
OBSERVATIONS ON THE URINARY EXCRETION OF CALCIUM

AND ITS RELATION TO SODIUM EXCRETION

by

R • iJ• Wilson | B. Sc •) M • Bt f Ch. B* (Edin* ) |

M.R.C.P. (Edin.), M.R.C.P. (Lond.).

Doctor of Medicine

University of Edinburgh

1973



TiBLE 01 COKTEM'S

SUMMARY

INTRODUCTION

The physiology of calcium excretion.

Interrelationships between calcium excretion and

sodium excretion: a review of the literature.

EXPERIMENT AL

A. Studies in man

Section Jl_. The effects of variation of oral sodium
chloride intake on urinary excretion of calcium and

sodium in man.

Methods.

■Results.

Section 2. The effects of long term mineralocorticoid

administration on urinary excretion of calcium and

sodium in man.

Methods.

Results.

Section The effects of nrolonged oral administration

of the diuretic frusemide on urinary excretion of calcium

and sodium in man.

Methods.

Results.

Section k. Observations on the renal excretion of calcium

and sodium in acute nephritis.

Methods.

Results.



ii

B. Studies in dogs

Section The effect of angiotensin II infusion

into one renel artery of the dog on the renal

excretion of calcium and sodium.

Methods*

Results.

Section 6. The effect on urinary calcium and sodium

excretion of infusions of renal, extracts into one

renal artery of dogs.

Methods.

Preparation of the extracts

Study 1. iixtracts prepared from hydropenie dogs

and from dogs undergoing saline diuresis.

Study 2* The effect of altering the pH at which

the extract is prepared.

Study J>. Ammonium sulphate fractionation of extract

preparations-

Resuits-

DISCUSSIOK

The influence of variation in oral sodium chloride

intake on urinary excretion of calcium and sodium.

The effects of long term administration of a

mlneralocorticoid on urinary excretion of calcium and

sodium.

The effects of prolonged administration of the diuretic

frusemide on urinary excretion of calcium and sodium.

The urinary excretion of calcium and sodium in acute

nephritis.



iii

p. 102 The effect of angiotensin II on urinary excretion

of calcium and sodium,

p. 108 The effect of various renal extracts on urinary

excretion of calcium and sodium.

p. 112 ACKNOWLEDGMENTS

p. 114 REFERENCES

p. 141 REPRINTS OF ARTICLES



1

2

3

4

5

6

7

3

9

10

11

12

13

14

15

15

17

13

19

iv

PAGE NUMBERS OF TABLES MP FIGURES

Page Table Page Fiflur? Page

54 A 20 67 P 1 54 P

54 B 21 67 E 2 54 G

54 C 22 67 P 3 54 H

54 D 23 67 G 4 54 I

54 E 24 67 H 5 54 J

59 A 25 67 I 6 59 I

59 B 26 67 J 7 59 J

59 C 27 73 A 8 59 K

59 P 28 73 B & 0 9 59 &

59 B 29 73 P 10 59 M

59 P 30 73 E 11 62 E

59 G & H 31 73 P 12 73 I

62 A 32 73 G 13 81 F

62 B 33 73 H 14 81 G

62 C 34 81 A 15 81 H

62 P 35 81 B 16 81 I

67 A 36 81 C 17 81 J

67 B 37 81 P 18 81 E

67 C 38 81 E 19 81 L



SUMMARY

1) In recent years a considerable body of evidence has

accumulated to indicate a relationship between the urinary

excretion of calcium and sodium in a variety of situations.

Much still remains to be learnt of the factors influencing

this relationship, and of the nature of the relationship in

terms of renal tubular handling of calcium and sodium.

2) In man I have studied the effect on urinary excretion of

calcium and sodium of sustained change in oral sodium chloride

intake, of long term mineralocorticoid administration and of

prolonged administration of the diuretic frusemide, and have

made observations on the renal excretion of calcium and sodium

in acute nephritis.

In the dog, observations have been made on the effect of

infusion of angiotensin II and of a variety of renal extracts

on the urinary excretion of calcium and sodium.

3) In man, sustained change (either decrease or increase) in

oral sodium chloride intake led to a corresponding change in

urinary calcium and sodium excretion. This change in calcium

and sodium excretion appeared on the first day of change in

salt intake and was maintained as long as the new level of

salt intake was continued (up to 16 days). There was a

significant correlation for urinary calcium and sodium

excretion in day by day urine collections in man, both when on

a normal salt intake, and during salt deprivation.
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k) Long term administration (up to 16 days) of a sodium-

retaining steroid in man led to a sustained increase in urinary

excretion of calcium. This rise in urinary calcium excretion

appeared related to sodium retention, and escape from the

sodium-retaining action of the steroid, and the rise in urinary

calcium excretion was less marked when dietary sodium intake

was reduced. In one person in whom there was failure to

escape from the sodium-retaining action of the steroid, there

was no change in urinary calcium excretion.

5) Frolonged administration of the diuretic frusemide (up to

12 days) in man led to an increase in urinary calcium

excretion which was maintained after urinary sodium excretion

had returned to levels which were at or below control values

and despite probable reduction in filtered load of calcium.

This finding is contrasted with the known hypocalciuric action

of chronic administration of thiazide diuretics, and is

considered in relation to the postulated site of action of

frusemide in the nephron, and to the acute actions of other

diuretics on calcium and sodium excretion.

6) In six patients aged from 12 to 30 years with acute

nephritis, hypocalciuria was found in the early stages of the

illness. The hypocalciuria did not appear to be due to

hypocalcaemia, lowered glomerular filtration rate or

hypoparathyroidism, and was observed both during antinatriuresis

and natriuresis. The possibilities of altered intestinal

absorption and of altered renal tubular reabsorntion in acute

nephritis are considered.
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7) The systemic infusion of angiotensin II into dogs led to

changes in urinary calcium excretion which paralleled sodium

excretion. The response appeared dose-related, low dose

angiotensin infusion leading to reduction in calcium and

sodium excretion, and high dose infusion causing increase in

calcium and sodium excretion. During angiotensin infusion,

calcium excretion was highly correlated with sodium excretion,

and less highly correlated with total osmols excreted. There

was no correlation between glomerular filtration rate and

calcium excretion at any dose level of angiotensin. Plasma

calcium was unchanged by angiotensin II infusion. It would

seem likely, though not certain, that change in calcium and

sodium excretion induced by angiotensin infusion was due to

change in tubular reabsorption of cations rather than change

in filtered load.

8) When extracts prepared from kidneys were infused into dogs,

the natriuresis which ensued was paralleled by calciuresis.

There was a close correlation between calcium excretion and

sodium excretion and a less close correlation between calcium

excretion and total osmols excreted. Marked changes in calcium

and sodium excretion took place with either small or no

significant change in glomerular filtration rate. Plasma

calcium was unaffected by extract infusion. Again, it would

seem likely, though not certain, that change in calcium and

sodium excretion induced by extract infusion was due to change

in tubular reabsorption of cations rather than change in

filtered load.

Penal extracts prepared from hydropenic dogs, and from dogs
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which were saline loaded prior to kidney removal and extract

preparation, were found to have similar effects on urinary-

calcium and sodium excretion.

Two extract fractions, prepared by an ammonium sulphate

fractionation technique, also had similar effects on urinary

calcium and sodium excretion.

It is probable that angiotensin II, generated during

extract infusion, played a part in the changes in calcium and

sodium excretion observed during infusion of renal extract.

There was some evidence that the natriuretic and calciuretic

properties of the renal extracts was not solely related to

their renin content.
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INTRODUCTION

The physiology of the Renal Excretion of Calcium

It is universally agreed that the excretion of any

substance by the kidney takes place as a result of the

production of an ultrafiltrate of plasma at the glomerulus,

with subsequent modification of the glomerular filtrate by

processes of tubular secretion and reabsorption during passage

down the renal tubules, and collecting ducts, into the ureters.

Accordingly, the amount of calcium excreted in the urine

in any given time will be the amount of calcium filtered

through the glomeruli (the filtered load) plus the amount of

calcium secreted into the tubular fluid, and less the amount

of calcium reabsorbed from the tubular fluid.

The filtered load of calcium is that amount of calcium

filtered at each glomerulus, summed over the total number of

glomeruli. It is thus directly dependant upon the fraction of

plasma calcium that is filtrable at the glomerulus (the

ultrafiltrable fraction) and the volume of plasma filtered at

the glomeruli in unit time, the glomerular filtration rate

(G.F.R.).

In normal man, plasma calcium is regulated within a fairly

narrow ran, e (Smith, Davis 8c Fourman 1960, Nordin & Smith 1965,

Carruthers, Copp & Mcintosh 1965), though it does show a small

diurnal variation (Carruthers, Copp & Mcintosh 1965) and there

is a small fluctuation due to food intake (Wise & Kark 1961,

Nordin & Smith 1965)•

It is believed that the fraction of plasma calcium

filtrable at the glomerulus is almost identical with that

fraction ultrafiltrable through a cellophane membrane at
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physiological p& and temperature (Torib&ra, Terepka & Dewey 19571

Terepka, Toribara & Dewey 195&, kaiser 19&1&).

Direct verification th^t the fraction of calcium filtered

at the glomerulus very closely approximates to that determined

by ultrafiltration methods has come from analysis of samples

obtained by micropuncture of glomerular fluid of rats (Lassiter,

Gottschalk & Nylle 19^3) anc* early proximal tubular fluid of

rats (Lassiter, Gottschalk & Hylle 1963, Frick, Rumrich, Ullrich

& Lassiter 1965) and of dogs (Duarte & Watson 196?).

In normal man about 60-70% of plasma calcium is ultra-

filtrable (Toribara et al 1957)» and rnost of this fraction is

ionised calcium (Fanconi & Rose 1956), the remainder, about

0.5-1 mg/100 ml. consisting of diffusible non-ionised calcium

complexed mainly with citrate, phosphate and bicarbonate (Rose

1957, Terepka et al. 1958, Neuman & Neuman 1956, Walser 1961a).

In any one individual the ultrafiltrable calcium fraction seems

fairly constant (Toribara et al. 1957, Terepka et al. 1956,

Carruthers et al. 1965)•

Factors known to influence absolute ultrafiltrable calcium

levels are: change in plasma calcium level at constant plasma

protein level (Terepka et al. 1956), the pE of plasma (Williamson

& Freeman 1957, Lemann, Litzow &■ Lennon 1967), and the concentra¬

tion and nature of the plasma proteins (Terepka et al. 1958,

Prasad & Flink 1958). These effects are not to be confused with

the effect of pE and of temperature on laboratory techniques for

determination of ultrafiltrable calcium (Toribara et al. 1957,

Loken 1960).

Experimental verification that increase in filtered load of

calcium by elevation of plasma calcium at constant plasma protein
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concentration doe6 lead to increase in calcium excretion has

been made on numerous occasions (Chen & Neuman 1955» poulos 1957»

Kleeman, Bernstein, Rockney, Dcwling 8c Maxwell 1961, Peacock &

Norain 1968, Massry, Coburn, Chapman & Kleeitsan 1988a), and there

has also been verification that there is a linear relationship

between the filtered load and excreted calcium (Kordin,

Hodgkinson & Peacock 1967» Peacock & Hordin 1968). The latter

authors found that in normal man, about one third of the

increment in filtered load of calcium appeared in the urine, and

two thirds was reabsorbed. As will be discussed later, various

factors influencing tubular reabsorption of calcium would

influence this relationship.

Acute reduction of glomerular filtration rate le^ds to

reduction in the amount of calcium excreted (F.assry, Coburn,

Chapman & Kleeman 1967a), (Blythe, Gitelman & Welt 1968) and

again the relationship between filtered load of calcium and

calcium excretion is linear (Duarte & Watson 1967). Although

reduction in the filtered load of calcium plays a major part in

this effect, there is evidence which will be reviewed later,

that in at least some situations in which there is acute

reduction of G.F.R., the tubular reabsorntion of calcium is also

changed (Duarte & Watson 19^7» Parfitt & Lukin 1968).

With chronic depression of G.F.R., the situation becomes

complicated by change in plasma ultraflltrable calcium

concentration and in various factors influencing tubular

reabsorption of calcium (Bodgkinson & Pyrah 1958, Better,

Kleeman, Gonick, Varrady & Maxwell 19&7i Popovtzer, Schainuck,

Massry & Kleeman 1970).

In man, some 95-99% of the filtered load of calcium is
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reabsorbed (Luake 1959), while in the dog about 98-99% ie

reabsorbed (Jahan & Pitts 19^8> Chen & fteuman 1955♦ Poulos 1957)*

Various workers have found that progressive increase in

filtered load, by increase in plasma. calcine concentrations,

leads to proportionate Increase in the amount of calcium

excreted, with no evidence for a tubular maximum reabsorptive

capacity for calcium. Studies have been carried out on the dog

(Chen & Neuman 1955, Williamson & Freeman 1957, Poulos 1957) and

in man (Peacock 8c Rordin 1968). Frick. et al. (1965) in micro-

perfusion studies on the proximal tubules of rat kidneys found

no evidence of saturation of the reabsorptive transport system

over a wide range of tubular fluid calcium concentrations.

It is believed that calcium is reabsorbed in ionised form

from the renal tubular fluid. There is certainly evidence that

eomnlexed calcium is poorly if at all reabsorbed. Infusions of

a variety of complexing agents such as citrate (Chang & Freeman
(_VVcii.Sec-4- BrovvJer- Wnls-er tft>fc)

1950), sulphate Iff riliup.r 1959 , 1961c) , ethylene diamine tetra

acetic acid (Spencer, Vankinscott, Lewin 8c Laslo 1952, Chen &

Neuman 1955), and gluconate (Howard, Wilde, 8c Maivin 1959) all

markedly increase urinary calcium excretion, largely as complexed

calcium, though in some cases there was an additional effect due

to infused sodium ions (Walser 1961c).

There does not seem to be any definite information on

whether any calcium may be reabsorbed in an unionised form.

It can be calculated (Nordin et al. 1967) that of the

filtered load of complexed calcium, only some 10% is excreted

in the final urine.

If only ionised calcium can be reabsorbed, then it is

clear that some of the calcium complexes within the renal
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tubule roust dissociate into their constituent ions, allowing

reabsorption of these constituents (Walser 1961c, Kordin et al»

1967). It is also apparent that one of the factors influencing

calcium excretion will be the quantity of calcium complexing

anions that are excreted.

In normal circumstances, about 20-50>l of calcium in the

final urine of man is ionised (Nordin et al 1967), remainder

being complexed mainly with citrate, phosphate and sulphate and

to a lesser extent, with other anions (Keuman and Neuman 195&5

Walser & Browder 1999; Nordin et al 1967).

No studies have shown evidence for the tubular secretion of

calcium in any part of the nephron, and indeed a micropuncture

study on the renal handling of calcium indicated tubular

reabsorption of calcium throughout the nephron, for the

particular conditions of the study (Lassiter et al. 1963)•

It has been mentioned earlier that 93-99'X of the filtered

load of calcium is normally reabsorbed from the renal tubular

fluid. Evidence for active tubular reabsorption of calcium was

obtained in 1955 by Chen & Neuman who observed that during

mannitol diuresis in the dog the percentages of filtered sodium

and calcium were less than the percentage of filtered water

excreted. Further information on the site and nature of tubular

reabsorption of calcium came from stop-flow studies. These can

give some information on distal tubular reabsorption, but are

unsatisfactory for investigation of more proximal tubular function.

Howard et al (1959) reported evidence for a distal site of active

reabsorption in the dog, and confirmatory evidence has come from

Widrow and Levinsky (1962), Grollman, Walker, Harrison & Harrison

(1963), and Vishwakarma ft Miller (1963).
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In recent years much information on renal physiology has

come from siicropuncture techniques, which have permitted direct

sampling of glomerular filtrate and renal tubular fluid, micro-

perfusion studies of tubular function and other manoeuvres.

Lussiter et al♦ (1903)» working on the rat and hamster, were the

first to apply these techniques to the study of filtration of

calcium at the glomerulus and tubular reabsorption of calcium.

Subsequent publications based on micropuncture techniques have

come from Frick et aX. (1965) working on the rat, and Duarte &

Vfatson (1967), who made observations on the dog.

Lassiter et al. (1965) found in the rat that about 70% of

plasma calcium was filtrable at the glomerulus. Unfortunately

they had no data on diffusible calcium levels in rat plasma as

estimated by laboratory ultrafiltration techniques, but they

pointed out that in the dog (Greene & Power 1931) and humans

(Toribara et al. 1957)» at physiological pH and temperature,

60-70% of plasma calcium was ultrafiltrable.

Their results indicated that there was net transport of

calcium out of all sections of the renal tubule, and that the

bulk of calcium reabsorption occurred in the convoluted portion

of the proximal tubule. They were able to estimate that of the

filtered load of calcium about 66% was reabsorbed in the proximal

tubule, a further 20-25% in the loop of Henle and about 10% in

the distal convolution, with most of the small amount remaining

being reabsorbed in the collecting ducts. Although they

accepted that data from fluid obtained from long loops of juxta

medullary nephrons of the hamster would not necessarily have

characteristics identical with fluid within loops of Henle from

surface glomeruli in the rat, they felt it was reasonable to
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conclude from the high calcium concentration found at the bends

of the loops that the ascending limbs of the loops of Henle were

important sites of calcium reabsorption.

Under non-diuretic conditions in the rat (Lassiter et al.

1963) and in the dog (Duarte & Watson 19&7)» calcium reabsorption

appeared to be isosmotic in the accessible portion of the proximal

tubule. However, a fall in calcium concentration in the proximal

tubule was observed during mannltol diuresis (Lassiter et al.

1963, Duarte £ Watson 19&7) 2111 ^ during saline diuresis (Duarte &

Watson 19^7)« Thus under these conditions, calcium was being

reabsorbed against both an electrical gradient (Solomon 19571

Clapp, Rector & Soldin 1962) and a chemical gradient and hence

by an active process. Evidence for active transport of calcium

out of the ascending limb of the loop of Eenle and distal

convoluted tubule was also provided by Lassiter et al. (1963).

They found that in non-diuretic animals the calcium concentration

of fluid along the entire length of the distal convolution was

much lower than that of the glomerular filtrate. The calcium

concentration in the distal convolution fell further during

mannitol diuresis, providing addition evidence for active calcium

transport in this region. Although they also showed reabsorption

of calcium occurring along the collecting ducts, they were not

able to say from their data whether active or passive transport

was involved.

Microperfusion studies of calcium transport in the rat

kidney bj Frick et al. (19&5) provided further evidence for

active transport of calcium in the proximal tubule. Thay also

made important observations on the failure of parathyroid hormone

to influence proximal tubular transport of calcium, on the
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similarity of net inward fltixee for eodiuK and calcium, and on

the similarity of net outward fluxes of sodium and calcium.

Interrelationships between calcium excretion and

aodiuas excretion: n review of the literature.

Urinary calcium excretion exhibits a diurnal rhythm,

fluctuate® from day to day, and may vary widely between

individuals. These variations in calcium excretion, and the

numerous factors which are known to influence calcium excretion,

and so contribute to these variations, have been reviewed in

recent years by Kordin et al (1967)» Epstein (19&w) i»d Foui-man

& Poyer (1968). Factors which influence calcium excretion Bust

all act by alteration in the filtered load of calcium, or the

degree of tubular reabaorption of calcium, or by a combination

of these mechanises. However, in many cases, the particular

mechanisms of action are not yet clearly defined. In recent

years it has becc e apparent that calcium excretion may be linked

in some way to sodlu® excretion, anu that this relationship may

be a aajor determinant of calcium excretion.

In 1957 Williamson and Freeman reported that infusion of

sodium bicarbonate in dog© markedly increased urinary calcium

excretion, end attributed this effect to alkalinisation of the

urine. However Weleer and Browder (1959) demonstrated that

infusion of either saline or sodium bicarbonate in dogs induced

similar degree© of calcium excretion. Kaiser (19blb) went on to

study calcium and sodium excretion in the dog under a variety of

diuretic conditions, and demonstrated a close linear relationship

between calcium excretion end sodium excretion, the plasma calcium



clearance being on average half the sodium clearance. This

relationship held during diuresis induced by sodium chloride or

sodium bicarbonate, by water, glucose or sucrose, and during

osmotic diuresis induced by mannitol infusion. It appeared that

sodium excretion might be an important determinant of calcium

excretion. Although Walser claimed that this relationship

between calcium excretion and sodium excretion was not altered

by varying the calcium or sodium oral intake, or the urinary

ionic strength or chloride excretion, or by potassium infusion,

these claims appeared to be based on few observations. Walser

did observe that the correlation between calcium clearance and

sodium clearance was much higher than that between calcium

clearance and urine volume. A number of studies have since

confirmed that calcium excretion is not directly related to

water excretion or urine volume (Nordin et al. 196?). It was not

possible to say from Walser's experiments whether calcium

clearance was as closely related to osnolar clearance as to

sodium clearance. Wesson (1962) observed that during urea

diuresis in the dog, the correlation of calcium excretion with

sodium excretion was much higher than that with urea excretion.

He also found that during mannitol diuresis, calcium excretion

did not differ significantly from that expected with the same

degree of natriuresis during saline diuresis. For very high

rates of sodium excretion he found that the slope of calcium

excretion to sodium excretion was greater than at low excretion

rates. However, his experimental conditions were such that there

could have been dissimilar changes in the filtered loads of

calcium and sodium during the very high rates of sodium excretion.

Better, Gonick, Chapman, Varrady and Kleeman (1966) reported
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that in man, salt ingestion led to calcium excretion at least as

high, for comparable rates of sodium excretion, <s urea saline

infusion. Schuck and Cort (196?), who induced diuresis in cats

either by infusion of hyperosmotic raannitol or hypertonic saline,

found calcium excretion correlated in linear fashion with sodium

excretion, but not with total solute excretion.

Since it was known that non-reabsorbed anions influenced

calcium excretion, the observations of kaiser (1961b) were

deliberately made during high urine flow rates, in an attempt to

minimise this effect. In a further paper Walser showed that when

the complexing anion sulphate was infused in dogs, calcium

excretion varied both with sodium excretion and with sulphate

excretion, and that when allowance was made for the electrostatic

complexing of calcium with sulphate, clearance of free calcium

ions was very similar to that observed during saline or mannitol

diuresis (Kaiser, 1961c). He concluded that calcium excretion

was dependent primarily on the simultaneous sodium excretion and

secondarily on the concentration of corrplexing anions In the

urine, which determined how much additional calcium was excreted

in bound form.

The work published by falser (1961b, c) established that in

the dog under natriuretic diuretic conditions, calcium clearance

was linearly related to sodium clearance. Since then, many

papers have been publishea an which evidonee has been presented

to show calcium excretion is related to sodium excretion in a

wide variety of situations in which sodium excretion has been

varied.

For man, Hills, Parsons, kebster, Rosenthal and Conover

(1999) reported that the renal excretion of calcium and magnesium
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moved in parallel with that of sodium excretion when sodium

chloride intake was reduced in two subjects. Robinson, Marsh,

Duckett and Weleer (1962) stated that, in man, hour to hour

fluctuations in calcium excretion paralleled those of sodium,

but gave no details. In 1963 Hodgkinson noted that a saline

load given to one subject induced marked calciuresis. Kleeman,

Bohannen, Bernstein, Ling and Maxwell (1964) demonstrated in

six subjects a direct relationship between urinary calcium

excretion and sodium excretion when the oral intake of sodium

chloride was varied. These experiments were not carried out

under diuretic conditions, and each subject remained on a given

sodium intake for periods ranging from two to six days. Similar,

but less detailed observations were made by King, Jackson and

Ashe (1964), and Epstein (1968) quoted briefly some similar

findings of his own. Edwards and Hodgkinson (1965) reported

that calcium excretion was lowered in eight patients who were

maintained on a low sodium intake for ten days. unfortunately

they gave data on only one patient. In the paper by Kleeman

et al. (1964) the longest time on any given sodium intake was

only four days, apart from two people who were given fludro¬

cortisone on the fifth and sixth days, and so it is not possible

to draw conclusions as to whether the various levels of calcium

excretion observed for a given oral sodium intake would have

been maintained on a long term basis or whether any homeostatic

mechanisms might come into play to regulate calcium excretion.

In 1966 Modlin reported a significant correlation between

urinary calcium and sodium excretion in day by day 24 hour urine

collections in a group of normal males. He also showed that for

each of three individual males there viae a significant correlation
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between urinary calcium and sodium excretion in 2^ hour urine

samples- This suggested to him that urinary sodium excretion

was one of the factors influencing the day by day fluctuations

in urinary calcium excretion. The correlations that Modlin

observed for his non-diuretic subjects were less close than that

observed by Walser (1961b) in dogs undergoing osmotic or saline

diuresie. Modlin ascribed the less close correlation to the

presence in the urine of different Mounts of anions which

complex calcium, but there are many other factors which might

have been operating by which the relationship between urinary

calcium and sodium excretion might have been altered. For

example calcium, magnesium and phosphate intake, and hormonal

status all influence calcium excretion (Kordin et al. 1967;

Fourman and Boyer 1966; Epstein 19^8) without necessarily having

an equivalent effect on sodium excretion. Consideration will be

given to this aspect later in this review section.

Further evidence that oral salt loading in man influenced

urine calcium excretion was provided in 1967 by Phillips and

Cooke. They showed that in normal males, in men with idiopathic

hypercalciuria, and in three patients with hyperparathyroidism,

short-term variation in salt intake led to a corresponding

change in urinary calcium excretion.

The linear relationship between calcium clearance or

excretion, and sodium clearance or excretion, originally

demonstrated by Walser (1961b) has been confirmed in dogs by

Massry et al. (1967a) and Blythe et al. (1968). These three

groups of workers also showed that calciuresis accompanied

natriuresis induced by saline infusion even when there was

acute reduction in filtered load. The clearances of calcium and



sodium were linearly related both in normal dogs, and following-

acute reduction of glomerular filtration rate, without signifi¬

cant change in the regression slope (Massry et al. 1967a). At

high rates of sodium excretion, the relationship between

clearance of free calcium ions, and clearance of sodium,

approached unity, and seemed unaffected by fall in serum calcium

(Kassry et al. 1967a; Blythe et al. 1966), or by absence of

parathyroid activity (Massry et al. 1968a).

A direct relationship between calcium excretion and sodium

excretion has now been demonstrated in many other situations in

which sodium excretion is varied. Calcium excretion has been

shown to correlate with sodium excretion during changes in

sodium excretion induced by haemodynamic factors such as

alteration in renal perfusion pressure (Duarte and Watson 1907;

Farfitt and Lukin 1968; Raloyanides 1970), renal vasodilatation

(Lavender, Aho and Pullman 1965, Gonda, Wong, Seely and Dirks

1969), or alteration in systemic mean arterial pressure (Gonda

et al. 1969). A direct relationship between calcium excretion

and sodium excretion has also been demonstrated during the

administration of a variety of diuretic agents, including cardiac

glycosides (Kupfer and Kosovsky 1965), osmotic or mercurial

diuretics (Parfitt 1969), non-mercurial diuretics (Duarte

19t>8a, b; Parfitt 1969) , and in various pathological situations

such as hypertension (Ackerman 1971), advanced renal failure

(Fopovtzer, Masery, Coburn and Kleeman 1969) and changes in

the hormonal milieu such as hyperparathyroidism (Axelrod 1966;

Phillips and Cooke 1967; Massry et al. 1968a), and hypopara¬

thyroidism (Massry et al. 1968a).

Unilateral renal artery stenosis leads to a fall in sodium
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and water excretion on the affected side in dogs (Blake, Wegria,

Ward and Frank 1950) and in man (Connor, Thomas, Haddock and

Howard 1960). In four patients with renal artery stenosis it

was shown (Parfitt and Lukin 1968) that for the ischaemic kidney,

the excretion of sodium, calcium and water were all reduced in

the same proportion as compared with their excretion from the

opposite kidney. During saline loading in dogs, unilateral

renal artery constriction led to simultaneous reduction of

calcium and sodium excretion in three experiments, the change in

calcium excretion paralleling that of sodium in two experiments

(Duarte and Watson 19&7)-

Other haemodynomic changes that are known to influence

sodium excretion, with or without change in filtered load, have

also been found to induce parallel changes in calcium excretion.

Lavender et al. (1965) showed that renal vasodilatation induced

by infusion of acetyl choline into one renal artery of dogs

resulted in increases in the excretion of calcium as well as

sodium. Gonda et al. (19&9) found that in dogs unilateral renal

vasodilatation induced by either bradykinin or acetyl choline

led to parallel changes in calcium and sodium excretion, and

also showed that changes in perfusion pressure induced by angio¬

tensin nfusion or combined carotid occlusion and vagotomy, when

combined with renal vasodilatation, had synergistic effects on

calcium and sodium excretion. When perfusion pressure was

lowered by means of aortic constriction, they found the effect

of renal vasodilatation could be abolished or reversed. although

they claimed that changes in perfusion pressure alone in the

absence of renal vasodilatation directly influenced calcium and

sodium excretion, it is not possible from examination of their
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protocol and data to be sure that no residual effect of renal

vasodilatation remained while angiotensin was being infused by

the intravenous route at 3 ug/minute. I shall show in a later

section that in fact the renal response to angiotensin varies

with the doEe of angiotensin infused.

A direct demonstration that changes in renal perfusion

pressure produce parallel changes in calcium and sodium excretion

has been provided by Kaloyanides (1970) who varied the perfusion

pressure of an isolated kidney.

In advanced renal failure in man, Popovtzer et al. (19&9)

showed that the fractional excretions (excreted fraction of the

filtered load) of calcium and sodium were high and that the

relationship between the fractional excretion of calcium and

sodium followed a regression slope of one, the same slope as

that observed during natriuretic conditions in experimental

animals (Walser 1961b; Massry et al. 1967a).

In hypertensive subjects Ackerman (1971) showed that the

exaggerated natriuresis following saline infusion with oral

water loading was accompanied by a parallel increase in calcium

excretion, the relationship between sodium and calcium clearances

remaining constant over a three fold change in sodium clearance.

It is apparent that in many situations changes in sodium

excretion are accompanied by parallel and proportionate changes

in calcium excretion. The next matter for consideration is

whether it is possible to change the renal excretion of either

ion independently of the other, and whether it is possible to

alter the form of the relationship between calcium and sodium

clearance in those situations where a relationship does exist.

It has been shown, and the evidence will now be reviewed, that
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change in parathyroid or mineralocorticoid status, change in the

level of serum diffusible calcium, metabolic acidosis, phosphate

infusion, calcium deprivation, and diuretic administration nay

all demonstrate these effects.

In hyperparathyroid patients Axelrod (1966) showed that

saline infusion produced significantly greater calciuria than

that obtained in normal subjects. Phillips and Cooke (1967)

reported that in three patients with hyperparathyroidism, urinary

excretion of calcium was much higher than that of control subjects

although urinary sodium output was similar for the two groups.

In 1962 Widrow and Levinsky had shown that infusion of

parathyroid extract into thyroparathyroidectomised dogs lea to a

fall in calcium excretion despite an increase in filtered load of

calcium and either no change or some increase in urinary eoaium

excretion. Stop flow experiments by the same authors showed that

the parathyroid hormone was acting at a distal tubular site.

Massry et al. (1968a) reported that in thyroparathyroidectomised

dogs not undergoing saline diuresis, calcium clearance was four

to six times sodium clearance, as against a ratio of about 1.5

for normal dogs. When parathyroid hormone was administered,

calcium clearance fell without change in sodium clearance, and

the ratio of calcium clearance to sodium clearance approached

normal values. It seems that parathyroid hormone influences

the relationship between calcium and sodium excretion by an

effect on tubular reabsorption of calcium, either largely or

entirely independently of sodium reabsorption.

Kassry et al. (1968a) found that when infusions of calcium

chloride were given to thyroparathyroidectoraised dogs, the urinary

excretion of both calcium and sodium rose. While the dogs were
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hypocalcaemic or normocalcaami0( calcium chloride .infusion

produced a disproportionate increase in calcium clearance as

against sodium clearance, when contrasted with the changes of

calcium clearance and sodium clearance induced in normal dogs

by saline infusion. Paring hypercalcaemia produced by the calcium

infusion, the slope of the relationship between calcium clearance

and sodium clearance was nearer to that seen with saline infusion,

but v/ith a different intercept. When these workers infused

saline with or without calcium chloride into thyroparathyroidecto-

mised dogs, they found that with hypocalcemia and low sodium

excretion rates, calcium clearance was greater than the

corresponding value observed during saline infusion into normal

dogs. At higher rates of sodium excretion, with low or normal

serum calcium levels, the ratio of calcium clearance to sodium

clearance approached that of normal dogs during saline infusion.

Tf hypercalcaeraia was induced by calcium chloride infusion

calcium clearance again significantly exceeded sodium clearance

despite continued saline administration. They also observed

that during hypercalcaemia, whether induced by calcium infusion,

by calcium infusion plus parathyroid extract, by calcium

infusion plus saline, or by calcium plus parathyroid extract and

saline, they still obtained a linear correlation between calcium

clearance and sodium clearance, but the regression line was above

that for saline infusion in normals, or for that observed in

hypocalcaemic or normocalcaemic thyroparathyroidectomised dogs.

Thus hypercalcaemia was associated with a greater clearance of

calcium for any given level of sodium clearance, irrespective of

the administration of parathyroid hormone or saline.

Just as it has been found possible to vary tubular
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reabsorption of calcium without influencing sodium excretion, so

it has been found possible to alter sodium excretion without

influencing calcium excretion. In 1962 Robinson et al. reported

that in man mineralocorticoid administration increased the ratio

of calcium clearance to sodium clearance during diuresis, when

given either to normal people or to Addisonian patients

previously not on mineraloeorticoids. However they gave little

data, and no indication as to whether their studies were made on

an acute or chronic basis. They also stated, but gave no data,

that calcium clearance remained lower than sodium clearance when

adrenalectomised dogs were given calcium infusions. It was not

clear whether the altered relationship was due to changes in

sodium excretion or calcium excretion, or both. In 196^ Laaberg,

Paloheimo and Torsti claimed that aldosterone given by the

intravenous route decreased calcium/creatinine clearance ratios

during hourly urine collections in five out of eleven subjects.

The acute effect of mineralocorticoid administration on calcium

excretion was firmly established for the dog by Massry. Coburn,

Chapman and Kleeman (19b7b), and for man by Lemann, Piering and

Lennon (1970). Maesry et al. (19b7b) found that in dogs who had

bilateral adrenalectomy and were then maintained on hydrocortisone

the ratio of clearance of sodium to that of calcium was much

higher than in normal dogs, and that mineralocorticoids given to

these adrenalectomised dogs reduced sodium excretion without

consistent change in calcium excretion. It appeared that the

augmented sodium excretion occurring in the absence of mineralo¬

corticoid was not accompanied by a similar increase in calcium

excretion, and that the mechanisms for sodium transport which

were acutely influenced by mineralocorticoid were independent
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from mechanisms involved in calcium transport. When a large

intravenous dose of aminophylline was given to adrenalectomised

dogs receiving aldosterone there was a rise in glomerular

filtration rate and in excretion of both sodium and calcium, the

ratio of clearance of sodium to clearance of calcium approaching

values seen in normal animals during saline diuresis. A

possible explanation of this finding is that intravenous amino-

phylline increased distal delivery of sodium (and calcium) to

such an extent as to exceed the maximum reabsorptive capacity

for that part of the distal reabsorption of sodium regulated by

mineralocorticoid. tinder these circumstances the fraction of

sodium reabsorption controlled by mineralocorticoid might

constitute such a small part of the sodium reabsorbed by the

distal nephron that the effect of these hormones on sodium

excretion would become very small. The pattern of calcium and

sodium excretion might then be expected to approximate to that

observed in normal dogs undergoing saline diuresis.

Lemann et al. (1970) showed that in man the acute admini¬

stration of aldosterone reduced sodium excretion without"

influencing calcium excretion or the filtered load of calcium.

It seems therefore that mineralocorticoids have no direct action

on renal tubular handling of calcium. However, when mineralo¬

corticoids are administered on a long term basis, it has been

found that calcium excretion is influenced. Kleeman et al. (196*0

reported that the mineralocorticoid 90(fluorohydrocortisone, when

administered for two days to two normal subjects on a very high

salt intake, did lead to reduction of urinary calcium and sodium

on both days. Wills, Gill and Bartter (1969) found that in three

subjects, sodium retaining steroids had no initial effect on
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calcium excretion, and increased it slightly on the second and

third day. In on® patient with hyperoalciuria due to nermo-

cslceensic primary hyperparathyroidism, administration of a

eodiur retaining steroid for three days led to some reduction in

calcium excretion on each of the days administered.

Hessry, Coburn, Chapman and Kleeman (1966b) administered

the mineralocorticold dasoxycorticosterone acetate (DGCA) to

normal dogs on a constant and normal salt intake. They found

that sodium excretion fell on the first day of DOGA admini¬

stration and then returned to baseline levels, while calcium

excretion remained unchanged until the second or third day of

1 C. administration and then increased progressively up to 6-14

fold control levels. 3uki, Schwettmarm, Hector and Seidin (.1966)

made similar observations on rats to whom the mineralocorticoid

9 iXfluorohyarocortieone (fludrocortisone) was administered. They

made the additional observation that if salt was omitted entirely

fro® the diet, prolonged administration of fludrocortisone no

longer influenced calcium excretion. It appeared that the

increase in calcium excretion induced by chronic administration

of mineralocorticoidts was related not to a direct action of the

mineralocortlcold on calcium excretion, but to sodium retention

and subseque t "escape" from the salt-retaining action of

ndneralocorticoids.

Schmitt, Tsao, Tjen, Claiche, Cwaline and Kouson (1971)

found that bilaterally adrenalectomised dogs, froa whom all

hormonal replacement therapy had been withheld for several

days, had similar calcium excretion to normal controls, but a

lower sodium excretion and glomerular filtration rate.

Faking allowances for differences in glomerular filtration
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rate, in plasma sodium and calcium, and in the fractions of

diffusible calcium in the two groups of dogs, they concluded

that both absolute renal tubular reabsorption and fractional

tubular reabsorption of calcium were decreased in adrenalecto-

mised dogs from whom hormonal therapy had been withheld. These

findings could not be explained in terms of either the acute or

cnronic effects of inineralocorticoid action earlier reviewed.

With salt depletion, and shrinkage of extracellular fluid volume,

one would have expected a reduction in calcium excretion occurring

with a reduction in sodium excretion. Scnmitt et al. (1971) did

point out that their adrenalsctomised dogs, from whom replacement

therapy was withheld, did develop a metabolic acidosis, which is

known to inhibit renal tubular reabsorption of calcium (Lemann

et al. 1yb7; Keidenberg, Sevy and Cucinotta 196b). although in

two dogs restoration of the arterial ph to normal by sodium

bicarbonate did not return the pattern of calcium excretion to

normal, Schmitt and his co-authors accepted that intracellular

acidosis might not have been corrected. The experimental

animals of Schraitt and his co-workers were Cortisol as well

as rnineraloccrticoid deficient, and this could have directly

influenced renal tubular absorption of sodium and possibly

indirectly influenced calcium reabsorption. Cortisol has a

direct effect on renal tubular reabsorption of sodium, but not

on that of calcium (Lemann et al. 1970).

Infusion of hypertonic saline solution led to natriuresis

and calciuresis in both adrenalectoiaised and normal dogs,

demonstrating a relationship between calcium and sodium

excretion in the absence of both mineralocorticoid and

glucocorticoid hormones.
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The induction of metabolic acidosis has been found to lead

to a change in the relationship between calcium and sodium

excretion. Lensarm et al. (196?) showed in man that chronic

metabolic acidosis led to an increase in calcium excretion and

that this occurred even when the filtered load of calcium fell.

They presented evidence that this decrease in renal tubular

reabeorption of calcium was not dependent upon natriuresis, for

there was no significant change in sodium excretion, or upon an

increased excretion of complexing ions. They further demonstrated

that the effect of metabolic acidosis on calcium excretion was

not dependent upon the presence of, or change in secretion of the

parathyroids, thyroid, or calcitonin, but that it might be

related to intracellular rather than extracellular acidosis.

Reports on the administration of the alkali, sodium

bicarbonate are somewhat conflicting. Ko significant change in

urinary calcium was observed following the administration of

sodium bicarbonate to patients with scoliosis (Farquharson,

Salter, Tibbets and Aub 19351 ), one case of immobilisation

hypercalciuria (Howard, Parson and liigham 19^5) or idiopathic

hypercalciuria (Albright, Kenneman, Benedict and Forbes 1955;

Henneman, Benedict, Forbes and Dudley 1958). However Hills et

al. (1959) noted that in one normal subject, substitution of

oral sodium chloride by an equivalent amount of sodium

bicarbonate led to reduction in urinary calcium excretion and

no change in sodium excretion. In patients with idiopathic

hypercalciuria (Parfitt, Rlggino, NassiK, Collins and Rilb 196^),

or in normal subjects (Edwards and Hodgkinson 1965) it was

reported that administration of sodium bicarbonate led to

reduction in urinary calcium excretion. In acute experiments on
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dogs Williamson and Freeman (1957) found sodium bicarbonate

infusion led to increase in calcium excretion, and Walser and

Browder (1959) demonstrated that infusion of either saline or

sodium bicarbonate induced similar degrees of calcium excretion.

It is possible that administration of sodium bicarbonate influences

calcium excretion both by virtue of its sodium content, and by

the alkalanising effects of the bicarbonate anion. It would seem

that further work is required to establish the effects of alkalis

on calcium excretion.

The relationship between calcium excretion and sodium

excretion during saline diuresis can be influenced by phosphate

infusion (Coburn, Hartenbower and fSassry 1971)- These workers

showed that during saline diuresis, infusion of phosphate into

intact and thyroparathyroidectomised dogs lowered the ratio

between calcium clearance and sodium clearance, whereas during

saline diuresis alone, the ratio of clearances did not change.

It thus appeared that phosphate infusion increased renal tubular

absorption of calcium relative to any effect on sodium

absorption, and that this effect was independent of parathyroid

activity. Stop-flow studies by the same workers indicated that

the effect occurred, at least in part, diffusely in the distal

nephron.

A further situation in which the relationship between calcium

excretion and sodium excretion during saline diuresis has been

reported to be altered is following calcium deprivation (Phillips

and Cooke 1967) or concurrent calcium deprivation and repeated

saline infusion (Brickman, Massry and Coburn 1971)• Phillips

and Cooke (1967) noted that patients on a low calcium intake had

significantly lower urinary calcium excretion than patients on a
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normal calcium intake, although there was no significant

difference in sodium excretion for the two groups. Dogs who had

been maintained on a low calcium intake for 12 days were given

daily infusions of normal saline, and also continued on the low

calcium diet, for a further 12 days (Brickman et al. 1971)* During

the first few days of saline infusions the relationship between

calcium clearance and sodium clearance was the same as that

observed in normal animals during saline diuresis. After 5 days

of repeated saline infusions there was a significant reduction in

the fraction of filtered calcium in relation to sodium.

Unfortunately these workers did not observe the effect of

repeated saline infusions given to dogs on a normal calcium

intake, and so it remains possible that the effect they observed

was due to some action of repeated saline infusions rather than

to calcium depletion.

Earlier in this review (p. 17) it was mentioned that various

natriuretic agents had been shown to influence calcium excretion.

Blumgart, Gilligan, Levy, Brown and Volk (193^+) appear to have

been the first to report increased calcium excretion during

mercurial diuresis in man, and this has been confirmed in man by

Barker, Elkinton and Clark (1959)» and in dogs by Walser and

Trounce (1961) and Wesson (1962). Parfitt (1969) showed that

the increase in calcium excretion was not simply an osmotic effect,

leading to natriuresis and calciuresis. Calcium excretion during

mersalyl induced diuresis was much higher than during infusion of

mannitol, producing the same total solute excretion, while the

relationship between calcium and sodium excretion was the same for

both diuretics.

Reports on the acute effects of thiazide diuretics have
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Kirpan (1961) reported no change in calcium excretion in dogs,

while Walser and Trounce (19&1) observed a fall. In the dog

(Duarte, 1968a) and in man (Parfltt, 1969) it seems clear that

the effect of acute administration of thiazide diuretics in

suitable dosage (Duarte 1968a) is to increase calcium excretion,

and both workers found that the calciuresis was linearly

correlated with the concurrent natriuresis. However, during this

acute diuretic situation, Parfitt (1969) found that the ratio of

calcium excretion to sodium excretion was less than during saline

diuresis. He further showed that when mersalyl and a thiazide

were given together, calcium excretion relative to sodium

excretion was less than after raersalyl alone. He concluded that

chlorothiazide had some specific inhibitory effect on calcium

excretion, and that the effects of chlorothiazide on calcium

excretion represented the balance between two opposing factors;

an increase in some way related to the increase in sodium

excretion, and a decrease as a result of some intrinsic action

of the drug. These observations and conclusions fit in well

with the observation that the chronic administration of thiazide

diuretics reduces urinary excretion of calcium (Lamberg and

huhlbeck 1959; Lichtwitz, Parlier, De Seze Hioco, and Firavet

1961; Higgins, Nassim, Collins and Hilb 1964). The latter

workers found in man that the thiazide diuretic benarofluazide

produced a sustained reduction by about 30-40% in urine calcium

excretion, arid that this reduction was not related to concurrent

changes in sodium, potassium, magnesium, creatinine or phosphorus

excretion. Harrison and Rose (1968) provided evidence that this

effect of reduction in calcium excretion was not due to reduction
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in net intestinal absorption of calcium.

Possible mechanisms for the hypocalciuria Induced by

chronic thiazide administration include a specific pharmacological

action, a non-specific action due to reduction in extracellular

fluid volume, enhancement of parathyroid hormone action on the

nephron, and reduction in filtered load of calcium.

In favour of a specific pharmacological action of diuretics

is the work of Parfitt (1969)> which I have already discussed,

the finding that other diuretics such as frusemide or ethacrynic

acid enhance the excretion of calcium relative to sodium (Duarte

1968b; Antoniou, uisnar, Slotkoff, Lilienfield 1969)> and the

observation that chronic administration of frusemide in the rat

leads to a maintained increase in calcium excretion (Nielsen,

Andersen and Steven 1969)• There does appear to be a non-specific

effect related to sodium depletion and reduction in extracellular

volume. Parfitt (1969) demonstrated that in the post-diuretic

phase after withdrawal of various diuretics, there was always a

decrease in both calcium and sodium excretion. Reduction in oral

sodium intake, leading to reduction in sodium excretion, does also

cause reduction in calcium excretion (Kleeman et ai. 196*0.

In acute studies on the action of diuretics, Eknoyan, Suki

and Fartinez-Kaldonado (1970) found that thiazide and other

diuretics were able to increase calcium excretion in thyropara-

thyroidectOHiised dogs in whom urinary losses were continuously

replaced. This would suggest that the action of various diuretics

in leading to increases in calcium excretion paralleling changes

in sodium excretion during the natriuretic phase of action of the

diuretics was not depencent upon the presence of parathyroid

hormone.
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Chronic administration of thiazides however, failed to induce

hypocalciuria in a group of vitamin D treated hypoparathyroid

patients (Brickman, Coburn, Koppei, Peacock and Massry 1971),

suggesting a dependence of the hypocalciuric effect of thiazides

on the presence of parathyroid hormone. Further evidence seems

required on this point. Brickman ejt_ al. (1971) further noted

that although thiazide administration might lead to a fall in

glomerular filtration rate, there wee a rise in serum calcium,

and so in two of three studies, they found the filtered load of

calcium was unaltered.

The nature of the relationship between calcium excretion and

sodium excretion

By means of a micropuncture technique L&esiter ejt^ _al. (1963)
established that under non-diuretic conditions in the rat and

hamster, calcium reabsorption throughout the nenhron appeared to

follow a very similar pattern to that found for sodium (Lassiter,

Gottschalk and Mylle 1961), with the bulk (about 65%) of

reabsorption occurring in the proximal tubule, some 20-25% in the

ascending limb of the loop of Henle, some 10% in the distal

convoluted tubule, and most of the remainder in the collecting

ducts. Under non-diuretic conditions there was no change in

calcium concentration along the accessible portion of the proximal

convoluted tubule in rats (Lassiter et al. 1963), or in dogs

(Duarte and Watson 1967). Similarly, it has been found that

under non-diuretic conditions there is no change in sodium

concentration along the accessible part of the proximal tubule

(kindhager and Giebisch 1961; Ullrich, Schmidt-Nielsen, 0' Dell,

Pehling, Gottschalk, Lassiter and Mylle 1963). This means that
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calcium, sodium and water are all reabsorbed from the proximal

tubular fluid in the same proportions in which they exist in the

glomerular filtrate. Using a technique of perfusion of the

proximal tubule, Frick et al. (1965) were able to show in rats a

great similarity in behaviour of calcium and. sodium in the

proximal tubule in terms of outward transport, influx into the

lumen, and concentration ratio at equilibrium, strongly

suggesting a common transport mechanism for calcium and sodium

ions.

Under suitable conditions it has been possible to

demonstrate active transport from the proximal tubule lumen for

calcium in the rat (Lassiter et al. 1965) and dog (Duarte and

Watson 1967) and for sodium (Windhager and Giebisch 1961:

Ullrich et al. 1963)-

During either mannitol or saline induced diuresis in the

dog Duarte and Watson (1967) found that inhibition of sodium

transport in the proximal tubule was accompanied by a similar

inhibition of calcium reabsorption. It was possible that the

inhibition of calcium reabsorption may have been slightly less

than that of sodium, but the authors did not feel their

techniques were sufficiently accurate to establish this point.

It appears, then, that there is good direct evidence that calcium

and sodium reabsorption are closely linked in the proximal

tubule both in the non-diuretic and in some diuretic situations.

Duarte and Watson also noted that following saline infusion, the

increase in the fraction of filtered calcium excreted in the

final urine was only about half that expected from the observed

decrease in proximal tubular reabsorption. There must have been

an increase in calcium reabsorbed from more distal sites. A
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similar situation has been shown to obtain for sodium

reabsorption.

Isotonic saline loading in the rat has been shown by micro-

puncture technique to lead to decrease in proximal tubular

reabsorption of sodium and fluid (Courtney, Kylle, Lassiter and

Gottschalk 1965; Landwehr, Klose and Giebisch 1967; Rector,

Seilman, Martinez- Maldonado and Seldin 1967). In the dog, both

isotonic and hypertonic saline loading have been found to lead to

reduction in fractional reabsorption in the proximal tubule

(Dirks, Cirksena and Berliner 1965; Seely and Dirks 1969; Dir^s

and Seely 1970).

however, the inhibited fraction of proximal reabsorption

exceeds the concommitant increase in the fraction of filtered

sodium excreted by the dog (Dirks et al. 1965? Howards, Davis,

Knox, Wright and Berliner 1968; Knox, Howards, Wright, Davis

and Berliner 1968) and by the rat (Hayslett, Kashgarian and

Epstein 1967).

Evidence has been obtained using clearance technique! to

indicate that the increased sodium reabsorption during saline

loading occurs in the loop of Henle in the dog (Eknoyan, Suki,

Rector and Seldin 1967; Stein, Abramson, Rahn and Levitt 1967;

Leeber, Murdaugh and Davie 1968), and in man (Goldberg, McCurdy

and Ramirez 1965).

Mcropuncture studies have confirmed an increase in absolute

sodium reabsorption in the loop of Henle during saline loading

in the rat (Giebisch, Klose and Windhager 196^; Laseiter, Mylle

and Gottschalk 196^5 Courtney et al. 1965; Landwehr et al. 196?)«

and in the dog (Dirks and Seely 1970), Using clearance

techniques, Stein et al. (1967) showed that during hypotonic
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saline infusion in dogs, there was initially distal tubular

reabsorption of most of the increase in load of sodium delivered

beyond the proximal tubule, but that as sodium excretion

increased, a limit on distal sodium transport became apparent,

leeber et al. (1968) made siaiilar observations in the dog, and

presented evidence that alteration in distal tubular function

involved the loop of Henle. Clearance studies in men have shown

that during acute volume expansion with saline, there is a

decrease In the fraction of delivered sodium reabsorbed in the

distal nephron when compared to the response of the distal

nephron to comparable increases in distal sodium delivery in the

absence of volume expansion (Buckalew, Walker, Puschett and

Goldberg 1970).

It should be made clear that natriuresis did ensue in these

various situations. Although there might be augmentation of

reabsorption at sites distal to the proximal tubule, this was

less than the increase in distal delivery of sodium per unit

time, and this discrepancy increased at high rates of sodium

excretion not only because proximal reabsorption may have been

further inhibited, but also there was increasing inhibition of

distal reabsorption.

During saline diuresis in dogs various workers (Walser 1961b;

Massry et al. 1967a; Blythe et al. 196b) all noted a linear

correlation between calcium clearance and sodium clearance, the

ratio between the two clearances approximately to 1. This linear

relationship persisted, with no change in slope, during acute

reduction in glomerular filtration rate (Massry et al. 1967a).

It would thus seem likely that both calcium and sodium reabsorption

were responding to the same factor or factors producing a decrease
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the reabsorption of calcium changed pari passu with that of

sodium, and that the reabsorption of these two cations was

linked at more distal sites as well as in the proximal tubule.

It is difficult to draw precise conclusions from these studies

because they do not provide quantitative data on the reabsorption

of cations in the various parts of the tubule. At high rates

of sodium excretion, there would be markedly increased delivery

of proximal tubular rejectate to more distal sites, and so the

modifying influences, if any, of these distal sites (which even

in non-diuretic conditions are quantitatively less important

than proximal sites) on the proportions of calcium and sodium

reabsorbed would become less apparent. The greater the degree

of inhibition of proximal tubular reabsorption, the closer the

urine composition would approximate to the glomerular filtrate,

with a clearance cf diffusible calcium equal to the clearance

of sodium.

Ackerman (1971) reported a linear correlation between

calcium clearance and sodium clearance at all rates of sodium

excretion during saline diuresis in hypertensive human subjects.

In hypertensive subjects there is evidence that saline loading

leads to increased sodium excretion by inhibition of scdium

reabsorption in both the proximal tubule and the ascending limb

of the loop of Henle (Gannon 1968; Buckalew, Puschett, Kintzel

and Goldberg 1969; Ackerman 1971)• It appeared that this was

another situation in which calcium reabsorption, like sodium,

was decreased in both the proximal tubule and in the ascending

limb of the loop of Henle.

It is of interest that Ackerman (1971) found that the
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regression line relating calcium clearance to sodium clearance

during saline diuresis in hypertensive human subjects had a

slope of 0.7b, suggesting that calcium reabsorption was

proportionately greater than sodium reabsorption. If the

proximal tubules of hypertensive man in these conditions behave

in a similar manner to that of the dog and the rat, then it

would seem that calcium reabsorption is enhanced relative to

sodium reabsorption at a site distal to the proximal tubule.

Antoniou et al. (19&9) reported that in dogs receiving a

saline infusion, the relationship between calcium clearance and

sodium clearance changed after the first hour of infusion, the

increase in sodium clearance becoming greater than that for

calcium clearance, and this pattern persisted even if plasma

calcium levels were maintained stable. If equal inhibition of

calcium and sodium reabsorption was being induced in the proximal

tubule, tnen disproportionate changes in reabsorption of calcium

and sodium were occurring in more distal areas.

It has also been claimed by antoniou, Shaliioub, Gallagher and

G'Connell (1971) that the relationship in dogs between calcium

and sodium clearance is influenced by the degree of saline

loading. Using a modified saline solution so that plasma levels

of calcium were maintained, they found that when the saline load

was less than 5% of body weight, clearance of sodium exceeded

that of diffusible calcium. With greater saline loads this

relationship was reversed. Again, if similar degrees of inhibi¬

tion of calcium and sodium reabsorption were occurring in the

proximal tubule, dissimilar changes were occurring in more

distal regions.

When Davis and Murdaugh (19?0) gave saline infusions to



dogs in amounts claimed to influence only distal sodium

reabsorption (Davis, Walter and Kurdaugh 1969), or in amounts

that are believed to influence both proximal (Courtney et al»

1965; Dirks et al. 1965) and distal (Stein et al. 196?; Leeber

etal. 196c) sodium reabsorpt.ion, the saline infusions caused

increase in calcium excretion at all doses tested. The

conclusion of Davis and Furdaugh that their results suggested

parallel changes in distal tubular reabsorption of sodium and

calcjum should be regarded as speculative. The claim that low

saline loads influenced only distal sodium reabsorption requires

confirmation and there is no proof that the change in calcium

excretion was due to change in tubular reabaorpticn of calcium

at distal sites.

When hyperoncotlc albumen was infused in dogs Davis and

Murdaugh (1970) found an increase in sodium excretion but no

change in calcium excretion. They shewed that these results

could not be attributed to change in filtered load of calcium.

Others have shown hyperoncotic albumen infusion to decrease

proximal tubular reabscrption of sodium in a manner quantitatively

similar to that induced by saline infusion, but with a greater

increase in distal sodium reabsorption (Howards et al. 1968,

Leeber et al. 1968). Since saline infusion which produced

natriuresis comparable to that of hyperoncotic albumen infusion

also induced calciuresis, Davie and Kurdaugh (1970) concluded

that calcium and sodium excretion parallel one another only when

distal tubular sodium reabsorption is inhibited. It would

further seem that at least part of distal tubular transport of

sodium is linked to that of calcium. However there is no proof

as yet that hyperoncotic albumen infusion does depress calcium
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reabsorption in the proximal tubule.

It would Been that there is good evidence for very similar

or identical degrees of inhibition of calcium and sodium

reabsorption in the proximal tubule in at least some situations

which influence sodium excretion. There is also evidence that

when sodium excretion is changed, there is change in reabsorption

of both calcium and sodium in more distal sites, but less

satisfactory evidence on the quantitative aspects of this

relationship at more distal sites.

There is also good evidence for independent transport

mechanisms for the two cations in distal areas. I have earlier

reviewed the evidence that miner&locorticoids have no direct

action on tubular reabsorption of calcium in dogs (Massry et al.

1967b), or in man (Lemann et al. 1970) though they are believed

to influence at least part of sodium reabsorption in the distal

portion 6f the nephron in the dog (Vender, Malvin, Wilde,

Lapides, Sullivan end McKurray 1958; Vender, Wilde and Malvin

1960) and in men (Sonnenblick, Cannon and Lar&gh 1961). There

is evidence that in man this distal site is the distal convoluted

tubule (Yunis. Bercovitch, Stein, Levitt and Goldstein 196*0.

I have also earlier reviewed evidence that in the dog

parathyroid hormone influences distal tubular reabsorption of

calcium (Howard et al. 1959? Widrow and Levinsky 1962; Grollman

et al. 1963; Massry et si. 1$68a) but not sodium (Widrow and

levinsky 1962; Massry et al. 1968a). Using a microperfusion

technique Frick et al. (1965) showed that neither deficit nor

excess of parathyroid horizons influenced calcium absorption from

the proximal tubule of the rat kidney. It should be remembered

that the distal tubular reabsorption of calcium, not all of which
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10% of all calcium reabsorption in the non-diuretic animal

(Laessiter at al. 19^3) •

At this point one may consider again some of the situations

in which calcium clearance or excretion showed some relationship

to sodium clearance or excretion. Duarte and Watson (196?) in

acute experiments on the dog, and parfitt and Lutein (1968)

studying the chronic situation in man, both found, that renal

arterial constriction led to the excretion of water, sodium and

calcium being all decreased in the same direction on the affected

side as compared with the non-ischaemic side. Since there is

evidence that renal arterial constriction in man does influence

proximal reabsorption of sodium and water (Stair.ey, Ifadelman,

Good, F.chwentker and Hendricks 1$61) this could b® another

situation in which calcium reabsorption in the proximal tubule

was influenced in a quantitatively similar manner to that of

sodium.

In advanced .renal failure there is a rise* in the fractional

excretion of sodium, calcium and magnesium (hleeman, Ofcun and

Heller 1966; Better et si. 1967). In patients with uraemia a

close correlation has been demonstrated between the fractional

excretion of sodium and calcium, with a regression slope of 1

(popovtzer et al. 1969). It seems unlikely that this relation¬

ship is a consequence of a large osmotic load, as others have

shewn in a variety of situations and species that the correlation

between calcium clearance and osmotic load is less good than

that between calcium and sodium clearance (Wesson 1962; Better

et al. 19665 Schuck and Cort 1967; P&rfitt 196$). There is

evidence reviewed by Bricker (1967) that the rise in fractional



excretion is not due to an increased filtered load per functioning

unit, to mineralocorticoid insufficiency, or to solute diuresis

imposed by retention of impermeant aniens and. urea. It would

seem most likely that a common mechanise caused proportionate

decrease of sodium and calcium in the functioning tubules. This

cociif.cn mechanism could be the 'third factor' as considered by

Briefer (196?) in respect of the regulation of sodium re,resorption.

When mineralocorticoids are administered there is an initial

period of sodium retention and then there is "escape" from the

salt-retaining action, and sodium excretion returns to control

levels. This phenomenon has been observed in man following the

administration of aldosterone (/aig.'.st, Nelson and Thorn 1958;

Rovner, Conn, Knopf, Cohen and Hsuah 1965)> desoxycorti costerone

acetate (DOCn) (Relman and Schwartz. 1952) and 9 <X"fluorohydro-

cortisone (Strauss and Eurley 1959) » and in dogs given DOC/s

(Masary et al. 1968b), and rate given 9 oc'fluorohydrocortison©

(Suki et al. 1968).

It has been shown in dogs (Masary et al. 1968b) and in rats

(Suki et al. 1968) that concurrent with this escape from the

sodium-retaining action of the mineralocorticoid, there occurs

a sustained increase in calcium excretion. Since raineralo-

corticoids do not appear to have any direct action on calcium

excretion, it would seem that the augmented calcium excretion

observed during long term administration is brought about by-

indirect mechanisms related to the effects of mineralocorticoids

on sodium status. It has been shown by a micropuncture

technique in dogs that when treatment with sodium-retaining

steroids is continued for many days, there is decrease of sodium

reabsorption by the proximal tubule ("Wright, Knox, Howards and
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Berliner 1969)* Evidence has been obtained for the dog, using

clearance techniques, that there is also depression of sodium

reabsorption in the ascending limb of the loop of Henle during

intravascular volume expansion (Stein et al. 196?) and during

combined volume expansion and chronic administration of a sodium-

retaining steroid (Eknoyan et al. 196?). On the basis of

previously reviewed evidence, it is possible that the tubular

reabsorption of calcium would also be decreased at these sites.

There would be increased distal delivery of sodium and calcium,

but the sodium would be reabsorbed under the action of the

mineralocorticoid until a new stable state was reached in which

proximal reabsorption of sodium and calcium would be decreased,

and distal reabsorption of sodium, but not calcium, would be

enhanced. Thus with escape from the sodium-retaining action of

the mineralocorticoid, sodium excretion would return to control

levels, and calcium excretion would remain enhanced. In favour

of this hypothesis is the finding by Suki et al. (1968) that

when salt was completely withheld, administration of a mineralo¬

corticoid no longer influenced calcium excretion. The

observation of Massry et al. (1968b) that sodium balance was

attained by the second day of mineralocorticoid administration

but maximal calcium excretion was not reached until the fourth

to sixth day, is compatible with the above hypothesis. It is

quite possible that sodium balance was re-attained at a time

when there was increasing inhibition of proximal tubular

reabsorption of sodium, but this was being compensated by an

equivalent increase in distal tubular reabsorption of sodium.

There is some evidence that the calciuretic effect of

chronic administration of mineralocorticoids is not related to
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a change in intestinal calcium reabsorption, or to potassium

depletion (Suki et al« 1968).

In hypoparathyroid dogs Massry et al. (19b8a) found that

the clearance of calcium was ^-6 times higher than the clearance

of sodium. The clearance of calcium tended to approach that of

sodium when parathyroid hormone was administered, and also during

saline diuresis. During calcium infusion in the thyropara-

thyroidectomised animals there was a disproportionate increase

in calcium clearance above sodium clearance. Hypercalcaemia

was associated with a greater clearance of calcium for any given

level of sodium clearance irrespective of the administration of

parathyroid hormone or saline to thyroparathyroidectomised dogs.

It is apparent that one of the factors influencing the relation¬

ship between calcium clearance and sodium clearance is the action

of parathyroid hormone, which, as discussed earlier acts at a

distal site in the tubule to influence calcium but not sodium

reabsorption. In the absence of parathyroid hormone, distal

calcium reabsorption would fall and unless compensatory

mechanisms came into play, urinary calcium excretion and

calcium clearance would rise.

Saline infusion would lead to inhibition of proximal tubular

reabsorption of sodium and calcium. There is some evidence,

reviewed earlier, that parallel changes in sodium and calcium

reabsorption may also occur in the ascending limb of the loop of

Henle. There would be enhanced distal delivery of calcium and

sodium ions. The greater the distal delivery, the less would

be the quantitative importance of distal modulating influences

(such as enhanced calcium reabsorption in hypoparathyroid

animals) and so the nearer would the ratio of calcium to sodium
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in the final urine approximate to that found during saline

diuresis in normal animals.

Calcium infusion would lead to increase in filtered load of

calcium. Presumably both absolute proximal reabsorption (Frick

et al. 1965) and distal delivery of calcium increase, since

calcium clearance and excretion increase. The amount of

parathyroid hormone acting on the distal tubule would influence

the reabsorption of this distal load of calcium and so calcium

clearance find excretion would tend to be still higher in

hypoparathyroidism. The influence of calcium infusion and of

hypercalcaemia on sodium reabsorption and excretion will be

reviewed on p. 46-48.

The nature of the link between calcium and sodium transport

remains unknown. One obvious possibility is that the two cations

share a common transport system (falser and Robinson 1962).

Support for this view is provided by the striking similarity in

transport characteristics for sodium and free calcium ions in

the proximal tubule of the rat (Frick et al. 1965). If there

were such a common transport system, then one of the factors

which would determine the proportion of calcium to sodium ions

transported across the tubule would be the ratio of the

concentrations of free ions of calcium and sodium in the lumen.

Increase in say calcium ion concentration should lead to increase

in reabsorption of calcium, and a decrease, at least for that

particular transport system, in the transport of sodium. This

would have the effect of tending to maintain a constant ratio of

sodium to free calcium ions as suggested by Vialser (1961b).

Frick et al. (1965) have shown that the rate of calcium

reabsorption in the proximal tubule of the rat varies linearly
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with concentration up to a tubular fluid concentration of

15m hq/D. Gutean and Gottschalk (1966) showed that during

microperfusion of the rat kidney the presence of calcium in the

perfusate decreased sodium efflux from both proximal and distal

tubules.

nix alternative hypothesis to explain the relationship

between calcium clearance and sodium clearance during situations

known to influence proximal tubular reabsorption of sodium was

put forward by Suki et al. (1968) who suggested that there was

a change in fractional reabsorption of bulk filtrate. This would

be iti keeping with the observation that during saline diuresis,

with depression of proximal tubular reabsorption of sodium, there

does appear to be a generalised depression of reabsorption of

other cations and anions. Micropuncture studies have shown

depression of proximal tubular reabsorpticn of calcium (Duarte

and Watson 1967) and of magnesium (Brunette, Wen, Evaneon end

Dirks 1969)• During saline diuresis in dogs depression of tubular

reabsorption of the following has been demonstrated: calcium

(Massry et al. 1967a; Blythe et al. 1968), magnesium (Massry et

al. 1967a), glucose (Robson, Srivastava and Bricker 1968),

phosphate (Massry, Coburn and Kleeman 1969! Suki, Martinez-

Maldonado, Rouse and Terry 1969), and bicarbonate (Kurtzraan

1970). Similar observations in respect of depression of tubular

reabsorption of bicarbonate have been made in humans by

Slatopolsky, Eoffsten, Purkerson and Bricker (1970), and in rats

by Purkerson, Lubowitz, White and Bricker (1969).

It appears that the tubular reabsorption of all these

substances is impaired by the same mechanism which suppresses

sodium reabsorption under these experimental conditions. This
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is consistent with the hypothesis that a regulatory mechanism

common to all these substances is present in the proximal tubule,

and does not exclude the existence of independent transport-

mechanisms for each substance in other parts of the nephron, nor

does it exclude the possibility of dissociation of transport of

these substances in the proximal tubule by various experimental

procedures.

During saline induced diuresis, Slythe ct al. (1968) did not

find consistent increases in excretion of magnesium, phosphate

and potassium, and argued that the increase in sodium and calcium

excretion did not seem to be part of a generalised response of

the kidney. However, it would seem from the evidence above that

there is a generalised response, and then presumably there is

modification of the urine composition at more distant sites.

There have been many reports that infusion of calcium salts

in a variety of species induces natriuresis (Wolf and Ball 1949}

Freedman, houiton and Spencer 1958} Levitt, Halpern, Polimeros,

Sweet and Gribetz 1958; Beck, Levitin and Epstein 1959} Barker

et al. 1959)• This suggests that sodium excretion may be related

to the simultaneous excretion of calcium. In these early reports

it was not appreciated that the nature and circumstances of the

infusion greatly influenced the degr e of natriuresis, and the

relationship between calcium excretion and sodium excretion. In

1959 Howard et al., using a stop-flow technique in doge, reported

that calcium chloride infusion did not appear to interfere with

the active reabsorption of sodium in the distal area of the

nephron and did not lead to significant increase in sodium

excretion. Infusion of calcium gluconate did lead to marked

impairment of distal sodium reabsorption, and to increase in
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sodium excretion. The ability of inert, poorly reabsorbed anions

to impair sodium reabsorption has also been demonstrated by

b'alser (1961c).

In acute experiments it has been shown in the dog (Barker

et al. 1959; Massry et al. 1968a) that infusion of calcium

chloride may lead to natriureais, but the changes in sodium

excretion or clearance are much less than changes in calcium

excretion or clearance. This contrasts with the changes in

excretion and clearance for these two cations induced by

manoeuvres such as saline infusion, which are known to change

tubular reabsorption of sodium and suggests that different

mechanisms may be involved. Since calcium chloride infusion

will lead to natriuresis in thyroparathyroidectomlRed dogs, it

would seem that this effect is not dependent upon the presence

of parathyroid hormone or of calcitonin.

.ills et al. (1969) showed that when hypercalciuria was

produced by daily Infusions of calcium glucoheptonate in man,

there was an increase in sodium excretion only on the day of the

first infusion. Massry et al. (1968a) had earlier shown that

during a single infusion of calcium chloride, excretion of both

calcium and sodium were augmented despite acute reduction in

glomerular filtration rate, and that sodium excretion was

greater when hypercalcaemia was induced.

Since Wills et al. (1969) also showed that daily admini¬

stration of parathyroid extract led to a maintained Increase in

calcium excretion, but a rise in sodium excretion only on the

first day, this suggested that the transient natriuresis might

be a consequence of the increased calcium excretion rather than

related to the mode of production of the calciuresis, and that
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tho effect was only transient because of the very efficient

homeostatic mechanisms regulating sodium excretion.

When injected directly into the renal tubule in high

concentration (15~20m Kq/L) calcium has been shown to decrease

sodium efflux from both proximal and distal tubules of the rat

(Gutman and Qottschalk 1966). When hypercslcseraia was induced

by infusion of calcium chloride or calcium gluconate, Di Bona

(1971) using a recollection rsicropuncture technique demonstrated

a reduction in fractional and absolute reabsorption in the

proximal tubule of the rat. "n increase in absolute and

fractional sodium excretion was only seen when the gluconate

anion was present.

The inhibitory effect of calcium on sodium transport might

be due to competition for a common transport system, as discussed

on p. . Alternative possibilities are that calcium, can

influence tubular permeability, or interfere with the entry of

sodium into tubule cells. For the proximal tubule Lassiter,

Prick, Pumrich and Ullrich (1965) have reported that calcium

diminished the osmotic permeability of the distal tubule to

water, but did not, affect the osmotic permeability of the proximal

tubule. This would suggest that the action of calcium on sodium

transport in the proximal tubule is not due to a rien-speci fic

decrease in tubular permeability. It is possible that increase

in calcium concentration in the tubular fluid could interfere

with the entry of sodium ions into the tubule cells (Gutman and

Gottschalk 1966) as it does in frog skin (Curren and Gill 1962;

Currcn, Ferrers and Flanigan 1963) rather than affecting

tubular processes per se. Thus less sodium would passively

enter the tubule cell. Wills et al. (1969) argued that if the
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then an increase in tubular transport mechanisms could occur in

response to the initial sodium loss, raid so limit further sodium

loss. This argument could equally be applied to argue that

increase in luminal calcium concentration led to reduction in

sodium reabsorption by competition for a common transport

mechanism, for sodium lose could again lead to enhanced sodium

reabsorption by some other transport system.

A number of possibilities may be considered only to be

discounted. Although haeraodynamic factors are known to be

important in the regulation of sodium excretion, the haeriodynamic

changes induced by calcium infusion are such as to tend to lead

to no change or to decrease sodium excretion. Calcium is known

to vasoconstrict the renal vascular bed (Frohlich, Gcott and

Haddy 19a2), ana Di Bona (1971) did not observe any change in

systemic blood pressure during infusion of calcium salts.

hassry et al. (1968a) have shown that the action of hyper-

caicaeaiu in reducing renal tubular reabsorption of sodium is

not dependent upon the presence of parathyroid hox*mone or

calcitonin.

Bince hypercalcaewia may lead to decrease in fractional and

absolute reabeorption of sodium in the proximal tubule without

alteration of sodium excretion (Bi Bona 1971)* this implies

there must have been enhanced distal tubular reabsorption of

sodium. This suggests that the mechanism(s) by which hypercaicaerais

influences sodium reabsorption, does not affect all parts of the

nephron in an equal manner.

The way in which calcium ions are transported by kidney cells

and across cell membrane is unknown. Kidney slices have been
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release the calcium when warmed (Hofer and Kleinzeller 1963s and

b) but this phenomenon is probablj' related to changes in intra¬

cellular binding rather than to active transport (Epstein 1968).

Taylor and V.asserman (196?) reported on the presence of a calcium

binding protein in the chick kidney, the amount of this protein

being influenced by vitamin !). Sands and Kessler (1971) have

also reported the Isolation of a calcium binding component from

dog kidney cortex which is in part protein, and the capacity of

which is related to the excretion of calcium by the kidney. The

calcium ion cannot substitute for sodium ions in ctivating the

adenosine triphosphatase of cell membranes thought to be involved

in the active transport of univalent cations. It ir. indeed a

potent inhibitor of this reaction (Epstein end 'Ehittam 1966) and

also of various enzymes, including phosphofructokinase, pyruvic

kinase and pyruvic carboxylase (lygrave 1967). *n increase in

luminal or tubular cell calcium might therefore be expected to

interfere with tubular transport, and this might contribute to

the increase in sodium excretion noted during hypercaleaemia or

increase in urinary calcium excretion.

It is clear from the foregoing that in addition to linked

transport of calcium and sodium, there must also be separate

transport systems for both sodium and calcium. Evidence for a

calcium pump has been provided by Schatzman (1966) who showed

that human erythrocyte ghosts extrude calcium ions in a

reaction linked to hydrolysis of adenosine triphosphatase.
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EXPERIMENTAL

A. STUDIES IK MAN

SUCTION 1

EFFECT OP VARIATION CI OR, L SODIUM INTAKE OK

URINARY EXCRETION CF CALCIUM AND SCDIUM IN M/-N

Introduction

In short term studies, urinary calcium excretion has been

shown to parallel changes in sodium excretion induced by

variation in oral intake of sodium. (Kleem&n et al. 1964,

Phillips and Cooke 196?» Epstein 1968). There appears to be

little information as to whether sustained change in sodium

excretion leads to a corresponding sustained change in calcium

excretion in either experimental animals or in man.

Methods

These studies were carried out on hospitalised ambulant

patients. All patients wars placed on diets containing 10 mEq.

sodium per day. The calcium content of these diets varied little

from day to day in any one individual. Oral salt supplements

amounting to 85 mJSq. sodium per day were provided In gelatin

capsules. After an initial 3 day period on the diet, successive

24 hour urine collections were made from 10.00 a.m. to 10.00 a.m.,

volumes recorded and the urine analysed for sodium and calcium.

Two groups of subjects were studied, and details of the

subjects are shown in Table 1.

In Group I, (10 patients) after a period of several days on
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a dietary intake of 95 mEq. sodium, the oral sodium supplements

were discontinued, and urine collections continued for from b to

16 days.

In Group JI, (2 patients), after a period of several days

on a dietary intake of 95 mEq. sodium, an additional t>5 mEq.

sodium was added daily to the oral sodium supplements urine

collections were continued for 12 days in one case, and for b

days in the second case.

Urinary sodium and calcium and plasma calcium were measured

with an Eppendorf flame photometer. Glomerular filtration rate

was determined as endogenous creatinine clearance, the creatinine

being estimated by an Auto analyser technique. . ,

Atarm«.l fana«. SoA/' 3 9 -—(9-3 **" /' r< /
0lt*.c( -jz>~r piaSh^cK I Clwm °[ S — to- S <v«j jlOO^ |,

Results

Group I. Effect of reduction of oral sodium intjake.

The results for individual patients in this group are shovm

in Table 2 (urinary calcium excretion) and in Table 3 (urinary

sodium excretion). Mean daily calcium and sodium excretion values

(~ 1 standard error) are nlotted in Fig. 1 for 10 patients

studied for 6 days on a low (10 mEa/day) sodium intake and in

Fig. 2 for the 7 patients who were followed for 10 days on the

low sodium intake.

Creatinine clearances during control periods and during the

second four day period of salt deprivation are shown in Table k.

Creatinine clearance was bj.9 ~ 10.5 (S-E.M.) ml/minute during
-full Soiy\<? u!hat

the control period, and did not-Change- an m i iieanAXy during

l-ho^h Mb fc.'l 4 id no^ i"feti-sheal [jc«itce .salt deprivation^^ Plasma calcium data was unsatisfactory for
this group of subjects.

For the group of 10 patients it will be seen that both
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calcium and sodium excretion fell significantly on the first day

of the low sodium intake, and that urinary calcium excretion

remained significantly below control values for all 6 days on

the low sodium intake.

for the group of 7 patients, in whom data is available for

10 days on the low sodium intake, it is again seen (Table 2)

that both calcium and sodium excretion fell significantly on the

first day of the low sodium intake and that calcium excretion

remained significantly below control levels for all 10 days on

the low sodium intake. The mean sodium excretion had fallen to

a stable level by the fifth day of sodium deprivation, and the

mean value for three day period Days 5-7 did not differ

significantly from that for the period Days 8-10 (Table 3)«

Similarly for calcium excretion there was no significant

difference in the mean values for the three day periods Days

5-7 and Days 8-10 and both of these values were statistically

significantly below control mean values.

It will be seen that calcium excretion closely paralleled

sodium excretion. For the group of ten patients, using data

from Day-1 to Day +6 inclusive, this relationship is depicted in

Fig. J. There is a highly significant correlation (r = O.38,

p <( 0.001), the slope for the regression line being 0.70. For

the same ten patients, considering the control period Day -6 to

Day -1 inclusive, there is again a highly significant correla¬

tion (r = 0.50, p ^ 0.001) between calcium and sodium excretion,

with a slope of 1.10 for the regression line.

Group II. Response to increase in oral sodium intake.

For these two patients, urinary calcium end sodium
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excretion data are contained in Table 5 and are illustrated

graphically in Figs. 4 and 5-

In both patients increase in oral sodium intake was

accompanied by a sustained increase in excretion of both sodium

and calcium.

For Case P.D., in whom additional salt was given for 12 days,

the urinary calcium per day over a control 6 day period was

125 - 15*4 mg/day (Mean - S.D.). For the first b day® of

increased sodium intake, urinary calcium excretion was higher at

157-5 - 51-8 mg/day, though this was not a statistically

significant increase. For the second 6 days, urinary calcium

excretion was 177-2 - 22.6 mg/day, a statistically significant

increase from the control period.

For Case 33.B. , urinary calcium excretion averaged 105-5 ~

21.6 mg-/day during the 6 day control period, and 174.5 - 21.5

mg/day for the 6 days of additional salt intake. This increase

in calcium excretion was statistically significant.
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table: 1

effect of chang? ik oral sodium intake on urinary calcium

afp sodium excr -tiofli details of the: patients

Djetnr.y aodium intake 10 ta-'n/day

V

CASE

CI°9P I

DIAGNOSIS AGE DIETARY Cor
(.years) CALCIUM ml/min.

rag/day

PLASMA
■ CALCIUM

(mg/100ml)

SUPPLE¬
MENTARY
SODIUM

roEq/day

1 Obesity 45 265 123 9-3 85 -* 0
P.L. Hypertension 55 500 80 10.2 85 -» 0
A .A. Myocard. infarct.' 67 308 82 9.0 85-^0
A.B. Hypertension 3 41 308 62 9.9 85 -e 0

3.P. Hypertension 4 25 308 61 9.0 85 - 0
M.A. Hypertension 3 42 308 100 9.9 85-* 0
W.P. Hypertension 3 60 308 45 9.5 85 0

W.N. Gastric ulcer * 56 500 99 9.4 0tco

F .G. Myoeard. infarct 45 288 103 9.9 ot03

1.3. Hypertension J 49 308 131 9.1 85—0

Group II

P.2). Renal lithiasis 23 500 81 9.2 85 - 170
H.B. Sarcoidosis 25 500 > 120 9.35 85 — 170

Totes

1. %oeardial infarct. Study riot begun until at least 10 days post
infarct, with no olinieal or radiological evidence of heart
failure and on no dedication save sedatives.

2. Gastric ulcer. Patient on bed rest. No other medication.

3. Hypertension. Calcium studies carried out during course of
investigations into effect of variation on sodium intake on
minerfiloeorticoid production.

Clearance of endogenous creatinine.



TABLE2EFFECTOFREDUCTIONIKORALSODIUMINTAKEQHURINARYEXCR'TIONOFCALCIUM(mg/day)
OralSodium95mEq/dayOralSodium10mEq/day -5

-4

-3

-2

-1

1

2

3

4

5

6

7

171

197

198

155

209

146

165

120

167

150

165

128

265

266

275

221

219

180

214

142

152

135

100

120

—

—

129

108

136

117

128

87

89

122

55

99

146

172

135

160

152

148

129

120

100

150

146

121

—

—

294

291

298

200

229

218

165

134

147

93

206

259

202

187

219

206

187

142

146

115

95

134

138

141

174

138

151

120

59

140

109

111

132

67

246

222

188

220

214

138

139

—

130

151

131

179

134

120

150

153

140

96

84

73

64

85

102

110

268

231

293

253

312

275

239

254

209

180

158

i

mm

193.8188.6205.0
162.6157.3
144.0

133.1
133.3

123.1

-

—

57.8

56.7

62.6

53.4

6O.5

58.1

43.3

26.6

34.3

8910111213141516
160174130152119123178162158 13714018913085104-136103 906649667981-

151116125137 66434436 81104128 616760
141

85

1)AllCases M S.D. n=10Bays-3to-1 M195.9 S.D.57.4 P(1)<0.005^).0025
2)Excluding,casesW.N.,E.G.andF.S. Mt§778159.6158.7138.4132.6131.0120.0108.9106.9105.1106.0 S.D.54-636.358.640.232.415.738.323.741.543.951.4 n"7 p<1><0.025<0.025<0.0025Days5-7Days8-10 M119.9106.0 S.D.27.743.5 p(2)U.S.

VJ1 -fc.

1.p(l)derivedbyuseofpairedttestcomparingvaluesforeachdayagainstthecorrespondingmeanvalueŝ forthethreedaycontrolperiodDays-3to-1.
2.p(2)derivedfromacomparisonoftheseriesofvaluesforDays5-7inclusivewiththevaluesforDays8-10inclusive(excludingcasesW.N.,E.G.,andE.S.).



TABIE3EFFECTOFREDUCTIONOFORALSODIUMBETAKEOKURIKARYEXCRETIONOFSODIUM(mEg/day)
OralSodium95oiBq/dayOralSodium10mEq/day

DAYS

-6

-5

-4

-3

-2

-1

1

2

3

4

5

6

7

8

9

10

11

12

1314

15

CASE N.M.

81

68

51

108

90

101

47

44

28

29

23

26

23

29

32

27

26

13

1517

15

P.L.

94

127

141

110

100

98

53

42

44

51

42

23

18

12

14

18

9

8

1-

4.5

A.A.

-

-

-

113

88

89

53

28

36

19

24

9

11

4.7

5.5

3

5.5

4.55.5

A.B.

-

85

137

75

102

100

71

38

38

38

16

30

40

54

25

29

31

S.P.

—

-

-

90

78

100

42

69

38

21

12

30

8

2

2

2

1.5

M.A.

110

126

130

82

75

119

62

17

9

10

9

4

6.5

9.5

7

9

W.P.

77

110

86

115

75

103

33

6

13

18

13

23

11

11

20

14

W.N,

127

168

120

83

129

152

69

40

—

21

22

19

20

16

E.G.

52

72

60

59

76

59

25

21

17

20

22

23

25

27

E.S.

94

110

60

113

83

77

38

12

12

13

9

7.5

1)AllCases M

95.309.6
99.8

49.3

31.7

26.1

24.0

19.2

19.4

S.D.

20.817.0
24.5

15.2

13.7

13.5

12.3

9.9

9.5

16 17

n P

10

<0.Q005

2)Excludingcases.7.N.,E.G.andE.5. Bays-3to-1
M96.1 S.D.13.9

51.6 12.6

34-9 20.4

29.4 13.5

n

26.6 14.0 M S.D. P

19.9 11.2

20.7 10.2

16.8 11.8

17.4 18.3

15.0 11.2

14.9 10.4

Pa»Y95-7 19.1 10.7

Daya8-10 15.8 13.1

I .S.

pvaluesobtainedbyuseofstudentsttest.

VJ1
o



TABLE 4

THE EFFECT OF REDUCTION IN ORAL SODIUM CHLORIDE

SUBJECT

N.M.

P.L.

A.A.

A .B.

S.P.

W.P.

W.N.

E.G.

Mean

- S.S.M.

P

UPTAKE OH CREATE* IKE CLEARANCE

Creatinine Clearance (ml/rain)

CONTROL* ££ Ol I CO

139 122

80 66

82 92

62 58

61 63

45 33

95 77

103 106

83.9 77.1

10.5 10.1

N.S.

* lean creatinine clearances for the four day oontrol period
preceding reduction in oral sodium chloride intake.



TABLE5

EFFECTOFSUSTAINEDINCREASEOFORALSODIUMUPTAKE ONURINARYEXCRETIONOFSODITJMANDCALCIUM Controlperiod.Sodiumintake95mEq/day. Additionalsodium85sffq/dayfromLay1.
Urinarycalcium(mg/day)

MY-6-5-4-3-2-1123456789101112 £Jg£' % P.D.120149135104118124194114104229119185186171195136177198 Lays1-6Pays7-12
M125.0157.5177.2 S.D.15.451.822.6 pN.S.<0.0005 CASE R.B.928711710787142159167153211187169 M105.3174.3 S.D.21.621.3 p<(0.0005 CASEUrinarysodium(mEq/day) P.P.59917573468516016647187100159164138210117150151 M71.5136.5155.0 S.D.16.652.631.2 P<0.01<(0.0005 CASE R.B.9592115794380119141126174159147 M84.0144.3 S.D.23.920.4 p<(0.0005

VJ1 -IS.
HI
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Fig. 1. The effect of reduction of oral sodium chloride intake
on urinary calcium and sodium excretion in man.

Ho. of subjects 10.
Control period. Daily sodium intake 95
Supplementary daily sodium 85 mEq. discontinued from Day 1.
Bar I represents - one standard error-
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Pig. 2. The effect of reduction of oral sodium chloride on

urinary calcium and sodium excretion in man.

No» of subjects 7-
Control period. Daily sodium intake 95 mEq.
Supplementary daily sodium 8'5 mEq* discontinued from Day 1.
Bar I represents — one standard error.
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Fig, 3, The relationship between calcium excretion and
sodium excretion following reduction in oral sodium chloride
intake,

r - 0.38 y « 0,70r +123 N - 70 p <0.001
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Fig. 4. The effect of increase in oral sodium chloride intake
on urinary calcium and sodium excretion. (Subject P.D.).
Control period. Bally sodium intake 95
Added daily sodium 85 mEq. from Day 1.
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Pig. 5. The effect of increase in oral sodium chloride intake on

urinary calcium and sodium intake. (Subjeot R.B.).
Control period. Daily sodium intake 95 tnEq-
Added daily sodium 85 mEq. from jay 1.
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SECTIUP 2

THE EFFECT OF LOHG TERM M1ftEDALQCORTICGID

(FLUPROCOFTISOKE) /DMINISTRATTOH ON

CALCIUM IND SODIUM EXCRETION IK MAW

During acute studies in man (Lemaim et a1. 1970) and in the

dog (Massry et al. 196?) it has been shown that some sodium-

retaining steroids (mineraloccrticoids) alter sodium excretion

without influencing calcium excretion. This suggests that the

taineralocorticoid function of steroids has no direct action on

renal tubular handling of calcium. However, during chronic

administration of a mineralocorticoid to dogs (Massry et al.

1968b) or rats (Suki et al♦ 1968) a marked rise in calcium

excretion was noted concurrent with escape from the sodium-

retaining action of the mineralocorticoid. The rise in calcium

excretion did not occur if the animals (rats) were maintained

on a salt-free diet.

In man, no observations on the effects of prolonged admini¬

stration of mineralocorticoids on ealcium and sodium excretion

have been reported.

Methods

ill patients were placed on a low salt diet containing about

10 mEq. sodium per hours. The calcium content of these diets

varied little from day to day in any one individual. Two groups

of patients were studied. Group I were given oral salt

supplements of 65 mEq sodium per day, while Group II received no

supplemental salt.

Details of the patients in Groups I and II are contained in
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Table 6. Patients were ambulant during the study.

After an initial three day period on the diet, successive

2^ hour urine collections, timed from 10.00 a.m. to 10.00 a.m.

were made for each patient, and analysed for volume, sodium and

calcium.

Blood samples were drawn after overnight fasting, and

without stasis, for determination of plasma calcium and

creatinine. Endogenous creatinine clearances were determined.

For patients in Group I, urine collections were made for

h- - 5 days, and then fludrocortisone 5 tag/2k hrs. (1 mg. 5 times

daily in divided doses) was administered by the oral route, the

initial dose on the first day of administration being given at

10.00 a.m. after the patient had emptied his bladder.

In Group II, the patients were maintained on the 10 mEq/day

sodium diet for 6 or 7 days, and in one instance (Case R.R.) for

14 days before commencement of oral fludrocortisone 1 rcg. 5 times

daily.

Results

Group I. The effect of the oral administration of fludro¬

cortisone 5 mg/day on the urinary excretion of calcium and

sodium on subjects maintained on a 95 mEq/day sodium intake.

Fludrocortisone was administered to 9 patients for periods

ranging from 7 to 16 days.

In 8 patients there was escape from the sodium-retaining

action of fludrocortisone, and for these patients the results

for urinary calcium excretion are shown in Table 7i and for

sodium excretion in Table 8. The results are presented in

graphical form in Fig. 6. The mean sodium excretion fell sharply
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on the first day of fludrocortisone administration and was still

significantly lower than control values by the 7th da? of

fludrocortisone administration. Mean calcium excretion showed

no change during the first 2 days of fludrocortisone administra¬

tion and then there was a trend upwards which became statistically

significant b? the 5th day of fludrocortisone administration, and

thereafter remained significantly elevated.

Fur these 8 patients it will be seen from Tables 7 -and S

that there was considerable individual variation in the time

course of escape from the sodium-retaining action of fludro¬

cortisone. Results for one individual patient (J.R.) are

presented in graphical form in Fig. 7*

For 6 patients in whom fludrocortisone was administered for

times ranging from 11 to 16 days, urinary calcium excretion

remained significantly higher than control values for as long as

the fludrocortisone was administered, and there did not appear

to be any tendency for urinary calcium excretion to fall (Table

7). A graphical representation of the data on urinary calcium

and sodium excretion is provided in Fig. 9*

For 6 patients in whom urine collections were continued for

several days after cessation of fludrocortisone administration,

results are shown in Table 9» It will be seen that despite a

marked and rapid rise in mean sodium excretion, calcium excretion

fell only slightly from the peak reached on the last days of

fludrocortisone administration.

Plasma calcium levels and creatinine clearances during

control periods, and during administration of fludrocortisone

are shown in Table 10. For the patients in Group I, mean plasma

calcium was 9*92 - 0.20 (S.E.M.) mg/100 ml during the control
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period, and showed a trend downwards during administration of

fludrocortisone, being C/.hh - 0.J50 mg/100 ml during Days 5 ~ 8.

Creatinine clearance rose from control mean value of 90.2 -5.1

ml/min, to 97*1 - 3«7 ml/tin during Days 5-8.
In one patient there was failure to escape from the sodium-

retaining action of fludrocortisone, and the patient developed

features of heart failure, with elevated central venous pressure,

breathlessness and radiological evidence of pulmonary oedema at

the time fludrocortisone was discontinued. For this patient

urinary calcium and sodium excretion is shown in Table 11 and

graphically in Fig. 8. It will be seen that in this patient,

although there was marked sodium retention during the administra¬

tion of fludrocortisone, there was no significant overall change

in calcium excretion. This would suggest that the mechanism which

leads to escape from the sodium retaining effect of fludrocortisone

is also the mechanism which leads to a rise in urinary calcium

excx*etion.

Group II. The effect of the administration of fludrocortisone

5 tag/day on the urinary excretion of calcium and sodium of

subjects already in balance on a low (approximately 10 mBq/day)

sodium Intake.

In this group of subjects, fludrocortisone induced little

change in either plasma calcium or creatinine clearance (Table

10).

Results for calcium and sodium excretion are shown in Table

12 and graphically in Fig. 10.

As these patients came into balance on the 10 mSq/day sodium

intake, mean urinary sodium excretion fell and there was a



59

concurrent fall in mean urinary calcium excretion. When fludro¬

cortisone was acixiinistered, urinary sodium excretion fell still

further, but mean urinary calcium excretion showed little change

for five days, and then rose.

The mean calcium excretion over days 6 and 7 was significantly

(p < 0.01) greater than the mean calcium excretion during the

control two days immediately preceding fludrocortisone administra¬

tion.

lor four subjects, in whom fludrocortisone was administered

for 10 days, the mean calcium excretion over the last three days

(days £ - 10 inclusive) was significantly higher (p <C 0.0P5) than

the mean calcium excretion during a two day control period for

these four patients.
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TABLE 6

DETAILS OF PATIENTS TN WHOM THE RESPONSE

TO FLUDROCORTISONE WAS STUDIED

Dietary sodium intake 10 mEq/day

CASE DIAGNOSIS AGE DIETARY Ccr^ PLASMA 5UPPLE-
(years) CALCIUM rol7min- CALCIUM MENTARY

rag/day mg/IOOml SODIUM
mKq/day

Group I

J.R. Id. oedema* 32 1000 87 10.7 85
M.B, Id. oedema 44 500 117 9.2 85
S.B. Obesity 38 350 82 10.0 85
J.L. Id. oedema 23 600 74 9.8 100

S.F. Obesity 16 350 76 10.45 85
S.A. Id. oedema 41 900 105 10.15 85
S.J. Id. oedema 22 1100 92 9.2 85
C.F. Id. oedema 48 500 89 9.9 85

A.B. Id. oedema 49 500 89.5 8.95 85

Group II

R.R. Obesity 40 250 126 10.07 0

A.J. Obesity 68 540 94 9.20 0

L.C. Deep vein
thrombosis 60 680 52 9.55 0

G.B. Obesity 30 350 112 9.55 0

L.N. Leg oedema 42 310 75 9.60 0

* Id. oedema « Idiopathic oedema.
+

Clearance of endogenous creatinine.

For Group II, Ccr is for the four day period prior to administration
of fludrocortisone.



TABU)7

EFFECTOPORALFLUDROCORTISONEONURINARYCALCIUMEXCEPTION
DAILYSODIUMPiTAKE95mEg.FLUDROCORTISOKECOMMENCEDDAY1 Urinecalcium(mg/24hours)

DAYS

-4

-3-2

-1

1

2

3

4

5

6

7

8

9

10

11

12

CASE J.R.

241

283263
256

351

384

388

441

429

483

469

446

473

460

494

540

M.B.

154

141198
193

160

144

146

176

126

176

171

180

248

202

275

146

S.B.

135

157240
240

265

153

161

209

316

316

317

305

205

163

285

329

J.L.

300

237223
232

267

200

305

238

294

312

278

336

458

285

440

429

S.F.

298

261333
329

235

271

269

366

441

465

479

354

275

523

336

515

S.A.

243

217

191

126

182

214

241

164

212

154

291

346

188

264

S.J.

85

82121
101

100

125

140

145

165

200

183

218

C.F.

117

120123
154

116

126

180

141

191

210

168

Mean

196.6

187.2214.7
212.0202.5
198.1225.4
244.6265.7
296.7

277.4

S.D.
yisP

84.1

72.370.2
69.0

90.1

89.1

88.3106.9123.2120.8
134.3

II38© i(D

N.S.

N.S.

N.S.

N.S.

<0.05$.005<p.0025

DAYS

-4to-1

DAYS

8+9

10

+11

lean*

232.6

Mean*

326.4

326.2

S.D.

54.4

S.D.

95.8

123.9

n■6

n»6 P(2)

<0.0005\

<

0.0025

13141516

1.p(1)isderivedfromcomparisonofvaluesonagivendaywithmeanvaluesforcontroldays-4to-1inclusive forcorrespondingpatients(pairedttest).
2.p(2)isderivedfromcomparisonoftheseriesofvaluesondays8and9or10and11,withcontrolvaluesonvo days-4to-1inclusive1w

*ExcludingCasesS.J.andC.F.



TABLE8

EFFECTOFORALFLUDROCORTISONEONURINARYSODIUMEXCRETION
DAILYSODIUMINTAKE95mEq.FLUDROCORTISONECOi/i/EKCEDDAY1

Urinarysodium(mB.'q/24hours^
DAYS

-4

-3-2

-1

1

2

3

4

5

6

7

8

9

10

11

12

CASE J.R.

78

7797

81

25

13

14

22

51

49

42

31

41

28

35

50

M.B.

84

5386

98

9

6

8

19

7

12

16

29

76

58

180

77

5.B,

68

60,91

77

27

12

12

42

68

63

58

58

46

46

99

116

J.L.

160

183115
116

24

14

25

15

32

30

28

22

90

22

48

78

S.F.

57

6376

142

17

6

11

30

85

87

97

30

20

114

30

91

S.A.

100

96

107

50

45

26

119

28

70

67

96

119

42

79

S.J.

109

92170

133

21

5

7

15

26

33

22

80

C.F.

96

9695

133

39

23

49

63

89

114

Mean

94.0

90.0103.2
110.9

26.5

15.5

19.O

40.6

48.2

57.2

54.2

S.D. __o

31.7

41.229.1
24.5

12.8

13.3

14.1

35.6

29.9

33.3

33.4

n=o P(1)

<0.0005

——

-

—

.—-

<0.0005

DAYS

-4to~1

DAYS

8

+9

10+

11

Mean"

94.2

Mean*

54.83

65.08

S.D.

31.7

S.D.

32.9

46.3

n-6

n=6 P(2)

<0.0005

<0.025

13141516 9090114100

1.p(1)isderivedfromcomparisonofvaluesonagivendaywithmeanvaluesforcontrolondays-4to—1inclusive forcorrespondingoases(pairedttest).
2.p(2)isderivedfromcomparisonoftheseriesofvaluesondays8and9or1011>withcontrolvaluesondays -4to-1inclusive.

*ExcludingCasesS.J.andC.F.
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TABLE 9

THE EFFECT OF CESSATION OP FLUDROCORTISONE ADMINISTRATION

ON URINARY EXCRETION OF CALCIUM AND SODIUM

DAILY SODIUM INTAKE 95 mEq FLUDROCORTISONE DISCOMTIPHjr D PL DAY 1

Urinary calcium mg/24 hrs.

DAYS -4 -3 -2 -1 1 2 3 4 5

CASE

J .R. 530 562 518 589 546 607 521
M.B. 248 202 275 146 136 96 168 187 151
S.B. 205 163 285 329 165 148 150 182 212

J.L. 458 285 440 429 461 570
S.P. 275 523 336 515 300 263 292 238 347
S.A. 291 346 188 264 267 289 250 218 236

Mean 334.5 346.8 340.3 378.7 312.5 328.8
S.D. 129.0 164.9 120.0 164.4 162.3 213.7

n » 6

DAYS -2 and -1 1 and 2

Mean 359.5 320.7
S.D. 138.6 181.1

n = 12

P H .S.

Urinary sodium mEq/24 hrs.

CASE

J.R. 90 90 114 100 209 421 315
M.B. 76 58 180 77 59 76 89 129 111

S.B. 46 46 99 116 81 162 119 132 132

J".L. 90 22 48 78 199 443
S.P. 20 114 30 91 104 111 99 95 123

S.A. 96 119 42 79 106 222 158 122 162

Mean 69.7 74.8 85.5 90.2 126.3 239-2
S.D. 30.3 39.0 57.1 15.6 62.6 157.4
n = 6

DAYS 1 and 2

Mean 182.8

S.D. 128.5
n = 12



59 E

TABLE 10

THE EFFECT OF ORAL ADMINISTRATION FLUDROCORTISONE

car PLASMA CALCIUM, AND CREATININE CLEARANCE

CONTROL* DAYS 1 ,.r.„4 DAYS 5 - 8

Plasma
calcium
mg/100 ml.

Ccr.+
ml/min.

Plasma
calcium

mg/100 ml.

Cdr.+
ml/min.

Plasma
calcium
tng/100 ml.

+
Ccr.

ml/min

Group I

Sub.iect

J.R. (10.7) 87 - - 88

M.B. 9.2 117 9.0 114 8.7 119
S.B. 10.0 82 9-5 81 9.5 88

J.L. (9.8) 74 « 83 «*» 90
S.P. 10.4 76 10.2 95 10.0 92
S.A. 10.1 105 10.6 94 10.2 100

S.J. (9.2) 92 • 98 - 101

C.P. 9.9 89 9.3 91 8.8 99

Meanx 9.92 90.2 9.70 93.7 9.44 97.1
t S.E.M. 0.20 5.1 0.30 4.1 0.30 3.7

P N.S. N.S. 0.05 o.o!

Group II

Sub.iect

R.R. 10.0 126 9.7 124 9.3 136
A.J. 9.2 94 9.0 91 8.6 82

L.C. 9.5 52 9.9 53 9.8 53
G.B. 9.6 112 9.5 118 9.7 103

L.N. (9.6) (75) - <M* - -

Mean* 9.6 96 9.5 97 9.4 94
t S.E.M. 0.2 16 0.2 16 0.3 17

* Control values represent mean values for 4 day period prior to
administration of fludrocortisone.

+ Clearance of endogenous creatinine.
x Excluding bracketed numbers.
p Values obtained by comparison with control values (paired t test).



TABUS11

CALCIUMANDSODIUMEXCRETIONIBAPATIENTINWHOMTHEREWASFAILURETOESCAPE FROMTHESODIUM-BFTAININGACTIONOFFLUDROCORTISONE(SUBJECTA.B.).
DAILYSODIUMINTAKE95mEq.
FLUDROCORTISONE*5mg/dayCOMMENCEDDAY1

DAYS Urinary calcium mg/24hrs. DAYS Mean S.D.

-4-3-2-112 355353314383360332 -4to—1 351.2 28.3

3456
328327358335 +1to+10 330.5 27.9

p.N.3.

7

348

8

349

9

298

10 270

Urinary1328773104304562910131412 sodium raEq/24hrs. DAYS-4to-1+1to+10 Mean99»013.2 S.D.25.49.2
p<0.0005



TABLF12
EFFECTOFADMINISTRATIONOFFLUDROCORTISONEOilURINARYEXCRETIONOFCALCIUMANDSODIUM DAILYSODIUMINTAKE10mEqFLUDROCORTISONE5mg/dayCOMMENCEDDAY1 Urinarycalcium(mg/24hrs)

DAYS

-6

-5

-4

-3

-2

-1

1

23

4

5

67

8

9

10

CASE R.R.

100

69

70

84

74

84

92

9992

93

73

145166
109

155

170

A.J.

176

108

127

99

96

79

129

105108

97

97

134114

91

84

120

L.C.

203

111

127

167

147

131

200

213248
218

160

169225
161

167

161

G.B.

51

51

46

59

55

46

46

4359

58

84

8888

87

103

102

L.N.

83

52

49

83

89

80

51

5662

107

93

129108

Mean

122.678.2
83.8

98.4

92.2

84.O103.6
103.2113.8114.6
101.4

133.0140.2

S.D.

64.329.5
40.5

40.9

34.4

30.4

63.5

66.977.8
60.7

34.0

29.555.5

n■»5

p(l)&S»p(l)lT.S.p(l)aap(1)p(1)Days8-10 <0025<001Mear125^8 S.D.34.2 p(2)<0.025
Cent/...

vji vo
C3



TABLE12(cont.)
Urinarysodium(mEq/24hrs)

DAYS

-6

-5

-4

-3

-2

-1

1

2

3

4

5

6

7

8

9

10

CASE R«R*

30

39

32

30

27

26

7

2.5

2.5

2

5

10

18

13

15

28

A.J.

18

9

11

10

14

11

9

4

3.5

4.5

3.5

17

6.5

1.5

11

2

L.C.

119

37

18

16

8

3

3

1

0.5

0.5

0.5

0.4

0.3

0.4

0.4

0.2

G.B.

26

20

10

12.5

6.1

15

3.6

1.9

2

1.5

1

1.5

2.9

3.9

3.8

3.2

L.N.

89

47

17

14

6

6

7

6

4

3

2

3

3

Mean

562430.4
17.6

16.5

12.2

12.2

5.9

3.1

2.5

2.3

2.4

6.4

6.2

S.D.

44.915.5
8.8

7.8

8.9

9.0

2.5

1.9

1.4

1.5

1.8

6.9

6.9

p(l)N.S.p(l)H.S.
Days8-10 Mean6.85 S.D.8.42 p(2)<0.05

1.p(l)isderivedfromacomparisonofvaluesonagivendaywiththemeanvaluesfor controldaysD-1andD-2forcorrespondingpatients(pairedttest).
2.p(2)isderivedfromacomparisonofvaluesondays8-10inclusivewithvaluesfor controldaysD-1andD-2forthecorrespondingpatients.
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Urine
calcium
mg / 24 hrs.
400 r

350 -

300 -

250 -

200 -

150 ■

100 -

50 -

0 -

Urine sodium
m Eq / 24 hrs.
100

90 •

80 ■

70-

60-

50 -

40 •

10 - L

0L 1—

i i 1 1 1 1-

-4-2 13 5 7

DAYS

Pig. 6. The effect of administration of oral fludrocortisone
5 mg/day on the urinary excretion of calcium and sodium in man.

Fo. of subjects 8.
Daily sodium intake 95
Fludrocortisone commenced Day 1.
Bar I represents i one standard error.
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Urine
calcium
mg / 24 hrs.
600

500

300

Urine sodium
m Eq / 24 hrs.

100r

90-

80

70-

60-

50-

40-

30-

a ■

ic-

5 7

DAYS

Pig. 7* The effect of administration of oral fludrocortisone
5 mg/day on the urinary excretion of calcium and sodium.
(Subject J.R.).
Dally sodium intake 95
Fludrocortisone commenced Day 1,
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Urine
calcium
mg I 24 hrs.
360 r

300

240 •

180

120 -

60 •

0L
Urine sodium
m Eq / 24 hrs.
130

120 •

110 ■

100 •

90 •

80 •

70 ■

60 ■

50 ■

40 •

30 ■

20 •

10 •

0 ■

I

I

I

I

_1 I 1 1 1 1 L

-4 -2 1 3 5 7 9

DAYS

Fig. 8. Caleimn and sodium excretion in a patient in whom there
was failure to escape from the todium-retaining action of

fludrocortisone. (Subject A.B.).
Daily sodium intake 95 wSq.
Fludrocortisone commenced Day 1.
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FLUDROCORTISONE

Urine
calcium
mg / 24 hrs.

375 *

350

300

250

200

150

100

50

0

Urine
sodium
m Eq / 24 hrs.

100

90 -

80 -

70 ■

60 ■

50 ■

40 ■

30 -

20 ■

10 ■

0 •

239 + 64

r+rh

-4 -2 1 3 5 7 9 11 13 15 17

DAYS

Fig. 9. The effect of administration of oral fludrocortisone
5 mg/day on the urinary excretion of calcium and sodium in man.
No. of subjects 6.
Daily sodium intake 95
Bar I represents - one standard error.
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Urine
calcium
mg / 24 hrs.
160 -

150

140 ■

130

120 ■

110 -

100

90

80 -

70 •

60 ■

50 -

40

30 -

20 -

10 -

0

Urine sodium
m Eq / 24 hrs.
40

30 -

20 ■

10 -

I

Fig. 10- The effect of administration of fludrocortisone 5 rag/day
on the urinary excretion of calcium and sodium in man.

No. of subjects 5*

Daily sodium intake 10 aEq.
Fludrocortisone commenced Day 1.
Bar I represents - one standard error.
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SECTION 3

THE EFFECT OF PROLONGED ORAL ADMINISTRATION

OF THE DIURETIC FRUSEMIDE? ON URINARY

CALCIUM AND SODIUM EXCRETION IN KAN

Introduction

When diuretic agents are given to normal subjects, there is

an initial natriuresis, followed by a return to sodium balance.

In acute studies using a variety of diuretics a close direct

relationship between the excretion of calcium and sodium has

been demonstrated (Duarte 1968a, b; Parfitt 1969)*

During long term administration of diuretics however, it is

possible that a different relationship between calcium and sodium

excretion might exist. It is now well documented that continued

administration of thiazide diuretics leads to a maintained

reduction in urinary calcium excretion (Higgins et al. 1964).

In the following study, the effects of prolonged oral
*

administration of the diuretic frusemide on urinary calcium and

sodium excretion are reported.

Methods

Nine patients were studied and details of the individual

cases are shown in Table 13• The patients were ambulant

throughout the study.

Each patient was placed on a diet containing about 10 mEq.

of sodium per day. Supplementary sodium was provided, either in

4-chloro-N(2-furylmethyl)-5-sulphonyl anthranilic acid.
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gelatin capsules, or as the proprietary preparation "slow sodium"

as indicated in Table 13. The dietary calcium for any individual

varied little from day to day. After an initial 3 day period on

the diet, successive 2k hour urine collections were made from

10.00 a.m. to 10.00 a.m., volumes measured and the urines

analysed for sodium and calcium. Endogenous creatinine

clearances were estimated. After overnight fasting, samples of

blood were drawn without stasis for estimation of plasma calcium

and creatinine.

In each case, after control urine collections had been made

for 5 °r 6 days, oral frusemide *K) mg. twice daily was administered

(6.00 a.m. and 6.00 p.m., with the first dose on the first day

being given at 10.00 a.m.).

By ensuring, as far as possible, constancy of intake of

sodium for each patient during control and frusemide administration

periods, it was hoped to (a) minimise the day to day fluctuations

in calcium excretion which are associated in part with variation

in sodium excretion (Kleeman et al. 196*+, Phillips and Cooke 1967),

(b) ensure that the effects of frusemide administration on sodium

and calcium excretion were not obscured by changes induced by

variation in daily sodium intake.

Results

Frusemide was administered to 9 patients for 6 days, and to

5 of these patients for 12 days. Results for urinary calcium

excretion are shown in Table 1^+ and for urinary sodium excretion

in Table 15. Plasma calcium and creatinine clearance for these

patients, during a control period, and during administration of

frusemide, are shown in Table 16.
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For the 9 patients to whom frusemide was administered for

8 days, the data on urinary calcium and sodium excretion are

depicted graphically in Fig. 1#. During the control period,

plasma calcium was 9*50 - 0.17 (S.E.M.) mg/100 ml and this did

not differ significantly from the mean values noted during

administration of frusemide. Creatinine clearance did fall

during the administration of frusemide; during the first four

days of administration the mean value was 84.1 -5.1 ml/min,

and during the second four days 80.8 - 4.8 ml/min. Both these

values are significantly (p 0.05) below the control value

(92.8 - 6.7 ml/min).

It will be seen that when frusemide was administered, there

was a sharp increase in calcium excretion, in parallel with an

increase in sodium excretion and this continued for two days.

From the 3rd day of diuretic administration, sodium excretion

had returned to levels which were at or below control values.

Calcium excretion, however, was still significantly elevated

(p <[ 0.05) on the 8th day of diuretic administration (for the 9

subjects).

For five subjects, during the period of diuretic administra¬

tion Days 9-12 inclusive, the mean calcium excretion remained

significantly elevated (p 0.01) in comparison with the mean

control calcium excretion. Mean sodium excretion, on the other

hand, in these five subjects for Days 9-12 inclusive was not

significantly different from mean sodium excretion during the

control period.
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TABLE 13

DETAILS OF PATIENTS TO WHOM FRUSEMIDE WAS ADMINISTERED

Dietary sodium intake 10 roEq/day

CASE DIAGNOSIS AGE DIETARY Ccr* PLASMA SUPPLE-
(years) CALCIUM CALCIUM MENTARY

mg/dsy mg/100ml SODIUM
mEq/da.y

F.H. D.V.T. 55 308 129 9-7 85

W.R. M.I. 56 308 72 9.2 85

D.F. M.I. 55 308 99 9.8 85

D.G. M.I. 52 580 84 8.8 85

B.C. M.I. 46 320 91 10.4 120

G.P. M.I. 61 630 101 9-3 85

C.A. M.I. 61 308 78 9-4 85

E.S. M.I. 67 308 67 9.4 85

H.M. M.I. 49 320 114 9-4 120

M.I. = Myocardial infarct. Each patient was at least 10 days
post Infarct, was ambulant, had no clinical or
radiological evidence of heart failure and was on no
medication save sedation.

D.V.T. » Deep vein thrombosis (leg).

Clearance of endogenous creatinine.



TABLF14THFEFFECTOFFRUSFMIDF80gig.DAILYOh;TIFURINARYEXCRETIONOPCALCIUM DAILYSODIUMINTAKE95mEo.FRUSFMIBH40m«.b.u.CCENENCEDDAY1
Urinarycalcium(mg/24hoars)

DAYS

-3

-2

-1

1

2

3

4

5

6

7

8

9

10

11

12

CA3E F.H.

161

165

156

227

233

228

199

195

238

215

203

221

272

181

250

W.R.

126

139

170

306

210

238

223

202

187

222

184

140

158

192

187

D.F.

214

273

265

300

352

216

158

265

209

302

205

263

246

266

266

D.G.

123

161

135

237

235

157

181

267

164

253

217

195

182

247

239

B.C.

93

72

79

135

120

126

140

133

150

128

136

146

111

146

132

G.P.

134

181

161

316

383

143

240

202

193

193

236

C.A*

63

53

66

158

119

91

61

140

132

125

119

E.S.

124

78

107

204

180

108

121

93

111

158

106

H.M.

179

173

173

242

224

290

231

178

155*

164

Mean

145.8

236.1

228.4

Days9

-12

135.2

144-4

177.4

172.7

136.4

171.0

194.6

174.4

Mean

202.0

S.D.

44.9

68.6

59.5

64.O

90.6

67-9

58.8

57.5

39.6

59-5

45.8

S.D.

52.0

P(1)

<0.0005<0.0005<0.05
<0.05

<0.01

<0.05<0.0025<0.05
P(2)

<0.01

1•Pderivedbyuseofpairedtteat,comparingvaluesforeach"frusernide"dayagainstthecorrespondingmean valuesforthe3daycontrolperiod.
2.pderivedfromacomparisonoftheseriesofvaluesforDays9*-12inclusiveagainstthevaluesforthe controlthreedaysforthesecases(t-test).

*Pooled2dayurinecollection.

ON

ro
bd



TABLE15THE!EFFECTOFFRUSEJ!U)E80ag.DAILYOHTHEURPTABYEXCRETIONOFSODIUM DAILYSODIUKP-TAKE95xEg.FRUSEUIDE40ag.b.d.C^JEKCBDDA?1
Urinarysodium(mSq/24hours)

DAYS

-3

-2

-t

1

2

3

4

5

6

7

8

9

10

11

12

CASE F.H.

137

97

118

190

191

115

47

65

80

105

57

103

78

66

104

W.R.

100

76

103

269

110

119

112

106

101

114

99

54

70

118

85

D»P.

73

37

93

207

131

65

43

57

52

73

62

65

53

91

82

D.C.

78

83

84

224

159

70

25

87

50

50

76

67

38

84

95

B.C.

179

118

148

269

159

56

98

124

138

97

150

132

103

194

132

G.P.

86

71

105

226

149

33

61

31

15

18

59

C.A.

109

61

63

208

155

73

45

71

62

51

51

E.S.

112

98

78

172

175

86

78

40

45

99

78

H.M.

113

127

112

276

194

105

80

96

87*

63

226.8

Days?

-12

Mean

101.7

90.9

100.4

159.2

80.2

65.4

75-8

70.0

77.1

77.5

Meaw

89.3

S.D.

32.7

21.5

24.9

37.2

25.2

28.6

28.5

30.7

36.1

31.7

29.1

S*D•

36.0

P(1)

<0.0005<©.0005<0.10<0.0025<p.0125<0.0025<0.025
<0.01

p(2)

R.3.

1.pderivedbyuseofpairedttest,comparingvaluesforeach"frusemide"dayagainstthecorresponding meanvaluesforthe3daycontrolperiod.
2.pderivedfromacomparisonoftheseriesofvaluesforDays9-12inclusive,againstthevaluesfor thecontrolthreedaysforthesecases(ttest);

*Pooled2dayurinecollection.

as

iv>
n
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TABLE 16

TKB EFFECT OF ORAL ABL'H,ISTKATIGN FKUSEMIDS

C® PLASMA calcium, ai;d creatinine clearance

CONTROL* bays 1 r 4 bays 5 - 8

Plasma
calcium
mg/100 ml.

Ccr.+
ml/min.

Plasma
calcium

mg/100 ml.

Ccr

ml/min.
Plasma
calcium
mf'J100 ml.

Ccr.*
ml/rain

Sub.iect

f.h. 9-7 129 9.6 98 9-4 102

w.e. 9.2 72 10.0 75 9.6 62

b.f. 9.8 99 9.4 78 9.2 90
b.g. 8.8 84 9.8 86 8.8 83
B.C. 10.4 91 10.6 77 10.4 80

G.P. 9.3 101 9-7 99 9.3 92
C.A. - 78 - 77 - 83
e.s. 9.4 67 9.4 59 9.4 56
H.M. 9.4 114 9.6 108 9.8 79

Mean 9.50 92.3 9.76 84.1 9-49 80.8
± s.e.M. 0.17 6.7 0.14 5.1 0.17 4.8

P n.s. <0.05 n.s. <0.01

* Control values represent mean values for a 4 day period prior to
administration of fru3eaiide.

+ Clearance of endogenous creatinine.

p values obtained by comparison with control values (paired t test).



Urine
calcium
mg / 24 hrs.
240

220

200

180

160

140

120

100

80

60

40

20

0
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240 m Eq/ 24

220
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DAYS

Pig. 11. The effect of oral administration of frusemide
80 mg daily on the urinary excretion of calcium and sodium
in man.

No. of subjects 9»

Daily sodium intake 95
Frusemide 40 mg fe.d. commenced Day 1.
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SECTIOW

OBSERVATIONS OH TKE J-ENAl. EXCRETION OF

CALCIUM AND SODIUM IK ACUTE NEPHRITIS

The few studies on urinary calcium excretion in scute

nephritis have all been in children (Ford 1931t Meulemeester

1960, Schreiter and Muscher-Koch 1966) and none contained data

on blood urea or glomerular filtration rate.

Sodium retention, with subsequent natriuresis is common in

acute nephritis. In this section I provide further evidence for

hypocalciuria in acute nephritis, end consider the urinary

calcium excretion in relation to renal function and to sodium

excretion. This work, has been published (Wilson 1969).

Methods

Six patients with acute nephritis were studied, and a

summary of features is shown in Table 17. It will be seen that

all patients had proteinuria, with red cells and casts in the

urine, five were oedematous at some time, five were hypertensive

on admission, and five had raised antistreptolysin 0 (A.S.O.)

titres.

Metabolic studies

Each patient was placed on a diet containing 10 mi£q of

sodium, and supplemental sodium chloride was provided in capsule

form as shown in Table 18. The diet of each patient was

constructed to contain about the same amount of calcium per day

as had been taken by the patient before admission to hospital.

Successive 24 hour urine collections were made, volumes measured,
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arid the urine analysed for sodium and calcium. Endogenous

creatinine clearances viere determined. After overnight fasting

samples of blood were drawn without stasis for estimation of

plasma calcium and creatinine and blood urea.

The response to the oral addition of 5g of sodium chloride

was studied in Gases 2 and 6. In Cases 4 and 5 oral calcium

carbonate 5g was added, as indicated in Table 18.

In Case 3» on day 13» on infusion of disodium edetic acid was

given over 2 hours, in a dosage of 50 mg/kg body weight, contained

in 500 ml. dextrose, with 20 ml of 2% procaine added. The

infusion contained 5 raEq of sodium. On day l6 an infusion of

calcium gluconate was given over 4 hours: 80 ml of 10% calcium

gluconate was given in 440 ml of normal saline (68 mEq of sodium

chloride). On days 7 and 8, in Case 6, oral fludrocortisone 5 mg

daily was given.

Plasma and urinary sodium and calcium were measured with an

Eppendorf flame photometer and creatinine by an Auto Analyser

technique.

Results

Details for daily urine collection results for the

individual patients are contained in Tables 19 - 24 and results

are summarised in Table 18 which also gives data on blood urea

and creatinine clearance. It will be seen that in all cases,

urinary calcium excretion was low during the early stage of

acute nephritis irrespective of the creatinine clearance, which

ranged from 24 ral/min to 68 ml/min in the various cases. With

"recovery" of the patients, creatinine clearances rose, in most

cases to normal or near normal values, and urinary calcium did
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tend to rise a little, but remained well below normal. Even when

creatinine clearance had risen to over 100 ml/min the urinary

calcium was only 38, ^5 sncl 63 mg/day in Cases 1, 2 and 6

respectively.

Inspection of the data in the Tables for individual patients

shows that there was no correlation of urine volume with calcium

excretion. During the early days of the illness hypocalciuria

occurred whether the patient was in a phase of sodium retention

(Case 6;, in or near sodium balance (Cases 1, 3, 't and 5) or ia

a natriuretic phase (Case 2).

In Cases 1, 3 end ^ there was a gradual upward trend of

urinary calcium excretion with time, though urinary sodium

excretion changed little.

In Case 2, while on a 10 mEq sodium intake, there was a

spontaneous mild diuresis and urinary sodium excretion fell only

slowly. Calcium excretion also tended downwards at first but

rose again on days 9 - 12. When the oral intake of sodium

chloride was raised by 85 mEq/day, leading to a marked rise in

sodium excretion, there was a corresponding sharp rise in calcium

excretion. A somewhat similar pattern of events is seen in Case

6, where during the initial period Days 1-6, the development of

natriuresis is seen, with an associated rise in calcium excretion.

On days 7 and 8, when on a 10 mEq sodium intake, fludrocortisone

was administered, and led to a sharp fall in both calcium and

sodium excretion. That this fall may be attributed to the action

of fludrocortisone is suggested from the pattern of results over

the following days. After cessation of fludrocortisone, and

despite continuance of a 10 mEq sodium intake, a transient

natriuresis ensued accompanied by a sharp rise in calcium
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excretion. However although the urinary sodium excretion

subsequently fell to low levels, cs3.ciura excretion showed

little further change until, from day 21, v;hen the oral intake

of sodium chloride was increased by 85 mEq/day, there was a

sharp rise in sodium excretion and a moderate rise in calcium

excretion.

In Case 5, urinary excretion of both calcium and sodium

rose during the first few days and then there was little further

change.

Oral calcium carbonate 5 g/day (2 g of calcium) was given in

Cases k and 5. In Case k this led to an immediate rise in urinary

calcium to within the normal range, the urinary calcium output

falling again on cessation of the calcium supplement. In Case 5

however, no rise in urinary calcium excretion occurred when the

oral calcium supplement was given. It may be relevant that the

creatinine clearance in Case k was 83 ral/minute, while in Case 5

it was only ^9 ml/minute at the time of the administration of the

calcium carbonate.

In Case 3, 208 mg of calcium was excreted in the 2.k hours

that an infusion containing 625 ®g calcium was given. Urinary

calcium subsequently remained raised as compared with pre-infusion

values, despite a return of plasma calcium to normal within 2*+

hours (Table 25). In Case 3 the plasma calcium response to

edetic acid infusion (Jones and Fourotan 1963) was normal (Table

26).

Except during infusion of edetic acid or calcium gluconate,

plasma calcium was within normal limits (mean 9.3 mg/100 ml) and

showed no systematic variations. No measurements of ultra-

filtrable calcium or of faecal calcium were made.



In three cases (No's 1, 5 and 6) at intervals of nine

months, four months and three years respectively after the

onset of acute nephritis, urinary calcium excretion was ,

10^ and 1^9 mg/Zk hours*



67 A

TABLE 17

DETAILS OF THE 3IX CASKS OF ACUTE FFPHHITIS

CASE ACE OEDEMA B.P. OS ADMISSION PROTEINURIA A.3.0. WEIGHT
NO. (years) (ram Hg) (unite) (Eg)

1 15 ♦ 150/100 Trace 500 54

2 30 + 155/100 + 2000 78

3 15 0 150/100 + 500 51

4 29 + 180/100 + 1000 52

5 12 + 160/100 + 100 26

6 26 140/60 + 500 58
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TABLE 18

URINARY EXCRETION OF CALCIUM AND SODIUMt RELATION TO RENAL

FUNCTION AHI) TO DIETARY I'TAI'TH OP CALCIUM AND SODIUM

DIETARY INTAKE/BAY URINARY OUTPUT/DAY

CASE PERIOD CALCIUM SODIUM CALCIUM SODIUM CREATININE BLOOD UREA
(days) (rag) (raEq) (rag) (mEq) CLEARANCE (mg/100 ml)

(ml/reln)

1 1 - 4 520 95 29 101 68 35
5 - 8 520 95 38 92 107 46
9-12 520 95 40 97 106 40

2 1 - 4 •m 10 41 76 68 31
5-8 10 27 37 99 28
9-12 10 45 15 109 -

13 - 16 95 34 58 98 35

3 1 - 4 500 95 24 78 61 36
5-8 500 95 29 94 72 39
9-12 500 95 33 91 83 37
13 - 15* 500 95 116 54 74 -

16 - 18 500 95 141 63 — -

19 - 22 500 95 131 75 76 ~

4 1 - 4 1000 95 26 86 82 39
5-8 1000 95 39 97 84 —

10 - <4 3000 95 185 75 83 37
15 - 16 1000 95 63 62 82 40

5 1 - 4 640 95 20 63 24 40
5-8 640 95 30 92 35 -

9-12 640 95 27 83 36 —

13 - 14 2640 95 24 85 49 -

6 1 - 3 1100 95 19 12 75 128
5-6/ 1100 95 94 83 66 48
7 - 8 1100 10 46 21 107 41
9-12 1100 10 86 87 109 40
13 - 16 1100 10 81 19 106 -

17 - 20 1100 10 91 8 96 32
21 - 23 1100 95 139 39 106 32

* Case 3, Day 13 , Infusion of P.D.T.A.

+ Case 3, Day 16, Infusion of calcium gluconate containing 625 rag.
Calcium and 68 niEq Sodium.

/ Case 6, Fludrocortisone 5 ®g on days 7 and 8.
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TABLE 19

THE PATTERN OP URINARY EXCRETION FOR CASE 1

intake/bay URIEE OUTPUT/CAY
CAY CALCIUM (mg) SOCIUM (aEq) VOLUME (ml) CALCIUM (mg) SOCIUM (mEq)

1 [
V

1420 21 92

2 1140 26 108

3 1160 33 112

4 1530 35 91

5 1130 33 95

6 1690 45 108

7 5jBO ;
,

35 1930 34 66

8 900 41 100

9 1270 37 92

10 1510 46 109

11 1270 31 85

12 1480 47 104

13 - - -

14 1020 35 75

15
V

1215 33 75



DAY

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

THE PATT?W? OF URINARY FXCRETTON POP CASE 2

intake/bay UBBfE OUTPUT/DAY

CALCIUM (mg) SODIUM (n®q) VOLUME (ml) CAT.CIUM (mg) SODIUM (rrPq)

1200 43 114

1550 43 64

1500 43 53

2070 35 73

1500 31 59

2050 26 41

1740 31 36

790 20 10

1900 33 19

1400 43 10

1800 58 18

1100 44 12

1200 100 19

1200 64 50

1180 54 65

980 119 97
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TA3LS 21

TIE PATTnrai OF UTiI)TAR? rXCEIDTIOW FOR CASP 3

INTAKE/DAY URIJ-T? OUTPUT/DAY
DAY CALCIUM (mg) SODIUM («Eq) VOLUME (ml) CALCIUM (mg) SODIUM (mflq)

1

2

3

4

5
6

7
8

9
10

11

12

13*

14

15
16+
17
18

19
20

21

22

500 95

1100

1010

970

1130

1310

1110

1090
1200

1400

920

1140

770

1190

960
1250

1570
1020

1390

1570

1370

1310

1180

28

28

18

23

31

23

30

31

39

27

38

29

250

47

47

208

106

110

135

107

110

174

99

82

49

83

84

83

104

104

111

75

95
82

62

41

58
96
41

53

71
63

75

93

* Say 13 Infusion of disodium edetic acid.

+ Day 16 Infusion of calcium gluconate containing 625 ®g* calcium
and 68 afliq. sodium.
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table 22

TIF PATTTRF OF IIHITTARY EXCRETTOTT FOR CASE 4

intake/day URINE OUTPUT/day
my CALCIUM (mg) SODIUM (mFq) vomrr (r i) CALCIUM (rag) SODIUM (cFq)

1
1

1C50 23 78

2 1440 28 131

3 1120 26 97

4* 750 27 55
1000

5 1090 33 95

6 1770 39 81

7 1150 42 109

8 95 1680 41 102

9 N ' 1780 39 96

10 / 1210 125 85

11 1360 193 64

12 3c100 1330 203 73

13 1130 213 73

14 v f 1200 190 78

15
/ \ 1160 60 50

16 1000

1 J t

1760 67 74

Urine collection incomplete.

On each of Lays 10 - 14 dietary calcium supplemented by addition of
5 g Calcium carbonate per day (total intake calcium 3000 rag/day.).
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TAi&g 23

THE AATT/PAI 0? UHIITARY KXCRETICfl FOR CASE 5

INTAKE/DAY TJHIfJE OUTPUT/DAY
MY CALCIUM (ma) SODIUM (nEq) VOLUME (ml) CALCIUM (og) SODIUM (d?q)

1 1 530 13 43

2 320 13 36

3 505 35 55

4 745 - -

5 805 36 84

6 710 26 100
640

7 95 670 26 104

a 710 31 84

9 520 24 78

10 670 31 92

11 820 27 98

12
1

4' 660 26 65

13 1220 35 99

14 2640 ,-N 690 12 70
1. •

On day3 13 and 14> additional oral calcium given as calcium carbonate
5 g daily.
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TABLE ?4

THE PATTERN 0? URINARY TXCEETIOT FOR CASE 6

IKTAKE/BAy USE® OUTPUT/DAY
MY CALCIUM (m^i) SODIUM (tfEq) VOLUME (ml) CALCIUM (mg) SODIUM (tnBq)

1 1
\

910 31 14

2 840 15 6

3 <n 650 11 17

4 - . -

5
1

755 106 67
6

1 s f
1250 83 99

7* 1650 48 32

8* 1500 44 11

9 1650 60 49
10 1500 97 135
11 • 2050 103 129
12

11 00
1550 84 34

13 10 1700 91 21

14 1770 90 31

15 - - tm

16 1600 61 6

17 1965 98 10

18 1800 81 8

19 1970 96 6

20 V '

1870 90 9
21 / V

1510 178 8

22 < '5 1700 126 38

23 1550 114 71
r f

* Fludrocortisone 5 ms/day.
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TAT'" 25

RESPONSE TO CALCIUM GLUCONATE INFUSION

CASE 3

80 ml 10$ calcium gluconate in 440 ml normal saline, infused I«V.

from 11.30 a.m. to 3«30 p.m. Day 16.

Zero time - 11.30 a.m.

TIME SERUM CA. PERIOD URINE CALCIUM SODIUM
(hrs) (fflg/100 ml) (hours) VOLUME (ml) (sag/period) (mEq/period)

0 9*9 -4 - 0 135 13.8 5-3

4 12.8 0 - 4 370 79-9 40.7

6 11.2

8 10.8 4 - 8 265 53.5 25-4

11 10.1 8 - 12 570 45.0 19-9

12 - 16 210 11.1 4.2

16 - 20 21 5.0 0-5

24 9.9
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TABLE 26

RESPONSE TO EJJ.T.A. IIhTUSION - CASE 3

Disodium E.D.T.A. 50 mg/kg (= 2.5 g) infused over 2 hours, in 500 nil

% dextrose, with 20 ml 2$ procaine added.

Infusion 10.25 a.m. to 12.25 euro. Bay 13.

Tero time = 10.25 a.m.

>erum Oa (mg/100 ml )

10.5

10.5

8.6

9.8

9.7

9.5

9.7

10.3

Time ihrs)

0

2

4

6

8

12

23
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B. STUDIES IN DOGS

SECTION 5

THE EifKECT OF ANGIOTENSIN II INFUSION IN THE

DOG ON THE RENAL EXCRETION OF CALCIUM AND SODIUM

*-
A study was made of the effect of angiotensin II on the

renal excretion of calcium and sodium in the dog. Several dose

levels of angiotensin were chosen because other workers have

found the pattern of response for sodium excretion to be

dependent upon the dose of angiotensin.

To facilitate separation of the systematic from possible

direct, renal effects, the angiotensin was infused into one (left)

renal artery.

Because the renal extracts described in Section 6

contained renin, their systemic infusion led to the generation

of angiotensin IT. It was hoped that comparison of the effects

of angiotensin II with those of the renal extracts might provide

information on whether any or all of the actions of the extracts

were explicable in terms of their renin content.

Methods

Greyhound dogs were anaesthetised by means of intravenous

pentobarbitone sodium at a dose of 25 mg/Kg, which permitted

spontaneous respiration to continue. The abdomen was opened

through a mid-line incision and polyethylene catheters placed in

both ureters. The dead space of each catheter was les6 than

0.5 ml. Arterial and venous pressures were recorded throughout

each experiment by means of cannula® into a femoral artery and

Hy p<tr f<y\s in (O'Ixa). C SynfA-e/vc \/ <11 3 tX \\a i o k h 5' i n .CO A m i(J e.
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vein, connected respectively to Statham pressure transducers

P23 AC and P23 BC, and recording on Polygraph Grass Type 5«

The left kidney was approached by a flank incision, the renal

artery exposed as far as possible without damage to renal nerves,

and a needle cannula inserted against the direction of blood

flow and proximal to any bifurcation of the renal artery. This

needle cannula was connected to an infusion pump so that either

saline (0.9%) or angiotensin II could be infused. During control

periods beparinised saline 0.9% was infused into the left renal

artery at. 1 ml/min, and during angiotensin II infusion periods,

angiotensin II at various dose levels in heparinised saline was

infused at 1 ml/min. At least one hour was allowed to elapse

between completion of surgery and commencement of control urine

collections. After two or three control urine collections of

20 minutes each, angiotensin II infusions at any one dose level

were continued for ^0 minutes, with urine collection periods of

10 minutes. Then a further three 20 minute vtrine collections

were made before recommencing angiotensin infusions at a higher

concentration. In a few experiments all urine collection

periods were of 20 minutes. Blood samples were taken at 20

minute intervals. No more than two angiotensin infusions were

made in any one dog. The angiotensin infusion rates chosen

were O.OlA^min, 0.1/*g/min, 1.0yug/min and lO^ug/iain.
Inulin 1.5g and sodium para-amino-hippurate (P.A.H.) 0.2g

were given in a priming dose at least half an hour before

beginning collections. A sustaining infusion of inulin

^.Sg/100 ml and P.A.H. 1.2g/100 ml was maintained at a rate of

0.7 ml/min throughout the experiment.
, -i.

Inulin and P.A.H. estimations were carried out on a

t. J— n w li n ■ &c\S-ec{ on r~ec\ Colou.r" -j--o r m ec( by f-e«c hon 6e/hjv?ef\
f^Sorcinc | nc{ -£r uctoj-z by dfo\ys ij pro due b o -f • y\ u 11 »-i)

^ f A H 9 H. to i bb s o c(iu iv\ n i i r<. -j-orw\ 3 c\ dia~zo
C-o ivipou vi c'l . ' h i s -j-ort^s c\ do/cjur-ecl Cow |)ou.ir( to I tt\
naphlbyl rl i a, mirtc? A y c'ira c A /o rid.%.
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Technicon Auto Analyser. Concentrations of sodium and of calcium

in blood and urine were determined by flame photometry

(Eppendorf). Urine and plasma osmolalities were determined

using an Advanced Osmometer.

Results

The average weight of the dogs was 26.9 ~ 5«^ kg- (Mean -

standard deviation).

Plasma Calcium

Even at 10/ag/sin, the highest dose level at which

angiotensin was infused, plasma calcium concentration was not

significantly affected, being 9.11 - 0.1^ rag/100 ml (Mean -

S.E.M.) during the control periods, and 8.98 - 0.15 mg/100 ral

during the second 20 minute infusion period of angiotensin.

Systemic 31ood pressure

Mean arterial blood pressure during control periods and

during angiotensin infusion periods Is shown in Table 2?.

It is seen that infusion rates of 1.0 and 10/^g/min of

angiotensin caused rises in systemic blood pressure, which had

reached their peak within the first 10 sains of the infusion,

and which were sustained. Infusions of angiotensin at dose

levels of 0.1 AAg/rflin or 0.01/^g/rain did not produce significant

changes in systemic blood pressure. »

Chan, es An renal function induced by infusion of

angiotensin II into the left renal artery

The changes observed for the left kidney are summarised in

Table 28, for the right kidney in Table 29, and a comparison

between left and right kidneys in Table 50.
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Chnnf.es Observed for the Left Kidney

At the lowest dose level of angiotensin infusion

(0.01 /ttg/min) calcium and sodium excretion were both

significantly decreased. There were also small tout significant

decreases in glomerular filtration rate and in renal plasma

flow, but no significant change in urine flow rate, cemolar

clearance, or free water clearance.

When angiotensin was infused at O.I^Mg/ain, calcium and

sodium excretions were again decreased, and the percentage

decreases were greater than, those noted at an infusion rate of

0.01 /xg/min angiotensin. Glomerular filtration rate and renal

plasma flow also showed decreases of a greater magnitude, and

osmolar clearance showed a significant fell. Urine flow rate

was unchanged, and free water clearance became less negative,

1.e. free water reabsorption fell.

At an infusion rate of 1.0 xxg/min angiotensin, calcium and

sodium excretion, renal plasma flow, and osmolar clearance all

showed significant decreases of a magnitude similar to that

observed at an infusion rate of 0.1 yu-g/min. There was also a

fall in glomerular filtration rate, tout this was not by a

statistically significant amount. Free water clearance again

became less negative, and urine flow rate showed a small but

significant fall.

When angiotensin was infused at 10/xg/min the pattern

became quite different. The excretion of calcium and sodium

both rose substantially, there was no significant change in

glomerular filtration rate or in renal plasma flow; urine

volume and osmolar clearance both rose markedly, and free water

clearance became less negative.
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Examination, of the pattern of change at intervals of 10

minutes for the left side during infusion of .angiotensin lOyxg/min
(Table 21 and Fig. 12), 3howed that in eight out of eleven

experiments, there was an initial sharp f?ll in all functions

being measured, followed by the development of the pattern as

earlier described.

In three experiments risen in urine flow rate and in sodium

excretion occurred during the first 10 minutes of angiotensin

infusion, and in a further four experiments the collection

periods were all 20 minutes.

At each doae level of angiotensin, a significant

relationship existed between calcium end sodium excretion

(Table 3Z).

At angiotensin infusion rates of 1 .Oyixg/min, O.lyUg/rrin and

0.01^ag/min, there was a decrease in mean glomerular filtration
rate concurrent with a decrease in mean rates cf calcium and

sodium excretion. However no significant correlation existed

between calcium excretion and glomerular filtration rate (Table

23).

In general, it is seen that calcium excretion is closely

related to, and changes in parallel with, changes in sodium

excretion induced by angiotensin infusion.

Comparison of changes in fimction of the left kidney with

changes in function of the right kidney during Infusion

of angiotensin II into the left renal artery

The percentage mean changes for various functions on the

left and right sides are shown in Table 20*

When angiotensin was infused at 0.01 yUg/mia there was no

significant difference between the two kidneys for sodium



excretion, which fell in both, or glomerular filtration rate,

which was unchanged in both, but there did appear to be a

significantly greater reduction of calcium excretion by the

left (infused) kidney.

At a dose level of angiotensin 0.1/^g/min, calcium and

sodium excretion, and glomerular filtration rate were all

significantly reduced on the left (infused) side as compared

with the right side.

When angiotensin was infused at 1.0/tg/min, calcium

excretion was decreased to a greater extent from the infused

kidney, while sodium excretion was equally decreased from the

two kidneys. Glomerular filtration rate was significantly

decreased on the infused side, while there was no significant

differences between right and left kidneys for renal plasma

flow.

At a dose level of angiotensin 10yug/min, calcium
excretion and sodium excretion were increased to a greater

extent from the infused kidney, while urine volume and free

water clearance showed greater changes on the right side.

There was no significant change as compared between left

and right kidneys for glomerular filtration rate, renal plasma

flow or osmolar clearance.



TABLE27

MEANARTERIALBLOODPRESSURERESPONSESTOPTPUSIOB
OFANGIOTENSINIIINTOTHELEFTRENALARTERYOFANAESTHETIZEDDOGS Meanarterialbloodpressure(Mean-S.E.M.)mmHg

AngiotensininfusionrateControlAngiotensininfusionP* (/wg/min)1st10mins2nd10mine3rd10mins 0.01131-513615135-4135-5N,S. 0.1134-7141-4141-4139-3N.S. 1.0139-6146i614616146-6<0.05
10143-3180i318013179—3<0.001

*Pinbasedoncalculationoftfrompairedvaluesfor3rd10minuteperiodandcontrolperiod.



TABLE28

CHANGES
IKFUNCTIONOFTTfPLEFTKIDNEYPIRESPONSETO
BiFUSION

OFANGIOTENSINIIINTOTHELEFTRENALARTERY
1.Angiotensin10/ug/tnin Calciumexcretion^ug/min) Sodiumexcretion^uEq/min) G.F.R.(ml/min) R.P.F.(ml/min) Urinevolume(ml/min) Osmolarclearance(ml/min) Freewaterclearance(ml/min) n-15

2,Angiotensin1.0^a/min Calciumexcretionfyug/min) Sodiumexcretion^ajEq/min) G.F.R.(ml/min) R.P.F.(ml/min) Urinevolume(ml/min) Osmolarclearance(ml/min) Freewaterclearance(ml/min) 10

Control Period 33.0^7.0 34.7^8.0 39-7^4.2 126.1-14.1 0.36^0.06

Infusion«
Period1Period2pi,x100PControl

Recovery
Period1Period2

50.9-7-963.5^7.7 59.8^13.174.1-11.1 *40.7-4.0
40.5-4.1 97.7-9.4113.9-15.1 0.68lo.111.11^0.16

O.96I0.091.18^0.131.33^0.10 -O.59io.08-0.50^0.09-0.2llo.14 27.213.8 37.419.9 40.7i4.1 115-3il8.8 o.33io.03 0.89io.09 -O.57io.07

192$ 214$ 102$ 90$ 308$ 139$ 36$

<0.0005 <0.005 U.S. U.S. <0.0005 <0.0025 <0.01

36.6i6.5 40.2i7.7 37.3i3.9 99•6il1.3 0.68io.09 0.96io.09 -0.27i0.09
24.li3.6 I8.8i3.6 38.li3.4 100.li9.8 0.35io.04 0.72io.08 -0.36io.07

15.8i2.4

I8.3i2.7

67$

<0.0025

19.3i3.2

I6.5i2.6

20.li6.7

20.4i6.5

55$

<0.01

18.9^.1

I8.4i6.0

24.9^.4

34.6i5.4

85$

R.S.

38.3i6.3

34.7i3.6

55-li8.0

76.6il3.1

66$

<0.05

96.8il5.4

85.2il1.4

o.l9io.02
0.27io.03

82$

<0.01

0.34io.05

0.26io.03

o.5lio.09
0.59^.11

66$

<0.005

0.68io.o8

0.69io.10

-0.3ii0.07
-O.34io.08

61$

<0.0005

-O.35io.07
-O.44io.09

n

Cont/...



TABLE28(cont.) 3.Angiotensin0.1ng/min Calciumexcretion(^g/min) Sodiumexcretion^.Bq/min) G.F.R.(ml/rain) R.P.F.(ml/min) Urinevolume(ml/min) Osmolarclearance(ml/min) Freewaterclearance(ml/min) n»10
4.Angiotensin0.01M.g/min Calciumexcretionfykg/min) Sodiumexcretion^Eq/min) G.F.R.(ml/min) R.P.F.(ral/min) Urinevolume(ml/min) Osmolarclearance(ml/min) Freewaterclearance(ml/min) n■11

„.,InfusionT,.,„Recovery pon,r°Period1Period2f,x̂100PPeriod1Period2PeriodControl 43-7^8.1

26.7-3.9

23.4-3.9

54$

<0.0025

28.6^4.2

28.9^5.7

32.7-8.8

14.4-3.0

11.1-2.4

34$

<0.01

15.7-3.0

17.8^4.4

42.8^5*0

32.6^4.3

31.9^3.1

75$

<0.05

36.0^3.7

38.113.6

132.1-19.6
88.4-11.4
81.1-10.6

61$

<0.01

99.6^11.0
102.0^13.1

0.36^0.06
O.24-O.04
0.27^0.06

75$

U.S.

0.36^0.09

0.38^0.09

0.87-0.12
O.64-O.07
0.62^0.06

vi

<0.01

0.79-0.08

O.80I0.O8

-0.55^0.10
—o.41—0.07
-0.34^0.08

62i

<0.0025

-0.43-0.10
-0.42^0.11

27.0I4.I

24.7-3.6

22.6^3.8

84$

<0.05

28.5^3.7

25.2-4.5

41.4-12.0
35.4-10.2
29.5^9.0

Vi

<0.01

33.0^8.6

36.2-10.0

35.2^3.7

34.7-3.9

32.5-3.7

92$

<0.05

35-3^3.7

31.8^3.4

97.7-11.9
86.9-10.5
89.0I11.9

91i

<0.025

92.5-11.4

84.1-9.0

0.31^0.04
0.31^0.04
0.31-0.05

100/

K.3.

0.35^-0.06

0.36^0.09

0.79^0.11
0.79-0.10
0.76^0.10

96$

N.S.

0.79^0.11

0.77^.11

-0.49-0.09
-0.43-0.10
-0.45-0.09

92%

N.S.

-0.47-0.10
-0.41^0.10

Eachperiodlasts20minutes.G.F.R.=Glomerularfiltrationrate.R.P.F.=Renalplasmaflow. 4.

ResultsareMean-S.E.14.piscalculatedfrompaireddata,usingstudentsttest.
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TABLE 29

CHANGES IN FUNCTION OF THE RIGHT KIDNEY IN RESPONSE TO

INFUSION OF ANGIOTENSIN II INTO THE LEFT RENAL ARTERY

(Mean - S.E.M.) P E2 R
1. Angiotensin 10yug/min Control E2R Right

side
Control

Calcium excretion (yng/min) 36.5^6.7 58.8^8.4 <0.0025 161$
Sodium excretion i/mln) 40.1-7.2 62.4-11.6 <0.025 156$
G.F.R. (ml/min) 43.213.8 49.5^4.4 <0.05 115$
3.P.F. (ml/min) 118.4-12.4 104.0^10.6 N.S* 88$
Urine volume (ml/min) 0.38^0.07 0.79-0.11 <0.0005 208$
Osmolar clearance (ml/min) 1.07^0.11 1.51^0.18 <0.005 141$
Free water clearance (ral/min) -0.69^0.09 -0.71-^0.16 N.S. 103$

N - 15
2. Angiotensin 1^.g/min
Calcium excretion ^.g/min) 35.6^6.5 29.5^5.4 <0.025 83$
Sodium excretion (^/ain) 56.5^15.0 36.6-11.9 <0.01 65$
G.F.R. (ml/min) ? 42.2—3•5 43.0^5.0 N.S. 102$
Urine volume (ml/min) 0.38^0.06 0.34^-0.06 <0.0025 89$

N « 10

3. Argiotensin 0.1yng/min
Cr,lei urn excretion tag/mln) 46.oll1.9 43.ol9.3 N.S. 93$
Sodium excretion ^-Eq/min) 36,7-14.7 29.5^10.4 N.S. 80/
G.F.R. (ml/min) 42.5-4.7 42.6-5.1 N.S. IOC/

o*-»Ss

4. Angiotensin 0.01 yus/raln
Calcium excretion ^g/nin) 34.3-4.2 34.0-5.4 N.S. 99$
Sodium excretion ^Eq/min) 59.7-15.9 52.7-13.9 N.S. 88$
G.F.R. (ml/min) 39.4-3.9 38.613.5 N.S. 98$

N - 11

E^ are values for 2nd - 20 minute angiotensin infusion periods.
G.F.R. = Glomerular filtration rate.

R.P.F. « Renal plasma flow.
N « Number of experiments.
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TABLE 30

CHANGES IN FUNCTION OF THE LEFT AND RIGHT KIDNEYS IN

RESPONSE TO INFUSION OP ANGIOTENSIN II INTO Tin? LEFT RENAL ARTERY

Percentage that experimental
is of control Significance

left side right side P*

Angiotensin 10.0pg/mir» (<)
Calcium excretion 192 161 0.0025
Sodium excretion 214 156 0.00025
G »F .R. 102 115 N.8.
R.P.F. 90 88 N.S.
Urine volume 308 208 0.0005
Cnmolar clearance 139 141 N.S.
Free water clearance 36 103 0.0005

Angiotensin 1 .Oyiig/min
Uolcium excretion 67 83 0.0005
Sodium excretion 55 65 N.S.
G.F.R. 85 102 0.025
R.P.P. 66 89 N.S.

Angiotensin 0.10ywg/min
Calcium excretion 54 93 0.0005
Sodium exoretion 34 80 0.01
G.P.R* 75 100 0.05

Angiotensin 0.01jM.g/min
Calcium excretion 84 99 0.005
Sodium excretion 71 88 N.S.
G.P.R. 92 98 N.S.

*P calculated utilising log (ratio of percentage change on left to
percentage change on right) for Students t test.

N.S. = Not significant.



TABU;31CHANGESIKPUBCTIONOFTHELEFTKIDNEYAT10MINUTEINTERVALSDURINGINFUSIONOF ANGIOTENSINII1Q^g/minINTOTHELEFTRENALARTERY
Time(mins)

Calciumexcretion(^g/rnin) Sodiumexcretion^-iEq/min) G.F.R.(ral/min) R.P.P.(ml/min) Urinevolume(ml/min) Osmolarclearance(ml/min) No.ofexperiments8. ResultsareMean-S.E.M.
Control

Angiotensininfusion10^«.g/min
Recovery

20

10

1010

10

20

39-5-12.7
18.6-6.1
54.5-1251-6-10.2
54.2-13.6
38.1110.2

43.6t13.8
18.3-6.6
56.7-12.159.9-11.5
60.0-13.1
39.2-13.1

42.2t5.7
26.0-7.0
47.4-4.837.4-4.4
40.9-3.8

36.7-4.4

135-19

65 -17

115-13107-24
117-23

111117

0.4610.10
0.21i0.070.87^0.171.01-0.20
1.06-0.22
0.74-0.13

1.08-0.13
0.54-0.131.39-0.191.23-0.15
1.18t0.16
1.03-0.14

OJ



tabu;32

THERELATIONSHIPBETWEENCALCIUMANDSODIUMEXCRETIONFOR VARIOUSRATESOFANGIOTENSININFUSION(LEFTKIDNEY)
Angiotensininfusion rate(^g/min)

Slope r P n

x=sodium(^Eq/min) 7=calcium(^g/min)
r»correlationcoefficient n«nigjberofexperiments.

0.010.11.010Zero(controlurine) 0.30

o.95

0.30

0.58

0.46

0.81

0.95

0.73

0.83

0.69

<0.01

<0.001

<0.01

<0.001

C0.001

11

10

10

15

46

o



table33

THERELATIONSHIPBETWEENCALCIUMEXCRETIONAHPGLOMERULARFILTRATIONRATE ATVARIOUSRATESOFANGIOTENSININFUSIQK(LEFTKIDNEY)
Angiotensininfusion rate(^g/min)

Slope

0.09

0.47

0.25

0.15

r

0.08

0.29

0.35

0.07

P

N.S.

N.S.

N.S.

N.S.

n

11

10

10

15

x=glomerularfiltrationrate(ml/min) y-calcium(^g/min)
r«correlationcoefficient n»numberofexperiments
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Urine
sodium
/u eq / min.

ANGIOTENSIN 10/ug/min.

Urine
calcium yug / min.
70

60

50 •

40

30 ■

20 ■

10

0
G.F.R.
ml / min.
60

50 -

40 ■

30

20

10

0 .

Total Osmols
excreted mOsm/min.
500

400

300

200

100

40 50 60

TIME (mins.)

Pig. 12. Changes in function of the left kidney during infusion
of angiotensin II 10/*g/minute into the left renal artery of
anaesthetised dogs.

Bar I represents - one standard error.
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SECTION 6

THE El' 1'KCI ON URINARY CALCIUM AMD SODIUM

EXCRETION OF INFUSIONS OF RENAL EXTRACTS

INTO ONE RENAL ABTERI OF THE DOG

In studies in which a renal extract was infused into the

left renal artery of dogs we obtained evidence that the extract

induced natriuresis and suggested that this was effected by

reduction in proximal tubular reabsorption (de Bono, Mills and

Wilson 1969)« It was possible that the infusion of renal

extracts might also influence calcium metabolism, and so

observations were made on plasma and urinary calcium, and

urinary sodium in response to infusions of various renal

extracts into one renal artery of dogs.

Methods

Preparation of the assay animals

Greyhound dogs were prepared as described in Section 5, so

that infusions could be made into the left renal artery, urine

collections made from right and left ureters, and arterial and

venous pressures recorded. The needle cannula inserted into the

left renal artery was connected to an infusion pump so that

either saline or a renal extract could be infused. Extract

infusions were always preceded and followed by two or three

control periods of 20 minutes each, during which saline (0.9/0

was infused into the left renal artery at 1 ml/minute. Timed

20 minute collections of urine were made, with blood samples

taken at mid-time points of the urine collections. In all

experiments at least one hour was allowed to elapse after the
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end of surgery before commencing control collections of urine.

Inulin 1.5 g and sodium para-amino-hippurate (P.A.H.) 0.2 g

were given in a priming dose at least half an hour before

beginning collections. A sustaining infusion of inulin g/100 ml

and P.A.H. 1.2 g/100 ml was maintained at a rate of 0.7 ml/min

throughout the experiment.

Inulin and P.A.H. estimations were carried out on a Technicon

Auto Analyser. Concentrations of sodium and of calcium in blood

and urine were determined by flame photometry (Eppendorf). Urine

and plasma osmolalities were determined using an Advanced

Osmometer.

Preparation of Extracts

Three studies were carried out, using different types of

extract.

Study 1. Extracts prepared from hydropenic dogs, and from

dogs undergoing saline diuresis.

In this study, the response to extracts prepared from dogs

undergoing saline diuresis (Extract D) were compared with the

response to extracts prepared from dogs under non-diuretic

conditions (Extract N-D). Thus in any one "assay" dog, first

one type of extract was infused for two 20 minute periods and

then after suitable control periods, the second type of extract

was infused for a similar time period.

For the dogs undergoing saline diuresis prior to kidney

removal, average rate of urine flow was 126 ml/20 minutes, while

for the dogs not undergoing saline diuresis, average rate of

urine flow was 2.6 ml/20 minutes.

The renal extracts were prepared as follows: kidneys were

removed from dogs, decapsulated and immediately chopped up and
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dropped into liquid nitrogen. The frozen kidneys were allowed

to warm up to -20°C overnight, and then homogenised in cold
i o

alcohol, filtered and the dry powder extracted overnight at +h C

with kOO ml saline. The saline extract was separated from the

kidney powder residue by centrifugation and was then 60%

saturated* with ammonium sulphate, left for one hour, the

precipitate centrifuged off, suspended in saline and dialysed

at +h°C against 4 changes of 0.9% saline. The remaining

precipitate was removed by centrifugation leaving the extract

preparation. In general the extract equivalent of two kidneys

was used during experiments on any one dog.

Study 2

In this study the effect on the natriuretic and calciuretic

properties of the extract of lowering the pH of the extract to

2.5 for 1 hr was observed.

Extracts were prepared as in Study 1, as far as production

of a precipitate by 60% saturation with ammonium sulphate. This

precipitate was taken up in **0 ml saline and this divided into

two 20 ml aliquots. For one aliquot, the further preparation

was as described in Study 1 (Extract pH7). For the other aliquot,

the pH was lowered to 2.5 by means of addition of N HC1

(monitoring pH with a pH electrode). The aliquot was left at

pH 2.5 for 1 hour and then returned to pH 7 by the addition of

N NaOH. Further preparation was then as for the first aliquot

(Extract pH 2.5). A single assay animal was used for each pair

of extracts so produced, and each extract was infused for ^0

minutes.

* The amount of ammonium sulphate required to produce the
appropriate degree of saturation was obtained from Data for
Biochemical Research 1969, p. 615-6. Reagents used in protein
fractionation. (Dawson, R.M.C., Elliot, D.C., Elliot, W.H.,
Jones, K.M.). Oxford.
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Study >. Ammonium sulphate fractionation of extract

preparation.

Here an attempt wae made to fractionate the extract

preparations by varying the degree of saturation with ammonium

sulphate in the early stage of extraction.

As in Study 1, fresh frozen kidneys were homogenised in

cold alcohol and filtered. The dry powder was then eluted over¬

night at +^°C with 400 ml dilute acetic acid at pH ^.5- The

supernatant was then brought to pH 7 and different ammonium

sulphate fractions made as follows:

either 0 - 50% and 50 - 100% saturation

or 0 - 65% and 65 - 100% saturation

In each case the precipitate produced was spun off and

dissolved in 0.9% saline and dialysed against k changes of

normal saline. As in studies 1 and 2 the extracts were assayed

by infusion into the left renal arteries of each dog.

In this study each extract fraction was infused for a 10

minute period.

Hesults

Study 1. A comparison of the effects of extracts prepared

from the kidneys of hydropenic dogs, and of dogs undergoing

saline diuresis .

Plasma calcium was unaffected by extract infusion. For the

extract from diuresing kidneys (Extract D) the mean (- S.E.)

plasma calcium during the control periods was 9,k0 - 0.29 mg/100 ml

and during extract infusion periods was 9»36 - 0.26 mg/100 ml

(p.N.S.).

For the extract from non-diuresing kidneys (Extract N-D) the
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plasma calcium during control periods was 9.27 - 0.32 mg/100 ml

and during extract infusion periods was 9*3^ ~ 0.30 mg/100 ml

(p.R.S.).

Infusions of the renal extracts into the left renal artery

led to significant increases in calcium excretion, sodium

excretion and urine volume from the left kidney. Results are

summarised in Table 3^« It will be seen that glomerular

filtration rate (G.F.R.) showed a small rise (p \Q.05) and there

was no significant change in renal plasma flow.

The rises in sodium and calcium excretion induced by Extract

D were not significantly different from those induced by Extract

N-L>.

Calcium excretion is plotted in relation to sodium excretion

for Extracts "D" and ''K - D" in Fig. 13-

For each extract there was a highly significant correlation

between calcium and sodium excretion. (For Extract "D", r was

0.88, and for Extract "N - I)", r was 0.85)« There was no

significant difference between the slopes for the relationships.

Mean systolic blood pressure rise induced by both Extract

"D" and Extract MR - D" was 22 mm Hg.

Study 2. The effect of altering the pH at which the

extract is rrepared.

Results for changes in function of the left kidney induced by

infusions of renal extract prepared at pK 7 and at pE 2.5 are

summarised in Table 35* It will be seen that the effect of

temporarily lowering the extract to pfi 2.5 was to markedly

reduce its natriuretic and c&lciuretic action so that changes

induced during infusion no longer were statistically significant,

save for sodium excretion, where the change was just significant
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at the 5% level.

Infusion of "Extract pH 7" induced a rise in systolic blood

pressure of 22 - 3 Hg (mean - S.E.), and this rise was

significantly (p 0.05) greater than the rise in systolic

pressure (1*1 - 2 mm Hg) induced by infusion of "Extract pH 2.5"«

Since extracts, prepared either from diuresing or non-

diuresing kidneys had similar actions on urinary calcium and

sodium excretion, I have grouped together the results for these

two sets of experiments. I have also included data from the

"Extract pH 7" experiments, for these were extracts prepared in

a similar way. For these combined data, changes in function of

left and right kidneys are summarised in Table J6.

It will be seen that extract infusion produced marked

increases in sodium and calcium excretion, and in urine flow

from the left kidney. There was a barely significant rise in

G.F.R. and no significant change in renal plasma flew.

For the right kidney, increases in sodium and calcium

excretion, arid in urine flow also occurred. However, the rises

in sodium and calcium excretion that occurred from the right

side were significantly less (p <C 0.0005) than that induced on

the left side, despite both left and right kidneys being equally

exposed to any pressure rise induced by extract infusion. The

mean rise in systolic pressure was 22 - 3 Hg (- S.E.).

In 13 of the 19 experiments utilised in the combined data

results, and in a further 7 experiments, osmolal data were

obtained. The results are summarised in Table 37-

Calcium and sodium excretion, urine volume, osmolal

clearance and total osmols excreted all rose significantly and

urine osmolality fell significantly during the extract infusion
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periods. Free water clearance was not significantly altered by

extract infusion.

The relationship between urinary calcium and sodium excretion

during control periods and during extract infusion periods for

this group of experiments is depicted in Fig. 1^. There was a

good correlation between calcium iind sodium excretion, (correlation

coefficient 0.80, p <^C.001) and the slope of the regression line

was 0.[32.

A less close relationship existed between total oemols

excreted, and urinary calcium excretion (Fig. 15) > the correlation

coefficient being O.5S, (p<^0.00l).

Study 5. The effects on calcium and sodium excretion of

Infusions of renal extracts prepared by an ammonium

sulphate fractionation technique.

Results for the extracts "0 - 50%" and "0 - 65%" have been

combined together,, as have those for extracts "50 - 100^" and

"65 - 100%", and the data are summarised in Table 38.

The average change in mean systemic blood pressure induced

during infusion of extracts 0 - 50; and 0 - 65i;; was S - 5 Hg

(- S.E.) .and this was not significantly different from the rise

in mean pressure of 13 - 5 a® Hg induced during infusion of

extracts 50 - 100% and 65 - 100%.

The degree of calciuresis and natriuresis induced by the

two extract fractions was not significantly different.

There was no significant difference in the effects of the

two extract fractions on glomerular filtration rate, urine volume,

osmolar clearance, free water clearance and total osools excreted.

Combining the data for fractions 0 - 50% and 0 - 65%, the

relationship between calcium and sodium excretion is depicted in
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Fig. 16. There was a highly significant correlation (P = 0.93«

p<0.001), the slope of the line being 0.62. A less close

correlation existed between calcium and total osisols excreted

(Fig. 17) (r=--0.80, p<0.001).

For the combined data for fractions 50 - 100% and 65 - 100%

the relationship between calcium and sodium excretion is

illustrated in Fig. 18. There was a highly significant correlation

(r = 0.92, p<0.00l), the slope of the line being 0.74.

A less close correlation existed between calcium excretion

and total osmols excreted (Fig. 19) ♦ (r= 0,81, p<0.001).



TABLE34

CHANGESIKRENALFUNCTIONONLEFTSIDEIKRESPONSETO INFUSIONOFRENALEXTRACTINTOLEFTRENALARTERY ('DIURETIC"AND"NON-DIURETIC"EXTRACTS) Extract"D*

Extract"N-B"

Control
(IS.E.M.)

,Extract
(-S.E.M.)

P*

Control
(IS.E.M.)

Extract
(-S.E.M.)

p*

G.F.R.(CBJml/min)

44.5-3.7

51-7-4.3

<0.05

46.9-5.3

49.5-5.3

<0.05

R.P.P.(C_,„ffll/min)JT•&•OLm

138.2-15.2
149.8-22.0
N.S.

128.9-16.3
130.4-15.0
N.S.

Sodiumexcretion^Eq/mln)
33.6i7.7

126.3-34.7
<0.025

34.2-9-5

98.85-34.2
<0.05

Calciumexcretiong/min)
21.114.4

76.6-18.8
<0.01

23.4-3.9

63.9-18.2
<0.05

Urinevolume(ml/min)

0.32i0.05
1.2110.27
<0.01

0.24-0.02
1.09-0.43
<0.05

No.ofexperiments

8

8

8

8

Pcalculatedonpairedobservations Extract"DMpreparedfromdiuresingkidneys Extract"N-D"preparedfromnon-diuresingkidneys Extractresultsarefor2nd20minuteextractinfusionperiod

CO

>■



TABLE35

CHANGESEIRENALFUNCTIONONTIIELEFTSIDEIKRESPONSE TOINFUSIONOFRENALEXTRACTINTOIEPTRENALARTERY (EXTRACTS"pH7"AFP'VH2.5") Extract"pH7'

Extract"pH?.5"

G.F.R.(Cj^ml/min) R.P.F.(C
P.A.H.

in

l/min)

SodiumexcretionfyiEq/min) Calciumexcretion(^g/min) Urinevolume(ml/rnin) No.ofexperiments

ControlExtractp*
(IS.E.M.)(-S.E.M.) 49*6-3.162.7-4.7<0.005

ControlExtractp*
(-S.E.M.)(-S.E.M.) 43.212.547.1-4-1N.S.

157.2-17.6176.1-17-1N.S.108.214.8113.4-13-2N.S. 31.113.974.1-16.8<0.02522.7-5.533.8-10.6<0.05 19.2^3.244.0-9.6<0.00521.213.028.216.5N.S. 0.2910.050.81to.20<0.0250.30510.070.4610.11<0.05 8866
Pcalculatedonpairedobservations

CD

tz*



TABLE36

CHANGESIY.RENTALFUNCTIONOKTIIH:LEFTAIDRIGHTSIDES IFRESPONSETOINFUSIONOFRENALEXTRACT
(COMBINEDDATAFOREXTRACTS"DIURETIC","NON-DIURETIC"AND'pH7") LeftKidney

RightKidney

Control
(-S.E.M.)

Extract
(-S.E.M,)

P

Control
(IS.E.M.)

Extract
(-S.E.M.)

P

G.F.R.(Cjjjml/min)

47.4-2.7

51.6-2.5

<0.05

49.8-3.5

51.0-2.8

N.S.

R.P.F.(CDHnl/rain)
135.1-10.0
137.6-10.7
U.S.

138.1110.4
126.8-8.2

U.S.

Sodiumexcretion(pEq/min)
35.1-5.1

109.4-20.3
<0.0025

35.4-5-0

67.2-15.8
<0.05

Calciumexcretion(^.g/min)
21.512.5

66.8-10.9
<0.0005

25.2t2.9

41.0-8.4

<0.05

Urinevolume(ml/min)

0.27-0.02
1.11-0.21
<0.0005

0.24-0.01
O.42t0.07
<0.01

No.ofexperiments19 Extractresultsareforsecond20minuteextractinfusionperiod.

00

o



TABUS3?

CHANGESIKKSSALFUNCTIONONTHELEFTSI3FIKRESPONSE toinfusionorsenalextract Control
(tS.E.M.)

Extract
(-S.E.M.)

P

G.P.R.(Cj^ml/min)

49-1-2.6

52.112.1

w.s.

Sodiumexcretion(pJ5q/min)

39.8-5.5

93.6112.2

<0.0005

Calciumexcretion(^.g/min)

22.8t2.5

57.717.1

<0.0005

Urinevolume(ml/min)

0.31-0.05

0.0310.15

<0.0005

Urineosmolality(mGsm/P&) Osmolarclearance(mOam/min)
1224-198

748175

<0.0005

1.0510.05

1.8310.14

<0.0005

Freewaterclearance(ml/min)
-0.7510.06

-O.89to.13

U.S.

Totalosraolsexcreted/min(^(Osm/min)
314116

542140

<0.0005

Wo.ofexperiments20.

CO

to



TABLE36CHANGESIKFUNCTIONOFTHE1EFTKIBIIBTPRODUCEDBY^FUSION HTTPTHEBEETREL'AIjARTERYOFEXTRACTSFRACTIONATED BYAMMONIUMSUI,PHATEPRECIPITATION Extracts0-50/
0-65/

Extracts50-100/ 65-100/

Control
(-S.E.M.)

Extract
(-S.E.M.)

P

Control
(-S.E.M.)

Extract
(-S.E.M.)

P

G.F.R.(ml/min)

44.4-4-5

44.7-3.7

N.S.

40.3-3-7

39-4-3.1

N.S.

Calciumexcretion^.g/min)
52.9-10.3

82.3-13.3
<0.0025

48.1-7.6

71.818.9

<0.0005

Sodiumexcretion(^Eq/min)
62.2-16.0
104.1-20.2
<0.0025

44.2-10.6
67.2i10,5

<0.0005

Urinevolume(ml/min)

0.6?-0.09
1.28-0.19

<0.0025

0.67-0.09
1.24-0.18

<0.0005

Csmolarclearance

1.07-0.13
1.51t0.14
<0.0025

1.01-0.11
1.36-0.09
<0.0005

Freewaterclearance(ml/min)
-0.39-0.12
-0.24-0.14

<0.05

-0.36-0.10
-0.1210.16

<0.005

Totaloamolsexcreted/min (^lOsm/min)

319.4-40.1
452.8-40.8

<0.0025

305.8-25.2
408.0t28.5

<0.0005

Ro.ofexperiments

12

12

17

17

CO

w
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Urine
calcium
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* "DIURETIC" EXTRACT Line 1.
• "NON-DIURETIC EXTRACT Une 2.
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• (320,1581
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Urine sodium /j Eg / min.

Fig. 13. The relationship between calcium excretion and sodium
excretion for the left kidney during infusion of renal extracts

("Diuretic" and "Hon-diuretic") into left renal artery.
For "Diuretic" extract r = 0.88. y = 0.51* + 7*65 (line l).

N = 23. p < 0.001.
For on-diuretic" extract r =■ O.85. y ■ 0.45* + 12.03 (line 2).

N - 24. p < 0.001.
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Urine
calcium

/ug / min.

M°r

120 -

100 -

00 -

60 ■

40-

20-

0 -

• Control period
T Extract Infusion period

0 20 40 60 80 100 120 140 160110 200 220 240

Urine sodium /a Eq / mln.

Fig. 14. The relationship between calcium excretion and sodium
excretion for the left kidney curing infusion of renal extract
(combined data for "Diuretic's "non-diuretio" and "pH?" extracts.

r = 0.80. y « 0.5?x + 3.57• N • 40. p ^ 0.001.
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• Control

t Extract infusion porlod

■ ■ ■ ' ' 1 1 i 1 1 1 ■ ■ ■ •

0 50 100 150 2003030055040060500550100 650 TOO 750

Total osmols. m Own f mln.

Pig. 15. The relationship betveen calcium excretion and total
osmols excreted from the left kidney during infusion of renal
extract (combined data for "Diuretic", "non-diuretic" and "pH7"
extracts).

r •» 0.58 y • O.iOx - ?.57» N ° 40. p K 0.001.
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Fig. 16, The relationship between calcium excretion and sodium
excretion for the left kidney during infusion of renal extract
(ammonium sulphate fractions and "0-65$")•

r • 0.94* y ™ 0.61x + 16.9» H » 24. p ^ 0.001.
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Total osmols. m Osm / min.

Fig. 17« The relationship between calcium excretion end total
osmols excreted from the left kidney during infusion of renal
extract (ammonium sulphate fractions "0-r>C$" and "0-65$")•

r - 0.80. y - r.?3x - "4.8. N «* 22. p < O.OOt.
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Urine
calcium

■ i ■ ■ ■ 1 1 i i ■_

2040 60 80 100 120 140 140 110 200

Urine sodium /j Eq I min.

Fig. 18# The relationship between calcium excretion and sodium
excretion for the left kidney during infusion of renal extract
(ammonium sulphate fractions "53-100^" and "65-100$")•

r « O.92. y « o.74x + 18.9» H - 34* p < 0.001.
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• Control

» Extract

Urine
calcium /ug /mln.
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Total osmols. (m Osm / mln. I

Fig. 15• The relationship between calcium excretion end total
osmols excreted from the left Hdney during infusion of renal
extract (ammonium sulphate fractions "50-100$" and "65-100$".

r - 0.81. y « 0.24-t - 26,1. N » 34. P < 0.001.



DISCUSSION

Studies on human subjects, were designed so that so far as

possible, the only change during the course of the study was the

factor being investigated. For this reason diets were provided

which contained about 10 ffiSq of sodium chloride, and supplemental

sodium chloride was provided. By this means, sodium chloride

intake could either be hold constant, or varied without altering

the intake of other dietary constituents. It was also hoped that

by ensuring constancy of sodium Ghloride intake, (save for

deliberate chEUiges), that fluctuations in urinary excretion of

sodium would be minimised and so any effect such fluctuations

might have on urinary calcium excretion would also be minimised.

Thus when frusemide or 9!X~fluorohydrocortison8 were administered,

any effects each night have had on urinary calcium and sodium

excretion were not superimposed upon fluctuations consequent

upon variation in oral sodium chloride intake. Diets were

constructed using the tables of McCance and Widdowson (1960).

The use of such diets containing 10 mSq sodium chloride also

ensured that each patient received fairly similar food each

day, and that the dietary intake of calcium was fairly constant

day by day. This also tended to minimise fluctuations in

urinary calcium excretion (Knapp 19^7, Kordin et al. 196?). The

calcium content of the experimental diet was usually lower than

that contained in the food ingested by subjects prior to study.

By ensuring a run in period of at least three days on the

experimental diet before commencing urine collections it was

hoped that urinary calcium excretion, would have reached a new

stable level at the new dietary calcium intake (MacFadyen,
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Nordia, Smith, Wayne and Kae, 1965)»

The studies in men were carried oat on hospitalised

ambulant subjects. The daily routine for any one subject was

fairly similar from day to day, so that the subject took much

the came amount of rest and exercise each day. Heeumbeney

(Cuthbertson 1929» A'hedon and Schorr, 1957), and exercise

(Heaton and Sodgkinaon, 19&3I Loutit and Papworth, 1965) have

been shown to influence urinary calcium excretion. No subject

was on any medication, save sedatives, that might have

influenced sodium or calcium excretion.

The use of some patients following acute myocardial

infarction requires comment. At the time of entry into the

study, such patients were ambulant, on no medication save

sedation, had suffered no complication following the acute

infarct, and were making an uncomplicated recovery. Urinary

sodium excretion was stable. In no case did any complication

ensue that necessitated withdrawal from a study.

For all subjects, the nature of the investigations was

carefully explained, and informed consent obtained.

Effect of variation in oral sodium chloride intake on the

urinary excretion of calcium and sodium in man

There have been a number of reports that in man, short term

change in oral sodium chloride intake may influence urinary

calcium excretion (Hills et al. 1959f Kleeman et al. 196h; King

et al« 1V6*f} Edwards and Hocigkinson 1965; Epstein 1968).

Hills et el. (1959) showed that in two subjects, moderate

reduction in sodium chloride intake for four days led to some

reduction in mean urinary calcium excretion. Kleeman et si.(196*0,
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intake and varied the amount. of supplemental salt, each subject

remaining on a given salt intake (without other alterations in

the regimen being made) for periods ranging from 2 to k days.

They found that urinary calcium and sodium excretion paralleled

changes in dietary sodium intake. Although King et al. (136*0
said that change in dietary sodium chloride intake led to change

in urinary calcium excretion in five out of eleven subjects on

an otherwise constant daily diet, they provided data only on two

subjects, showing that increase in dietary sodium chloride for

6 days led to maintained increase in urinary calcium in both

subjects. Data on urinary sodium and calcium excretion for only

one subject was given by Edwards and Hod^kinson (l965)t Spstein

(1968) in a review article quoted some data of his own, showing

that a low sodium (10 mEq) diet given for four days, lowered

urinary calcium In six normal subjects.

My own findings have confix'med these earlier observations,

and have provided some evidence on the temporal aspects of the

relationship between urinary calcium and sodium excx*etion when

oral intake of sodium chloride is varied. Although examination

of the data of Kleecian &t al. (196*0, King et al. (196*0, Edwards

and Kodgkinson (1965), s^d Epstein (1968), does show that in all

cases the urinary output of calcium did appear to fall on the

first day of a low sodium intake, it is not possible to say

whether this fall came within the daily fluctuations in urinary

calcium occurring in their subjects. Examination of the results

here reported shows that when the oral intake of sodium chloride

was reduced from about 95 fflEq/day down to about 10 mEq/day, both

urinary calcium and sodium excretion fell by a statistically



significant amount on the first day of reduced sodium intake, and

remained significantly below control values for 10 days. The

fall in mean urinary sodium excretion over the first five days

of sodium chloride restriction wae paralleled by a fall in mean

urinary calcium excretion. £fter about five days, mean urinary

sodium and calcium excretion values had fallen to new stable

levels. There wee no evidence of any late upward trend in urinary

calcium excretion. In some subjects, in whom sodium deprivation

was maintained for up to 16 days, urinary calcium excretion

regained depressed throughout this time.

The significant correlation reported by Modlxn (1966), for

urinary calcium and sodium excretion in day by day urine

collections from normal subjects is also found in my group of

subjects, both when they are on a normal salt intake, and during

salt deprivation. The correlation coefficients (p.S*3 ) are

similar to those noted by ModLin (1966), and lower than that

found during saline diuresis. Reasons for this have been

discussed on p. 16 and .include variation in dietary calcium,

phosphorus and magnesium intake, hormonal status, and excretion

of comolexing anions.

In the two subjects studied, increase in dietary sodium

chloride did lead to increase in urinary calcium and sodium

excretion, apparent on the first day of augmented salt intake,

and maintained for as long as the augmented salt intake was

continued (6 days in one subject, and 12 days in the second

subject).

The mechanism of the effect of variation of oral sodium

chloride intake on urinary calcium excretion remains uncertain.

During reduction in oral salt intake, glomerular filtration rate,
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as measured by endogenous creatinine clearance* showed »<x small
l^iou g A fAi'-s WC5 fio A" i>-f s(~ahsl~i(C(.l MCE,,
<a-i gni f-; r I'T t r' r rr plasma calcium and diffusible plasma

calcium were not measured. No change in diffusible calcium or

in creatinine clearance was noted by Kleemeu et si. (1£64),

though Edwards and Hodgkinscn (1965) recorded a small increase

in plasma calcium during oral 6i.lt restriction.

It is likely that these measurements are net sufficiently

accurate to determine the relatively small changes in filtered

load that would he required to prodxice the observed changes in

urinary calcium excretion. I have earlier reviewed in detail

evidence which indicates that in some circumstances, changes in

sodium excretion lead to changes in calcium excretion as a result

of change in renal tubular absorption of calcium. Although it

would seem quite possible that the effect of variation of oral

sodium chloride intake on urinary calcium excretion is another

such situation in which renal tubular absorption of calcium is

altered, there is as yet no proof.

Since variation in oral sodium chloride intake leads to

variation in urinary calcium excretion in patients with Addison's

disease on a constant maintenance regime (Kuneberg, Laffiberg,

Peissell and Adlercreuta, 1970), this suggests that this effect

is not dependent upon change in adrenocortical function.

The importance of parathyroid function has not been

delineated for the chronic situation when, salt intake is varied,

but at least in the acute si.tuatioa, changes in sodium excretion

ere paralleled by changes in cslcium excretion in thyropara-

thyroidectomised doge (Kassry et al. l9fcSa).

It is possible that change in dietary salt intake influences

intestinal absorption of calcium, and this in turn might lead to
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change in urinary calcium excretion. Early workers concluded

that removal of sodium did not inhibit active calcium transport

across the intestinal wall (Harrison and Harrison 19635

Wasserwan and Taylor 1963) • However, J'artin and fte Luca (1S69)»

found that calcium transport by everted sacs of rat duodenum was

greatly reduced if sodium was omitted from the incubation medium.

Chapuy and Pansu (1971), using a jejeimnl perfusion technique in

man, found that acute reduction in sodium chloride concentration

in the nerfusats lowered calcium absorption.

In the intact animal results have again been conflicting.

In the rat, a sodium-deficient diet has been reported as producing

no change (Crent-Keiles and KeCollura 19^0) or reduction (Cade,

Tomory, Levin and Shires 196?) in faecal calcium. However,

Cuisinier-Cleizes and tfathieu (1971) demonstrated in young rats

that a low sodium diet caused a marked decrease in intestinal

calcium absorption within, three days, and this defect increased

with time. In children, M&ccgno, Donath, FTordio and Gatti (1970)

have reported that a sodium-rich diet increased faecal caicium

while a sodium-poor diet reduced intestinal absorption of

strontium and also slightly increased faecal calcium.

It would seem on balance, that it is likely that calcium

absorption in the young may be influenced by variation in dietary

sodium intake. Whether such a conclusion is valid also for

adults is as yet unproven.

The studies here reported suggest that change in oral sodium

chloride intake influences urinary calcium excretion for at least

16 days, and provide no evidence for homeostatic regulatory

mechanisms for urinary calcium excretion under such circumstances.

It is possible that following calcium deprivation due to calciuresis

k
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induced by prolonged sodium chloride loading (Bricfccian &t &1.

1971) mechanisms may come Into play to enhs.nce the ability of

the renal tubule to reabsorb calcium in preference to sodium.

As a hypothesis it is suggested that reduction of oral salt

intake leads to increased proximal tubular reabsorption of

sodium (and calcium) and so to lowered distal delivery of

sodium and calcium. Although salt restriction would le d to

enhanced aldosterone production (Burtter, Liddie, Duncan, Barber

and Delea 1956; Bartter, Fills, Biglieri and Delea 195S) this

would have no direct action on calcium excretion, and the lew

salt intake would tend, to block the mechanism by which chronic

administration of sodium-retaining steroids may lead, to

increased urinary calcium excretion.

The effect of long term administration of a alneralocorticoid

on urinary excretion of calcium and sodium.

In man, long term administration of the sodium-retaining

steroid fludrocortisone led to augmented urinary excretion of

calcium. The time course of this effect varied somewhat -rom

individual to individual, and appeared on the first day of

administration of fludrocortisone in some instances. For the

group of subjects as a whole, mean urinary calcium excretion

did not significantly change for the first two days, and then

gradually rose, hean urinary sodium excretion fell sharply for

the first two days and then gradually rose, but had not returned

to control values by the seventh day of fludrocortisone

administration. It is clear from inspection of data for individual

patients that calcium excretion remained high when escape from the

sodium-retaining action of fludrocortisone was fully developed.
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Since urinar} calcium excretion tends to fluctuate frcti day

to day even when various known influencing factors are held as

steads as possible, interpretation of the effects cf a sodium-

retaining hormone in any one Individual ca calcium excretion is

rather difficult unless very large changer, are produced. This

limits somewhat the value of observations of V'ille et al. (1969)«

who found that in three patients. sodluDi-retad.niRg steroids

appeared to have no initial effect on Calcium excretion, and

increased it slightly on the second and third days, and of

Idcemail et al. (196*+), who reported that fludrocortisone given

to two subjects for two days, led to reduction in urinary

calcium and sodium output on both days.

The effect of long term administration of sodium-retaining

steroids to produce a maintained increase in calcium excretion

has been demonstrated in dogs (Massry et al. 1968b) and in rats

Suici at al. 1968).

Since it has been deraonstr-nted in man (Lomann et al. 1970)

and in dogs (Massry et al. 1967b) that sodium-retaining steroids

have no direct effect on calcium excretion during acute experiments,

it would seem unlikely that a direct effect would become apparent

during long term administration. One must consider what other

changes might occur during prolonged administration of sodium-

retaining steroids.

Augmentation, of urinary calcium excretion occurs independently

of any change in intestinal absorption of calcium (Suki et al.

1968). There is evidence that the augmented calcium excretion

induced by chronic administration of sodium-retaining steroids

is related in some way to sodium retention and to 'escape" from

the sodium-retaining action. la one subject, in whom there was
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failure to escape from the sodium-retaining action of fludro¬

cortisone, there was no change in urinary calcium excretion.

This would suggest that the mechanism which leads to escape from

the sodium-retaining effect of fludrocortisone is also the

mechanism which leads to a rise in urinary calcium excretion.

Prolonged administration of fludrocortisone to rats on a

salt-free diet did not influence calcium excretion (Suki et al.

1968). When human subjects were restricted to a daily intake

of 10 mEq sodium chloride per day, and then given fludrocortisone,

the rise in urinary calcium excretion was slower and less marked.

That it did occur may have been related to the fact that the

subjects were gradually retaining sodium.

Although the urinary excretion of potassium may be

augmented during the prolonged administration of sodium-

retaining steroids, Suki et al. (1968) did not find any change

in potassium excretion at a time when calcium excretion was

increased in rats. The increase in calcium excretion observed

during the chronic administration of sodium-retaining steroids

to man and to experimental animals could be related to increase

in filtered load, or to change in renal tubular absorption or to

both.

In man, concommitant with sodium retention there was a small

rise in glomerular filtration rate and a small fall in total

plasma calcium. No measurements on diffusible plasma calcium

were made. Acute studies in man (Lemann et_al« 1970) and in the

dog (Massry et al. 1967a) did not show any influence of sodium-

retaining steroids on diffusible plasma calcium levels, and I

have not found any data in the literature on the effect of the

chronic administration of sodium-retaining steroids in this
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respect. When fludrocortisone was administered to subjects on a

low sodium intake, there was no significant change in either

glomerular filtration rate or plasma calcium. Although it would

seem there was no great change in filtered load of calcium, it

remains possible that changes of sufficient magnitude could have

occurred to account for the observed changes in calcium excretion.

However it should be remembered that during sodium loading by

saline infusion, calciuresis accompanied natriuresis despite

experimental reduction in filtered load. There is other evidence,

reviewed earlier that many of the changes in calcium excretion

related to changes in sodium excretion are brought about by

change in renal tubular function.

The change in the pattern of sodium excretion during the

escape phase appears to be related to change in renal tubular-

function rather than to further change in glomerular filtration

rate, plasma volume, renal plasma flow, systemic blood pressure,

or changes in aldosterone production or extracellular fluid

volume (Rovner et al. 1965)* They also pointed out that the

finding of urinary potassium loss rather than retention,

suggested that the escape phase was related to decrease in

sodium reabsorption at a site proximal to the distal convoluted

tubule, rather than by an antagonism to the distal action of

sodium-retaining steroids. Direct confirmation of this view

has been provided by micropuncture studies in the dog, in which

it has been shown that when sodium-retaining steroids are

administered for many days, there is decrease of sodium

reabsorption by the proximal tubule (Wright et al. 19&9)* I

have earlier reviewed evidence that in situations of sodium

loading there may be parallel inhibition of sodium and calcium
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absorption in the proximal tubule and loop of Henle.

One may speculate that when sodium-retaining steroids

are administered, and sodium is retained, there is progressive

inhibition of sodium (and calcium) reabsorption at proximal

sites with increased delivery of these cations to distal sites.

Under the influence of the sodium-retaining steroid there would

be reabsorpt.^ on of this distal load of sodium but not of calcium,

and eventually a new stable state of sodium balance would be

obtained. On this hypothesis, calcium excretion would tend to

increase with time until this new steady state was attained and

this does correspond with observed data. When fludrocortisone

was discontinued, urinary sodium excretion rose markedly within

two days, with little change in urinary calcium excretion. One

may speculate that factors operating to lower proximal reabsorn-

tion of sodium and calcium continued at a time when there was

marked decrease in distal reabsorption of sodium, consequent

upon withdrawal of the sodium-retaining steroid.

The effects of prolonged administration of the diuretic

frusemide on urinary excretion of calcium and sodium.

It has been found that calciuresis accompanies natriuresis

during the acute action of many diuretic agents. This effect

has been demonstrated for cardiac glycosides in the dog (Kupfer

and Kosovsky 1965), the osmotic diuretic mannitol in the dog

(valser 1961b; Wesson 1962) and in man (Posen, Clubb and Neale

1963; Farfitt 1969)» thiazide diuretics in dogs (Duarte 1968a;

Eknoyan et al. 1970) and in man (DeMartini, Briscoe end Ragan

196?; Parfitt 1969), ethacrvnic acid in dogs (Duarte 1968b;

Eknoyan et al. 1970) and in man (DeMartini et al. 1967? Hanze
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and Seyberth 196?) and for frusemide in dog (Duarte 1968b;

Sknoyan et al. 1970) and in man (Hanze and Seyberth 196?;

Tambyah and Lim 1969).

It appears however, that diuretic agents when administered

on a chronic basis may produce differing effects on urinary

calcium excretion. It is well documented that chronic admini¬

stration of thiazide diuretics in man reduces urinary calcium

excretion (Laraberg and Kulbeck 1959? Lichtwitz et al. 1961;

Higgins et al. 196^; Harrison and Rose 1967).

In the rat Nielsen et al. (1969) and in man Toft and Poin

(1971) have reported that chronic administration of the diuretic

agent frusemide may enhance urinary calcium excretion. Nielsen

et al. (1969) found that urinary calcium excretion remained

elevated for the six days of frusemide administration. Toft and

Roin (1971) reported that when oral frusemide 80 mg daily was

given to obese but otherwise normal subjects for four days,

there was significant increase in calcium excretion during the

first three days, but on the fourth day the urinary calcium

excretion had returned to within control levels. Neither group

of workers measured urinary sodium excretion.

It will be seen from section 3 that when subjects were given

oral frusemide 80 mg daily there was en initial natriuresis, but

from the third day of diuretic administration, sodium excretion

had returned to levels which were at or below control values.

Calciuresis, which was at a peak in the first two days of

diuretic administration did continue significantly elevated for

as long as the diuretic was administered (12 days). These results

contrast with those of Toft and Foin (1971)* However, these latter
■v

workers did not control sodium intake, or measure urinary sodium
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excretion and so the fluctuations in urinary calcium excretion

consequent upon variation in dietary intake of sodium chloride

may have obscured the effect of frusemlde.

The mechanism for this effect is somewhat uncertain.

Glomerular filtration rate, as measured by endogenous creatinine

clearance, decreased during the administration of frusemide.

Plasma calcium levels showed no significant change, a finding

noted also by Toft and Roin (1971) i» and by Nielsen et al.

(1969) in rats. Although diffusible plasma calcium was not

measured, other workers have not found this influenced by

frusemide (Antoniou, Shalhoub, Gallagher and O'Connell 1971).

When intravenous frusemide was given to dogs, there was a

significant fall in total and ultrafiltrable plasma calcium

concentration which was corrected by replacement of urinary

losses (Duarte 1968b). It would seem likely therefore, that

for the studies reported in section 3» administration of frusemide

would lead to some decrease in filtered load of calcium. Since

the urinary excretion of calcium was enhanced, this would imply

decreased tubular reabsorption of calcium. This could happen

either as a specific pharmacological action of frusemide, acting

to inhibit calcium reabsorption at some site not linked to sodium

reabsorption, or by action at a site or sites to decrease both

calcium and sodium reabsorpticn, but with subsequent reabsorption

of sodium in excess of calcium.

There appears to be no direct evidence on the site of action

of frusemide in respect of its action on renal tubular reabsorption

of calcium.

Many studies have demonstrated in a variety of species that

frusemide acts to inhibit tubular reabsorption of sodium, and



that its main locus of action is along the loop of Henle.

Clearance studies in the dog (Suki, Hector and Seldin 1965; Le

Eotte, MacGaffey, Moore and Jick 1966) and in man (Stein, Wilson

and Kirkendall 1968; Puschett and Goldberg 1968) hate provided

indirect evidence that the principal site of action of frusemide

is on the loop of Henle, though, there appeared also to be some

evidence for a proximal site of action (Suki et al. 1965; Stein

et al. 1968; Puschett and Goldberg 1568). More direct evidence

has been provided by studies employing raicropuncture techniques.

Evidence that the main site of action of frusemide is at the

loop of Henle has been provided for the dog by Clapp and Robinson

(1968); Dirks and Seely (1970); and Morgan, Tadckorb, Martin and

Berliner (1970), and in the rhesus monkey by Bennett, Brenner and

Berliner (1968). Evidence relating to a possible proximal site of

action has been somewhat conflicting, but this may have been in

part related to fall in glomerular filtration rate (Morgan et al.

1970), reflux from distal sites (Brenner, Kei*nro-witz, Wright and

Berliner 1969) and the effect of loss of extracellular fluid

volume on proximal tubular function (Dirks, Cirksena and Berliner

1966).

Many studies employing the shrinking drop technique have

demonstrated that frusemide appears to retard the absolute rate

of reabsorption of sodium in the proximal tubule of the rat

(Rector et al. 1967; Brenner et al. 1969) and in the dog (Knox,

Wright, Howards and Berliner 1969). Taking care to avoid reflux

from distal sites Brenner et el. (1969) did demonstrate a proximal

tubular action during free flow. Morgan et al. (1970) using a

microperfusion technique demonstrated that fruaemide does have a

proximal action, but that this is probably not significant at
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conventional systemic pharmacologic dosage. These workers also

concluded that it was unlikely that the redistribution of renal

blood flow reported to follow administration of frusemide (Birtch,

Zakheim, Jones and Barger 1967) played any Important part in the

natriuretic action of frusemide.

In dogs it has been shown that the acute administration of

frusemide leads to increase in clearance of ultrafiltreble

calcium which parallels sodium clearance and increases in

greater proportion (Duarte 1968b; Antoniou et al. 1969) * If

urinary losses were replaced, calcium clearance increased still

further (Duarte 1968b). A linear relation between calcium

clearance and sodium clearance persisted when frusemide was

acministered to thyroperathyroidectcrdBed dogs in whom urinary

losses were replaced (Eknoyan ct al. 1970). All that it is

possible to say from these acute studies is that frusemide does

produce differing degrees of inhibition of sodium and calcium

reabsorption in one or more sites along the tubule, as compared

with the effect of saline loading, or certain other diuretics

(kaiser 1961b; Duarte 1968a; Parfitt 1969; Eknoyan et al. 1970).

On available data it does not seem possible to say whether there
V4»;

is equal inhibition of sodium and calcium reabsorption in the

loop of Henle, and then dissimilar absorption at more distal

sites.

During chronic administration of frusemide, increase in

calcium excretion was maintained at a time when sodium excretion

had returned to control values and filtered load of calcium was

reduced. This could be explained either by a specific action of

frusemide to inhibit renal tubular reabsorption of calcium (and,

by implication, of the presence of a transport system by which
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calcium was transported independently of, or preferentially to

sodium), or by postulating a continuing effect on sodium and

calcium transport in the loop of Henle, and with subsequent

compensatory reabsorption of sodium, but not calcium, at more

distal sites. During long term administration of frusemide,

calciuresis was at its greatest during the initial phase of

natriuresis. Since calcium excretion fell somewhat, though

remaining above control levels, when sodium excretion returned

to normal, this would suggest that the homeostatic mechanisms

acting to return sodium excretion to control values did not

operate to an equal extent on calcium excretion. Mechanisms

tending to restore sodium balance include fall in filtered load,

increase in proximal tubular reabsorption of sodium (Dirks et al.

1965) and increase in distal tubular reabsorption mediated via

an increase in aldosterone production (Laragh, Cannon, Stason,

and Heinemann 1966). The first two of these mechanisms might be

expected to decrease calcium excretion pari passu with sodium

excretion, but aldosterone is believed to have no direct effect

on calcium excretion (Massry et al. 1967b? Lemann et al. 1970)*

This would lead to some enhancement of sodium absorption over

calcium absorption.

Enhanced intestinal absorption of calcium might lead to

calciuresis, but there appears to be no information on the

effect of frusemide in this respect. Although there is no

evidence as to whether frusemide influences parathyroid function,

which might in turn influence calcium excretion, there is

evidence that the acute effect of frusemide on calcium excretion

is not dependent upon parathyroid function (Eknoyan et al. 1970).
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The Renal Excretion of Calcium and Sodium in Acute Nephritis

There have been few studies on urinary calcium excretion in

acute nephritis, and they have all been on children (Boyd,

Courtney and MacLachan 1926; Ford 1931? Meulemeester 1960;

Schreiter and Mascher-Koch 1966). In none of these studies are

data on blood urea, glomerular filtration rate or urinary sodium

excretion given.

In the 6ix cases of acute nephritis reported here, one

patient was aged 12 years, two were aged 15 years and three were

aged between 26 and 50 years. In all cases, urinary calcium was

low in the early stages of the illness despite normal plasma

calcium and only moderate reduction in glomerular filtration

rate as measured by endogenous creatinine clearance. With the

passage of time and in association with a rise in creatinine

clearance to normal or near normal values, urinary calcium

tended to rise, but remained lower than normal even when creatinine

clearance exceeded 100 ml/min. The situation is in marked

contrast to that in chronic nephritis, where hypocalciuria is

associated with marked reduction in glomerular filtration rate

and with hypocalcaemia. There are similarities with the

hypocalciuria of the nephrotic syndrome, which is not due to , ,

X>\ fke nepkroh'c c\ rome urinary cwJcmivv eicrvjlicn
reduction in filtered load of calclmn^aad which does markedly
increase during remission of the disease (Jones, Peters, Morgan,

Coles and Mallick 196?).

Earlier workers (Keulemeester 1960; Schreiter and Mascher-

Koch 1966), have also found hypocalciuria early in acute nephritis

a constant feature and it may become a useful guide in establishing

the diagnosis. Schreiter and Mascher-Koch (1966) showed that in

acute pyelonephritis in children urinary calcium excretion is
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normal.

In acute nephritis the urinary calcium is low despite normal

plasma calcium and normal or near normal glomerular filtration

rate. Although no data are available on plasma ultrafiltrable

calcium or on the urinary content of calcium complexing ions in

acute nephritis, it would seem likely that the hypocalciuria is

due to enhanced renal tubular reabsorption of calcium.

It is possible however that other factors might operate.

In chronic nephritis there is decreased intestinal absorption of

calcium associated with decreased sensitivity to vitamin D

(Stanbury and Lumb 1962). Bartter and Bell (196^) studied one

patient with sarcoidosis who happened to develop acute nephritis.

They found that with the onset of nephritis there developed

hypocalcaemia and hypocalciuria, while intestinal calcium

absorption fell and was not increased by vitamin D. With

recovery from nephritis calcium hyperabsorption again occurred.

This raises the possibility that intestinal calcium absorption

is decreased in acute nephritis and this might be one factor in

the genesis of the hypocalciuria. There seems to be very little

data in the literature on calcium balance in acute nephritis.

Boyd et al. (1929) stated that nephritic children have a positive

calcium balance unless their dietary calcium intake falls to a

low level. Ford (1931) however, found that in children with

acute nephritis there was increase in faecal calcium excretion.

The increase in urinary calcium excretion in Case k

consequent upon the administration of oral calcium carbonate

would support the view that decreased intestinal absorption of

calcium is a factor in the hypocalciuria of acute nephritis.

The failure of response in Case 5 might have been due either
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to a greater impairment of calcium absorption (as this patient

had the greatest reduction in creatinine clearance) or to the

fact that the calcium carbonate was only given for two days.

Meulemeester (1960) gave oral calcium gluconate 3g to one patient

and found an increase in urinary calcium excretion. In this

respect it is of interest that Clarkson, McDonald and de Wardener

(1966) found an increase both in calcium absorbed and in urinary

calcium excreted when large quantities of oral calcium carbonate

or citrate were given to people in chronic renal failure.

Intravenous calcium gluconate administered to one patient

(Case 3) and by Meulemeester (1960), also to one patient, led to

an increase in urinary calcium excretion. For Case 3, the

fraction of the Infused calcium excreted in the urine during the

period 0-12 hours (28%) was at the lower limit of the normal range

established by Nordin and Fraser (1956).

It does not seem likely that the hypocalciuriu of acute

nephritis is due to hypoparathyroidism, for plasma calcium is

normal, and the response to edetic acid infusion (in one patient)

was normal.

That the kidneys of patients with acute nephritis are

capable of excreting complexed calcium is demonstrated by the

marked rise in urinary calcium output when an infusion of edetic

acid was given (Case 3)«

I have earlier reviewed evidence that urinary calcium is

related to concommitant sodium excretion in many situations, both

diuretic and non-diuretic.

There is a close linear relation between fractional

excretion of calcium and sodium in chronic renal failure

Popovtzer et al. (1969)» but Jones etal. (1967) found no
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correlation between calcium and sodium excretion in the nephrotic

syndrome.

In acute nephritis, urinary calcium was low in the early

stage of the illness, regardless of the level of urinary sodium

excretion. During acute changes in urinary sodium excretion

however, there was a corresponding change in calcium excretion.

Thus the addition of oral sodium chloride 85 mEq in two subjects

led to immediate increase in urinary calcium excretion. In one

case, when the intake of sodium chloride was reduced, urinary

calcium excretion also fell and then with the onset of

spontaneous natriuresis, urinary calcium excretion rose sharply.

The effect of oral 9 O(fluorohydrocortiscne in reducing urinary

calcium excretion was similar to the observations of Kleeman et

al. (1964) in two normal subjects and of Wills et al. (1969) in

one case of normocalcaemic hyperparathyroidism, but in contrast

to the findings in normal dogs (Massry et al. 1968b), rats (Suki

et al. 1968) and man (Wills et al. 1969), and the findings

reported in Section 2.

It would seem that the hypocalciuria of acute nephritis is

not related to low urinary sodium excretion and that there is

some evidence of a relationship between urinary calcium and

sodium excretion, but that this is partially obscured by the

tendency for urinary calcium output to rise with recovery of

the patient, and in association with a rise in creatinine

clearance.

One may speculate that in the early stages of acute nephritis,

with sodium retention, there is increased tubular reabsorption of

sodium and that in the proximal tubule, and ascending limb of the

loop of Henle there is linked reabsorption of calcium. There would
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thus be diminished distal delivery of sodium and calcium. Since

hypocalciurla persists at a time when sodium excretion increases,

this would suggest that either sodium reabaorption was being

inhibited, at least in part, at sites not linked to calcium

reabaorption in the early stages of recovery or that enhanced

tubular reabsorption of calcium takea place independently, at

least in part, of sodium reabsorption. In this context it is of

interest to note that in one case (Case 6) the blood urea fell

from 128 to **8 mg/100 ml, with no increase in glomerular

filtration rata, during natriuresio and calciuresis. It is

possible that thiB represented a change in proximal tubular

function.

The effect of angiotensin II on urinary excretion of calcium and

sodium.

When angiotensin II was infused directly into one renal artery

of anaesthetised dogs, the response of various aspects of renal

function was found to be dependent upon the dose of angiotensin

infused. Low dose angiotensin infusion induced antidiuresis and

antinatriuresis, and high dose infusion produced diuresis and

natriuresis. This dose duality of response has been recorded for

a variety of species, and has been shown in dogs by Heoly, Barcena,

0*Gonnell and Schreiner (1965)} Louis and Doyle (1965)1 Lameijer,

Soghikian and De Graeff (1966) and Bonjour and Malvin (1969). It

has been shown in rabbits by Berraclough (1965) end Langford and

Pickering (1965)| in rats by Barraelough, Jones and Karsden (1967),

and Bon jour, Regoli, Roch-Ramel rind Peters (1968); and in man by

Louis and Doyle (1965). Even with high dose infusion of

angiotensin, an initial period of entidiuresis and antinatriuresis
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preceded diuresis. Tnis effect has been noted is the dog by

Healey at ai. (1965). and Louis and Doyle (1965). in the rabbit

by Barraclough (1963) and in the rat by Barraclougta et al. (l967)«

During angiotensin infusion, calcium excretion appeared to

parallel sodium excretion, whether this latter was increased or

decreased daring angiotensin infusion. These changes in calcium

and sodium excretion were noted to occur either concurrent with

change in glomerular filtration rate in the sam® direction as

that of the urinary cation excretion, or without significant

change in glomerular filtration rate* McUiwMMiMwdeenee*

ill ii I .mi u i ilit ii i i jiii i >A uh i i timi af enunlf tmni i in in n i ■ ai u

.immmftmm■■ miiei' filvruMan Tmlm. Plasma calcium and sodium were not

significantly changed by infusion of angiotensin at the various

dose levels. In man systemic Infusion of angiotensin has been

found not to alter plasma calcium (Gsntt and Carter 1S6M •

Dliraflltrable plasma calcium was not measured, but Gonda et al.

(1969) did not find ultrafiltrable plasma calcium influenced by

angiotensin infusion in dogs. It would seem that changes in

calcium and sodium excretion could occur independently of, apwe

epwtemisnlMe^fr, change in filtered load. This would

suggest that angiotensin infusion in set;© way leads to altera¬

tion in tubular function. Others have obtained evidence that

angiotensin infusion influences tubular reubscrption of sodium

in the dog (Cannon, iacs and Laregh 1966} L&meijer et al. 1966}

and McGiff, Lynch, Leiniche, Strand and Aboosi 1969); in the

ret (Barreclough et al. 1967} fc&lvin and Vancer 196?) end in the

rabbit (Longford and Pickering 1965)*

Whether the action of angiotensin on tubular function is

direct or indirect remains uncertain. Its action on tubular
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function could come about by * direct action of angiotensin on

tubular ceil function, by the intrnrenel liberation of some

substance or substances which in turn influence tubular function,

by its action to raise systemic and renal arterial blood pressure,

by an effect on the intrarenal distribution of blood, or by

alteration of hydrostatic pressure in the peritubular circulation.

In the rat, BnrraClough et al. (1967) suggested that both

the diuretic and the antidiuretic effects of angiotensin were due

to direct action on tubular transport processes, while Bonjour

and Mnlv.in (1969) concluded that high dose angiotensin infusion

led to natriuresis by an inhibition of tubular transport, whereas

the antidiuretic response to low doses of angiotensin was

considered secondary to renal vasoconstriction and a reduced

glomerular filtration rate.

In the dog, stop-flow and clearance data (Vander 1963)

support the hypothesis that angiotensin may inhibit distal

sodium reabsorption by a direct tubular effect. On the basis

of clearance data in the dog, Porush, Keloyanides, Cacciaguida

and Koaen (1967) concluded that angiotensin influenced sodium

transport in the loop of Henle and in the proximal tubule.

Lowitz, Stumpe and Ochwadt (1969) infused angiotensin in high

concentration into peritubular capillaries and presented

evidence in favour of a distal tubular site of action of

angiotensin. These worfeera mentioned that proximal tubules

were occasionally seen to collapse following the infusion,

indicating that some of the dose was reaching glomerular

arterioles, and so the effects observed could have been due to

general hae.nodynpm.ie changes rather than a specific effect on

reabsorptive capacity. Furthermore Flnberg and Peart (1970)
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have shown that wicropuncture analysis of superficial tubular

fluid may not reveal the site of dxuretic action of angiotensin

in the rut. Korster, Kagel, fichnermann and ihurau ( 1966) could

not detect any effect of angiotensin on proximal tubular split-

drop reaboorption time, or on sodium flux in miorcperfused

loops of Henle, but the dosage of angiotensin was such that

urine flow arid sodium excretion were unaffected, ^.giotensin

die net inhibit sodium transport in isolated perfused rabbit

tubules (Burg and Crlof1 1961; and intratubul&r angiotensin

did not «.lter either proximal or distal tubular reabsorptive

capacity (Lowita et ^1. 1965)* Angiotensin does not inhibit

active sodium transport in isolated amphibian shin (McAfee and

Lockee 1967).

Ko inhibitory effect could be demonstrated on ren&l

carbonic anhydrase activity (Leuley and Douglas 1968), or fia-K

activated adenosine triphosphatase activity (bonting, Canady

and Hawkins 1964). However, using rat kidney cortex slices at

room temperature, I unday, Farsons arid loat (1971) obtained

evidence that angiotensin stimulated a potassium independent,

oubain-inseneitive sodium pump to increase trunstubular sodium

end fluid transport.

Angiotensin might alter renal tubular sodium and potassium

transport indirectly by its effect on the stimulation of adrenal

secretion of aldosterone (lar-agh, Angers, Kelly and Liebermsn

1960). However, this would not be a significant factor in the

short term experiments described because of the 4^-60 minutes

delay in the renal action of aldosterone (donneubliek et al.

1961).

It is well known that alterations in systemic mean pressure
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directly alter urine volume and urinary electrolyte excretion

(Selkurt 1951? Selkurt, Womack and Daily 19&5) possibly by

change in fractional reabsorption in the proximal tubule (Koch,

/»ynedjian and Bank 1968). The pressor effect cannot be the

only factor acting to change renal function, for when

angiotensin was infused into one renal artery of dogs, there

was at several dose levels a significant difference in excretion

of calcium and sodium between infused kidney and contralateral

kidney, although mean arterial pressure was similar in the

renal artery of both sides. Further evidence that change in

systemic blood pressure is not the sole factor has been provided

by Bonjour and Malvin (1969), who found there was no correlation

between the degree of natriuresis and the extent of the pressor

response to an intravenous infusion of angiotensin, and by

Peters (1963) who found it possible to induce diuresis in the

rat with a subpressor dose of angiotensin.

Decrease in calcium and sodium excretion and a fall in

glomerular filtration rate and in renal plasma flow were

observed with subpressor doses of angiotensin, and there was an

initial fall in these aspects of renal function during high dose

angiotensin infusion. This effect on calcium and sodium

excretion may be due in part to a renal vasoconstrictor action

of angiotensin, leading to reduction in filtered load of cation.

Although it has been suggested that in rats, at a low dose,

angiotensin has a direct tubular action to facilitate sodium

reabsorption (Barraclough et al. 1967), the data of these workers

does not exclude the possibility of haemodynamic changes as an

explanation for the changes in sodium excretion. No correlation

was found between glomerular filtration rate and calcium excretion
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at any dose level of angiotensin and this would suggest that
«'/V aUj .'o>, lo o 11^ e -ffecl~ Mac.

angiotensin had an action on calcium excretion i«'iiiii|.inndewii nf

^filtered load
A significant correlation between urinary calcium excretion

and sodium excretion was found at each of the dose levels of

angiotensin infused. However, there were marked differences in

the slopes for these relationships, and also in comparison with

the slope for calcium excretion in relation to sodium excretion

for the pre-infusion urines. This would suggest that in addition

to any possible action on a transport system common to calcium

and sodium such as postulated in the review section in relation

to saline loading, angiotensin at different dose levels might

also influence transport systems for which there was disparate

calcium reabsorption relative to sodium, and might also influence

independent transport systems for calcium and for sodium. It

must also be remembered that at relatively low urine flow rates,

distal modulating influences such as parathyroid and mineralo-

corticoid status play a proportionately larger part in influencing

the slope of the relationship between calcium and sodium excretion.

However, if this were the sole explanation for the variation in

slopes, one would not expect that for infusions of differing dose

levels of angiotensin, leading to antinatriuresis, the slopes of

the relation between calcium and sodium excretion would fall both

above and below that for the control urine.

There is little published work on the effect of angiotensin

infusion on calcium excretion. In man, Gantt and Carter (1964)

infused groups of subjects with the same dose level of angiotensin,

obtained natriuresis in hypertensive subjects and antinatriuresis

in normal subjects, and found sodium, calcium, potassium,



phosphorus arid magnesium excretion followed in a similar gross

pattern of excretion regardless of whether an increased or

decreased excretion of the ions occurred. For this reason Gantt

and Carter suggested that the changes in excretion of the ions

was due to change in renal haemodynamice rather than to specific

effects on tubular function. In dogs, Gonda et al. (19&9) found

that systemic infusion of angiotensin at a pressor dosage led

to parallel increase in calcium and sodium excretion, and that

these increases were greater when the kidney was vasodilated.

The effect of various renal extracts on urinary excretion of

calcium and sodium.

When natriuresis was induced by renal extract infusion,

calciuresis also occurred, and there was a close correlation

between calcium excretion and sodium excretion. A less close

correlation was found between calcium excretion and total osmols

excreted. Marked changes in calcium and sodium excretion took

place with either small or no significant change in glomerular

filtration rate. Although ultraflltrable plasma calcium was

not measured, plasma calcium was unaffected by extract infusion.

It would seem likely, though it is not certain, that change in

calcium and sodium excretion induced by extract infusion was

due to change in tubular reabsorption of cations rather than

change in filtered load.

It was hoped that a physiological manoeuvre, such as

saline loading prior to kidney removal and extract preparation,

might reveal some change in ability of a renal extract to

induce natriuresis, relative to calcium excretion. Although

extract prepared from non-diuretic animals did induce slightly
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lower rates of calcium and sodium excretion, these differences

were not at a statistically significant level, and the slopes

of the relationship between calcium and sodium excretion were

not significantly different.

A simple attempt to fractionate the extract preparations

did not lead to any dissociation of calciuretic from natriuretic

activity, Two extract fractions, prepared by an ammonium sulphate

fractionation technique, induced calciuresis and natriuresiB

without significant change in glomerular filtration rate. Both

extracts produced similar systemic blood pressure rises and similar

rises in calcium and sodium excretion. There was a linear

correlation between calcium excretion and sodium excretion when

either of the two extracts prepared by ammonium sulphate fractiona¬

tion were infused.

Although alterations in systemic blood pressure may

influence urine volume and composition (Selkurt 1951; Selkurt et

al. 1965), possibly b.y change in fractional reabsorption in the

proximal tubule (Koch et al. 1968), this could not have been the

only factor operating during extract infusion. The rises in

calciuia and sodium excretion that occurred from the right kidney

were significantly lower than those obtained from the kidney

directly infused, despite both left and right kidneys being

equally exposed to any systemic pressure rise. In 19**Q

Pickering and Prinzmetal showed that in rabbits, infusion of a

renal extract containing renin caused natriuresis, diuresis and

proteinuria. The first effect of infusion of their extract was

reduction in urine flow, and this was the chief effect of small

doses. Subsequently they drew attention to the qualitatively

similar effects of synthetic angiotensin II and of their renin-
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containing extracts when xnfused into rabbits (Langford and

Pickering 1965).

The methods of extract preparation (Section 6) were similar

to those described for the preparation of renin (Lee 1969)» and

infusion of the extracts did lead to rise in systemic blood

pressure. The effect of temporarily lowering an extract

preparation to pH was to abolish its natriuretic and

calciuretic properties and to greatly lower its pressor effect.

One may consioer whether the renin content of the renal

extracts was sufficient explanation of their properties. Renin

acts on a plasma substrate to proauce angiotensin I, which is

thought to be biologically inactive (Skeggs, Kahn and Shumway

1956). However Bartter and hills (1970) found that infusion of

angiotensin I at a dose range from 0.5 to 10yxg/minute into one

renal artery of anaesthetised dogs led to sodium retention.

During its passage through the kidney some 205- of angiotensin I

is converted to angiotensin II (Franklin, Peach and Gilmore 1970).

Although renin would continue to generate angiotensin I in the

peripheral circulation, and this would be converted in the lung

to angiotensin II (Kg and Vane 1968), there would continue to be

a differential concentration of angiotensin II between left and

right kidneys so long as the renal extract was infused into the

left renal artery. It was shown that high dose angiotensin II

infusion led, after an initial anti-diuretic phase, to enhanced

calcium and sodium excretion (Section 5)» It would appear

probable that some cf the action of the extract infusion was

related to the effect of generated angiotensin II. It was

however noted that unlike high dose angiotensin infusion, which

usually led to antidiuresis during the first ten minutes of
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infusion, renel extract infusion produced diuresis during the

first ten minutes cf infusion.

The slopes of the regression lines for the relationship

between calcium and sodium excretion were similar for high dose

angiotensin, for the renal extract (combined data for studies 1

and 2), and for the extracts prepared by ammonium sulphate

fractionation. Comparison of various other changes of renal

function induced by high dose angiotensin and by renal extract

infusion shews that similar change (or lack, of change) were

induced for glomerular filtration rate, renal plasms flow, urine

volume, and osmolsr clearance. However, whereas high dose

angiotensin induced a fall in free water reabsorption, renal

extract infusion induced a rise in this aspect of renal function.

Bsrtter and Kills (1970) have presented evidence that the

natriuretic activity of renal extracts does not correlate with

pressor activity. The extract prapared by 65-100% ammonium

sulphate saturation influenced sodium excretion but not blood

pressure (Mill3, Wilson and de Sono 1971). It is possible that

the renal extracts contained agents other than renin, which were

able directly or indirectly to influence calcium and sodium

excretion.

It would seem likely that angiotensin II, generated during

extract infusion, played a part in the changes in calcium and

sodium excretion observed during infusion of renal extract, but

its known actions do not seem sufficient to account for all the

changes produced by renal extract infusion.
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