. Fig. 5B), which is not the case in normal man or dog. Therefore, the steady-state 736 

PNR normally has an unidentifiable, infinite slope. Consequently, the steady state PNR can be causally 737 

involved in two ways:  (i) the new steady states represent the function of a near perfect control system 738 

operating with an ‘infinite gain’ reacting to a (possibly small and transient) change in arterial pressure, 739 

and (ii) the new steady states have been achieved by resetting the PNR via changes in other control 740 

systems, notably the renin system, known to respond to chronic changes in sodium balance by chronic 741 

deviations in system activity.  In the latter case, the actual changes in arterial pressure are dissociated 742 

from sodium excretion by the influence of the resetting modulators. 743 

 744 

PNR operation with change in blood pressure, i.e., an error signal 745 

It is easy to elevate arterial pressure and sodium excretion in normal man and experimental ani-746 

mals by volume expansion, e.g. by infusion of isotonic saline, but the increases in arterial pressure ap-747 

pear at rates of changes in TBS which are irrelevant to normal sodium homeostasis. The key issue, 748 

therefore, is the extent to which the transitions between steady states of sodium balance can occur 749 

without any measurable change in arterial pressure. As mentioned above, the infinite slope of the PNR 750 

leaves little doubt that different levels of total body sodium normally are maintained without measura-751 

ble deviations in arterial pressure; it is the transition between steady states which may or may not re-752 

quire a change in pressure (an error signal). As discussed above (under  sections ‘Surrogate variables 753 

and pressure-volume relations’ and  ‘Volume natriuresis’), there are ample experimental evidence in 754 

humans and dogs to indicate that even major changes in renal sodium excretion often occur without any 755 
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initial change in arterial pressure. Transitions between different steady states of sodium balance do not 756 

require even transient changes in arterial blood pressure. However, it is important to emphasize that the 757 

data justifying this conclusion are generated over time periods of minutes to about a week, and are less 758 

relevant to the effects of chronic exposure to salt loading/low-salt intake as well as to long-term co-759 

exposure to other food items. 760 

 761 

PNR operation with constant or antiparallel changes in blood pressure, i.e. no error signal 762 

It may be argued that under physiological conditions, increases in blood pressure are unnecessary 763 

to promote sodium excretion in response to modest increases in sodium intake, because even without 764 

such pressure increase, the PNR plays a critical role in the control of sodium excretion, as the sensitivi-765 

ty of the PNR is changed by a number of neurohormonal factors, notably the renin system. However, 766 

although stringent, this line of reasoning provides serious challenges. Firstly, it seems inconsistent with 767 

the concept of pressure natriuresis as it appears in the literature. The essence has been described by 768 

Guyton as the increase in sodium output associated with an elevation in arterial pressure (52); by Cow-769 

ley as an event where: “an increase in arterial blood pressure to the kidney results in an increased ex-770 

cretion of sodium and water, a phenomenon known as pressure natriuresis” (22); by Hall as: ”the effect 771 

of arterial pressure on sodium excretion (ie, pressure natriuresis)” (66), and by Coffman and Crowley 772 

as the mechanism by which “an elevation in perfusion pressure in the renal artery results in a rapid in-773 

crease in sodium and water excretion by the kidney, so-called “pressure natriuresis” (20). It is difficult 774 

to envisage a clear definition of a ‘pressure natriuresis relationship’ without an increase in arterial pres-775 

sure. Secondly, the relationship between the PNR and body fluid control is intimately related to the 776 

concept of ‘infinite gain’, and, by definition, the presence of a gain requires a primary change in order 777 

to be meaningful. Thirdly, at present, the resetting of the PNR at constant arterial pressure does not 778 
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appear open to experimental testing which severely reduces the attractiveness of the concept. Fourthly, 779 

the use of the term PNR represents a simplification as long as the renal mechanisms have not been 780 

identified; in the absence of mechanistic details, the explanation of any event as a result of the PNR 781 

does not appear to add any insight. Finally, chronic studies of AngII infusion to conscious dogs provide 782 

results which are freely compatible with a concept of parallel mediators of the regulation of renal sodi-783 

um excretion, but difficult to interpret by application of the PNR (Fig. 11). 784 

[Fig. 11 near here] 785 

Conclusion 786 

Changes in sodium excretion can always be presented graphically as function of arterial pressure, 787 

but this does not necessarily reflect a causal relationship. In addition, with regard to integrative physi-788 

ology, such presentation appears incorrect because sodium intake is the independent variable, not arte-789 

rial pressure. In systems physiology, sodium intake is the independent variable. If increases in sodium 790 

intake were associated with parallel changes in arterial pressure, the latter could be mediator of the na-791 

triuresis, even if the changes were small and transient; however, at least in man and dog, daily day so-792 

dium excretion is regulated predominantly without systematic changes in arterial pressure. Therefore, 793 

the concept that the PNR is the pivotal regulator of sodium excretion must include that the normal 794 

physiological regulation takes place without changes - or with antiparallel changes - in arterial pres-795 

sure, i.e., by resetting of the PNR. At present, this principle cannot be tested experimentally and, there-796 

fore, seems to represent a preconceived notion rather than a mechanistic reality. Solid experimental 797 

results indicate that the regulation of renal sodium excretion is a parallel operation of several relatively 798 

independent mediators based on different feedback pathways. 799 

 800 

  801 
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Table 1 1231 

 1232 

Baseline data in pivotal studies of sodium metabolism in conscious, instrumented dogs. Data from 1233 

Mizelle et al. (119) and Reinhardt et al. (137). 1234 

 1235 

 Mean arterial 

blood pressure 

(mmHg) 

Sodium 

intake 

(mmol/kg/d) 

Plasma renin 

activity 

(ng AngI/ml/h)*) 

Plasma aldos-

terone conc. 

(ng/l) 

Plasma ANP 

conc. 

(pg/ml) 

Mizelle et al.  87 ± 0.2 3.5 0.21 ± 0.02 32 ± 7 54 ± 6 

Reinhardt et al. 111 ± 12 5.5 2.5 ± 0.5 85 ± 11 50 ± 3 

 1236 

ANP: atrial natriuretic peptide. Some data are read from graphs. *):  Measurement of plasma renin ac-1237 

tivity is to some extent dependent on the analytical set-up, but a difference of one order of magnitude 1238 

seems very large. In (137) the unit is ng AngI/ml/min, which obviously is an error. 1239 

  1240 
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Figure legends 1241 

Fig. 1 1242 

Concepts of regulation of renal sodium excretion. Upper figure: dominance of the pressure natriuresis 1243 

mechanism; increases in sodium excretion is driven by arterial pressure even when pressure is constant 1244 

or decreasing because the pressure natriuresis mechanism is considered to be reset by concomitant neu-1245 

rohormonal changes. Lower figure: parallel processing concept meaning that the signals mediating re-1246 

nal sodium excretion operate in parallel allowing individual mediators to co-drive renal tubular han-1247 

dling of sodium and thereby sodium excretion to become a result of concerted actions. 1248 

 1249 

Fig. 2 1250 

Modified box plot of the distribution of sodium in the human body. Masses of sodium in different body 1251 

compartments are represented by areas. Data adapted from Edelman & Leibman (36). It is no longer 1252 

tenable to assume that a large fraction of TBS is relatively inaccessible in bone only; rather, a large 1253 

fraction of TBS seems to present in disproportionate amounts in bone, skin and muscle. The nature of 1254 

the excess sodium in soft tissues remains uncertain, and the relative magnitude of masses of bound so-1255 

dium in the different tissues also remains to be determined. 1256 

 1257 

Fig. 3 1258 

Response of urinary sodium excretion to restriction of sodium intake in normal man. Results are from 1259 

two populations of young adults (dots, triangles) and a population of elderly subjects. Note the log-1260 

linear time course of the changes in renal sodium excretion. Redrawn from (41). 1261 

 1262 
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Fig. 4 1263 

Basic feedback circuit for long-term circulatory regulation (53, 56, 57, 59). UO: urine output; AP: arte-1264 

rial pressure; dE/dt: rate of change in extracellular fluid volume; ECFV: extracellular fluid volume; 1265 

BV: blood volume; MSP: mean systemic pressure (measured by stopping the circulation and rapidly 1266 

pumping blood from the arteries to the veins(!), normal value: 7 mmHg); RAP: right atrial pressure; 1267 

RVR: resistance to venous return; VR: venous return; CO: cardiac output; TPR: total peripheral re-1268 

sistance; AP: arterial pressure. Numbers in circles refer to descriptions in the original texts. The figure 1269 

has been modified slightly for reasons of clarity. 1270 

 1271 

Fig. 5 1272 

Urinary sodium excretion as a function of arterial blood pressure under different experimental condi-1273 

tions (panel A, redrawn from Hall et al. (84). Panel B is based on the same data, but with mean arterial 1274 

blood pressure as a function of urinary sodium excretion (as substitute for sodium intake). Line a: Con-1275 

tinuous infusion of angiotensin converting enzyme inhibitor (captopril). Line b: Control. Line c: Con-1276 

tinuous infusion of angiotensin II. The data demonstrate marked salt sensitivity of arterial blood pres-1277 

sure during clamping of the renin system either at high or at low activity, but no significant salt sensi-1278 

tivity when the renin system is operating normally. 1279 

 1280 

Fig. 6 1281 

Effect of changes in TBS on the effect of arterial pressure on renin secretion. The sensitivity of renin 1282 

secretion to changes in arterial pressure is severely affected by changes in sodium balance (red figures 1283 

indicate deviation in TBS in mmol/kg body weight). Redrawn from Fig. 2 of (138) based on data from 1284 

(146). Original data provided by Dr. E. Seeliger, Berlin.  1285 
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 1286 

Fig. 7 1287 

Pressure-mediated renin secretion (panel A) and sodium-intake mediated renin secretion (panel B) as 1288 

log-linear functions. Panel A: Redrawn from Fig. 6. Original data provided by Dr. E. Seeliger, Berlin. 1289 

Panel B: Redrawn from Fig. 3 of Damkjær et al. (30). Human data: (2, 120, 136). Note: Human data 1290 

based on two levels of sodium intake only. Dog data: (101). Rat data: (96). Regression lines are in rat: 1291 

PRA = -9.9 log(NaInt) +22; in dog: PRA = -8.9 log(NaInt) +13; and in man: PRA = -40 log(NaInt) 1292 

+47. PRA: plasma renin activity. NaInt: sodium intake (mmol∙ (kg body mass ∙day)-1. PRA was meas-1293 

ured in mIU∙ 1-1 based on the activity of the WHO International Standard (National Institute for Bio-1294 

logical Standards and Control, Hertfordshire, UK); under our conditions the conversion factor averages 1295 

1.0 ng AngI (ml ∙ h)-1 ≈  9.7 mIU ∙ l-1.The ‘slope unit’ in panel B, therefore, is change in PRA (mIU ∙ l-1296 

1) per decade change in sodium intake. On the abscissa, representative values of sodium intake are 1297 

marked: a: low sodium intake in man (84); b: industrialized man, c: standard rat (body mass 250 g, 1298 

food intake 20 g/d, NaCl content of food 1%), d: extremely salt loaded rat (body mass 250 g, NaCl con-1299 

tent of food 8%, low estimates of food and 1% saline intakes: 15 g/d and 60 ml/d, respectively). 1300 

 1301 

Fig. 8 1302 

Relationships between arterial pressure and sodium excretion during acute changes in renal arterial 1303 

pressure (Isolated Kidney Curve) and steady state conditions in conscious animals (Salt-loading 1304 

Curve). Important issues are that in integrative physiology, arterial pressure is not the independent vari-1305 

able, and that the present salt-loading curve does not have a well-defined slope (runs parallel to the y-1306 

axis). Redrawn from: Guyton A.C., Dominant Role of the Kidneys and Accessory Role of Whole-Body 1307 

Autoregulation in the Pathogenesis of Hypertension (52). 1308 
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 1309 

Fig. 9 1310 

Results from studies including mechanical perfusion of kidneys by extra-corporal pump in anesthetized 1311 

dogs. Changes in urine volume (left) and urine to plasma osmolality ratio (U/Posm, right) are depicted 1312 

as function of renal arterial pressure. Panels are redrawn from Fig. 1 (left panel) and Fig. 2 (right panel) 1313 

of Thurau & Deetjen (154). Harnvolumen: Urine volume per gram kidney. Arterieller Perfusionsdruck: 1314 

Arterial perfusion pressure. Data on sodium excretion are not reported. Note that in this acute setup, 1315 

arterial perfusion pressure is the independent variable (directly controlled by the experimenter). 1316 

 1317 

Fig. 10  1318 

Changes in total body sodium (TBS) over four days as function of a sudden, chronic reduction in renal 1319 

perfusion pressure. Redrawn and simplified from Fig. 3 of (138) based on data from (14, 137, 145). In 1320 

each animal, baseline renal arterial blood pressure was measured and from the start of day 1 renal arte-1321 

rial pressure was reduced to 80% of baseline pressure and kept at that level for 4 d. CONTROL RPP: 1322 

control conditions; CAPTO:  concomitant administration of converting enzyme inhibitor; ALDO: con-1323 

comitant administration of aldosterone; ANG II: concomitant administration of angiotensin II. Dotted 1324 

line: rate of TBS imbalance extrapolated from day 1 and ascribed by the authors to activation of regula-1325 

tors of sodium excretion other than the renin system (145). However, as such mechanisms are likely to 1326 

have been partially active also during day 1, the estimate provided by the slope of the dotted line may 1327 

be artificially low, possibly underestimating the significance of the residual mechanisms of TBS con-1328 

trol.  1329 

 1330 

Fig. 11 1331 

Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



50 

 

Effect of exogenous AngII infused into conscious dogs. AngII elevates arterial pressure and reduces 1332 

renal sodium excretion in a manner which is very difficult to interpret as an effect on the pressure na-1333 

triuresis relationship. These data redrawn from the study of Lohmeier & Hildebrandt (108) elegantly 1334 

show (by unilateral renal denervation and kidney-specific urine collection in conscious dogs) that the 1335 

effect of AngII is considerably larger on the denervated kidney (DEN) than on the contralateral inner-1336 

vated kidney (INN), and that therefore “suppression of renal sympathetic nerve activity is a chronic 1337 

compensatory response which may actually attenuate the antinatriuretic and hypertensive effects of 1338 

AngII” (110). The interpretation seems to presuppose the chronic operation of parallel, neurohumoral 1339 

regulatory inputs to the kidney (108). It does not seem helpful to further complicate the situation by 1340 

involvement of a mechanistically obscure PNR. 1341 

 1342 

 1343 

Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



Downloaded from www.physiology.org/journal/ajpregu by ${individualUser.givenNames} ${individualUser.surname} (130.226.087.174) on August 17, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.


	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5A
	Figure 5B
	Fiigure 6
	Figure 7
	Figure 8
	Figure 9
	Figure 10
	Fiigure 11
	Figure 12

