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Introduction

During the last fifteen years there has been increasing
awareness that the renin-angiotensin-aldosterone hormonél
system affects sodium-énd potassium balance and blood pres;
éure homeostasis (1-4). The system appears to function
as follows: renin is released from the kidney under situat-
ions in which its perfusion pressure is compromised, such
as sodium depletion, hemorrhage, or a fall in mean arterial
pressure (5). Renin, released into the circulation, hydrbl—
yses plasma renin substrate (angiotensinogen) to yield
a decapeptide, angiotensin‘l (Figure 1). Plaéma angiotensin
I is then rapidly hydrolysed by converting enzyme to angio-
tensin IT primarily during passage through the lungs.

Neither renin nor angiotensin I has any well documented
physiological effect. Angiotensin II however has at least
two major physiological actions. As the most powerful
vasoconstrictor substance known, it constricts arteriolar
smooth muscle thus increasing arterial pressure, while
at the samé time it is a potent stimulus for aldosterone
biosynthesis. Aldosterone is the second effector hormgne
of the system. Its adrenal secretion is governed by two
major stimuli, the plasma levels of potassium ana angiotensin
ITI. Aldosterone, in.turn, increases renal potassiﬁm excretion
and promotes renal sodium conservation (Figure 1). |

From this brief outline, it can be appreéiated thét
‘the renin-angiotensin-aldosterone system reacts td changes
in sodium and potassium balance or blood pressure, and
these three parameters in turn affect the hormonal system.

-
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Introduction

The present work was begun in a setting in which the
gross physiology of the three hormones had been worked out,
but the role and interactions of the system in the minute
by ﬁinute maintenance of sodium and potassium balance.and
blood pressure was still in Question. Further elucidation
~of the nuances of the hormonal interactiéns required, first
oanll, refinement of the methods for measurement of the
hormonesr Accordingly, methods are presented which were
developed or improved upon for measurement of plasma renin
activity (6-8), plasma rénin substrate (6) and urinary- (9-11)
and plasma aldosterone (12). These methods are simpler, more
accurate and moré sensitive than those previously utilized,
providing the advantage‘that subnormal valués‘can be de-
tected with confidence, thus allowing investigation of the.
system over a wide spectrum of activity (13, 14).

Angiotensin II is the effector hormdne of thé renin limb
of the hormonal system. Thus its blood level would be ex-
pected to be the most meaningful indicafor of changes in
physiological activity of the system. Howéver, although
methods for measurement of angiotensin II were available they
were not sufficiently sensitive to detéct with confidence
low 1evéls of the hormone. Accordingly, plasma renin
"activity" measurements were utilized instead since all evi-
dence suggests that angiotensin I generation closely reflects
angiotensin IT levels, there being no evidence that convert-
ing enzyme activity is ever rate limiting.

Since the production rate of angilotensin in plasma is

—6--
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dependent on both'plasma renin and substrate concentrétions,
studies were carried out to determine i1if a change in renin-:
secretion is the dynamic component which maintainé the rate
of generation of angiotensin at an appropriate level. First,
the importance of changes in plasma renin substrate on the
measurement was examined (6,15,16). Then the characteristics
of metabolic clearance rate of renin were évaluated over a
wide range of plasma renin levels, allowing a more precise
evaluation of the relationship of renal renin secretion to
peripheral renin measurements (16). ' '
Although it has been generally accepted thét renin and
aldosterone are important for regulation of sodium excretioﬁ
at low and normal sodium intakes, the role of the hormonal
system in regulating salt balance at high levels of sodium
intake has not been clarified. To-study this guestion, normal
subjects were evaluated during sodium loading (11,17). Daily |
measurement of renin and aldosterone-revealed that the two
hormones continue to have a regulating influence on urine
sodium excretion, even at high sodium intakes (18).
The hormonal responses to extreme‘changes in sodium and
potassium balance were studied in parailel in normal man and
in rats. A new coordinate of the renin—éngiotensin-aldosteroné'
system was exposed when it was demonstrated that_changés in |
potassium balance directly affect renin secretioh (19,20).
Sodium depletion has been shown'to induce moderate potassium
retention. The influence of this increase in potassium balance

on the relationship of renin to aldosterone during sodium
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Introduction

depletion was studied in normal man (17,18). lIt was found
that both plasma fenin activity (i.e., angiotensin II) and
potassium are important trophic stimuli for_aldosterone secfe~
tion during sodium deprivation in normal squects with the
subtly positive pbtassium baiance working to attenuate the
rise in renin secretion.

‘Aldosterone promotes both renal sodium retention and
potassium excretion. On the face of it these two simultaﬁeous
actions would be expecte@ to produce wide and inappropriate
fluctuations in the balance of one of the two ions in defend-
ing changes in‘diétary intake of the other. Howéver, it will
be demonstrated thét when aldostercne secretory changes are
considered together with concurrent changes in intrarena;
‘physical forces‘such as glomerular filtration rate, and
proximal tubule sodium reabéorption, a system can be broposed
which accounts for the simultaneous appropriate regulation
of both jions (18). |

A question that has intrigued many investigators who
study the factors involved in maintenance of sodium balance,
is whether another hormone exists which promotes sodium
‘elimination (i.e. a natriuretic hormone). This possibility
was suggested initially by a study by de Wardener and co-
workers (21) who demonstrated that uriné sodium excfetion
could be reéulatéd appropriately under conditions in which
glomerular filtration and aldosterone were unchanged or in-
appropriate. Tovihvestigate the existencé of a natriuretic

hormone, extraction, concentration and purification proce-.
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dures were developed for the fractionation of.urihe'and piasma
on the basis of molecular weight and a new biological asséy |
was elaborated for detection and quantitation of natriuretic
extracts (22). We found a natriuretic substénce in urine
and‘plasma which appears to have physiological relevance since
it could be detected in urine and plasma from salt-loaded
subjects but not in extracts deriﬁed from sﬁbjeéts who were
sodium deprived. Evidence suggests tha£ the substancé may-
participate in regulation of sodium reabsorption in a distal
portion of the nephron, beyond the distal tubular potassium
secretory site (22f24).

The renin~angi6tensin—aldosterone hormonal system is also
involved in blood pressure homeostasié. Variations in pressor
sensitivity to angiotensin II are known to occur with-changes
in sodium balance. To investigate-the physiologiéal basis for
these differences, angiotensin II antibodies were injected
into rats on three different sodium intakes. It Waé possible
to characterise specific angiotensin vascular receptoré»which
exhibit significant variation in their affinity for angioten—_
sin depending on the state of salt balance (25). |

The‘interdependence of sodium balance and angiotensin'li.'
in the maintenance of arterial pressure waé also stﬁaied in
experimental and human renovascular hypertension. When we
blocked angiotensin II activity in two different experimental
models of renovaséular hypertension, blood pressure fell only
in the two-kidney model in which plasma renin éctivity waé

elevated (26). Other investigators of our group then demon-—
...9...




Introduction

stréted that when arterial filling was reduced in the non-

" responsive model by sodium depletion, blood pressure fell

in this model too in response to angiotensin II blackade
(27) . We conclude that, depending on the availability

of sodium, experimental renal hypertension may be maintained
by either éxceSS'renin (angiotensin II) or alternatively

by inappropriately excessive arte;ial filling (sodium).

A new approach‘to analysis, understanding and identifi-
catién of cufable forms of human renovascular hypertension
emerged when these studies of animal models were analysed in
conjunction with anﬁther study of fénal vein renin measﬁrew
ments in patients with essential hypertension. Clinical
counterparts of the two different animal models of renovascu-
lar‘hyperténsion appear to exist in man. It will be demon-
strated in the final section of this memoir that the two
forms can be distinguished on the basis of peripheral and
renal vein fenin measurements alone (16,28). Since only the
renin dependent form can be cured by unilateral renal surgery;
this new understanding is important‘for evaluation of patients
with renovascular hypertension..

Altogether, therefore} fhis memolr is concerned with the
renin-angiotensin-aldosterone hormonal system, the methods for
measureﬁent of its componénts, the interpretation of these
measurements in thsiological and pathological settings, and
an evaluation of the relative importance of the systems in the-
overall maintenance of sodium and potassium balance, and blood

pressure homeostasis.

~10~-




PART IT: .

METHODOLOGY OF RENIN, ALDOSTERONE AND'NATRIURETIC HORMONE



I. Measurement of the Components of the Renin System

Renin was discovered in 1898 byC%Wé'médical stugéhts;}*
Robert Tigerstedt and Per Bergman, who noteé aﬁ increase in
the blood pressure of anesthetized rabbits when saline ex-
tracts of kidney were injected (29). These observations
remained in dispute until 1938, whén three groups confirmed
this earlier finding (30-32). Meanwhile, other Studies
had implicated the kidney in the hypertensive‘process (33)
and in 1934 Goldblatt produced chronic experimental hyperten-—
sion for the first time by placiﬁg a clip around the renal
artery of a uninephrectomized dog (34).

In 1939, Page (35) and Braun—-Menendez and coworkers
(36) reported that renin was no£ by itself a pressor sub-
stance but acted in plasma as an enzyme to release a pressor
peptide. Angiotensin is released from a circuléting plasma
globulin (37-39) and has been shown by Peért and also Skeggs
and coworkers to be present in plasma in two forms, a decapep-
‘tide and an octapeptide (40~43). Skeggs and colleagueé in 1956
(44) isolated a converting enzyme from horse plasma which
splits the decapeptide angiotensin I to angiotensin II.

These workers were able to identify angiotensin II and the
dipeptide, histidyl-leucine as products of reaction.

Measurement of the components of the renin system was
not a simple task. Circulating levels of angiotensin are so
minute that, in the early assays, exceésive amoﬁnts of blood

had to be collected (45,46). However, in 1963 Helmer

—14-
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Renin

_and Judson (47) developed a biocassay method for measuring
plasma renin which utilized the fact that renin reacts with .
plasma renin substrate to generate angiotensin. By incubat;
ing the plasma for a fixed period of time, prior to bioéssay,
sufficient angiotensin was generated to enable detection and -
guantitation in a small volume of plasma.

Most methods which have been developed for measurement
of plasma renin are based on this principle and differ mainly
in techniques used for increasing sensitivitf of the:assay .
and for inactivation of angiotensinases which destroy the
angiotensin formed during incubation. = The fiist'method to be
developed which successfully eliminated the angiotensinase
problem, and thus could be used to accurately measure plasma
renin, was developed by Lever and coworkers (48). In this
method addition of exogenous substrate helped to increase the
sensitivity of the measurement since substrate concentration
in plasma is normally rate limiting. Angiotensinases were
separated chemically'from renin. Other techniques for'angio—
tensinase inhibition include adsorption éf the formed angio-
tensin onto a resin (45), dialysis (49-51), inactivation ‘
by heat at pH 4.5 (51,52) and addition of inhibitors (6,7,
49,50,53-~57).

The use of plasma renin rather than angiotenéin i1
measurements in assessing the physiological role of the renin :
system has introduced some complications. Since the plasma
concentration of renin suﬁétrate is normally raté limitihg, the

capacity of plasma to generate angiotensin is a function of both

~15-




Renin

renin and subst?ate concentrations. Thus methods for measure-
ment of plasma renin differ in whether fﬁeyimeasuré plasma
renin conceﬁtration or plasma renin activity. In the first
approach,.a fixed amount of renin substraté (angiotensinogen)
is added_to the incubation medium so that the measurement
reflects only differences in enzyme concentration (51,52,55,58).
However, when plasma renin activity is measured, endogenous .
plasma angiotensinogen is utilized as the substrate in the
incubation sﬁep and the measuremént reflects the net capacity
of plasma to generéte angiotensin (6,45,49,51,53,54,56,57).
Thus the measurement is a reflection of a fiﬁst order
reaction between the enzyme and- its substfate and for this
reason isireferred to as plasma renin activity, and not plasna
renin concentration..

Plasma renin substrate is measured by its capacity to
generate angliotensin T during incubation in the presence of
an excess of renin (6,50,53,59). In addition, the capacity
of plasma to generate angliotensin can be evaluated by
measuring the responsé of plasma to addition of a fixed
'amdunt of endogeneous renin (6, 49). This latter measure-
ment allows analysis of the effects of activators and inhibi-
tors on the renin reaction.

At firsf a rat bioassay was used to quantitate the angio-
tensin generated during the incubation step (6,45,49-51,53,58,
60). More recently, with the development of radioimmunoassay
techniques by Yalow and Berson (61), the rat preséor bioassay

has been replaced by a more sensitive radioimmunoassay of formed

-16-
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angiotensin I (6,52,54-57).

In this section, the mefhods developed in our laboraﬁory‘.
for measurement of plasma renin activity, renin substrate and
the reactivity of plasma to renin will be presented in detail.
They comprise a basic incubation step during which angioten~
sin I is generated followed by quantitation of the angiéten—

sin by radioimmunoassay.

Incubation Steps:

(a) Plasma renin activity: (Table 1, Figure 2)°

Since renin is measured by its capacity to form angio-
tensin I during a fixed incubation time{ géneration of angio-
tensin I priof to incubation must be inhibited. For'this
reason the plasma is chilled immediately after collection. In
addition, conversion of angiotensin I to anglotensin II or to
break-down products must be inhibited. Three factors operéte
to destroy angiotensin I: conveiting enzyme, angiotensinases
and bacteria (Figure 2). These must all be inhibited during
the incubation step.

EDTA, added during collection of blood, acts as anti-
coagulant. In addition, the concentration used as anti-
coagulant (0.003M) also inhibits converting enzyme (44) and,
to some extent, angiotenéinases during the incubation proce-
dure (49). DFP (diisopropylfluorophosphate), added to plasma,
inhibits remaining angiotensinases (495 and addition of neo-~
mycin sulphate helps to retard bacterial growth (6) .

Prior to incubation, the plasma is adjusted to the pH

~17—




Renin: Incubation

FIGURE 2

. PLASMA RENIN ACTIVITY MEASUREMENT: _INCUBATION OF PLASMA .
FOR GENERATION OF ANGIUTENSIN 1 '

RENIN

RENIN SUBSTHATE b ANGIOTENSIN I
PH 5.7, 379C. 3 Hrs(or 18HRS) .

EDTA + DFP + NeomycIN

ANGIDTENSINASES ? ? b
CONVERTING
DTA DFP G ———
EOMYCIN 1: EnzyMe
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TABLE 1

INCUBATION FOR GENERATION OF ANGIOTENSIN I

(20 or more samples can be incubated as one batch)

. 2 ml plasma containing .003M EDTA*
Combine - 25 ul 10% neomycin sulphate , '
2 drops (40 ul) DFP (1720 dilution in 1sopmpy1 alcohot) ¥
Adjust pH to 5.7 with 1N, 0.5N, or 0.1N HCI o
Divide into 3 portions

Incubate for 3 or 18*** hoﬁrs at 37OC
Freeze

Radioimmunoassay one of the portions (the other 2 are for repeats, if necessary)

* Blood collected into potassium EDTA vacutainers
*% Acceptable range 5.6 - 5.7

**%% Entire incubation step is repeated for 18 hours
if PRA is less than 1 ng/ml/hr. Samples are incubated overnight

i Toxic! Wear disposable gloves

-19-
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TABLE 2

INCUBATION FOR RENIN SUBSTRATE

20 ul plasma
400 ul human renin: 0.034 GU/m1 in 0.1 M phosphate
buffer, pH 5.7, containing 0.003 M EDTA and 200
‘ mg/100 ml neomycin
One drop DFP (1:20 dilution)
Incubate 1 hour at 37°C

Freeze

Assay 10 and 20'u1 at 1:10 dilution

INCUBATION FOR SUBSTRATE REACTIVITY

0.9 ml plasma containing 0.003 M EDTA

0.7 ml human renin 0.0085 GU/ml in 0.1 M phosphate
buffer, pH 5.7

One drop DFP
Incubate 2 hours at 37°C
Freéze

Assay 10 and 20 ul at 1:20 dilution

...20,...




Renin: Incubation

optimum, 5.7, with hydrochloric acid. This step increases
by two-fold the rate of angiotensin generation as cqmpafed
with pH 7.4, and it also potentiates the actions of EDTA

and DFP to inhibit angiotensinase and convertiné enzyme
activities. Incubation is carried out for thfée hours at
37°C in a shaker water bath. However, if the rate of angio-
tensin generation is found to be less than 1 ng/mi/hour, the

incubation step is repeated for 18 hours (8).

(b) Plasma rénih substrate: (Table 2).

Plasma renin substrate is measured by its capaciﬁy to
yield angiotensin I in the presence of excess renin. Highly
purified human renin is added to plasma containing EDTA, DFP‘
and neomycin, in amounts sufficient to exhaust the substrate
during a one hour incubation. The generated angiotensin is
then quantitated by radioimmunocassay. Plasma renin sub-
strate is reported as ng angiotensin I generated per ml
plasma.

(c) Substrate reactivity: (Table 2)

This index describes the capacity of a givenAplasma to
generate angiotensin in response to addition of a fixed
amount of highly purified human renin and can be used to de-
tect inhibitors and activators in plasma, or changes in renin
activity due to changes in plasma renin'substrate (6,49,62) ..
The added renin is sufficient to generate about 50 ng angiotensin
I per ml plasma per hour of incubation assuming normal levels of
renin substrate. In the calculation of substrate réactivity

endogenous plasma renin activity is subtracted so that only

~FF




Renin: RIA

the angiotensin I generated in response to the added renin is

reported.

Quantlflcatlon of Angloten51n I by Radlolmmunoassay

1) Pr1n01ples of radlolmmunoassay (63): The angilotensin

I generated during the incubation step is quantitated by
uﬁilizing (a) its affinity for highly‘specific antibodieé and
(b) competition between radiocactive and unlabelled angioten-
sin I for binding sites 6n the antibodiés (Figure 3) (63).
The angiotensin to be quantitated is added to a mixture of
radioactive angiotensin and antibody iﬁ Tris buffer. The
proportions of these two components are such that half of the
. radioactive angiotensin is bound to antlbody and the other
half remains free. The extent to which radloactlve angioten-
sin I is displaced from the antibody by the unknown sample
is a measure of the amount of angiotensin in the sample. The
angiotensin I content of the unknown sample is deﬁermined.
precisely by comparing it to the displacement-caused‘by addi-
tion of known amoﬁnts of unlabelled angiotensin I. |

" In practice, a mixture of antibody and labelled angio-
tensin is added to a series of tubes containing known amounts
of.angiotensin or unknown samples. 'After 18 hours the bound
angiotensin is separated from the free by adsorption of the
free angiotensin onto dextran coated charccoal. After cen-
trifugation the bound angiotensin is décaﬁted énd counted in
a gamma spectrometer, while the f:eé (charcoal plug) is dis-

carded. From the counts bound the amount of angiotensin in

-2 D
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FIGURE 3

PRINCIPLES OF RADIOIMMUNOASSAY

S S S T T D T T N T T e e e — =

LBELED SPECIFIC - LABELED ANGIOTENSIN 1/

ANGIOTENSIN 1 CANTIBODY ANTIBODY COMPLEX .
(FREE) ' : (BOUND)
' +
UNLARELED

ANGIOTENSIN I
IN KNOWN STANDARD

SOLUTICONS OR
* CUNKNOWN SAMPLES

UNLABELED
ANGIOTENSIN I/ANTIBODY
COMPLEX .
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Renin: RIA

;the unknown sample c¢an be calculated (6,8).

2) Radioimmuncassay of angiotensin I: A flow—-sheet of

the radioimmunocassay is presented in Table 3. 0.1M Tris
buffer, pH 7.5, is used throughout the prbcedure. ‘Protein
is added to the buffer to inhibit adsorption of angioﬁensin
onto glassware ahd plastic and to increase the stability of
the diluted antibody. Considerabie adsorption to plastic
has been observed when the protein concentration is reduced
below 0.4%.. Neomycin and phenylmecuric acetate are added to
retard bacterial growﬁh.

A unique feature of this particular radioimmunoéssay
is the prior mixing of radioactive‘angiotensin with anti-
body.. This simplifies the procedure considerably and re-
duces inaccuracies caused by multiple pipettings. -

Prior to radlioimmunoassay the samples are diluted in
Tris buffer if the renin value is expected to be above the
normél range. However, for most samples no pre-dilution
is necessary. 10 tubes in dupiioate arelincluded in the
standard curve. Different amounts of angiotensin I are added
to seven pairs of tubes. Tubes are aléo inéluded in duplicate
for measurement of the total counts, the bindiné of 1251
"angiotensin in the absence of antibody to proteins in the Buf—_
fer solution (non-specific binding) and the binding of radio-
active angilotensin to antibody in the absence of unlabelled
angiotensin I.

Tubes are prepared in duplicate forAabout 20 plasma

samples and for 2 standard plasma samples. The

Y -
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1.
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>

~ TABLE 3 .
RADIOIMMUNOASSAY

Dilution of Samptes

If the expected value for PRA is high, ‘the samples should be d11uted pr1or to
rqd101mmunoassay, or if in a previous radioimmunoassay, the values fell out-
side the standard curve, they should be repeated after appropriate dilution.

The samples can be diluted 1:2, 1:5, 1:25, 1:100, depending on the expected
value. A1l dilutions are carried out on the chilled samples using tris buffer,

Radioimmunoassay

(a) Standard Curve:

Tube # A 1 Standard Volume Al

ng/ml ul - ng

1,2 1 10 .010

3,4 1 A 20 .020

5,6 4 - 10 .040

7,8 4 20,080

9,10 15 10 150

11,12 15 20 .300

13,14 20 20 .400

. 15,16 total counts, no charcoal (T)
17,18 non-specific binding; no anthody ‘

19,20 no added angiotensin (B )

(b} Unknown Samples:

10 and 20 ul of each unknown sample and of 2 standard plasma samplés are

" added to small test tubes.

(c) Addition of 125 Angiotensin I/Antibody Mixture:

i. 2 ml mixture are added to each tube from {(a) and (b) except #7,18
i, 2 ml mixture without antibody are added to tubes #17 18 .

i1, Mix well

iv. Place 1in refr1gerator for 18 hours (overn1ght)

Addition of Charcoal

(a) Place rack of tubes in ice bath

(b) Add 0.5 ml chilled tris buffer to tubes #15, 16 ] :

{c} Add 0.5 ml chilled charcoal mixture to all other tubes
Centrifugation

Centrifuge 20 minutes at 2000 rpm. A1l tubes should be centrifuged together
as one batch. c

Counting

PeciedLabL RN L PSS

Decant supernatant into appropriately labeled test tubes.
Count” for 10 minutes each with background subiract.

5

|

a
b
c
d

e

i

|

Calculations

Calculate standard curve

Plot standard curve {Figure 4 )

Calculate standard plasma samples and derive ng from standard curve
If error is less than 20% calculate unknowns

If duplicates of unknowns vary by less than 15%, answer is acceptab]e
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latter are included for quality control purposes.. 10 and
20 ul of each sample are(assayed; _é'ml of the radiocactive
ahgiotensin/antibody/mixﬁure is added to all tubes exdepﬁ
17 and 18 (Table 3).‘ 2 ml of mixture without antibody is
added to tubes 17 and 18 for measurement of non-specific
binding.

After 18 hours at 4°C for equiiibration of angiotensin
with antibody, the angiotensin bound to antibody is sepa-
réted from the freé by adsorption of free angiotensin onﬁo
déxtran—coated charcoal. Bécause of the tendency of the
charcoal to slowly adsorb small amounts of bound angioten- -
sin (64) the duplicates.of the standard curve are divided
so that charcoal is added to one half at the beginning and
to the other half at the end of the series. After centri-
" fugation the supernatant from each tube is counted.

Plasma renin activity is calculated as illustrated in
Tables 3 and 4. The relationship of bound tb free angio-
tensin I is calcﬁiated first, using a modified logit piot
(Figure 4) (65). The coﬁnts bound in the standarditubes
are divided by the mean counts bound in tubes 19 and 20 to
which no unlabelled angiotensin was added (B/Bg). _B/Bo

. 1~B/Bg -
is then calculated and plotted against the ampunt of angio-
tensin I for each tube of the standard curve. When log/log
paper is used a straight line relationship is achieved.

The - amount of angiotensin in unknown samples is derived
from the standard curve and then plasma renin activity is

is calculated taking into account (a) the volume of plasma
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TARLE 4
Counts B/B, - . .o - PRA
Sample  bound _ ~B/B, angio chem RIA ng AT - error ng AL
i (B) B/B, (=¥) ng DF BF /nl/3hr  mean CEE Z%:ZEE
Standard Curve
1 12789 .86 24.0 .010 . S . .
2 12995 .98 48.0 .010 ‘ , S
3 12262 .92 11.5 | .020 : . .
4 12238 .92 11.5 .020 ' :
5 11448 .86 6.1 .040 ‘ :
6 11328 .85 . 5.7 T .040 ' -
7 9579 .72 2.57 .080
B 9785 .74 2.85 .080
9 7549 .57 1.33  .150 T
20 7660 257 1.33 .150 . )
11 5547 .42 0.72 .300 3
12 5411 .41 0.69 .300 -
13 4718 .35 0.54 .400 ' _
14 4888 .37 0.59 .400 .
15 148 . '
16 163 1% non specific binding
17 - 24314 ’
18 24739 total counts
19(B,) 13162 )
© 20 13462 54% binding
Standard Plasma Samples - : .
Counts ' ' . : PRA
Sample  bound I—B/ angio chem RIA ng AT error ng AIX
[] (B} B/B, (=Y) - ng DE DF /mg735r mean ) /mi/hr
X(30F" “liga1 g9 T B.1 .029(-3%) o L L T
X(60) :10574 .79 3.76  .060( 08%) . . . e :
7 (150) 8020 .60 1.50 .135{-7%) T
z (300) 5710 .43 0.75  .270(~10%)
Unknown Samples
179 10153 .76 3.2 .070 1.06 100 7.4 7.3 13 2.4
379! 8289 .62 1.6 .135 50 7.2 .
380 10854 .82 4.6 .050 1.06 100 5.3 5.2 2% T 1.7
380° 9315 .70 2.3 .095 . 50 5.0 . : -
181 12250 ,92 11.5 .021 | 1.08 100 2.3 2.2 53 0.7
3gL? 11510 .B6 6.1 .038 i © 50 2.1
384 8420 .63 1.7 .130 1.06 100 ©  13.8 13.3 43 4.4
384" 6337 .48 0.92 .240 50 12.7 : .

*Repeat incubation for 18 hours.
Chem DF = dilution factor due to addition of DFP, neomycin and acid for pH adjustment,
RIA DF = dilution factor for volume of plasma added to radlolmmuncassay and if plasma was
diluted before radioimmunoassay. - .

**Numbars in parenthesis = mean pg value for standard plasma samples.

-27
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FIGURE 4

ANGIOTENSIN T STANDARD CURVE
50 ~

1o}

B/B° 5.0 -
1-B/B° '

0.50}-

| { { i { { l
0 20 40 80 150 300 400

pg ANGIOTENSIN I

Picograms of angiotensin I added to each.tube-of'the
standard curve ploﬁted on log/log paper against a function
of the change in the counts bound caused by addition of

unlabelled angiotensin II.
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~assayed (10 or 20 ul}), (b) dilution of plasma due'to
addition of DFP, neomycin and acid to adjust tﬁe pH,

(c) dilution of incubated plasma prior to radioimmuhoéssay,
(if any) and (d) incubation time (3 or 18 hours). Plasma
renin activity is expressed as ng angiotensin I generated
per ml per hour.

3) Problems encountered in the radioimmunoassay :

Radioimmunocassay involves many steps and when variabiiity
occurs it can be ascribed to many different problems. ‘Addition
of charcoal for separation of bound from free is often a source
for error. The charcoal should be stirred vigorously and every
effort should be made to add it as quickly énd consistentlj as
possible. A useful guide to detedtion and identification of
changes in the radioimmunoassay is the'non~specificibindiﬁ§
(Table4,tubes 15 and 16) (66). If the duplicates of these
tubes vary, erratic addition of charcoal may be the cause.
When changing to a new batch of charcoal the noﬁ~sg¢cific bind-~
ing may differ. Different batches‘éf charcoal often have
different activity and the optimum amount'should be calculated
for each batch. If too much is added, adsorption of anﬁibody—
bound angioctensin will increase to unacceptable levels. |

. If the non-specific binding gradually and consistently
increases with each set -- it should be 2-3% of the total
counts —-- this is a sign that the radiocactive angiotensin
is deteriorating and fresh label should be acquired.

Another guide to adequacy of radiocactive angiotensin T

is the variability of the standards at the extremes of the

—-29 -
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" standard curve. As the label ages the sensitivity of the
standard curve decreases and the lowest point often fails to
fall on the straight line (Figure 4). Also if the antibody‘
binds considerably greater or less than 50% of the iodinated
anglotensin the points.at the extremes of the Standara éurve
may not fall on the straight line. Only that portion of the
standard curve which falls on the straight line should be
used in the assay. Samples which fall outside of this range
should be repeated. |

Because anqiotensin.Ii is not stable when stored in
dilute solution, the sténdards used in the radioimmunoassay
are prepared fresh daily from concentrated sqlﬂtions (6). To
eliminate this aé a pbtential source of error two standard plasma
samples are run with each set. If these do not fall within a

predetermined range the set is discarded and repeated.

Validation 9£ Method

A. Incubation:

1. pH Optimum:

The pH optimum for human renin with plasma renin sub-
stra£e was found to be between pH 5.5 and 6.5 (Figure 5) (7,8)
confirming previous reports (49,56,67,68). The rate of
angiotensin-generation fell steeply below pH 5.5 and declined
less steeply above 6.5. At pH 7.4} the rate of angiotensin
generation was almost half that found at the pH optimum. In .

addition, the pH of plasma did not remain stable during
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ieewmr FIGURE.-5

PLASMA RENIN ACTIVITY pH OPTIMUM

6.0
5.0
4.0

PRA '

ng AT/mi/hr 3.0

2.0

substrate.

~ Lo m@on;#ﬁg
S ~ g
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. Lo : Incubation
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L L 1 i 1 1 1 L 1 |
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pH |

pH optimum of human renin with human renin

The same sample was incubated at different pH

1evels'for 3 hours with EDTA, DFP and neomycin. ArTOws

represent the change in pH during incubation. The pH

remains quite stable below pH 6.0 but can increase by

almost 1 pH

unit during incubation at alkaline pH.
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'incubation abéve pH 6.0 and in some samples it drifte@ high
enough to almost stop the reaction (7,68i. In this study
‘buffers were not used to adjust the pH on the assumption that
. the endogenous plasma buffers would hold the pH constant.
This had previously been confirmed for pH 5.7. Thé gradual
increase in pH during incﬁbation in éamples adjusted to above
PH 6.0 may have been due to slow elimination of carbon dioxide
from plasma. The lack of change in pH below 6.0 may have been
' caused by prior elimination of Cbz during addition . of acid to
adjuét the pH.

The. use of the pH optimum for incubation precludes
the need for addition of strong buffer to hold the pH con-
stant and leads to a two-fold increase in the rate of
angiotensin generation. In addition, if peichance the pH
does change slightly during incubation, the rate of gener-
‘ation of angiotensin will not vary since the flat portion
of the pH optimum curve is exploited. |

2. - EDTA, DFP and Neomycin as Protective Agents:

Thé effectiveness of EDTA as both a converting enzyme and
-an angiotehsinase«inhibitor is well documented (44,49).

The action of EDTA to inhibit converting énZyme may

be mdre effective at pH 5.7 than at alkaline pH (57) because
the pH optimum for converting enzyme is around 7.4 (50) and
its action at pH 5.7 may be somewhat retarded. DFP does not
inhibit converting enzymé (68), but it has been shown to be
an effective angiotensinase inhibitor, especially at acid pH

(69).
~32-
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To evaluate its importance, DFP was omitted f£rom the
incubation medium in 15 plasma samplés (7) (Table 5).

After 3 hours incubation with DFP 23.6 ng/ml angiotensin I
was found and this fell to 11.4 ng/ml (48%) when DFé Wés

omitted. The activity of low renin samples, incubated for
18 hours, fell from 15.8 to 1.3 (8%) when bFP wasvomitted.

The potency of DFP as an angiotensinase iﬁhibitor was -
also evaluated at pH 7.4. During 18 hoﬁrs incubation, the
activity of low renin samples increased from 2.63‘to 5.88
ng/ml (224%) when DFP was added to the incubation medium.
However, the effect of addition of DFP to the iﬁcubation
medium was less'apparent during a 3 hour incubation period
(Table 5). The data suggested that angiotensinase blockade
by DFP was incomplete during 18 hours' incubétion at pH 7.4,
since the renin value was only 37% of that found at pH 5.7,
whereas for the 3 hour incubation the renin value was 46%
of that found at pH 5.7.

BAL (dimercaprol) and 8-hydroxyguinoline have also been
recommended as protective agents during incubation at ?H 7.4
(57). In our studies they were found‘to be less effective
than DFP both at pH 5.7 and 7.4 (7) (Table 5). During 3
hours incubation at pH 5.7, 12.9 ng/ml were found compared
to 23.6 ng/ml with DFP. - During 18 hours incubation at pH
7.4, 3.0 ng/ml were found compared with 5.88 ng/ml with DFP.

‘Addition of neomycin to the incubation medium has been
shown by us to increase net productibn of angiotensin (6).

In another study in which neomycin was omitted and the water
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TABLE 5

COMPARISON OF THE EFFECT OF DFP OR BAL AND 8- HYDROXYQUINOLINE
ON INCUBATION FOR GENERATION OF ANGIOTENSIN I

pH 5 7 ' pH 7.4
DFP BAL None . - . DFP BAL  None. -
etc etc

3 hour incubation: normal and high renin samples (N=10)

Angiotensin I* (ng/ml)23.6 12.9 -11.4 10.9 10.2 10.3
(6.8) (3.6) (2.9) (3.0) (3.0) (2.7)

$AI found at _ :

PH 5.7 with DFP . .55% 48% : 46%  43% 44%

18 hour incubation: low renin samples (N=5)

Angiotensin I*(ng/ml)15.8 2.8 1.3 5.9 3.0 2.6

(2.1) (0.9) (o0.6) (1.4) (0.5) (0.7)
AT found at - . A _ _
pH 5.7 with DFP 18% 8% ~37%  19%  17%

* Angiotensin I generated during incubation. The 3 hour incubation -
was carried out using different samples from those used in the 18 hour
incubation. Figures in parenthesis represent the standard error

of the mean. :
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bath was not shaken during incubation, the amount‘of angioten-
sin I found was reduced by 42% (7).

Several publications have presented evidence that BAL
and 8~hydroxyguinoline together with EDTA are effective in
completely inhibiting converting enzyme and angioténsinase
activities (57,68,70,71). The discrepancy between |
those observations and our own are based on three differences
in design of the studies: In our studies (1) the incubation
time is prolonged (2) dilution of plasma is kept to‘a minimum
and (3) pH 5.7 is used for incubation. Since EDTA is effec~
tive in completely.inhibiting converting enzymé activity, the
discrepancies appear to be related to differences in effec-
tiveness of inhibition of angiotensinases.

Incubation -time: Plasma angiotensinases are slow acting

(68). In the studies in which neither DFP or BAL and ée
hydroxyquinoline were added, destruction of angiotensin T
during 18 hours incubation was fractionally greatér than dur-
ing 3 hours incubation (7). This may be due to the slow rate
of destruction of formed angiotensin and because during pro=-
longed.incubations larger amounts of angiotensin are generated.
Thus, studies which utilize a short incubétion time are less
likely to reveal the limited effectiveness of protective agents.

Dilution of plasma prior to incubation reduces the concen-

tration of angiotensinases in the medium and thus reduces their
activity. The amount of angiotensin found after one hour incu-
bation of 3-fold diluted plasma was not increased by addition

of DFP and was only slightly increased during 3 hours incuba-
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" " DILUTION OF PLASMA!

An Effective Angiotensin Inhibitor
During Short Incubations
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When plasma was incubated after three~fold

A dilution with méleate buffer, pH 5.7, addition of DFP

to the incubation medium did not enhance the amount of

angiotensin measured after one hour of incubation.

However, a more prolonged period of incubation, or

incubation of undiluted plasma, required‘the presence

of DFP for complete angiotensinase inhibition.
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tion (figure 6) (7), suggesting that angiotensinase activity
‘was minimal. However, addition of DFP markedly increased the
amount of angiotensin found after incubation of undiluted
plasma. Therefore, a more prolbnged period of incubation,‘or
incubation of undiluted plasma requires the presence of DFP
for complete angiotensinase inhibition.

PH of incubation: The angiotensinase inhibited by DFP

has greatest activity at acid pH (49,69) so that incubations
in alkaline media would be expected to exhibit less angiO* 
tensinase activity.

Therefore, by incubating diluted plasma at élkaline pH
for a short incpbation time, other prdtective agents will
appear to be as effective as the ones we have chosén. " None-~
theless, maximum generation of angioteﬁsin is very important
in detecting accurately low renin samples. Since complete
inhibition of angiotensinase and converting enzyme activity.
for 18 hours can only be accomplished when the inéubation
is carried out at pH 5.7 in the presence of EDTA, DFP and
neomycin, we have chosen to use this combination routinely.
In addition, stability of pH is ascertained without addition
of strong buffers and without dilution of plasma (7).

3. Linearity in the Rate of Angiotensin Generation:

—— e ———

‘The effectiveness of EDTA, DFP and neomycin as protective
agents.is confirmed in studies in which samples were incu;
bated for both 3 and 18 hours (8). Samples with low plasma
renin activity were used in this study to minimize an effect

of substrate utilization on the rate of angiotensin genera-
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" FIGURE 7

COMPARISON éF 3 AND 18 HOUR INCUBATIONS
SAMPLES WITH LOW PLASMA RENIN ACTIVITY.

1.8 -

18 hr
- =104 (N=32
3hr i ( . )

L6

PRA ng AL/ml/hy
IEHRINCUBATION

02 04 06 08 0O 12 14 16 I8
PRA ng AL/mi/br .
3HR INCUBATION .

No difference was found in the hourly rate’

of angiotensin generation when samples were incubated for

three or eighteen hours.
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tion. 26 different plasmas wére incubated for both 3

and 18 hours and the hourly rates of angiétensin generation
were compared (Figure 7). There was a direct relationship
between the two measurements over the entire range of activ-
ity and the best fit was a line of slope 0.9 and intercept
0.07, demonstrating an equal rate of angiotensin generation
for the two time periods. The ratio of the 18 hour rate of
angliotensin generation to the 3 hour rate was 1.04. The
correlation coefficient of 0.985 was very high, which empha-
sizes the accuracy of the two measurements, even at low

levels of plasma renin activity.

B. Radioimmunoassay:

Adequacy of the renin assay 1s determined in part by the
sensitivity and specificity of the-éntibody used in the radio~
immunoassay step. Unlike most other radioimmunoassay proce-
dures, such as the angiotensin II assay, sensitivity of the
radioimmunoassay system need not be a ﬁroblem because the
amount of angioténsiﬁ generated can bé increased by prolonging4
the incubation time until there is sufficient to be measured
accurately. Few methods take advantage of this great poten-
tial. Thus, even though our radioimmunoassay step has a sen-
sitivity similar to other methods, we can detect much lower
levels by prolonging the time of incubatioﬁ to 18 hours and

optimizing the conditions of the incubation step (7).

(1) Blank subtraction: The ability to prolong the incu-

bation time also eliminates a problem inherent to radio-
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immunoassay. Most antibodies to angiotensin I cross~£eact
with non-specific substances in plasma (72). Siﬁce renin
activity i1s expressed as the raté of angiotensin generation,
if angiotensin or other immuno-reactive substances are pres-
ent in unincubated plasma the value will be falsely high
unless the blank is subtracted. By prolonging the incuba-
tion time it is possible to generate sd much angiotensin
that the amount present in unincubated plasma can be ignored
(8,66). Thus, in the method just described, no blank sub-
traction is included so that the number of samples for assay
is reduced by half.

(2) Volume of plasma added to radioimmunoassay:

. Many methods recommend addition of 50 ul-or more‘of plasma
to 1 ml of radioimmunoassay mixture (57,68,70). In our
method a maximum volume-of 20 ul is added to 2 ml of radio-
active angiotensin/antibody mixture. This small volume of
plasma was chosen because when it was increased to 50 ul
the values for plasma renin activity fell significantly.
Thus mean values for plasma renin activity for 10 samples
fell from 0.68 ng/ml/bhr. (10 ul sample) to 0.50 ng/ml/hr.
(50 ul éample)(p < .01).

In our original radioimmunoassay method (6), instead
of reincubating.plasmas with low renin activity for 18
hours, 50 and 100 ul of the 3 hour incubated samples were
assayed in a special radioimmunoassaj in which charcoecal
extracted pooled plasma was added to.each tube so that the

volume of plasma in each tube was 0.1 ml (5% plasma) (6,7).
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This addition of ﬁlasma to each tube, including the
standard curve, eliminated the necessity of subtrécting a
blank from each result, and interference caused’by addition
of a large volume of plasma only to the unknown samples was
eliminated. However, this approach was replacea by the
longer incubation when we demonstrated that the 18 hour

incubation afforded greater reproducibility (7).

C. Relationship of Bioassay to Radioimmunoassay:

When bioassay of angiotensin was replaced by radibimmu~
noassay, it was found that samples meaéured by radioimmuno~
assay were consistently 2.2 times higher than those measured
by rat pressor bioassay (Figure 8)(6),'Aétudies were car-
ried out to identify the source of.the discrepancy._
Two changes were introduced when the assay was switched.
For radioimmunoassay the incubation time for.genefation of
angioténsin I was reduced for most samples from 18‘£o 3
hours. Secondly, the reference standard was changed from
angiotensin II (biocassay) to angiotensin I. Angiotensin II
had been used as reference standard in the bilocassay because
it had been assumed that angiotensin II was the finél pro-
- duct in the incubation. However, in the presence

of EDTA, conversion of angiotensin I to angiotensin IX

is inhibited (44). Angiotensin I can be measured by rat
pressor biocassay only because it is converted to angioten-

sin ITI by the rat's own converting enzyme. When the potency

of angiotensin I was compared with angiotensin IT in the

—4 ]




L Renin: Bioassay?RIA
FIGURE 8

PLASMA RENMIN ACTIVITY

Correlation of Bioassay (Angio X sid)
and Radioimmunoassay (Angio I sid)
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Measurement of plasma renin activity by fadio—
'iﬁmunbaséay resulted in values 2.2 times higher than those
measured by bicassay. The correlation of the two values was
high (r = 0.91) over a wide range of plasma renin measurements.
The difference in values coﬁld be ascribed to the-inappropriate
use of angiotensin ITI instead of angiotensin I as reference

standard in the bicassay and substrate utilization during

the more prolonged incubation time used for the bioassay.
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~rat assay it was found that, on a weight basis, it had only
50% of the activity. This observation was supported by a
study in which the biocassay was compared with the radioimmuno~
assay using angiotensin I as reference standard‘in both assays.
In this comparison study the values differed by only 20%.
Thus the incorrect use of angiotensin II as reference stan-
dard in the bioassay had resulted in falsely low estimates
of plasma renin activity. This also led to falsely low esti-
mates of plasma renin substrate (6,73). .

The 20% difference in the results by radioimmunoassay
and biocassay in the preceding experiment may be exélained'by
substrate utilization during incubation. In that experiment
samples assayed by radioimmunoassay were incubated for 3
hours whereas those assayed by bioassay had been incubated
for 18 hours. As illustrated in Figure 9, the rate of angio—‘
tensin generation is dependent on substrate concentration at
levels which span the physiological range (é). A graduai rgducf
tion in substrate concentration during tﬁe 18 hour incubation
utilized for bioassay may have gradually but significantly
lowered the rate of generation during the incubation, espe-
cially in samples with high plasma renin aqtivitj. This
possibility was supported by the observation that the ratio
of assays of samples incubated for the same time period (18
hours) but assayed against different,refereﬁce standards,
was 1.9 in contrast to the ratio of 2.2 which was fouﬁd when
different incubation times and reference standards were used.

Using a correction factor of 2.2 for measurements of
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e ' FIGURE 9

iRELNﬂONSHH’ BETWEEN RENIN SUBSTRATE AND SUBSTRATE REACTIVITY
19 Normal Subjects
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Direct relationship between plasma renin
substrate concentration and the amount of angiotensin
generated in response to addition of a fixed amount of

human renin (substrate reactivity) in 19 normal subjects.
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plasma renin activity and one of 2.0 for the méasurement of
renin substrate concentration, data derived from biocassay
and radioimmunoassay become completely interchangeablé. The
reasons for the discrepancies in the data have been accounted
fér by differences in the reference standard and substrate
utilization during the incubation for plasma renin activity.
When plasma renin activity is related to the conéurrent
24~hour urine sodium excretion in normal man a hyperbolic
relationship is found (Figure 10). Using a corrective-fac~
tor of 2.2, data from bioassay and rédioimmunoassay are
superimposable over the entire range of plasma renin activ-

ity.

D. Effect of Changes in Plasma Renin Substrate on Plasma

Renin Activity Measurements:

In a study of eleven hypertensive patients on oral contra-
ceptive medication, renin substrate (measured by biocassay) was
found to range from 1980 to 8650-ng/ml, és compared to approxim‘
mately 1000 ng/ml found in normal subjects (15,62). In two nor-
mal subjects and one male hypertensive patient entirely similar
effects were produced by treatment with the estrééeﬁ—progéstogen
combination. The increase in substrate in these patieﬁts was
not surprising since renin substrate had previously béen shown
to be elevated during pregnancy (49,59,74) and in animals
treated with estrogen (75).

To investigate whether the observed increases in sub-

strate concentration could increase the rate of angiotensin
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FIGURE. 10
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assay are interchangeable when a correction factor of 2.2
is applied. Urine sodium excretion is taken as.an indicator

of the state of sodium balance.
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generation, the capacity of plasma to form.aﬁgioﬁensin was
measured in an in wvitro systeﬁ after addition of a fixed a~-
mount of renin to the individual plasma. Significant increases
in plasma reactivity were consistently observed (Figures 11,12).
These increases were directly related to the corresponding in-
duced rise in renin substrate concentration. Réactivity in-

. creased as the substrate concentration rose to the region of:
2000 ng/ml. Above this concentration, further increases in
substrate induced lesser increments in reactivity. These |
results suggest that changes in céncentration of substrate
account for the increased "reactivity" to renin and that
changes in substrate concentration can markedly affect meas-
urements of plasma renin activity.

However, it is interesting to note that in the study
illustrated in Figure 11, increased substrate concentration
only transiently led to increased plasma renin activity. Renin
secretion apparently slowly fed-back so thét eventually plasma
renin activity returned to normal levels. In addition, in
normal subjects the range of renin substrate is quite wide
(Figure 9) and yet no correlation was .found between plasma
renin activity and plasma renin subsfrate concentraﬁions (6).
Thus, physiologically, changes in substrate concentration are
not normally determinants of plasma renin activity under
steady state conditions since renin secretion appears to feed
back to maintain renin activity constant.

Previous studies had suggested that under‘normél condi=-

tions substrate concentration is not rate-limiting so that the
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FIGURE 11
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Aéﬁinistration of oral conﬁfaceptiveltherapy was
associated with increases in renin substrate and substrate
reactivity to renin. The data illustrate thét the observed
transient increase in plasma renin activity on the thh‘day
was largely due to an increase in renin substrate concentration._
Renin seéretion appeared to feed—back in response to

the increase in.substrate concentration.
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" reaction velocity for a given amount of renin is near maximum
(49,76). Because of these reports, the possibility Waé |
raised that increases in reactivity to renin might have re-.
sulted from changes in the plasma concentration of an activa-
tor or ihhibitor. To test this possibility, a plasma sample
with substrate concentration of 3,000 ng/ml was diluted and
the reactivity of various dilutions of this sample was com-
pared with that of other samples drawn from the same patient
as the éubstrate concentration was rising in reéponse to oral
contraceptive therapy (Figure 12). The two curves of reactiv-
ity as related to substrate concentration were superimposable.
This result provides no positive evidence for any activaﬁor
or inhibitor and instead suggests that the increased reactiv-
ity to renin merely resﬁlts from an increased substrate
concentration.

Effect of dilution of plasma renin substrate on plasma renin

measurements: Since the concentration of renin substrate in

normal plasma ié rate limiting, dilution of plasma prior to
incubation for generation of angiotensin I is likely to reduce
the rate of angiotensin generation and produce falselylloﬁ '
measurements of plasma renin activity. A study was carried
out to investigate the magnitude of the effect (7).

When plasma was diluted by 1.5, 2 or 3-fold the rate of
angiotensin generation was considerably reduced. Two—fola

dilution reduced the amount of angiotensin generated to only
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FIGURE 12

EFFECT OF DILUTION OF RENIN SUES.’TRATE
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- BEffect of dilution of renin substrate on‘fhe rate
of generation of angiotensin compared witﬁ uﬁdiluted samples of
various substrate concentrations. These latter samples were
obtained at different times in the course of oral contra-
ceptive therapy. It is apparent that increases in substrate
above normal (i.e., 1000 ng/ml; bioassay) cén markedly
increase the capacity for angiotensin generation. Changes in
the capacity of plasma-to release angiotensin appear reiated
to changes in substrate concentration rather than the result

of variation in concentration of an activator or inhibitor.
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_40% of the amount formed in undiluted plasma and this Ffell
to 19% in 3-fold diluted plasma (Figure 13). |

In a second study (Figure 13), a fixed amount of renin
was added to the diluted and undiluted plasma so that only’
dilution of substrate, and not differences in renin concentra-
tion could affect the rate of angiotensin generation. 'Two—fold
dilution of renin substrate reduced the rate of generation of
angiotensin to 62% and only 14% of the activity was found in
11-fold diluted plasma. Thus dilution of plasma rénin sub-
strate per se can markedly affect the rate of angiotensin
generation and plasma renin activity measurements.

Since different plasmas may have quite different sub-
strate concentrations (the normal range is from 200 to 2200
ng/ml), 50% dilution of substrate may lead to considerable
reduction in the rate of angiotensin generation when sub~
strate concentration is low. However, if the substrate con-
centration is guite high, dilution of substrate may caﬁse
only slight reduction in the rate of angiotensin geherétion.
There is no simple formula to correct for the réductionlin
angiotensin production due to substrate dilution unless the
rate of angiotensin generation in response to addition of a
fixed amount of renin is also measured. For this reason,
dilution of plasma prior to incubation for generation of
angiotensin i1s avoided in the methods for measurement of

plasma renin activity and substrate reactivity.
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"FIGURE 13
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*When plasma was diluted up to three-fold, the
rate of angliotensin generation was redﬁced to less than 20%.
Addition of a fixed amount of renin to each dilution of
plasma revealed that reduction in plasmairenin substrate

concentration considerably reduced the angiotensin production -

rate.
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E. Effect of Competitive Inhibitor (Heparin) on Plasma Rénin

Activity.

Plasma renin substrate concentration has been shown to be
rate limiting in normal plasma so that changes in its concen-
tration can affect the rate of angiotensin generation. Many-
studies have been carried out to determine whether or not
activators or inhibifors are present in plasma which also.
modify the rate of the reaction (49,50,77—79); Althdugh
several studies claimed to have demonstrated activators or
inhibitors (77-79) the physiological relevance of such sub-
stances has yet to be established. |

In an early method for measurement 6f plasma renin activ-
ity in our laboratory, heparin was used as anticoagulant and
the plasma was dialysed for 24 hours-against 0.003M EDTA (49,
53). After another dialysis for 24 hours against distiiled
water, incubation was carried out for generation of angioten-
sin at pH 5.7 in the presence of DFP. We found that, under
these conditions, the heparin used as anticoagulant acted
as a competitive inhibitor of the reaction (80). |

To characterize the effect of heparin, blood was col~-
lected from nine normal subjects ﬁsing either heparin (three
different concentrations) or EDTA as aﬁticoagulant or the
blood was allowed to clot and the serum was assayed. As il-
lustrated in Table 6, the presence of 5.2 x 107 6Mm (lOf U/ml)
heparin reduced angiotensin formation by a mean of 41% and

2.6 x 107°M (50 U/ml) produced an 81% reduction in the mean
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- TABLE 6

ANGIOTENSIN GENERATION IN VITRO IN SERUM AND IN EDTA AND HEPARINIZED PLASMA

SERUM EDTA _ HEPARIN
3.5x 1073 M 52x100M 1,3x10°5M 2,6x10°5N
_ (10 u/ml) (25 u/ml) (50 u/ml)
Anglotensin ng/ml 4 h 7.5 6.3 -+ - 44 4.0 . 1.4
Mean Values ’ '
Standard Deviation ¥  (2,2) (L.4) - (L C(1.3) . (0.6)
~ p Value* . . .05 , <.05 K02 <. 001

Blood samples taken at a single venspuncture in each of 9 normal subjects,

* p Value represents the statistical significance of the difference between the serum as
compared with anticoagulated plasma.
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vield of angiotensin as compared with serum or sampies‘col—
lected in EDTA.

The effects of heparin were consistently observed whether
it was added to the samples before or after dialysis. No
differences were detected in the inhibitory action of similar
concentrations of heparin added to serum, plasﬁa or whole
blood, indicating that factors released or removed by the
clotting process were not involved in the inhibition.

Cerxtain of the data suggested that the degree of in-
hibition of renin by heparin might be related to’renin sub~-
strate concentration. This relationship was documented by
a study in which heparin was added to nérmal serum which had
been diluted to obtain various substrate concentrations
(Table 7). Substrate concentration ranged from 0.38 to 3.04"
»M (380~3040 ng/ml) in the presence of a constant heparin
concentration. At the lowest substrate concentrétion there-
was a 93% reduction in angiotensin forﬁatioﬁ. As the sub-
strate concentration was raised, the effect of hepafin was
reduced so that, at a concentration of 3.04 uM, the angib~
tensin yield was reduced by only 43%. However, when the
concentration of either substrate of inhibitoxr was éltered
by a factor of eight, while maintaining a cénstant ratio
of one to the other, the degree of inhibition of the rate
of angiotensin formation did not vary.

Effect of heparin on enzyme kinetics. The effect of varying

the renin substrate concentration on the rate of angiotensin
formation in the presence or absence of heparin is illus-
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TABLE 7

Renin Inhibitor

RELATION OF HEPARIN INHIBITION TO RENIN SUBSTRATE CONCENTRATION

"Heparin (I)

NORMAL SERUM

Substrate (S) S Reduction in Angiotensin
ouM T Formation
0.38 26 0. 015 93%
0.76 26 0, 029 . 83%
1.52 26 0.058 63%
2,20 26 0,085 55%
3,04 - 26 0.117 43%
0. 38 13 0,029 " 89Y%
0.76 26 0.029 83%
1.52 52 0.029 86%
3.04 0.029 78%

104,
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trated in Figure 14. Data from unheparinized samplés indi-
' cate that this enzyme system can be described in terms of
the Michaelis~Menten equation since a linear relationship
was observed between the reciprocals of the substrate coﬁ~
centration and the corresponding reaction velocity.

Increasing the concentration of heparin progressively
increased the value of the Michaelis cdnstant (Kﬁ) without
altering the maximum velocity (vmax)' The apparent K, pro-
duced in the presence of heparin was measured at three
different heparin concéntrations (Figure 14). This allowed
calculation of K;, the binding constant of the enzyme for
heparin. The mean value was 4.1 x lO—GM With a standard
deviation of 0.55 x 107M, - The Michaelis constant for
the natural substrate was shown to be 5;0 x 10-7M, é value
less than one order of magnitude different from the K; for
heparin. The behavior of'heparin in these systems is thus
that of a reversible competitive inhibitor, whose effects
are consistently related to the concentration of'available
substrate,

Most of our experiments were carried out at pH 5.7,
since this was previously shown to be near the pH optimum
for the in vitro reaction. Inhibition by heparin was also
demonstrated at pH 7.4. The per cent inhibition of angio-
tensin formation was independent of the concentration of
renin.

It has been reported that the velocity of angiotensin

formation is reduced during incubation of plasma when saline
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is removed from the incubation medium (81). Howevér, the
differences observed may have been due in part to the use of
heparin as anticoagulant because in the present study the
inhibiting action of heparin was consistently greater in
the absence of saline. Sodium chloride therefore protects
renin from the effects of heparin.

In Summary. Heparin inhibits the in vitro production
of angiotensin by renin. The inhibition of-reninvis much
greater in water than in saline incubations, and is dépendent
on the concentration of the renin substrate. Heparin inhi-
bition thus occurs as a consequence of reversible competition
with the renin substrate for the active site of the enzyme.
The data indicate that, in salt-free incubations,'this inhi-
bition may be quite specific because the binding constant for
renin with heparin is nearly of the same order of’magnitude
as that observed for renin with its natural substrate.

Since plasma from patients may contain various dru§s
or other agents, this étudy points tO»theAimportance of
evaluating the effect of them on the renin system beforé

concluding that they act to affect renin secretion.

F. Searching Out Low Renin Patienté; Evaluation of Commer-
Recent studies have revealed an important subgroup of
patients with essential hypertension who have subnofmal plasma
renin activity (9,13,14,82,83). It is important to accurately

identify these patients since specific antihypertensive therapy
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can be applied to them (84—87) and, in addition, these
patients appear to be protected from heart attack and stroke
relative to ofher patients with essential hypertension(88).

For these patients the renin value is the only consistent
feature which distinguishes them from patients with other
forms of essential hypertension. Methods of the greatest
sensitivity are therefore required so that truly low values
can be discfiminated from those falling in the normal range.

In order to evaluate the accuracy and sensitivit& of
other methods commonly used for identifying patients with sub-
normal plasma renin activity, three commercial kits were pur-
chased and the éame 15 samples were assayed four ways (7).

All kits used EDTA with BAL and 8-hydroxyquinoline as protec-
tive agents and were based on the method of Haber et al (57).
The Squibb and Schwarz/Mann incubation procedures were iden- .
tical, incubating plasma with unadjusted pH for 3 hours; New

England Nuclear recommended pH 6.0 and 1 hour incubation.

The pH in this latter kit was adjusted by a three-fold dilu-

tion with buffer. No attempt was made to analyze the stabil-
ity or the reproducibility of varioué batéhes of the reagents
supplied with the kits.

Values for plasma renin activity utilizing any of the
three kits ranged from 17 to 70%Aof those found using our
method (Table 8). Since pH 6.0 was used, data using the New
England Nuclear kit were closest to our own. However ﬁhe val-
ues using this kit remained lower thah ours because of dilu-

tion of substrate during the incubation for which no consis-
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TABLE 8

PLASMA RENIN ACTIVITY IN FIFTEEN SAMPLES USING THREE COMMERCIAL KIT!

Sample # Sealey New England Nucleaxr . Schwarz/Mann Squibb

LOW RENIN SAMPLES

1 1.4 1.1 . 0.45 - - 0.35
2 0.80 0.60 o 0.23 0.18
3 0.67 0.27 . 0.10 1 0.14
4 0.94 0.60 ‘ 0.19 : 0.24
5 :0.90 . 0.54 | 0.16 0.19
mean 0.94 . - , 0.62 ) ' 0.23 : 0.22
NORMAL RENIN SAMPLES : ‘
6 3.2 1.8 0.83  0.55.
7 5.4 3.1 1.6 . 0.87
g 3.2 1.6 . 0.96 " 0.61
9 3.3 1.5 1.1 0.53
10 4.4 2.6 1.2 0.81
mean 3.9 2.1 T.1 0.67
HIGH RENIN SAMPLES
11 10.8 7.4 4.5 2.8
12 11.9 9.5 "5.4 3.8
13 27.3 ' 18.1 - 8.1 7.5
14 6.9 4.7 2.7 2.0
15 8.2 6.1 3.2 2.3
mean 13.0 9.2 4.8 3.7
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FIGURE 15

ANGIOTENSIN T GENERATED ‘DURING RENIN INCUBATION
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Compariéon of angiotensin I generated in low,
normai and high renin samples using our own method with
£hose reéommended by three commercial kits. Most values for
low renin samples wére undetectable usihg the kité.; The
amounts of angiotensin generated in low renin samples using
and 18 hour incubation (Sealey) were almost identical with
the yield from normal renin samples incubated for 3 hours:
so that, using the prolonged incubation times recommended by
our own method, low and normal renin samples can be evaluated
with equal accuracy. |
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tent correction factor can be applied; It was found that
unadjusted plasma could end up as high as pH 8.4, and the use
of unadjusted pH in both the Squibb and Schwarz/Mann kits re-
sulted in plasma renin values only approximately 25% of those
derived from our method.

The most dramatic difference between our methodvand the
kits was in the ability to measure the low numbérs. Even
the advantage of using the pH optimum in the New England
Nuclear kit was completély eliminated bj their three-fold
dilution of the plasma prior to incubation and by the use of
only a one hour iﬁcubation. The amounts of angiotensin
generated from low renin samples were below the lowest limit
of immunoassay detectability for all three kits (FPigure 15).

The study suggested that the major problem with the kits
involves not the standard or the antibodies provided for the
radioimmunoassay but the conditions recommended for the
renin incubation step. The use of unadjusted pH'or of di-
luted plasma seriously reduces thé sensitivity of the asséy.
Also, it is essential to subtract a blank from each sample,
thus reducing accuracy. This in turn doubles the number of
samples to be assayed.

Moreover, no bacteriostatic agents were added to the
incubation medium and the manufacturers of the kits do nét
recommend that the samples be shaken during incubation.

These omissions may well account for lower values with the
kits than we would have expected due to the use of unadjusted

plasna.
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Accordingly, if commercial kits are‘uSed, the following
steps should be incorporated into the procedure. (1) The
incubation step changed to pH 5.7 in ﬁhe preéence of DFE and
neomycin, as well as EDTA. (2) For samples with low plasma
renin activity, the incubation step should be repeated for
18 hours. (3) Minimum dilution of plasma during pH.adjustn
ment. (4) Angilotensin I generation should be prolonged until
the necessity for blank subtraction is eliminated. (5) A min-
imum volume o£ plasmé should be used in the radioimmunoassay.
(6) A large source of aﬂtibody should be purchased so that
variability in antibody characteristics does not become a
problem. (7) For routine laboratories which have little con-—
.trol over the temperature of the blood after collection (it
should be chilled) assay of the blank shoul& not be discon-
tinued since high biank values will expose those samples
which>have been allowed to sit at room temperature for an
extensive period of time. (8) Strict quality control is
essential in any radioimmunoassay. Thevsame two standard
plasma samples shduld be run with eéch set and if they vary
by more than + 15%, the set should be discarded and then

repeated.

Summarf:

A radioimmunoassay method'fof measurement of plasma
renin activity has been described in which angiotensin T,
generated by reaction of plasma renin with endogenous renin
"substrate during either 3 or 18 hours incubation, is quanti-
tated. The incubation step is carried out in undiluted
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plasma at the pH optimﬁm (pH 5.7) and can be extended up to 18
hours because angiotensinases and. converting enzyme are com-
pletely inhibited by EDTA and DFP. Blank subtraction is elim-
inated and accuracy enhanced by prolongation of the incubation
time until the blank comprises only a minor fraction of the
generated angiotensin.

Incubation at alkaline pH was found to be disadvantageoﬁs
because of lower rates of generation of angiotensin I,linabil~
ity to maintain constant pH without addition of bﬁffer and
because the inqubation step could not be prolonged beyond 3
hou?s. It was also found, in both acid and alkaline incu-~
bations, that dimercaprol (BAL) and 8-hydroxygquinoline are
considerably less effective than DFP in prétecting against
angiotensinase activity.

The capacity of plasma to form angiotensin I during the
incubation step was found to vary directly with plasma renin
substrate concentration. Therefore, dilution of plasma
prior to incubation was avoided because of the slower re-—
action rate, due to dilution of both enzyme and subst;ate,
with an inability to correct for the effect of subétrate
dilution.

The radioimmuncassay is sensitivé, accurate and repro-
ducible. By assaying a small volume of plasma, distortion
of the standard curve by plasma is not a problem. .Complete
interchangeability of results derived from bioassay or radio-
immunoassay can be achieved by application of a correction
factor based on the observed lower pressor activity of angio-
tensin I and utilization-of substrate during incubation,u
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The improved assay sensitivity by radioimmunoaésay is

' importént because approximately 30% of patients with essen-
tial hypertenéion have subnormal plasma renin actiﬁity and
the renin measurement is the only consistenfly distinguishing
feature of these patients. In a study using three different
commercial kits, most low renin samples were undetectable and
could not be discriminated With confidence from normal renin
samples. However, by using an 18 hour incubation step, low
renin samples could be detected with the same degree of ac-

curacy as those with normal plasma renin activity..

-66-




II. Measurement of Aldosterone

Aldosterone was isolated, identified and synthesized in
a series of important studies in the 1950's by Simpsoﬁ, Tait
and their coworkers (89,90). In normal subjects, the coﬁcen—
tration of aldosterone in plasma is approximately 10 ng% and
the adrenal secretion rate is about 100 pg/day. Because of
the low concentration of aldosterone in plasma, until re-
cently, methods for measurement of physiological and ﬁatho~
logical variations utilized urine rather than blood (9,10,9l~95);
Although aldosterone is excreted into urine in small amounts -
(less than 1 pg/day) large and fairly constant fractions of
the total adrenal secretion are normally excreted as two
quantifiable metabolites. About 40% of secreted aldosterone
is converted to 3,5 tetrahydroaldosterone (3a,11b,21 tri-
hydroxy~l8-oxopregnane-20—-one) (96) and another 10% is ex~
creted as the acid-labile conjugate (C—18~g1ucurqnide)(97).
This substance can be converted back to aldosterone by acid
hydrolysis. | |

.A technical problem in aldosterone measurements is the
presence in blood and urine of other steroids in concentra-
tions several orders of magnitude greater than that of aldo-
sterone. Hence, aldosterone must be rigorously purified
prior to guantitation.

Aldosterone was originally quantitated by bioassay‘ahd
later by a fluorometric method (98). However, the first

sensitive methods utilized a double isotope derivative
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Atechnique for measurement of the 24-hour adrenal secretion

'_rate (91,92) and were based on a method developed by Ayres and
coworkers (97). A tracer dose of tritiated aldosterone was
injected into the patient. The tritiatéd aldosterone was di-
luted by the patient's own hormone and the specific activity
of a urinary metabolite of aldosterone was calculated and used
to estimate the secretion rate of the hormone. A similar
double isotope dilution assay was later applied to measure-
ment of the urinary excretion rate of aldosterone‘(9,10,94,95).
In these later methods the radicactive tracer was added to the
urine and the specific activity of the acid~labile conjugate of
aldosterone was measured; This metabolite was choseﬁ because
tritiated aldosterone could be used as a marke£ since this
‘metabolite is converted to aldosterone by acid hydrolysis.

Double isotope derivative methods for measurement of
aldosterone in blood were also developed (99-103) but sensitiv-
ity was a problem since normal values felllat the lower limit
of detection of the method.

The induction in animals of antibodies to steroids (L04)
and the development of radioiﬁmunoassay by Yalow and Berson
(61) introduced the potential for a new and more sensitive
approach fo aldosterone measurement. Several radioimmunoassay
methods for measurement of aldosterone in plasma (12,105-109),
and urine (11,108,110,111) have been developed. Theée new
methods are faster and more sensitive but there still remains
the problem that other steroids interfere with the assay.

Thus, extraction and chromatographic procedures must be used
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prior to quantitation by radiolmmunoassay.

In the following section the brinciples of double iso-
tope derivative assay will be reviewed and followed by a
description of a method utilizing this technique, which Waé
developed in our laboratory. A detailed accounﬁ will follow
of the radioimmunoassay prqceaufés for urine and plasma

which were developed and are in current use in our laboratory.

A. Double Isotope Derivative Assay

1. Principles of assay

(a) Isotope dilution: (112)

The technique of isotope dilution is- applicable when
quantitative isolation of the substance to be measured is not
possible, but quantitation of an aliquot can be cafried out.

In the method to be described, radicactive aldosterone
of known specific activity is added to the pool to be meas-
ured, i.e. it is either injected into the body (secretion
rate) or added to the urine (excretion raﬁe). The specific
activity (s.a.) of aldosterone in a urine aliguot relative to
the specific activity of the added aldostérone'is a‘funétion
of the amount of aldosterone in the original pool. Quantita-—
tive recovery is not necegsary and the fraction which is |
finally guantitated need not be known.

Tf a = umoles of SH aldosterdne added

i

b = umoles in pool (to be measured)

c = umoles in aliquot
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ny = cpm in 'a
== 2 t t
n, = cpm in 'c
Then:
n n njc-nsa
2 = "L .and thus b = 27
c (a+b) . n,

In the aldosterone assay, 'a' is negligible relative to "c¢";

thus

nic ny counts per minute SH added . (15
b =1, =0,/c = "§.a. of isolated portion

Thus under most conditions the specific activity of the radio~
activé aldosterone added to the pool is.not crucial.

For application of the derived equations for measurement
of the amount of aldosterone in a given volume of urine, a
known amount of rédioactive aldostexrone is added to the urine
(nl). 'After extractions and chromatography the specific
activity of an aliquot is determined (n,/c). From this valﬁe
using équation (1) the amount oanldosterone in the original
urine (b) can be calculated.

(b) Isotope derivative assay:

The second stage of the double isotope dilution technique
involves quantitation of 'c¢', that is, measurement of the
amount of aldosterone in the isolated portion. To this end,

a radioactive derivétive of aldosterone is prepared using a
reagént éf known specific activity(113). In the method to be
described aldosterone is acetylated with 14C acetic anhydride.

The amount of 14c incorporated into aldosterone diacetate

becomes a measure of the amount of aldosterone in the aliquot,
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Aldosterone: Isotope dilution

cpm14c (in '¢")

s.a. acetic anhydride

Tal =

Only one of the two 14c atoms in each molecule of acetic
anhydride is incorporated into aldosterone diacetate."HOW~-
ever, since two acetates are incorporated into each aldoster-
one molecule, the equation remains unchanged.

(c) Double isotope derivative assay:

‘The combined equation now becomes:
g cpm3H aldo added
nz/(cpml4c/s.a. ac.an.)  3H/14cC* x s.a. ac.an.

b =

The ratio of 3H to 14C in the final aliquot, and not the
absolute amount of either source of radioactivity, is used in
the calculation. 'Thus.quantitative'conversion of aldosterone
to the diacetate is not essential and quantitative isolation
of the aldosterone derivative need not be achieved.

The specific activity of acetic anhydride is tedhnically
difficult to measure accurately because the cbmpound is quite
volatile. Instead, lic desoxycorticosterone acetate is pre-
pared and the specific activity of 14c poca is calculated with
each set. The specific activity of acetic anhydride is twice
the specific activity of DOCA since there is only one acetate
in DOCA. -In addition, since the molecular weight of DOCA and
aldosterone are similar (372 c.f. 360) 'b' can be expressed
as micrograms without further modification of the equétion.

Therefore

cpm3H aldo added
H/t4C x s.a. DOCAT x 2

% 3g/l4c  ratio in the isolated aliquot

b = (ug)

T = cpm per ug
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2. Requirements for application of isotope dilution tech-

niques: (9,91).

When measuring the excretion rate in urine of the acid-
lébile conjugate the métabolite must first be hydrolyzed to
re-~form the original steroid and recovery of the tracer does
not account for variability in caonversion to aldosterone.

' Hence hydrolysis must be carried out very systematicaily.
The pH should be adjusted to exactly pﬁ 1.0 and the time
" period for hydrolysis should be strictly controlled.

For measurement of aldosterone secretion rate the triti-
ated aldosterone is injected into the patient and must mix
rapidly with endogenous aldosterone. Complete mixing of
radiocactive aldosterone with endogenous aldosterone is essen-
tial and it should be ﬁetabolized in identical fashion (9,91).
The choice of metabolite for measurement‘of»either‘secretion
or excretion rates is not crucial as long as it is derived
solely from aldosterone. All of the labelled»metabolite
‘ destined for urinary excretion must be excreted during the
collection period. The fraction of Secreteé aldosterone
converted to the metabolite is not critical, but it should
be constant.

Labelled and unlabelled hormone must react similarly in
the pufifidation and extraction procedures. .This will be
discussed further under the topic "isotope fractionation”

(9,10).
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Aldosterone: Isotope dilution method

3. Method for measurement of the urinary excretion .rate of

aldosterone: (Table 9) (9,10)

A flow sheet of the method is presented in Table 9. The-
tritiated aldosterone which is added to urine in the first step
should be checked for radiochemical purity. Both a Bush B5
system and the first chromatography system (Step 4, Table 9)
can be used. If the latter chromatogram is run for both 6
and 40 hours, impurities remaining at the origin and running
with the solvent front can be detected. |

After addition of tritiated aldosterone, the aéidflabile'-
conjugate of aldosterone is hydrolyzed for 24 hours at pH 1.0
to form free aldosterone which is then extracted into methyl-
ene chloride. The extract is Wéshed with sodium hydroxide
and then the pH is returned to neutrality by washiﬁg consecu-
tively with acetic acid and water. Prior to acetylation the
extract undergoes preliminary purification oﬁ descending paper
chromatography. The aldosterone is eluted then acetylated
with Yc acetic anhydride. 3H aldosterone‘l4c diacetate is
purified on two more descending chromatography systems'before
the final step of celite column chromatography. The éombined
3H/14C ratio of the peak tubes from - -the colﬁmn is used to
calculate the amount of aldosterone in the original urine‘using
the calculations derived previously.

The first chromatography system removes both hydrocorti-
sone and corticostérone prior to acetylation. In this way
the amount of l4C acetate incorporated into the extract, and

not associated with aldosterone, which has to be removed
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6.

TABLE 9

FLOW SHEET FOR MEASUREMENT OF THE
EXCRETION RATE OF ALDOSTERONE BY DOUBLE ISOTOPE DILUTION

' Complete 24 hour urine coliection

Hydrolysis

150 m1 urine aliquot:
After 24 hours (23.5-24.5):
Ethyl acetate extract

~Wash with:

Add:
Evaporate to dryness

- Paper:
Stationary Phase:

Mobile Phase:
Marker:
Development:
Location:
Elution:

. . Aldoéﬁerone: Isotope dilution.method

Add 25,000 cpm 3H aldosterone B
Adjust to pH 1.0 (0.95-1.1) with 50% HZSG4
Extract with 500 ml ethyl acetate

2 x 50 m1 0.1N NaOH
50 ml 0.1N HAc

50 ml distilled water
10 ml 95% ethanol

1st Chromatography ‘(couﬁt 1/50 aliquot pribr to cﬁromaﬁography)

7.5 cm Whatman #1 .
22% propylene glycol in acetone
 (Dip paper prior to application of sample)
Toluene : A
Isatin -
go Hours oo
“H aldosterone located by strip scanner
5 ml methanol

Partition (count 1/50 aliquot prior to bartition)

Evaporate to dryness
Add:

Wash with:

Evaporate to dryness
Add:

Evaporate to dryness

Acetylation (in well ventilated

Add:-
Add:
After 18 hours add:
Add:
Evaporate to dryness
Add:
Add:
. Evaporate to dryness

5 mi methylené chloride
3 x-1 ml distilied water

2 x 5 ml benzene

hood)

0.03 mi ?Xridine

©0.03m

C acetic anhydride

1 drop distilied water
2 x 5 ml benzene/ethanol (2/1;v/v)

0
2

1
d

=74

ml unlabelled aldosterone diacetate (50ug)
rops rhodamine B

B L P

T al

© vemmamart ket g g

.
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Aldosterone: Isctope dilution method

TABLE 9 CON'T
¥
7. 2nd Chromategraphy
Paper: 3 cm Whatman #1
Stationary Phase: 55% formam1de/methano]
(Dip paper prior to application of samp]e)
Mobile Phase: . . _ 50% methylcyclohexane/toluene
Markers: Aldosterone diacetate; rhodamine B
Development: . 16 hours-
Location: W
Etution: : 5 ml methanol
8. 3rd Chromatography {count 1/50 aliquot prior to chromatography) : -
Add: 0.1 ml aldosterone d1acetate
Add: ' . 2 drops rhodamine B
Evaporate to dryness , :
Paper: , 3 cm Whatman #1
Reagents: : Mesitylene/methanol/water (3/2/])
Stationary Phase: _ "~ mesitylene
‘ (Dip paper after application of sample)
Mobite Phase: Methanol/water
Markers: Aldosterone diacetate and’ rhodam1ne B
Development: 8 hours . )
Location: thY
Elution: 5 ml methanol
9. 4th Chromatography  (count 1/50 aliquot prior to column)
Add: . -2 drops Sudan IV - 7
Evaporate to dryness . - -
Reagents: Isooctane/MeCt,/methanot/water
(1500/450/900/?58) :
5 Support: "~ Acid washed celite (12g) in 40 X 1.0 cm column
Stationary Phase: 7 ml methanol/water _
MobiTle Phase: Isooctane/methyiene chloride
Flow rate: 0.3-0.5 ml/min
Marker: Sudan IV {void volume)
Location: About 80 ml (2 mi fract1ons)

Evaporate to dryness
Count to locate peak
Peak eluted in 8 to 10 tubes

10. Calculation:

Count for 2 x 10 minutes: Each peak tgbe from column A
Count for 2 x 10 minutes: qliquot of “H aldosterone (added to urine)
Count for 2 x 10 minutes: C DOCA {for estimation of specific -

: activity of acetic anhydride)

Aldosterone excretion rate = cpm,?H aldo added x urine total volume
(ug/day) SH/™C x 5.a.D0CA X 2 x 150




Aldosterone: Isotope dilution method

.subsequently is considerably reduceﬁ. . After acetylation,
aldosterone diacetate is purified until radiochemical purity
is achieved.

Zaffaronl paper chromatographic systems were chosen,
rather than Bush systems, because of their high capacity.
AChromatography #3 (99,114) is a reverse phase system in which
the relative funning rates of various steroids are switched.
Compounds which run ahead of aldosterone in more-cénventional
systems are more polar in thié system and are less likely to
merge with fhe main aldosterone diacetate peak. Another ap-
proach to rapid purification whiéh was investigated was mild
hydrolysis to form aldosterone monoacetate. Tﬁis approach
was discarded because of variability in the yield of mono-
acetate and because two additional steps are required
(hydrdlysis of the acetate and an additional chromatography);

Column chromatography was chosen for the f£inal step be~.
cause constancy of the 3H/14C ratio in successive tubes can
be taken as an indication of radiochemical purity. A constant
3H/l4C ratio in successive paper chromatography Systems can
also provide similar proof, but at least one additiohal system
is necessary. Anbther reason for choosing column chromato-
graphy was the accurate identification of the peak. When
using paper chromatography the area to be eluted is often less
simple to define. This is not a major problem in the first
three chromatégraphic systems because rather generous amounts
can be eluted and associated impurities can be removed on

subsequent systems. However, in the last chromatography,
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Aldosterone: Isotope dilution method
only the narrow band containing aldosterone diacetaté should
be eluted. |

The acetylation step is a pofential source of problems;
Although 100% yield is not essential, maximum recovery at each
step is required in order to méintain adegquate ovefall recovery
of the method. Any water associated with the extract-during'
acetylation will reduce the yield of aldosterone diacetate be-
cause of rapid hydrolysis of acetic anhydride to acetic acid.
Therefore, the extract is dried thoroughly prior to acetylation
by refluxing in the presence of benzene. Propylene glycoi
present during acetylation also reduces the &ield of aldostex-
one diacetate. Trace amounts can be carriéd over from the
first chromatography system and must be removed ?rior to
acetylation by partition between methylene chloride and water.

The specific activity of the acetic anhydride used for
acetylation is measured by preparation of 14¢ poca (see Prin-
ciples of Assay). DOC'is acetylated (Step 6, Table 9) and

the 14

C DOCA is then crystallized a minimum of three times to
constant specific activity. The specific ac%ivity of both |
crystals and mother liquor must be identical.

At least three sources of acetic anhjdride of different
specific activity should be available so that uriné samples
with different aldosterone content can be acetylated to yiéld
similax 3H/14C ratios. The optimum ratio of 3H/140 ig be-
tween 2 and 10. During simultaneous detection of 34 and

14

14c, not much 3H is picked up by the C channel (less than

14

1%). However, about 40% of the C is detected by the 3H
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Aldosterone: Iscotope fractionation

. channel and accurate discrimination of the two isotope re-
.quires that tritium is present in slightly higher amounts.

An aliquot of the urine extract is routinely counted
after each step to keep track of the recovery of tritiated
aldosterone. In this way the source of any problem may be
identified quickly. 8Since three weéks are réquired to com-
plete.one assay, iapid identification of the source of error
is essential. Another check of the accuracy of the method
is the inclusion in each set of known amounts of alddsterone.

Despite the time needed for analysis and the number of
éteps ihvolved, the double isotope derivative assay is an
accurate method. As long as radiochemical purity is achieved
in the final step there is little source for error. The use
of tritiated aldosterone as a marker accounts for losses at
each step, except the initial conversion of the-acid-labile
conjugate to aldosterone, and the preparation of a radioaétive

derivative is a precise method of quantitation.

4. Isotope fractionation:(9,10)"

In the double isotope derivative method for measurement
of aldosterone just described, radiochemical purity of aldo-
sterone diacetate in the final step can be confirmed by con-
stancy of the ratio of 3H/14C in successive fractions eluted
from the column. During.development of the method many
different systems for the final column were investigatéd but
in all of them the ratio of 3# to l4C rose progressively in
the peak tubes; Because of this, to change the relative run-
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FIGURE 16

ISOTOPE FRACTIONATION DURING COLUMN CHROMATOGRAPHY

- . 3 !
|o3 ’ TYrrrrrr7oryv l( TITIryroyry l—l' LELBES l..l I'l'fl 1 H /ci4
CPM - o , A

150 165 180 195
ML

35 aldosteronel4cdiacetate elution pattern
from a ceiite partition column chromatography system.‘ The
34/14C ratio gradually and conéistently increased across ‘the
peak. Mean displacement of the two isotoPés was calculated

to be 0.6%.
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Aldosterone: Isotope fractionation

ning rates of possible impurities and thus imprové purifica-—
tion, aldosterone diacetate was cénverted to the monoacetate.
However a constant ratio of 3H to l4c could.not be achieved.
Finaily pure standards were acetylated with 14C acetic anhy-
dride and when, under these ideal éonditions,‘a constant
ratio could not be demonstrated in several different cdlumns,
the possibility of isotope fractionation was considered.
There are six possible moieties in the aldosterone di-
acetate mixture which can differ in molecular weight by only
4 (10%): (1) 3H aldosterone diacetate (2) aldosterone 14c
diacetate (3) aldosterone 14C2 diacetate (4) 3H aldosterone

¢, diacetate and (6) aldo-

l4c diacetate (5) 3H aldosterohe
sterone diacetate. It is conceivable that these slightly
different compounds migﬁt run diffefently on various chroma;
togfaphic systems.

To investigate whether or not isbtope fractionation
occurs in partition column chromatography, pure 30 aldoster-
one l4c diacetate was preparéd and applied to a 20 g celite
partition column:(Step 9, Table 9, p.75 ). 1.5 ml frac-
tions were collected so that the peak was divided into about
30 fractions (Figure 16). The 3H/14Cvratio rbse consistently
across the peak. Mean displacement of the two isotopes,
calculated by probit analysis, and corrected for differences
in dispersion of the two peaks, was approximately 0.6%.

In another study isotope fractionation was analyzZed using
paper chromatography (Step 7, Table 9,.p.75 ) . The radioac-
tive peak was cut into multiple zones. In this system frac-

tionation was less, but still identifiable (approximatély 0.3%).
' ‘ ~8 0




Aldosterone: Isotope fractionation

In a third study, pure 3u aldostérone lic diacetate was
" again run on paper chromatography and the. peak was cut into
four zones, each of which was then applied separatelf to celité
partition columns. Isotope fractionation was reédily idenﬁi—
fiable in both systems (Fig. 17) and the combination of the two
steps incréased the displacement of the isotopes to almost 1%.

Other investigators have confirmed and extended ouf stud-
ies (115,116). A study by Cejka and Venneman (115) demonstrated
that the presence of tritium in the molecﬁle has the'greatest
influence on displacement. They Ffound the greatest displace-
ment (1.8%) between 38 aldosterone and unlabelled aldosterone,
and were unable to demonstrate any displacement of 14c diéce—
tate from 12C diacetate. This data supports our own observa—
tions (10) that.Bﬁ aldosterone diacetate was digplaced more
than tic diacetaﬁe from unlabelled diacetate.

The greater chromatographic displacement caused by
introduction of 3H into the steroid thén by addition of 14c
to the acetate, may be because tritium is 200% heavier than
hydrogen whereas ldc is only 17% heavier than 12¢,  The
greater percent increase in size of the hydrogen molecule
and its closer association with the steroid ring may change
the conformation of the molecule and thus alter the relative
running rates on chromatographic systems.

Analysis of the data suggests that peak enrichmeﬁt should -
be av6ided during all purification steps, and especially prior
to acetylation. For this reason, wide bands should be cut in

all paper chromatographic systems. Since 3H aldosterone is
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FIGURE 17

"ISOTOPE FRACTIONATION DURING PAPER THEN COLUMN CHROMATOGRAPHY
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Isotope fféctionation during paper and column
chromatography of 3H aldostérone 14C diacetate. A paéer
- chromatogram of pure compound was run and the radioactive
spot was located and cut into four segments. FEach segment
was eluted, counted, then indiﬁidually chromatographed
" on a celite partition column. A progressive and significant
increase in the 3u/14C ratio was.apparent across the peak.

AME is the displacement-of the two isotopes on each column.
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more polar than the unlabelled compound, when the peak is
identified by location of radioactivity'(first chromatography),
wider margins should be cut towards fhe solvent front. The
reverse approach should be used for peaks in which the unla-
belled compound is located (second and third chromatographies).

It was found that the most accurate method 6f calculating
the correct 3H/14C ratio was.to divide the area under the
tritium peak by thé area under the l4c peak (10). ‘The use of
the ratio in the peak tube alone led to consideraﬁlé error but
ten percent truncation of the peak caused an error of less
than 10%. Therefore, routinely, all tubes from the column
which contain 20% of the counts in the peak tube are ﬁsed to
calculate the 3H/l4C ratio. Each tube is counted separaﬁely
and the sum of the counts are computed prior to the final
calculation. Most accurate values would be achieved if the
peak were divided into thirty fractions. However, the error
introduced by using only 8-10 fractions is less than 8% as
long as symmetrical cuts of the peak are made.

In summary, isotope fractionation is a problem in all
chromatographic systems used in the measurement of aldosterone.
However, knowledge of the characteristics ofAthe effect cah
~ prevent exrors throughout the purification éteps. A constant
3H/14C ratio cannot be achieved in the final column but a con-
sistent rise in the ratio across the peak is a good, although
less reliable, indicatoﬁ that radiochemical purity has been
achieved. Column is preferable to paper chromatography‘for
the last chromatographic system because the peak tubes can bé

chosen with precision.
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Aldosterone: Secretion rate

5. Measurement of the secretion rate of aldosterone:

The method is identical to that described in Table 9 (page 74)
except-l—z.pcvof tritiated aldosterone are injected into the
patient imﬁediately preceding the 24 hour urine collection.
No additional tritiated aldosterone is added in step #2. In
the final calculation the counts added to the urine are re-
placed by thé counts injected.

The meésurement of the secretion rate of aldosterxone
has been replaced by excretion rate measurements for several
reasons. Firstly it was demonstrated that, under most condi-
tions, the fraction of aldosterone excreted as the acid-
labile conjugate 1s quite constant at 10% of the secretion
rate (9). Excretion méasurements are preferable in studies
requiring sefial determinations since radioactivify is not in-
~jected into the patient. In addition quantitative injection
of tritiated aldosterQne is not always reliable and when all
of the aldosterone is not injected directly into the vein the
assay has to be discarded. Sometimes it takes several days
before all of the radicactivity is excreted. This also
occurs and is a real problem in patients with renal failure.
Another disadvantage of secretory measurements is that larger
volumes of urine may have to be extracted, unless a-large
-amount of radioactivity has been injected, and this requires
chromatography systems with greater capacity.

However, measurement of the excfetion rate can be mis-
leading in patients with renal or liver disease. Approkim

mately 50% of the acid-labile conjugate is formed by the
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kidney and the rest is made by the liver (117,118). Iﬁ the
presence of kidney disease‘there is both delay in excretion
and a smaller fraction is converted to the acid-labile con-
jugate (119). 1In patients with liver disease, in whom the
kidney becomes a major source ofAmetaboliém of alddsterone,
as much as 50% of secreted aldosterone can be converted to

the acid-labile conjugate (118).

6. Summary :

The measurement of either the secretion rate of aldoster~
one or the rate of urinary excrétion of its acid-labile conju-
gate by double isotope derivative assay involves the use of"
multiple chromatography systems and the formation of a radio-
active derivative of aldosterone. The two methods are compii4
cated, expensive and time consuming but they have the advén—
tage of accuracy because of the use of radiocactive markers
which account for losses during extraction and chroﬁato—
graphic procedures.

The problem of isotope fractionation duriné the chroma-
tographic procedures can be overcome by takihg ﬁide éuts,
during preliminary purification steps ahd by accurately

identifying the final peak on column chrbmatography.
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B. Radioimmunoassay of Aldosterone.

The demonstration that antibodies to steroidsAcould be-
induced in rabbits by injection of a conjugéte of the steroid
to bovine serum albumin (104), opened the door to measurement
of steroidé by radioimmunoassay. Recently, several radioimmuno-
assay methods have been developed for meaéurement of aldosterbne
in blood (12, 105-109) and urine (11,108,110,111) utilizing
antibodies induced in either sheep or rabbits. Conjugation
of aldosterone to albumin was achieved by coupling th:ough
‘either a 3-oxime or 2l-hemisuccinate deriVativé.

To date, antibodies to aldosterone lack the specificity
needed for direct quantitation. Although cross-reactivity
with other steroids is generally less than 1%, the high con-
centration of other steroids in bldod and urine requires even
greater antibody specificity.

Radioimmunoassay of aldosterone is a much more sensitive
method than double isotopé dilution and is capable of detect-
ing picogram amounts. However; the increased sensitivity
resulted in, perhaps unforeseen, complications. The relatively
large amounts of aldbsterone measured by the double isotope-
derivative assaf had caused considerable laboratory contamina-—
tion. This contamination had not previously been a problem
because it was below the limit of detection by double isotope
diiution. ~Another problem is that steroids cannot be used

as markers in chromatography systems prior to radioimmuno-
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assay because the amounts needed for detection are very high
and chances for contamination are great. Therefore,
for measurement of aldosterone in plasma we adopted a chromatq—
graphic system which does not fequire the usé of markers. In
addition extraction, purification and radioimmunoassay steps
are all carried out using disposable glassware.
Methods for measurement of'aldosﬁerone in both urine (11,
120) and plasma (12) have been developed in our laboratory. The
two measurements fulfill different requifeménts.' The 24 hour
excretion of aldosterone is an integration of the 24 hour adre~-
nal secretion rate whereas blood measurements reflect the level
at only one point in time and are thus subject to wide fluctua—'
tions. Double isotope derivative assays of urine and plasma
aldosterone are interchangeable with those measured by radioim~
munoassay (FPigure 18) (11,121). Urine aldosterone measurements
are simpler and less time consuming than the plasma method
but have the disadvantage that, in certain clinical siﬁuations
such as maliénant hypertension, renal and liver diseases or
nephrectomy the excretion rate does not aécurately_reflect
the rate of secretion because of alterations in metabolism
or excretion. Blood measurements are especially applicabié
to the study of acute changes in aldosterone and also for
analysis of those clinical situations in thch urihe measurement
may be suspect. |
When compared with the double isotope derivative assay,

the technique of radioimmunoassay is more rapid, sensitive and
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P ' FIGURE 18

l RELATIONSHIP OF URINARY ALDOSTERONE EXGRETION
TO SODIUM EXCRETION IN NORMAL SUBJECTS
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Hyperbolic relationship of urine aldosterone:
excretion to urine sodium excretion in normal subjects.
There is complete overlap of values measured by double

fsotope derivative assay or radlioimmunoassay.
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has higher capacity. However, greater accuracy is only achieved
" with very strict quality control. Radioimmunoassay, although
more sophisticated than in vivo biocassays, is still a_biologi~
cal assay and is fraught with many inexplicable variations.

In general, once a successful radioimmunoassay techniéue has
been developed, minimum changes should be attempted because,
surprisingly frequently, one small chénge can affect the whole
assay. In contrast, the double isotope derivative technigue,
while time consuming and relatively insensitive, has built-in

safeqguards which protect the reproducibility of the assay.

1. Principles of radioimmunoassay

Aldosterone 1is quantitated by utilizing‘(a) its affinity
for highly specific antibodies and (b) competition between
radioactive and unlabelled aldosterone for binding sites on
the antibodies (63). The sample to be quantitated is added
to a mixture of radicactive aldosterone and antibody in pro-
portions such that half of the radioactive aldosterone is
bound to antibody and the other half remains frée. The ex~
tent to which radiocactive aldosterone is displaced from the
antibody by the unknown sample is a measﬁre of the amount of
aldosterone in the sample. The aldosterone content of the
unknown sample is determinéd precisely by comparing it to
the displacement caused by addition of unlabelled aldosﬁerone
standards.

In practice, a mixture of antibody and labelled aldoster-
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one is added to a series of tubes containing knoﬁn amounts of
aldosterone or unknown sample. After 18 hours, the bound
aldosterone is separated from the free by adsorption of the
free aldosterone onto dextran coated charcoal. After centri-
fugation the bound aldosterone is decanted and counted in a
scintillation spectfometer, while the free (charcoal plug) is
discarded. From these counts the amount of aldosterone in

the unknown sample can be calculated.

2. Urine aldosterone excretion (acid-labile conjugate):

(11,120)

(1) Preliminary purification

Details of the method are illustrated in Table 10.
Immunologically cross-reacting corticoids are pre-extracted
into methylene chloride and discarded pfior to acid hydroly~v
sis. The methylene chloride insoluble acid-labile conjugate
of aldosterone is then hydrolyzed with acid to liberate-
aldosterone which is subsequently extracted into methylene
chioride. Thus, separation of aldosterone from immunologl-
cally cross-reacting compounds is accomplished simply by
éxtraction, acid hydrolysis and then re-extraction. The
methylene chloride extract is washed to remove non-specific
cross-reacting substances and then aldosterone is quanti- |
tated by radioimmunoassay. Losses incurred during this
- preliminary purification step, are accounted for by addition

of radiocactive aldosterone to the hydrolyzed urine.
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TABLE 10

PURIFICATION: HYDROLYSIS:

EXTRACTION

(18 samples and 2 standard urines can be run as one batch)

Pre-extraction of impurities:

3 ml urine + 15 mi MeC]2

Hydrolysis at pH 1:

Pre-extracted urine + 1 drop each 6N & 3N HCL
(+ additional drops 3N or 1N HCL)

Leave for 24 hours at room temperature

Extraction:
1 ml hydrolysed urine + 2000 cpm 3H aldosterone

+ 15 ml MeCT2

15 ml MeCl2 extract + 1.5 m]1 of 0.TN NaOH

’-

1.5 ml O.1N NaOH

+

1.5 ml 0.TN HAc

-+

1.5 ml water

Dissolve extract in 2 ml ethano]

Transfer: 1 ml for recovery estimation (recovery vials)

2 x 0.4 ml aliquots for radioimmunoassay

Mix well

Check pH
Check pH (0.95 - 1.1)

Wait 30 minutes

Mix well

Discard urine’

Mix well; discard NaOH
Mix well; discard NaOH
Mix well; discard HAc
Mix well; dis&ard'watew

Evaporate to dryness .

* 2000 cpm are also pipetted into 3 counting vials for accurate estimation of the

number of counts added to each urine sample

-07 ~
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Aldosterone: Urine RIA

The volume of urine extracted. after hydrdlysis is only
"1 ml (150 ml was used in the double isotope derivative assay)
and in the radioimmunocassay step 1/50th or less of this is

assayed. The 3

H aldosterone which-was added to detect losses
during extraction, does nét interfere with the radioimmuno-
assay step since the counts added to the assay tube account
for less than 3% of the-total counts.

(ii) Radiocimmunoassay

The aldosterone coﬁtent of the urine extract is depen=-
dent on both the excretion rate of aldosterone and the 24-
hour urine volume. Prior to radioimmunoassay the extract is
diluted if the éldosteroné concentration is expected to be
high.
| Two different amounts of urine extract (10 and 20 ul)
are assayed. The use of a maximum volume of 20 ul facili~
tates the evaporatioﬁ of ethanol in the extract prior to
radioimmunoéssay. The rack of tubes is simply placed in a
vacuum oven for 15 minutes. |

Ten and 20 ul of three different aldosteréne staﬁdards
are added in duplicate to the standard curve (Table 11).
Tubes are also included in the standard curve for measurement
of the total counts (T), the binding of tritiated aldosterone
in the absence of antibody (non-specific binding) and the
binding of aldosterone to antibody in the absence of unla-
beled aldosterone (BO). In addition, two standard urine

samples of known aldosterone content are assayed with each set.

—~Q2—
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TABLE 11
STANDARD CURVE:

TUBE # ALDO STANDARD VOLUME ALDO

ng/mi ul ng
1,2 0.5 10 .005
3,4 0.5 20 .010
5,6 2.0 10 .020
7,8 2.0 20 .040
9,10 8.0 10 .080
11,12 8.0 20 .160
13,14: total counts; no charcoal (T)
15,16: non-specific binding; no antibody
17,18: no added aldosterone (BO)
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A unique feature of this radioimmunoassay is the prepara-
tion of a mixture of antibody and radioactive aldosterone,
prior to addition to the standard or unknown samples. This
step reduces inaccufacies caused by pipetting separately bﬁf~
fer, tritiated aldosterone, and then antibody to each Eube.

3

Thus, only two pipettings are needed instead of four. This
aldosterone/antibody solution can be stored for up to é month
without loss of assay sensitivity.

- After 18 hours at 4°C the aldosterone bound to antibody
is separated from free aldosterone by adsorption of the free
onto dextran—éoated charcoal. This step causes the most
problems. Charcéal quickly adsorbs free aldosterone but it
also adsorbs very slowly antibody bound aldosterone. Thus,
relatively more antibody bound aldosterone is adsorbed in
those tubes'to which charcoal is added first, and this
causes the bound counts to appear to be higher in the last
tubes. Because of this, the duplicates of the standard curve
are divided and charcoal is added to one half at the begin-
nihg and to the other half at the end of the series. In this
way the effect of charcoal to adsorb antibody bound aldoster-
one is averaged out.

Technically, addition of charcoal is the most variable
step in the assay. The charcoal must be mixed vigorously,
to maintain homogeneous suspension, adaed rapidly, and the

tubes centrifuged immediately so that the charcoal is in

suspension in the sample for a very short time. Different
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£
Counts
Sample bound
BT

Standard Curve

W= t, Al N

9
10

. 11
12

13
14

15
16

6387
7035

6186
- 6189

5080
5232

3972 °
3901

2687
2753

1909
1868

16095
15578

545
652

-

17 (Bo)
18

Sample
$

7866

8073
Counts
bound

(B}

TABLE 12
_B/Bg
1-B/Bg Aldo
B/Bo (¥) Pg
.80 4.0 5 23553
.88 7.3 5 23454 -
23467
.78 3.5 10
.78 3.5 10
.64 1.8 20
.66 1.9 20
.50 1.0 40
.49 0.96 40 .
.34 0.52 80
.35 0.54 80
.24 0.32 160
.23 0.30 160

total counts (T)
4% non specific binéing

50% binding

Standard Recovery Counts

mean = 23495

Standard Urine Samples

X(sz)"*
X' (104)
2{18) -
Z' (36)

3650
2625

5606
4238

Unknovn Samples

507
507!

508
508"

515
518"

“Chem. DF

5148
3832

5349
3919

3436
2384

B/BQ_" .
. 1-B/Bgs Aldes Recovery  Chem* Aldo Error
B/B - (Y) Pg counts DF {(pg)
.46 o0.85 49 10147 1,16 .57 +10%
.31 0.45 102 : 121 +14%
.70 2.3 15,1 10696 1.10 16.6 -8%
.53 1.13 33 37.4 +4%
Urine
RIA** vol Aldo
- - DF (mll‘ ug/day
.65 1.86 20 10147 1,14 500 1200  13.7
.48 0.9z | 44 250 15.0
.67 2,0 18 10696 1.10 250 980 4.85
.49 0.96 12 125 5.65 -
.43 0.74 56 10478 1.12 100 1320 8.28
.30 0.43 108 50 7.98

= standard recovery counts{recovery counts x 2Z). .

Mean

value -.error

14.4 B%
5.3 8%
B.1 23

®4RIA DF = dilﬁtion of sample prior to assay‘and volume of sample assayed (i.e., 10 or 20 ul).

¥ *jumbers in parenthesis =

-95-
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i ~_ FIGURE 19

ALDOSTERONE STANDARD CURVE

i 10.0

~ pg ALDOSTERONE

B/B° i
: L 110 ‘
. 1-B/B°
1 |
g 0.50
; 0.30
i |
E i
; 0.10 L | Lo | I f
i 5 10 20 40 80 160 |
! _
|

T et

Picograms of aldosterone added to each tube
- of the standard curve plotted on log/log paper against a

function of the change in the counts bound caused by addition

of unlabelled aldosterone. .
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‘ batches of charcoal have widely different adsorptive capacity
and each should be individually evaluated. It has been sug-
gested that coating of charcoal with dextran is ﬁot essential
(64) but we have been unable to confirm this.

After centrifugation the supernatant (bound) and ﬁhe
recovery vials are counted. The standard curve is calculated
as illustrated in Tabie 12 (65) and plotted on log/log paper (Fig
19). Next, the two standard urine samplés are calculated and
the amountlof aldosterone is derived from the standard curve;
If the error in these samples (i.e. the percent difference
from the true value) is less than i'zo%, the set is accepﬁable
and the unknown samples are then calculated. Otherwise the
whole sét should be repeated. Duplicate values of unknown
samples should not vary by more than + 15%. If they do they
should be repeated.

The modified logit plot (Fig. 19) has the advantage of
forming a straight line. Routinely, the data is calculated
using a computer (Table lé). The counts from the spectrometer
are punched onto paper tape which is then. fed into the com-
puter. The standard curve is calculated automatically. The
standard error (SE) of the curve is calculated and‘any point
which differs from the line by more than 2 SE is discarded
and the line recalculated. This procedure is repeated until
all points fall within 2 SE.

Several parameters are useful for checking accuracy and
for indicating the source of problems in the radicimmunoassay.
The concentrations of the standard urine samples are chosen

so that they span a wide portion of the standard curve. In
e Ry
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 TABLE 13

1
A

RAAS CALCULATION RUN o :
MERGED DEC 09 73 SUN 12:24 BY JES FILE:UA27
PI'N ON 1/ 1/74 :
Aok akokok ok sk odok dokokok ook R TTA L SY ST EMsk skokokook ok ok sk ok ok 3ok skok skokok ok

RACKGROUND ‘ 9 CPM

TOTAL CQINTS 3226 CPM ERNON=1%
NER ' D9, EPROP=6%
RCQ) ' 1564 CPM FRROR=1%
7 BINDING ‘ - us g ‘ '

STAMDARD CURUE CALCULATION -
. » \
LOGY = -.932 *L,0GX + 1.686
S FE.= 0.035 , COEF.COR= -.9973
LOGIT l= 64.56.

X Y - Y(CALCY
5 9.23 1054
5 12.71 10.84

10 5.30" 568
10 6.07 5.68 :
20 2.79 2.9% - B
20 3.11 2.98 L
40 1.54 1.56
40 1,63 1.56- _ : »
70 0.%1 0.82 . .
50 0.86 0.%2 '
- 160 0.40 0.43
160 0.45 0.43

PECOVERY STANDARD: 2343

STANDARD URINE CALCULATIONS

PG aALDO . RZERROP

47.5 -9« 52)
59.6 -1a ¢ 104
211 5 ( 20)
43,7 9 ¢ 40)
"AUFRAGFE EPRQR= ~1.91%

CALCULATION OF UNKNOWNS

POS # UG/DAY PG PG ERROR" CHEM/DF RIA/DF

33 1 2.5 22 40 a3z le 17 0.5
36 2 26.9 28 -~ 59 2% l.16 10. O
39 3 68 6 16 1% l1.12 5.0
42 4 20.2 46 90 07 1.17 5.0

2¢5

45 5 13.4 18, 37 12 teld
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this way if either end of the standard curve is incofrect it
’will be detected. |

A useful guide to changes in the radioimmuncassay is data
derived from measurement of the non-specific binding (Table 12,
tubes 15 and 16) (NSB, Table 13). If the duplicates of these
tubes are variable, erratic addition of charcoal may have
occurred. Data from these tubes also provide a simple check |
of the consistency of individual operators.

The aldosterone content at logit = 1.0 can be used to
detect radical changes in the standard curve (Table 13). . This
parameter may vary even when the étandard urine sampies check
perfectly and changeé need not indicate error but only some
variability in the assay. In the aldosterone radioiﬁmunoassay,
logit 1.0 should be guite constant since, unlike 1251 iodinated
compounds, tritium labelled compounds are quité stable. Shifts
in the logit 1.0 can indicate contamination, radicactive
breakdown and inadequate addition of charcoal.

In summary, radioimmunocassay of urine aldosterone is a
method of high capacity. It involves many steps, eéch of which
is technically easy. Accurécy is dependent on the use of a |
highly specific antibody and rigid quality control, and is
aided by the use of an automated device for calcﬁlation of thé

data.

3. Radioimmunoassay of plasma aldosterone (12,122)

Differences between plasma and urine aldosterone measure-
ments are in the preliminary purification steps. The low con-

~0Q .
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- centration of aldostérone'in plasma requires that a larger
volume than urine be assayed. Thﬁs, the extract from the equiv-
alent of 1 to 40 ul of urine is added to the radioimmunoassay
whereas the extract from the equivalent of 100 to 800 ul of
plasma is assayed. These larger vqlumes of plasma require

more stringent purification from other cross-reacting steroids
present in much higher concentrations.

Purification of plasma by pre-extraction of cross-reacting
steroids into methylene chloride is not possible.  Instead,
chromatography on a celite gradient partition column is used.
To ensure consigtent elution patterns of steroids froﬁ the
column, lipids are first removed by partition‘between cyclohex—
ane and agqueous alcohol.

For plasma, the number of.counts and the amounﬁ of aldo-
sterone in the tritiated aldosterone, added to detect losses
‘in preliminary purification steps, must be taken into account
in the calculations.

(i) Extraction and partition

Details of the method are illustrated in Table 14.

Prior to extraction an educated guess is made of the aldoster-
one content of the unknown plasma. On the basis of this,
either 0.5, 1, or 2 ml of plasma is extracted into methylene
chloride. To minimize the formation of emulsions, the pH of
plasma is increased prior to extraction by addition of sodium
hydroxide and the methylene chloride is pre-chilled. The pH
of the methylene chloride extract is returned to neutrality

by acid and water washes and lipids are then separated by
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TABLE 14

Preassay Purification of Aldosterone

0.

5-2.0 ml plasma biscard

Extraction:

~

+ 20 ul 3H aldo (2000 cpm)
+ 5-20 ul 1.2§ NaOH

/+ 15 ml Meclz-——-————~—9 Plasma

‘ Methylene chloride extract

+ 1.5 ml Hae ————— HAc

+ 1.5 ml Hy0 ———=—=3 H,0
——3

’-1- 1.5 ml H,0 - H,y0

Washed methylene chloride extract

{(evaporate to dryness)

Washes:

LN
Partition:

R

+ 0.5 ml ethanol
+ 1.7 ml “20

,+ 6.5 ml cyclohexane -———9 Cyclohexane

Agqueous ethanol extract

Re-extraction:

. ~
Partitioned

+ 15 ml MeCl, —— Aqueous ethanol
|+ 1.5 m 0 ere——3 H,0

methylene chloride extract

- {evaporate to dryness}

b

+ 0.05 ml EtAc

,+ 0.2 ml isococtane

Celite column

{3g + 1 ml 40% ethylene glycol)

Gradient Paxtition

Chromatography:

+ 3,5 ml 15% EtAc/isooc-—3 Eluate (1)
tane

+ 3.5 ml 40% EtAc/isooc-=} Eluate (2)
tane

+ 3.5 ml 60% EtAc/isooc-

WV tane

60% EthAc/iscoctane eluate (3)

(evaporate to dryness])

L

Radicimmunoassay

ot et R e g s
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cyclohexane partition. Aldosterone is then re—extracted into
methlene chloride which is evaporated to dryness prior to
chromatography.

(ii) Column chromatography:

A single gradient partition column chromatography system
is used which emplbys celite as an inert support. 40% ethylene
glycol in_water (stationary phase) is first mixed.thoroughly
with the celite. The mobile phase is ethylacetate/isooctane
and the percent of ethylacetate is increased in thrée steps.
Crossfreacting corticosteroids are washed from the column with
15% then 40% ethylacetate/isooctane and then aldosterone is
eluted with 60% ethylacgtate/isooctane.; |

The transfer of the extract onto the column is a crucial
step affecting the overall recovery-of the method. for optimum
transfer it is necessary first to dissolve the extract in
ethylacetate because aldosterone is poorly soluble in 15%
‘ethylacetate/isooctane. The column is run under slight pres-
sure to maintain an elution rate of about 1d~15 dfbps per min-
ute. . Higher pressure causes the ethylene glycol to be washed
off the column and this interferes with the radioimmunoassay
step. The use of slight pressure on tightly packed columns
helps to achieve uniformity of running rate whicﬁ has the
technical advantage that 20 columné can be run at one time
without confusion. |

The elution pattern of aldosterone relative to other
steroids is consistently reproducible. Aldostercone is always

eluted by 60% ethylacetate/isococtane and the-other cross-
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reacting steroids are consistently eluted by a lower percentage
of ethylacetate. Alternate approaches to purifiéation'such aé
paper or thin layer chromatography require that a marker is rﬁn
with each system. Since tiny amounts of steroids can be‘dem
tected by radioimmunoassay, addition of steroilds as markers
inevitably leads to contamination and results in high blanks
and inconsistent answers. Because of possible contamihation,
all glassware used in the assay, including the columns (5 ml
disposable pipettes), is disposable, The reagents used in the
purification steps do not interfere with the radioimmunoassay
and thus the method is practically blank free.

An advantage of this particular chromatography system is
that both corticosterone and hydrocortisone are eluted before
-aldosterone. In most other chromatography systems aldosterone
is eluted between these two steroids and adequate purification
from both in one system is difficult to achieve.

(1ii) Radioimmunoassay

This step is similar to that used for urine except that
1/5 and 2/5 of the aldosterone eluted from the column are
assayved. The number of counts in the plasma extract added to
the assay are computed prior to calculaﬁion and are added to
the total counts. Finally, the amount of aldosterone in thé.
radioactivel"tracer" added to detect losses is calcﬁiated and
this value, approximately 20 pg, is subtraéted from the final
result. |

A blank is run with each set, but the value is almost al-
ways below the lowest point of the standard curve and can be

ignored. .
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(iv) Method sensitivity and relationship to urine aldosterone

The use of column chromatography as a preliminary purific-—
ation step combined with a highly specific antibody in tﬁe
radioimmunoassay enables accurate detection of as little as
1 ng% aldosterone in plasma. No increase in the assay was
found when other steroids such as hydrocortisone were
added to plasma in concentrations as high as 100 ugs.

Plasma aldosterone concentration in normal Subjecﬁs was
'fpuhd to change dynamically with thg rate of urinary sodium
excretion in a fashion similar té that observed for urine
aldosterone excretion measurements (Figure 20). When the
plasma aldosterone values from normal subjects were related
to the concurrent 24-hour urine aldosterone excretion (Fig-
ure 21), a high degree of correlation was found between the
two measurements (r=0.864).v In general, when noon plasma
aldosterone is 10 ng%, urine aldostexrone excretion is approx-
imately 10 ng/day and this increases proportionally so that
when plasma aldosterone is 100 ng% urine aldostercone has in-
creased tb approximately 100 pg/day. Therefore, in normal
subjects plasma aldosterone and urine.aldosterone excretion
chanée commensurately with changes in sodium balance. How-
ever, as indicated already, there are clinical.situations in

. which urine aldosterone measurements do not accurately re-

flect the plasma level.
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FIGURE 20

RELATIONSHIP OF PLASMA ALDOSTERONE TO URINE
SODIUM EXCRETION IN NORMAL SUBJECTS
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Hyperbolic relationship of plasma aldosterone
to the concurrent 24 hour urine sodium excretion in 27
normal subjects. The relationship to sodium excretion is

gquite similar to that described by plasma renin activity

and urine aldogsterone excretion.
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FIGURE 21 o

RELATIONSHIP OF PLASMA AiDOSTERONE TO URINE ALDOSTERONE
IN NORMAL SUBJECTS
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' C. SUMMARY

A method has been presented for measurement of a urinary
metabolite of aldosterone using a double isotope derivative as-—
say. Tritiated aldosterone is added to urine and the specific
activity of aldosterone in an isolated portion is used to calcu- -
late the urinary excretion rate. The amount of aldosterone in
the isolated portion is quantitated by measuring the amount of
14¢e incorporated into a diacetate derivative, which is prepared
with 14c acetic anhydride of known specific activitya

The method involves acid hydrolysis of the metabolite
to form free aldosterone, then extraction and four chromato-
graphy steps in addition to preparation of aldosterone di-
acetate. The double isotope derivativé assay 1s accurate but
has the limitation of poor sensitivity, limited capacity, ex~
pense, as well as being time consuming. |

During development of the method, isotope fractionation

14C aldosterone diacetate was demonstrated in both

of 3H from
papef and column chromatography systems. This is not a pfobu
lem in the assay as long as wide cuts of the peaks are taken

on paper chromatography and the peak is accurately identified

on the final column system.

More recently, methods have been developed for guantitation
of aldostercne in urine and plasma by radiocimmunoassay. The
methods are much simpler and more sensitiveﬂ Howevér,'pre—
liminary purification from cross-reacting stéroidsAis neces-
sary prior to radioimmunoassay. For urine this is accomplished

by extracting cross-reacting steroids into methylene chloride
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. prior to acid hydrolysis of the metabolite to liberate aldé—

sterone. A celite partition column accomplishes the separation

of plasma aldosterone from cross-reacting steroids.
Radicimmunoassay has made available simple and sensitive

methods for detection of aldosterone in both urine and plasma.

HoWever, thé potential for undetected errors is greater than

in the double isotope derivative assay and strict quality

control is essential.
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IITI. Measurement of Natriuretic Hormone

These studies were designed to investigate whether or not
there is a natriuretic substance involved in the regulation of
sodium excretion (22-24). The possibility of such a hormone
has been suspectea since de Wardener and his associates (21,
123) showed that dogs could excrete a saline load under condi-
tions involving no change in the parameters then known to be
involved in the regulation of sodium excretion, i.e. glomeru~
lar filtration and aldosterone.

A meaningful assay for a natriuretic substance must in- -’
volve changes in the rate of urine sodium excretion in an
assay animal. Prior to our studiés, other groups had suggested
the existence of a natriuretic hormone by demonsﬁrating activity
assays which measured toad bladder or frog skin shqrt—circuit
current (124,125) and PAH uptake or sodium transport in kidney .
slices (126,127). However, in no instance was the suspected
substance sho&n to be natriuretic in an assay animal;, Hence
our first approach was to develop a reliable assay in which
chahges in urine sodium excretion reflected changes in activ-
ity.

Concurrently, extraction concentration and éurification
procedures were investigated utilizing blpod and urine from
patients in whom a natriuretic hormone might be egpected to

be present in high concentration. Both urine and plasma were
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.studied in the hope that the substance, like aldosterone,
might be excreted into the urine in large amounts. Iﬁ fact
this was found to occur and many of the physiological stﬁdies
were carried out using urine extracts. The active material
was separated from vascactive peptides and the osmolarity
of the injected extract was carefully monitored so as to rule
out the possibility that natriuresis was induced by increases
in arterial pressure or by osmotic diuresis. |
Initially, urine and plasma from sodium loaded patieﬁts
with primary aldosteronism were used as the source of poten-—
tial activity. However, in latér studies, sodium loaded

normal subjects and sheep also provided active material.

Bicassay for Detection of Natriuretic Activity:

1. Type of Rats:

(a) Rats with congenital diabetes insipidus: (22).

Rats of the Brattleborough strain with diabetes insipi-
dus were chosen since they cannot respond to injections of
noxious extracts of urine or plasma with a sudden decrease
in urine flow due to ADH releasew In addition, in the basal
state thése animals have very high urine flows and adeqﬁate
urine collections can be achieved using a bladder rather
than ureteral catheter. Thus, surgery is minor and a stable
and more physiological assay preparation is achieved. An
additional advantage of the high urine flows was the ability

- to automate the urine collection system.
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However, rats with fully developed diabetes insipidus
were found to be sodium depleted and excreted dilute urine
with low sodium concentration. Fortunately, heterozygous
rats with diabetes insipidus were not as sodium depleted yvet
had high urine flows and rarely responded adversely to injec-
tion of the extracts. Therefore heterozygous rats with dia¥
betes insipidus were routinely used as assay animals. In these
animals urine flows approximating 200 ul/minute were achieved
with rates of sodium excretion of from 0.5 td 4 uEq/minute.

(b) Normal rats: (23,24)

After extraction procedures had been developed, a few
assays were performed in normal rats to demonstrate that
the activity was not specific for a special type of rat or
for rats in water diuresis. Two preparations were set.up:
(1) Normal hydropenic rats (ureteral catheters); sample in-
jected intravenously. Urine flow = 3 ul/min., UNaV = 0.3
uEq/min. (2) Normal hydropenic rats; sample injected into
the renal artery.

Although these assays were téchnically more difficult:
and less stable, natriuretic activity was easily demonstrable.

2. Assay Preparation: (22)

150 to 300 g rats were prepared by injecting 5 mg/100g
body weight sodium pentobarbital and 0.13 mg/l00 g atropine
intraperitoneally. The bladder was catheterized through a
small midline incision and one Jjugular vein was catheterized
for injection of samples. A tracheostomj tube was inserted
and carefully aspirated throughout'the study since associated
blood pressure changes caused by breathing disturbanceé could

L
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markedly alter urine flow.

To induce a high rate of urine flow after surgery, the
rat was given slowly by stomach tube up to 7 1/2% of its
body weight of a dilute solution of sodium chloride (20 mEq/
IL). The rat was then placed on a balance located over a timed
fraction collector. When urine flow reached approximétely
1100>p1/ min., 10 or 20 minute urine saﬁples were collected
whilst fluid lost was automatically replaced by oral adminisﬁraw
tidn of a 10 mBg/L solution chloride containing 18 mg/100
ml pentobarbital. With this system, in which the weight of
the animal was Xkept constant, fluid balance and anesthesia
were maintained constant throughout the day. The-urine volume
and sodium and potassium concentrations were measured for
each 10 or 20 minute collection.

To prepare normal rats (23) 150-300 g female rats were
anésthetized, trapheostomized and infused with isotonic
saline (0.05 ml/min.} through a jﬁgular vein cathetexr. The
left kidney was ligated, but not removéd, through a midiine
abdominal incision and a catheter was placed in the right
ureter 2 cm below the renal pelvis so that ureteral peristal-
sis was not inhibited. The.saline infusion was reduced to
0.02 ml/min. and 20 minute urine samples were collected under
mineral oil. Extracts wereAinjected into the jugular vein.

In a modification of this assay the aorta was occluded
below the level of the right kidney and a cathéter was placed

in the aorta so that sample, when injected, passed in retro-
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grade fashion directly into the kidney.

Ordinarily, from 2 to 4 hours elapsed before the first
test sample was injected. This preparation time was for
anesthesia, operating procedures, administration of the oral
load, and establishment of a stable réte of urine sodium
excretion.

A bolus of 0.5 ml of isotonic saline was ;outinely
injected first. If an increase in sodium excretion occurre&
in response to this the animal was discarded. The ﬁnknown
samples were given as either a bolus in 0.1 to 0.5 ml or
occasionally as a constant infusion for 30 minutes at 0102
ml/minute.‘ Positive natriuretic responses were ﬁsually com-
pared with the response to extracts from the same subject
when not salt loaded.

The natriuretic response. induced in the asgay animal
seemed related to the general health and preexisting state
of salt balance of the assay animals. Insensitivity and an
unsteady baseline could be caused by a fall in body tempera-
ture below 97°F, by too much anesthetic agent, or by occult

bleeding.

Ixtraction and Purification Procedures

1. Preliminary Screening of Urine and Plasma for Natriuretic

Activity: (22)
The objectives of the fractionation procedures were

(a) to eliminate salts and small osmotically active or vaso-
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active moleculeé, (b) to fractionaté, according to molecular
size, substances in plasma and urine and (c) to concentrate
them as much as possible.

In initial studies, fractionation was carried out using a
series of different gel filtration columns. 24-hour urines
were lyophilized, reconstituted in 100 ml of 0.1 M acetic
acid and centrifuged. The supernatant Wasvdesalted on a
5 x 30 cm column of polyacrylamide geli(BiOHGel P2).

0.1 M acetic acid, was used as a buffer in all columns. Three
fractions were collected; the first (about 400 ml), comprised
- substances of molecular weight greater than 200, except for
those specifically retarded by the gel. The second fraction
(about 800 ml) contained the salt peak which was discarded.

A third fraction of about 1200 ml, collected after the salt
peak, was lyophilized and prepared for assay.

After lyophilization, the firéﬁ fraction was dissolved
in 24 ml buffer and 3 ml aliquots were applied to each of
the following three 1.5 x 25 cm Sephadex columns: G25F, G75
and G100, The eluate from each of these columns was divided
into five fractions. Fraction I contained substances com-
pletély-excludéd by the gel (Table 15). Fraction IV con-
tained the salt peak and fraction V included substances ‘
eluted after the salt peak. Fractions II and III, collected
between fractions I and IV, were arbitrarily divided as .
illustrated in Figure 22. 10 mg bovine serum albumin and

06.05 ml of 1 N mercaptoacetic.acid were added to each frac-
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TABLE 15

LOCATION OF ACTIVE FRACTIONS .

Fraction No.

v

Mol wt. fraction- I, pro- salt
Gel ation range tein peak 1I III - peak
P2 2,000-200 +?
G25F 5,000-1000 +++ - - -
G75 70,000-3000 ++ ++ - -
G100 150,000-4000 - + ++ ~
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FIGURE 22

'2 HOUR URINE FROM Pp GOLUMN APPLIED TO
G75 SEPHADEX L5x25em 0.1 M ACETIC AGCID BUFFER
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Sheep urine, which had uhdergone preliminary
purifiéation on a Bio-~Gel P2 column, was applied to a G75
Sephadex column (1.5 x 25 cm) using 0.1M acetic acid buffer.
A plot is shown of the absorption at 280 mp and the sodium

‘concentration of fractions I to V.
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tion prior to lyophilization and storége at -20°C. These
two procedures reduced loss of activity during storage aﬁd
they were routinely applied to all samples. Altogether 17
fractions were assayed (Table 15).

On the day of assay the samples were reconstituted in
0.3 ml of 0.45% saline. A 0.1 ml volume, representing the extract
from 1 hr of urine, was injected-into each of two assay
animals. Positive assays were observed only in fraction I
from G25F, in fractions I and II from G75, and in fréction IIT
from G100 (Table 15). |

Essentially the same fractionation procedures were em-
ployed for plasma samples. However, to remove plasma proteiné
the samples were first diluted, adjusted to pH 5.5, and
placed in a boiling water bath for 20 minutes. >This approach
was used after it had been established that (a) boiled urine
did not lose natriuretic activity and (b) the activity of
positive plasma samples (deproteinized on Sephadex-columns)
remained after boiling.

Those fractions were identified which contained the
small pressor peptides angiotensin T, angioténsin I, and
arginine vasopressin (Figure 23). They were found close to
the salt peak on G25F and in the void volume on Bio-Gel P2.
Clearly these peptides were not associated with any fraction
which exhibited natriuretic activity.

2. 8implified Procedure for Preparation of Urine and Plasma

for Assay: (22)

24~-hour urines were lyophilized, reconstituted in 100 ml
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FIGURE 23
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.Location'of vasoacéng peé£iﬁeé_on Bio-Gel P2
and on Sephadex‘GZSF used for fractionétion of urihe and
plasma samples. 750 ng angiotensin I and angiotensin II;
dissolved in 2 ml of isotonic saline, were applied at
different times to each column and their location was
identified in a rat pressor bioassay. 10 preésor units
of vasopressin were also applied to the Bio-Gel P2 column

and subsequently located by pressor bioassay.
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0.1 M acetic acid, and centrifuged. The supernatant

was applied to a G 50M (medium mesh) column (2.5 x 60 cm).
The fractions eluted before the salt peak were combined and
lyophilized to a white fluffy powder. A quantity representing
2 hr of sample (assuming no losses) was reconstituted in 0.2
ml of 0.45% saline. A 0.1 ml volume. of this was injected into_
the assay animal. The osmélarity of the final solution was
repeatedly found to be in the region of 200 mOsm/liter.

3. Preparation of a Large Batch of Natriuretic Extract: (23)

A large batch of natriuretic material was prepared using
a preliminary ultrafiltration step. PFifty liters of.urine |
were centrifuged for 20 minutes at 8000 rpm, and passed
through 5-un and then 0.457n Millipore filters. Subsquently,
the urine was passed through an Amicon UM 10 filter. This
latter filter theoretically holds back material of molecular
weight greater than 10,000. The reténtate was divided into
6 portions and applied to G-50 M and then G-100 Sephadek

columns to accomplish the final desalting and purification.

Some Properties of the Natriuretic Extract: (17,22-24)

1. Typical Response in Assay Animal

The assays illustrated in Figure 24 were carried out
in a heterozygous rat with diabetes insipidus. Sensitivity
was greatest in animals excreting somewhat more than 0.5 HEqQ
sodium per minute. While this is a high rate of sodium ex-

cretion for such a small animal, their endogenous natriuretic
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FIGURE 24

. EFFEGCT OF 2 DOSES
OF NATRIURETIC FACTOR IN TYPE | ASSAY
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5 and 10 mg of‘uriné extraétﬂéeriQéd from a
sodium loaded subject were dissolved in 0.1 ml 0.45% saline
and injected into the same héterozygous rat with diabetes
ingipidus. Urine sodium excretion increased in response .
to both extracts., The higher dose gave the greater response.
In these assays, urine flow increased slightly but potassium

excretion was constant.
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stimulus may not be high since volume expansion was achieved
with water loading rather than sodium loading.

In these particular assays (Figure 24) sodium excrétion
increased from 2.5 to 5.5 qu/minute in response to 5 mg of
urine extract and from 3 to 7.5 pEg/minute in response to
10 mg of urine extract. Hence, there was a relationship be-
tween dose and response in the assay animal. Some of the
positive responses involved the loss of more than 500 REq
i.e., more than 5% of the total body sodium content. No
change in glomerular filtration rate occurred in response to
the natriuretic extract (Figure 25) so that in some aésays
5-10% of the filtered load was excreted. -

All positive assays were associated with marked increases
in urine sodium concentration and changes in
urine flow were usually small or absent. Furthermore, there
was no apparent association between the magnitude of the
natriuresis and changes in urine flow.

In a few assays there were slight increases in potassium
excretion, but most were similar to theldnes illustrated in
Figure 24 in which no change in potassium excretion was ob~'
served. The physioclogical implications of the lack of change
in urine flow and potassium excretion are considered in a
later section.

The occasiocnally observed delay in onset of natriufetic
activity and its rather prolonged effect for up to 3 hours

suggest that another active substance might be released
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FIGURE 25
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Extracts from 2 poois éf”ufiﬂé"derived from normal

subjecté on either high or low sodium intakes were injected
into the jugﬁlar vein of a rat with mild diabetes‘insipidus.
Natriuresis was induced only by the high salt extract V
and was observed to be independént of chénges in potassium
éxcretion, urine flow, hematocrit, or glomerular filtration
rate (GFR).
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from the large molecular weight substance we have detected.
Alternatively, the hormonal agent itself, like aldostérone,
may first enter cells and induce secondary changes.
Characteristics of the natriuretic response were quite
similar, although less striking, in normal hydropenic rats.
When samples were injected directly into the renal vein an
immediate natriuretic response was always observed, followed
by the more characteristic delayed natriuresis. However,
the immediate response was always associated with an increase
in blood pressure and was probably not due to an effect on
tubular sodium transport mechanisms. The increase in blood presg-
sure was only evident when the samples were injected directly-
into the kidney.

2. Specificity of the Natriuretic Response:

There was no response in the assay animal to injectionsr
of similarrvolumes of isotonic saline (O.l—D.Syml) or to
injections of extracts which were derived from subjects Wha
were either not sodium loaded or who had been sodium deprived
for 3 to 5 days. In addition, at the énd of natriuresis, the’
" rate of sodium excretion consistently returned to baseline.

3. Biochemical Characteristics:

On the basis of elution characteristics on several
Sephadex columns and retention of the natriuretic activity
by an Amicon UM 10 filter, the molecular weight of the sub-
stance appears to be above 10,000 and may be as high as

50,000. This large size is compatible with the observation
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that ‘the activity is non-dialysable.

The substance may be a protein since activity was de-
stroyed by trypsin and by treatment with trichloracetic
acid. However, it was not destroyed by boiling.

Further characterization of the biochemical properties
is required but may have to be delayed until a simpler assay
is developed Which allows assay of geveral samples in the
same animal. The limiting feature of the investigation is
the fact that rarely can more than two samples be assayed
accurately in the same rat and two assays can take more thaﬁ

12 hours to complete.

Summary. These studies were designed to examine the ques-
tion of Qhether or not there is a natriuretic humoral sub-
stance which participates in the regulation of urine sodium
excretion.

Procedures for concentration and fractionation of plaéma
and urine were developed concurrent with a sensitive bicassay
for detecting induced changes in renal sodium excretion. The
assay utilized rats with mild diabetes insipidus which were
maintained in sodium and water balance.

A natriuretic humoral substance was demonstrated in
plasma and urine from salt-loaded normal man and sheep, and
in patienfs with primary aldosteronism and essential hyper-
tension who were maintained on-a high sodium intake.

The substance appears to have physiological relevance
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since it was not detectable in sodium—-depleted subjects and
it consistently appeared in sodium—loaded subjects.

The natriuretic activity was demonstrable in normal
hydropenic rats as well as in rats with congenital diabetes
insipidus. The induced natriuresis usually develops slowly
and may last for several hours. The natriuresis is not
usually associated with increases in water or potassium ex-
cretion. It occurs without measurable changes in glomeruvlar =
filtration rate or arterial blood pressure. Altogether these
results suggest that the substance acts at least in part to
depress sodium reabsorption in the disﬁal tubule at a site
whére sodium is norﬁally reabsorbed without water.

Fractionation studies suggest that the natriuretic sub-
stance has a molecular weight of from 10,000 to 50,000,
Further study will be necessary to determine whether oxr not
this particular substance proves to be a physiologicallyv
important natriuretic hormbne. However, of special relevance
is its action to depress distal tubular sodium reabsorption
because a large body of evidence indicates that depression of
proximal tubular sodium reabsorption is nbt, by itself, suf-

ficient to cause a sodium diuresis (128-130) [See page 183].
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Part II: Introduction

In the preéeding seétions, methods have been presented
for ﬁeasurement of the domponents of the renin-~angiotensin-
aldosterone hormonal system and for detection of natriuretic
faétors in uriné and plasma. The following analysis will be
concerned with the role of this hormonal system in regulation
of sodium.and potassium balance and blood pressure homeo-
stasis.

In general, the hormonal system appeais to act as two,
almost independent negative feed back control systems which
regulate (1) sodium balance and blood pressure and (2) sodiunm
and potassium homeostasis. The first system.responds to
reductions in arterial ptessure, renal perfusion pressure or
blood volume. When any of these events occur, renin secre-
tion is increased and arterial pressure is restored both by
the vasoconstrictor action of angiotensin II and by aldostex-—
one induced sddium retention which increases tissue perfusion
and turns off the signal for renin release. The second con-
trol system regulates potassium balance. An increase in
plasma potassium directly stimulates adrenal aldosterone
secretion. Increased circulating aldosterone promotes renal
potassium loss which returns potassium balance to normal and
thus turns off the stimulus for increased aldosterone bio-
syﬁthesis. However, since changes in sodium balance affect
both of these arbitrarilj separated systems, in the following
-memoir the hormonal system will be analysed with respect to

sodium balance and blood pressure homeostasis on the one hand
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land sodium balance and potassium balance on the otherAhand.

Before turning to the operation of thé system énd its
function in regulating electrolyte balance and blood pressure,
the responses and interactions of the hormonal'components

will be examined in more detail.
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A. Renin Secretion and Its Relation to Plasma Renin Activity

I. Determinants of Plasma Renin Activity

Renin occupiles a.key role in the hormonal system which
regulates blood pressure and electrolyte homeostasis (Figure 1)
(page 7). When, as a result of such events as sodium depletion,
hemorrhage, transudation or alimentary loss, effective blood
volume céntracts and arterial pressure falls, the'kidney's
perfusion is threatened and it reacts by secreting renin into the

‘blocd stream. This initiates the process whereby the other
hormonal components of the system are activated énd woxrk
to restore equilibrium..

The kidney is the major source of plasma renin for both
man and aniﬁals (131-133). 'Renin_has also been found in other
tissues such as the submaxillary gland, placenta and uterus
(134-136). Howéver, there is no evidence that plasma renin
is ordinarily derived from any of these other sources.

‘The nature of the renal sensor device which transmits
 the signal to the renin containing juxtaglomerular cells for
the release of renin is the subject‘ of some controversy (5)}.
Postulated mediators include [1] a barorecéptor or stretch recep-
tor in the afferent arteriole which responds to changes in
arterial pressure (137) and [2] changes in the amount of
sodium passing the macula densa area of the loop of Henle

(138). Both the macula densa and the afferent arterioles are

-132-



-

PRA determinants: Renin Substrate

‘in physical contact with the juxtaglomerular cells and both
could transmit messages to these cells to release renin.
(3) Circulating catecholamines and neural stimulation have
.also been shown to affect renin secretion (139,140) and i£
is likely that each of thése mechanisms is impoftant. In
fact it is possible that they all act through a final cémmon
pathway. |

Renin, released into the blood, acts on plasma renin
substrate to generate angiotensin I which is converted to
angiotensin II during passage through the lungs (Figure 1, page 7)
Since plasma renin.substrate concentration is ﬁormally rate
limiting (15,59,141), the rate of angiotensin genera- '
tion in response to secreted renin could vary depending on

the concentration of circulating substrate.

Plasma Renin Substrate in Normal and Hypertensive Man:

To study whether or not differences in plasma renin
substrate can be primary determinants of plasma renin activ-
ity, plasma renin substrate was related to the concurrent
measurement of plasma renin activity in 28 samples collected
from 19 normal subjects in whom urine sodium excretion was
above 40 mEq per day (6). Mean plasma renin activity in 14 sam-
ples with substrate concentration less than an arbitrary cut
of f point of 1450 ng/ml (range 919~1447) was 2.6 ng/ml/hr.

+ 1.32 (sb). 1In 14 samples in which plasma renin substrate

concentration was greater than 1450 pg/ml (range 1463-2228)
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"mean plasma renin activity was almost identical, 2.7 ng/ml/
hr. + 1.52 (SD). Thus differences in renin substrate do not
appear to be physiological determinants of plasma renin activ-
ity. Renin appears to be the dynamic component of the renin
system which reacts to chahges in renin substrate to maintain
an appropriate rate of angiotensin generation.

In another study ofrpatients who were taking.oral contra-
ceptive medication and in whom renin substrate rose progres-
sively during the first few weeks of medication, the initial
increase in renin substrate waé at first accompanied by a
rise in plasma renin activity (62). However, this increase was
. not sustained in most patients, and plasma renin éctivity |
gradually réturned to normal levels (Figure 11, p. 48).

Both of these studies support the view that when sub-
strate concentration varies, renin secretion feeds back to
" maintain the rate of angiotensin generation.

Renin substrate concentrations in normal and hyperten-
sive patients, measured by radioimmunoagsay, are présented
in Table 16 (6,16). There was no significant difference in
renin substrate from any of the sources. The slightly higher
mean substrate concentrations in patients with essential
hypertension is in agreement with the observationé by Gould
and Green (142) that males with essential hypertension have
higher substrate levels than normotensive males. The absence
of statistical Significénce in the present study may be ex-

plained by the failure to discriminate between males and

~134-



PRA determinants: Renin substrate

TABLE 16

PLASMA RENIN SUBSTRATE IN NORMAL AND HYPERTENSIVE PATIENTS

RENIN SUBSTRATE

ng/ml | (SD)

NORMAL SUBJECTS (N=19) - 1517 346
ESSENTIAL HYPERTENSION

High Renin (N=9) ‘ 1670 318

Normal Renin (N=23) 1644 364

Low Renin (N=18) 1855 348
RENOVASCULAR HYPERTENSION (N=5)

Artery 1690 194

Vena Cava* 1739 252

Right Renal Vein 1688 239

Left Renal Vein 1668 - 318

* Blood collected from vena cava below level of kidneys
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females in the analysis.

In a study of normal subjects on different sodium in-
takes, there was no consistent relationship between sodium
intake and plasma renin substrate concentration (6). This-
is in contrast with the report of Rosset and Veyrat (143)
in which substrate concentration was inverselylrelated to plasma
renin activity. In addition, in our studies there was no
difference in the concentraﬁion of rénin substrate in patients
with essential hypertension who had high, normal. or low plasma
renin activity (Table 16). In animal studies it has been found
that infusion of renin or angiotensin II at‘lbw doses causes
~an increase in substrate concentration but at highei doses
of renin, substrate concentration falls in plasma, probably
because of excess utilization (144,145).

When renin substrate was measured invplasma collected
from the renal veins, aorta and vena cava of five patients
with renovascular hypertension, no differenqes in mean values
were found (Table 16) (16). Hence, in this study there is no
_ evidence for clearance of renin substrate by the kidneys.

Altogether, the data indicéte that although in normal
subjects and pétients with essential hypertension; plasma renin
substrate concentrations in different individuals can span
a two-fold range, mean values are quiEe similar in-theldifferent
groups. Physioiogically, changes in renin substrate are not
normally determinants of plasma renin activity. However, since

measurements of plasma renin activity depend on a first order
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reaction, acute changes in substrate concentration could
markedly affect the rate of angiotensin generation and
thus could transiently affect plasma renin activity until

renin secretion adjusts (Figure 11).

Studies of the Metabolic Clearance Rate of Renin

Peripheral plasma renin levels are determined by both
the secretion rate of renin and the metabolic Clearénce rate.-
Thus, under steady state conditions, the metabolic clearance
rate of renin is equal to renal renin éecretion. . It has
been shown by Haecox and associates that there is little, if
~any, clearance of renin by the kidneys (146). Most available
data point to the livér as the prime route of metabolism’of
renin (146-150). Schneider and co-workers and others have
shown in the dog that, in general, clearancé of reﬁin by the
liver is proportional to blood flow through the liver (148~
150). Thus, changes in liver blood flow exert an impqrtant
modulating effect'on plasma renin levels. However,'theré is
no evidence that alterations in liver blood flow ordinarily
exert a rate limiting influence on plasma renin levels éince
increases in plasma renin activity caused by reductions in
the metabolic clearance rate are normally compensated for bj
suppression of renal renin secretion (150).

An unanswered question regarding the metabolic élear~,'
ance rate of renin is whether or not a constant fraction of

plasma is cleared over a wide range of plasma renin activity.
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‘Analysis of_studies of metabolic clearance raﬁe in dogs

(150) suggests this possibility. However in these étudies
renin secretion and liver blood flow both changed at the

same time and it was not possible to determine from this daté
whether changes in renin secretion per se had an efféct on
the metabolic clearance rate.

Under steady state conditions the clearance rate of
renin must equal the secretion rate. If the liver always
clears a constant fraction of the plasma renin, then plasma
renin would be a direct reflection of renal renin secretion
and under steady state conditions peripheral plasma renin
would have a constant direct relationship to renal renin
secretion. However, if ﬁhe fraction of renin cleared by the
liver were shown to fluctuate with changes in renin secre-
tion then the relationship of renin secretionAto peripheral
renin would not be constant.

" Renin secretion can. be calculaﬁed from the product of
renal plasma flow and the incremeﬂt in renin added to the
_ renal vein (V-A) (where V = renal vein renin and A = arterial
renin). Thus, under conditions of constant renal plasma
flow, (V~-A) is diréctly proportional to renin secretion
(151). If a constant fraction of élasma_is cleared of
renin then, under steady state conditions, (V-A) in relation
to peripheral renin (A) should be constant. Hence measure-
ment of renin in simultaneously collected arterial and

renal venous blood could provide information about the

~-138~-



-~

PRA determinants: MCR

‘metabolic clearance rate of renin.

Patients with essential hypertension who had no evidence
of liver or renal disease were chosen for the study (16)
since these patients as a group normally exhibit a wide range
in plasma renin activity (88). Thus a wide spectrum of
peripheral plasma renin values were obtained under conditions
in which both liver and renal blood flows would be expected
to be normal. Many patients with essential hypertension come
to arteriography because of suspicion of renovascular hyper-.
tension. All patients with hypertension who underwent arteri-
ography were studied under controlled conditions and éhose'
who had no evidence of renovascular disease and who were clas-
sified as having essential hypertension form the basis for
this study.

Renin activity and renin substrate were measured in four
sources of plasma from 43 patients with essential hypertension.
Blood was collected from the right and left renal veins, the
vena cava (below the level of the kidneys) and the aorta.

The study was carried out under steady state conditions,
after the patients had been on a constant,diét fér a minimum
of three days and after they had been in the supine position
for at least two hours.

The patients were subdivided into three groups on the
basis of their peripheral plasma renin activity, considered
in relation to the concurrent 24-hour urine sodium excfetion.

Eleven patients were classified as low, 28 as normal and four
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had high plasma renin‘activity. This spectrum of plasma renin
activity is fairly typical of the populatioﬁ of patients with
essential hypertension (88).

Renin substrate was nofmal and similar in the four
sources of plasma at all levels of peripheral plasma renin
activity. Hence it can be assumed that differences in plasma
renin activity reflect differences in plasma renin concentra-
tion.

Plasma renin activity in blood collected from the aorta
was similar to that found in blood coliected from the wvena
cava (Figure 26). The-slope and intercept of the line which
best fit the relationship of arterial to caval plasma renin
activity did not differ from the line of identity. This sup-
ports the view that plasma renin is derived exclusively from
the kidney and removed exclusively by the iivér. Pragmati-
cally, it means that venous and arterial plasma renin values
can be used interchangeably and they will be designaﬁed as
(A) in the following analfsis. (V) will represent renal veiﬁ
- renin values.

Plasma renin activity was similar in blood collected
from the right or left renal vein (Figure 27) which suggests
that there is no consistent physiological difference in the
secretofy capacity of the right and left kidneys. However,
as expected, renal vein renin was almost invariably higher
than arterial renin (Fiqufe 28) .

The key observation of the study was that the increment
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FIGURE 26
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Relationship of renin activity in blood

collected from the aorta to that found in blood collected

from the vena cava, below the kidneys, of patients with

essential hypertension. The line which best fits the

points is not significantly different from the line of

identity. This supports the view that venous and arterial

plasma renin activity are identical.
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FIGURE 27

ESSENTIAL HYPERTENSION
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Relationship of renin activity in blood
from the right renal vein to that from the left renal

vein of 43 patients with essential hypertension. The -

line expressing the relationship is not different from

the line of identity and the intercept is not. significantly
different from zero. Therefore, renal vein renin in
the right renal vein is similar to that found in the

left renal vein of patients with essential hypertension.
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EIGURE 28
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Relationship of renal vein renin to arterial
(or venous) renin in patients with essential hypertension.
The slope of the line is not different from the lihe of
identity, indicating that the relationship of renal vein
renin to arterial renin is constant at all levels of
plasma renin found in essential'hypertensioﬁ; The intercept
of 1.24 indicates that the renal vein renin in patients

with essential hypertension is normally 124% of arterial renin
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of renin added to the renal Qein (V-A) 1is a constant propor-
tion of the arterial renin at all levels of plasma renin
activity found in essential hypertension. The slope of the
line which best fit the relationship of renal vein renin to
arterial renin was a line parallel to the line of identity,
with a significantly positive intercept. Iﬁ this group of
patients, renal vein renin activity was 124% of peripheral
plasma renin over a wide range of plasma renin activity
(Figure 28). This value is similar to that reported by Brown
and co-workers (125%).for samples with plasma renin concentration
that were not abnormally high (152). |

The cbnsténcy of this relationship suggests that under
steady staﬁe conditions the metabolic clearance rate of renin
is always proportional fo the plasma concentration of renin.
In other words, the fraction of blood that is cleared of
renin by the liver is constant irrespective of the blood
level of renin; Thus, in essential hypertension, peripheral
plasma‘renin is directly proportional to renal renin secre-

tion, i.e., renin secretion = (arterial renin) -x constant.

ITI. Practical Applications of Differential Renin Measure-

ments:

(i) Renin Secretion Rate: In patients with presumably normal

renal blobd flows the renal vein renin increment (VwA) was
shown to be consistently 24% of the peripheral level (A).:

Thus, renal vein renin is equal to A + 0.24A.
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Renin secretion can be calcﬁlated from the product of
renal plasma flow and the renal vein renin increment (V-A).
(V-A) is equal to 0.24A (Table 17) and renal plasma flow in
patients with essential hypertension can be presumed to
be normal and equal to roughly 300 ml/minutg from eéch
kidney. Therefore, as illustrated in Table 17, renin secre~
tion = 144A. |

Thus, under steady state conditions similar to those
of the present study, renal renin secretion per minute
is approximately 144 times peripheral plasma renin.

Confirmatioﬁ of this formula can be found in a study

of renin secretion by Kaneko and co~workers (153) in which
renal plasma flow-was measﬁred in patients with essential
hypertension. From their data renin secretion'per minute
was calculated to be 136 times peripheral plasma renin.

Thus, calculated and measured values are quite similar.

(1i) Renal Plasma Flow: Variations in renal plasma_flow

must influence the renal vein renin increment (V-3) since
reductions in flow would result in less dilution of secreted
renin by renal vein blood and (V-A) would increase (16,151).

Since,

renal plasma flow x (V-A)

. . 144A 144
Renal plasma flow = renin secretion/(V-3A) = (V-a) = (V=-A) /A

Renin secretion

Thus renal plasma flow is inversely related to (V-3)/A.
However peripheral renin is normally derived from two

kidneys.
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PRA: Renal plasma flow

TABLE 17

RELATIONSHIP OF RENIN SECRETION TO PERIPHERAL
PLASMA RENIN

Renal vein renin increment

V-A expressed as fraction of peripheral renin

- i

0.24 when renal and liver blood flows are normal

.0.24A

secretion = renal plasma flow x (V-A4)
/

fGOO/ﬁ 0.24A when renal plasma f£low is normal

= 144A
/

secretion per minute = 144 tipés peripheral plasma renin
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i.e. Renin secretion = RPFl(Vl—A) + RPFp (Vy—-A)

But, renin secretion = 144A

Therefore 144A = RPFj (V1-A) + RPF, (V5-A)

. _ 144 - (V2-3)
R : RPF{ = o RPF, V27H)
carranging 1~ TV{-A)/A 2(V1-A)

This equation provides a basis for estimating renal
plasma flow from each kidney. However, since there are two
unknowns in the equation (RPF; and RPF3) absolute determi-
nation of renal plasma flow from each kidney can only be
calculated from two different sets of data, preferably
collected from two different pﬁysiolOgical settings (e.g.,

sodium depletion and sodium loading). However, since
one of the components.of the right hand side of the equation
has negative valué, a maximum value for renal plasma flow
from eéch side can be estimated from one set of measurements.

Whén‘(vl—A)/A is greater than 0.48, the value for
144/(V,-A)/A must be less than 300 and renal plasma flow to
that kidney must be less than 300 ml/minute. Therefore,
irrespective of the renin secretion and renal plasma flow
from the contralateral kidney, a value of (V-A)/A greater
than 0.48.from either kidney is always associated with re-
duced plasma flow.

This formula has an important application in the study
of patients with renovascular hypertension. This will be
discussed in detail in a later section (page ). However,
it 1s relevant to point out that in classic Goldblatt hyper-

tension, reduction in blood flow to one kidney is associated
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with hyper-~secretion of renin from that kidney and complete
suppression of renin secretion from the contralateral kid-
ney. Under these circumstances, (Vo—A) = 0) and the right
hand side of the equation for calculation of renal plasma
flow is reduced to zero, then, renal plasma flow from the
sole secreting kidney can be calculated with precision. It
follows that the closer (V,-A) is to zero from the unin-
volved kidney, i1.e., the lower the secretion rate of renin,
the more accurate the estimation of renal plasma flow from
‘the suspect kidney.

In a companion study of 28 patients with suspected uni-
lateral renovaséuiar hypertension who came to surgery, the
combinatioﬁ of the followihg three indicators (28) consist-
ently predicted curability: (1) Reduction in renal plasma
flow to the suspected kidney (V-A/A > 0.48); (2) suppression
of renin from the unaffected kidney (V-A/A < 0.38) and
(3) elevated peripheral plééma renin activity (i.e., in-
creased secretion of renin). Thus increased understanding
of the determinants of plasma renin concentrations in vari-
ous blood vessels has proved useful in evaluating the pres-—

ence or absence of curable renovascular hypertension.

IIT. Summary

Plasma reniﬁ activity appears to be regulated to sus~-
tain an appropriate rate of angiotensin production. Although
changes in both renin substrate and the metabolic clearance
rate of renin can affect plasma renin activity, available
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evidence: suggests that renal renin secretion is the dynaﬁic.
component of the system which responds to physiological
stimuli. Thus renal renin secretion appears to be that
component of the system which responds to stimuli which
reflect a need for changes in angiotensin production. In
addition, we have shown that in patients with essential
hypertension plasma renin activity directly reflects renal
renin secretion.

The constant relationship of plasma renin activity to
renal renin secretion has been used to evaluate changes in
renal plasma flow. In patients with renovascular hypertension
who have unilatéral secretion of renin, increases in renal
vein renin in relation to arterial renin are inversely related
to reductions in renal blood flow. When bilateral renin
secretion occurs, a renal vein renin incremént greater than
148% arterial renin is always associated with renal plasﬁa

flows of less than the normal value of 300 ml/minute.
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B. Renin and Aldosterone and Their Interrelationship in Re-

sponse to Changes in Sodium and Potassium Balance:

In the previous section data were presented to support
the view that plasma renin activity is directly related to
renal renin secretion so that changes in plasma renin activ-
ity can be used as an indicator of changes in the secretidn
rate of renin. Since angiotensin II is the effector hormone
of the renin limb of the hormonal system, its blood level
would be expected to be the most meaningful indicator of
changes in renin secretory activity. However, many meth-
ods for measureﬁént of angiotensin II are not sufficiently
sensitive to deteqt low levels of the hormone with confid-
ence. Plasma renin activity measurements can be used in-
stead since all evidence suggests that angiotensin I genera-
tion, i.e. plasma renin activity, reflects angiotensin II
levels (154), there being no evidence that lung converting
enzyme activity is ever rate limiting.

In this section, the responses of renin and aldosterohe
to extreme changes in sodium and potassium balance will be
evaluated in normal man and in rats. Although it has been
generally accepted that renin and aldosterone are important
for regulation of sodium excretion at low and normal sodium
intakes, the role of the hormonal system in regulating salt
balance at high levels of sodium intake has not been clari-

fied. In addition, some investigators have recently
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postulated that angiotensin II may not be the sole mediator
of the increased aldosterone biosynthesis which occurs in-
response to sodium deprivation (155-157). 1In the following
presentation new data will be analysed to determine if there
is a need to postulate another trophic stimulus for aldéster-

one, in addition to plasma potassium and angiotensin IT.

I. Effect of Variations in Sodium Intake on Renin and

Aldosterone

The well known relationship of plasma renin activity to
variations in sodium intake is illustrated in Figure 10
(page ) (2,6,158,159). These data are derived from a
study of 52 normal subjects, most of whom were maintained
on constant dietary regimen. The 24-hour urinar& sodium
excretion, plotted on the abscissa, is taken as an index
of the state of sodium balance. Measurements were usually
made after the subjects had been on a constant diet for
five days. In some éubjects, however, daily analyses were
made, beginning on the first day of the constant regimen
and continuing for up to eleven days.

The plot confirms that plasma renin activity moves
dynamically in relation to the rate of urinary sodium excre-
tion. Thus plasma renin activity increases with
sodium deprivation and, conversely, falls to a minimum when
salt is present in excess.

As illustrated in Figures 18 (page 88) and 20 (pagel05),
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urine aldosterone and plasmé aldosterone exhibit an entirely
similar relationship to changes in sodium balance (2,9,11).
This provides strong circumstantial evidence that the aldosterone
secretory response to changes in sodium balance is mediated via
changes in renin activity. The greater spread in plasma renin
values compared to aldosterone measurements may be explained

by the more rapid response of renin secrétion to various
stimuli. Large amounts of renin are stored in the kidney (30)
and can be released rapidly (160), whereas angiotensin ITI
stimulates aldosterone biosynthesis (161) and this slower re-
sponse may result in less marked fluctuations in hormonal
levels. ) .

The élose agsociation between renin and aldosterone
secretions is illustrated in Figure 29 which summarizes data
from 157 studies of 61 normal subjects in whom the daily
aldosterone excretion was related to the concurrent plasma
renin activity (18). Included are data from subjects main-
tained on various constant dieﬁary regimens and from subjects
eating random diets. The plot reveals a highly significant
direct relationship between the activity of these two hormones.
The observed correlation coefficient of 0.84 is impressively
high, but does not exclude the operation bf other factors in
this close hormonal interaction.

As might be expected, a similar direct relationship
was found between plasma aldosterone levels and plasma renin
activity in normal subjects in response to changes in sodium

intake (Figure 30) (122).
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Srmmmes e e e L. PTGURE 29

RELATIONSHIP OF URINE ALDOSTERONE EXCRETION
TO PLASMA RENIN ACTIVITY

IN NORMAL SUBJECTS
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~ Relationship of plasma renin activity to the concurrent

-

~level of urine aldosterone excretion in 61 normal subjects.

Both parameters are plotted on logarithmic scales. The

correlation coefficient of 0.84 is strikingly high, especially4‘”

" when one considers the considerable interindividual variation

in the renin-aldosterone relationship which occurs even in

normal subjects.
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"FIGURE 30
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Plasma aldosterone is linearly related to plasma renin

activity in 27 normal subjects.
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IT. Renin and Aldosterone During Sodium Loading:

The hyperbolic relationships inscribed by changes in
renin and aldosterone activity in relation to urine sodium
excretion strongly suggest that these two hormones play an
important interrelated role in sodium conservation since
their activity inc;eases sharply during sodium depletion.
However, a question which remains unsettled is whether or
not the two hormones play any role when diatary sodium in-
takes are relatively high. To investigate this question the
data in Figures 10 (page 46 ) and 18 (page 88 ) were replotted
{(17). The mean urine soaium excretion associated with a given
range of renin ;r aldosterone éctivity was calculated and the
mean value for each increment of hoﬁmone activity and its
standard deviation were plotted.

As illustrated in Figure 31, under circumstances of sodium
loading, when renin and aldosterone activity are low, these
two hormones continue to be serxially inversely related to
sodium excretion and continue to change in concert. Thus
when normal subjects have a plasma renin activity of from
1 to 2 ng/ml/hr., mean sodium excretion was found to be abou#“
200 mkEg/day. But at plasma renin activities of less than
1 ng/ml/hr., mean sodium excretion was still higher -~ in
this study approximately 250 mEg/day. Statistical treatment
of these differences indicates that they are highly signifi-~
cant at all of the higher rates of sodium excretion. Entirely
similar results were obtained from an analysis of the be-

havior of aldosterone excretion.
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FIGURE 31

RELATIONSHIP OF URINE SODIUM EXGRETION
TO PLASMA RENIN ACTIVITY OR URINE ALDOSTERONE EXCRETION
IN NORMAL SUBJECTS
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ﬂé&h urine sodium excréfigg is plotted for eight
different rahges éf blasma renin activity and eleven ranges
of urine aldosterone excretion. The data are derived from
62 normal subjects. The vertical lines represent the standard
deviation of urine sodium excretion for a given hormone
range. Urine sodium excretion continues to increase sig-
nificantly as both hormones fall, suggesting a causal rel-

ationship, even at low levels of the hormones.
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These data suggest that changes in both renin and aldo~
sterone secretory activity are physiologically meaningful
and interrelated even at very low levels of secretory ac-
tivity. Thus renin and aldosterone appear to affect sodium
balance at both high and low levels of sodium intake and
excretion.

Oscillations in the System During Sodium Loading:

The responses of renin and aldosterone during Sodium
loading are illustrated in another study in which threé
normal subjects received a constant high sodium intake of
270 mEg/day for 11 consecutive days (11). The diet was |
instituted afte£ 9 days of sodium depletion. The results

of this study are presented in Figure 32.

In all three subjects there was an initial period of
sodium retention, lasting for 4 days, in which the intake
exceeded the output. This was followed by a second phase
in which the rate of sodium excretion actﬁally exceeded
the intake. This phase lasted for 4 days and was followed
by another period of mild positive sodium balance lasting
for at least the next 3 days when the study terminated.,
Thus the high sodium intake caused marked sodium retention.
The diet of 270 mEg/day resulted in mean net positive sodium
balance of some 270 mEg at the end of the 11 day period.
However, this equilibrium point was only achieved after a

period during which the subjects had retained approximately

400 mEg of sodium.
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FIGURE 32 :
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Fluctuations in sodium excretion, sodium balance, plasma

renin activity and aldosterone excretion during a maintained 270 mEq

sodium diet. Mean values + SD from three normal subjects are

presented. Fach subject exhibited similar and corresponding fluct—
uvations in urine sodium, plasma renin and aldosterone. The highest

levels of-sodium excretion were associated with the lowest rates

of aldosterone excretion.
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Both aldosterone excretion and plasma renin activity,
measured daily, fell serially in each subject as urinary
sodium excretion increased so that the highest rates of
urine sodium excretion were associated with the lowest
levels of renin and aldosterone. Note that in ﬁhe thirxd -
phase, when urinary sodium excretion began to fall, renin
and aldosterone both exhibited a slight but consistent risé.
These data strongly suggest that the phasic, albeit rela-
tively slight, changes in sodium excretion which occur
during circumstances of prolonged sodium loading are medi-
ated by aldosterone in response to changes in renin secre-
tion. )

These datavalso indicate thaﬁ renin and aldosterone
secretion are more closely related to the rate of sodium
excretion than to the state of overall sodium "balance."
Thus on day 3 when sodium balance was almost at its peak
aldosterone and renin levels were double those of the lowest
values. Moreover, during the natriuretic phase, cumulative
sodium balance declined while aldosterone ana renin remained
constant, but low. This is not to say.that aldosterone and
renin do not in the first place respond to changes in "bal~-
ance."”" Some function of a change in balance obviously is
the stimulus which induces a change in hormonal activity.
However, the hormonal response appears sluggish so that
large overshoots in balance occur, both positively and

negatively, before equilibrium is achieved by continuing

-159-




RAAS: Potassium

adjustment of the hormonal sécretions.

These consistent dally patterns of renin and aldoster~
one activity in relation to urine sodium excretion suggest
that in normal subjects daily fluctuations in aldosterone
do in fact have a modulating effect on urine sodium excretion
tion, even at high levels of sodium intake.

In summary, there is a close relationship between
renin and aldosterone and sodium excretion in normal sub=-
jects which points to a close causal relationship in the
three-parameters. The relationship obtains over a wide
range of intakes, suggesting that renin and aldosterone
play a physioloéical role in regulating salt balance during
sodium 1oading as well as during sodium depletion. However
these studies do not rule out the possibility that other
factors are involved in the regulation of any or all of the

three parameters.

III. Effect of Changes in Potassium Balance on Plasma

Renin Activity:

Changes in sodium balance have been shown to exert a marked
affect on renal renin secreti&n. Sodium depletion increases
renin secretion and sodium administration decreases it (158).

The direct effect of potassium on aldosterone secretion is also
well documented (162-165). However, until recently, the direct
effect on potassium on renin secretion was less clear. Potassium

adminstration had been shown to suppress renin secretion (l66-168)
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but the effect of potassium deprivation had not been studied.

1. Experimental studies in rats.

Studies were designed to investigate the effect of
potassium on renin secretion by employing an animal model
in which extreme and rigidly controlled changes in both
potassium and sodium balance could be imposed (19). Rats,
weighing between 275 and 285 g were divided into nine groups
of ten animals each. The nine groups encompassed all possible
combinations of three levels of dietarylintake (low, medium,
or high) for both sodium and potassium. A 12 day balance
study was carried out in which sodium and potassium intake
and excretion wére carefully monitored and then the animals
were maintained on the same regimen for an additional 35
days (total 53 days) at which time they were sacrificed
by decapitation.

Among all nine groups no consistent or impressive
changes were observed in the concentrations of renin sub-
strate. Accordingly, changes in serum renin activity were
most likely a reflection of changes in serum renin concen-
trations.

As expected, sodium deprivation produced significant
increases in serum renin levels. Thus on the medium K
intake, sodium deprivation caused an increase in renin
activity from 1.1 to 3.3 ng/ml/hr. However, changes in the:
potassium intake exerted a highly significant modulating

influence on this characteristic renin response (Figure 33).
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FIGURE 33
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Effect of three different levels of potassium intake
on serum renin activity in normal rats. Potagsium dep-

rivation resulted in significant increases in renin and

augmented the response of renin to sodium depletion.

Increasing dietary potassium progressively blunted renin

secretion.
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Thus, on the high potassium intake the typical response to
sodium depletion was greatly attenuated. The control vélue
for serum renin was lower (0.9 ng/ml/hr.) and it increased
to only 1.6 ng/ml/hr. despite an even greater degree of
sodium depletion associated with the high kKt administration.
Conversely, the basal renin level, as well as its response
to sodium depletion, was greatly augmented by potassium
depletion. In this latter situation sodium aepletion_caused
the values to rise from 2.7 to 6.0 ng/ml/hr. The highest
of all renin values occurred in the low K', low Na't dietary
group.

2. Companion studies in man

The response of plasma renin activity to less extreme
changes in potassium balance was investigated in man (20).
Potassium administration reduced plasma renin activity in
18 of 28 normal or hypertensive subjects. Suppression of
renin often occurred despite the slight sodium diuresis
induced by potassium administration. The renin suppression
was directly related to induced changes in plasma potassiﬁm
concentration and urinary potassium excretion.

In six studies potassium deprivation invariably in-
creased plasma renin activity even though a tendency for
sodium retention often accompanied this procedure.

Figure 34 presents the details of a representative
study in a normal subject who was studied under metabolic

bhalance ward conditions. Potassium administration produced
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FIGURE 34
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sodium and potassium excretion all increased.

~164~



RAAS: Potassium

a serial and progressive £fall in plasma renin activity.

It also induced a slight sodium diuresis during the first
three days of the experimental period. The serial suppres-
sion of plasma renin activity thus occurred in the face of
an induced natriuresis, a change which would be expected

to stimulate plasma renin activity.

It is interesting to note the aldosterone excretion
increased in response to potassium administration, despite
the fall in plasma renin activity.

Analysis

These long-term balance studies in rats and in man
define an impreééive inverse relationship between, on the
one hand, potassium administration, plasma potassium con=
centration, the rate of urinary potassium excietion and
potassium balance and on the other hand, the concurrent
level of plasma renin éctivity.

The influenée of the changes in potassium metabolism on
circulating renin levels could not be explained by induced
changes in sodium balance. Indeed, the suppressing effect
of potassium administration on renin activity was often
observed despite the fact that the potassium Ffeeding occa-
sionally induced natriuresis and hyponatremia which would
ordinarily induce increased renin secretion. Furthermore,
the striking increases in serum renin activity associated
with KT depletion were never associlated with sodium diuresis

and in some situations may in fact have occurred despite
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induced sodium retention.

Thus, potassium administration affeéts the renin-
anglotensin—aldosterone system in two ways. It both sup-
presses renin secretion and increases aldosterone production.
Potassium deprivation has entirely opposite effects. lAccord—
ingly, potassium might exert a much greater stimulatory
effect on aldosterone secretion if plasma renin levels were
not concurrently suppreséed. The reason for the suppressive
effect of potassium on renin secretion is not clear, but it
may be related to the simultaneous aétions of aldosterone
to maintain both sodium and pdtassium balance. (See section
C, page 172).

-

IV. Sodium Depletion: Effect of Concurrent Changes in

Sodium ahd Potassium Balance on Renin and Aldosterone

Secretions

Since both sodium and potassium balance have now been
shown to affect both.renin and aldosterone secretion, either
directly or indirectly, it was of interest to examine the
effect of concurrent changes in balance of both of these
catidns on renin and aldosterone secretions.

In a study of five normal subjects who were sodium
deprived for nine dayé, sodium and potassium balance were
carefully monitored (18). It was noted that as sodium de-
pletion was induced, potassium balance became progressively
positive so that a mean accumulation of some 60 mEqQ occurred

(Figure 35). In keeping with these changes, a general trend
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FIGURE 35
EFFEGT OF SODIUM DEPLETION
ON POTASSIUM BALANCE AND INDUGED CHANGES
; IN ALDOSTERONE/RENIN RELATIONSHIP
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Positive potassium balance induced by sodium‘depletion.
Mean data and standard errors are presented from five normal
subjects during nine days of sodium deprivation. In the upper plot,
renin is represented by dots and aldosterone by bars. Potassium re-
tention induced a change in the ratio of aldosterone to renin secret-
ion such that relatively less renin was neede to maintain adequate

aldosterone levels during continued sodium depletion.
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was observed for plasma potaésium levels to increase. How-—
ever, the range of variation in plasma potassium was consid-
erable so that plasma levels were not reliable indicators of
the serial changes in cumulative balance.

As expected, during the first five days, sodium depri-
vation produced serial increases in both aldosterone excre-
tion and plasma renin activity. In fact, at first glance,
they appeared to rise in concert. However, when the aldo-
sterone/renin ratio was calculated for each day it was
found that the ratio rose progressively during sodium
deprivation rather than remaining constant. The observed
changes in cumufative potassium balance may well explain
the change in the.ratio. As described in the previous
section, the positive potassium balance would be expected
to increase aldosterone secretion (162) while retarding the in-
creases in renin secretion (19,20) in response to continued
sodium depletion and this would cause an increase in the
aldosterone/renin ratio. |

These findings suggest that the summation of changes
in plasma renin activity and potassium balance provides
an adequate explanation for changes observed in aldosterone
secretion during sodium deprivation. They also serve to
illustrate that changes in balance of sodium and potassium
are intimately related so that a change in intake of only
one of the two cations does not preclude changes in balance
of the other and these changes are not necessarily reflected
in differences in plasma electrolyte concentration. Thus
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in studies of sodium deprivation in which evidence for

the existence of unknown aldosterone stimulatory factors

are sought (155,156), the effect of changes in both sodium and
potassium balance must be taken into account before the exis-

tence of other factors is postulated.

V. Summary: The Coordinated Hormonal Control of Sodium

and Potassium Homeostasis

The data just presented can provide the basis for
a cybernetic scheme for sodium and potassium homeostasis
(18) . Figure 36 describes this "double-cycle feedback"

"

cybernetic system involving renin, angiotensin and aldosterone

which simultaneously controls sodium and potassium homeostasis.
For simplicity, angiotensin has been omitted since a large
body of evidence indicates that the plasma level of this
hormone is determined by changes in plasma renin activity.'

The Sodium Cycle. The outer cycle of Figure 36 de-

scribes the system for regulation of sodium balance via
changes in renin and aldosterone secretion.‘ In this cycle,
any stimulus producing sodium or volume depletion activates
renal renin secretion and this in turn stimulates aldoster-
one secretion. Aldosterone then causes sodium rétention
with attendant hydremia, and this effect, by restoring
renal perfusion, operates to turn off the original signal
for renin secretion and bring the aldosterone secretory
rate back to the null point.
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FIGURE 36
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The Potassium Cycle. The inner cycle describes the

system which maintains potassium balance. Ingested potas-
sium ions, by raising plasma potassium, stimulate aldoster-
secretion. Aldosterone in turn, by acting on the renal
tubules, restores plasma potassium to normal by promoting
renal potassium excretion. As potassium levels in the
blood fall, aldosterone secretion is again turned off and
restored to the null point. Simultaneously, changes in

plasma potassium also produce direct effects on renal renin

secretion so that a rising plasma potassium level suppresses

renin secretion and vice versa. The changes in renin secre-
N .

tion induced by changes in plasma potassium may operate to

amplify or retard.the capacity for renal excretion of potas-

sium. It should be noted that the concurrently induced
changes in plasma renin activity tend to modulate the ef-
fects of potassium on the aldosterone secretory mechanism
so that although potassium stimulates aldosterone sécretion,
this action is dampened by a concurréntly induced decrease
in plasma renin activity. Accordingly, potéssium might

exert a much greater stimulatory effect on aldosterone

secretion if plasma renin levels remained constant.
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C. Aldosterone: Integration of Its Effect with Changes in

Intrarenal Physical Factors.

There is an apparent conflict in the simultaneous
regulation of sodium and potassium balance by one hormone,
aldosterone. Changes in sodium and potassium balance act
in opposite directions to modify aldosterone secretion
(Figure 36). Positive potassium balance (Kt gain) increases
aldosterone secretion but positive sodium balance (Nat gain)
decreases it. Sodiuﬁ depletion (Nat loss) increases aldo-
‘sterone but potassium depletion (Kt loss) depresses secre-
tion. At the same time aldosterone has been shown to act to
retain sodium gut promote éotassium excretion. Hence, one
would expect that sodium depletion-induced increases in
aldosterone would cause potassium loss and poﬁassium—induced
increases to cause sodium retention. This does not happen.

In fact, the tendency is for the converse situation to occur

(18,162,168-172).

I. Effect of Changes in Sodium or Potassium Intake on the

Overall Balance of the Other Cation

The influence of sodium depletion on potassium balance
is illustrated in Figure 35 (page 167) (17,18). During nine
days of sustained sodium deprivation in five normal subjects,
potassium balance became slowly but progressively positive so
that a mean accumulation of some 60 mEq occurred. This

positive balance is to be contrasted with the neutral ox
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slightly negative balance_during the three day control period.
As expected, sodium deprivation induced a serial rise in both
aldosterone excretion and plasma renin activity. Thus, sodium
depletion and associated hyperaldosteronism did not induce
hypokalemia (Figure 36) but actually caused potassium reten-—
tion and a tendency towards hyperkalemia.

In another study (19) of the effect of various sodium
and potassium intakes in rats, potassium loading caused sig-
nificant natriuresis in both sodium depleted rats and in rats
on normal sodium intake. There was also some tendency for
increasing amounts of sodium in the diet to induce kaliuresis.
Thus changes in sodium or potassium intake seem to affect the

other cation in the opposite direction to that expected on

the basis of induced changes in aldosterone secretion.

II. Effect of Changes in Distal Sodium Supply on Urine

Sodium and Potassium Excretion:

To reconcile this seeming paradox, other factors which
respond to changes in sodium and potassium intake and which
are involved in the regulation of urine sodium and potassium
excretion must be considered (173).

The amount of sodium excreted in the urine is dependent
on the rate of glomerular filtration (GFR) minus the net sum
of sodium reabsorbed from the proximal tubule, loop of Henle,
distal convoluted tubule and collecting duct. Recently,
active sodium secretion has been demonstrated but only in

response to injection of uremic serum (174). Under physio-
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logical conditions, maintenance of sodium balance depends on
adequate reabsorption of sodium from the nephron.

Reabsorption of sodium from the loop of Henle appears
to be load dependent and there is no evidence to suggest
that changes in either sodium or potassium balance alter the
fraction of sodium that is reabsorbed in this>portion of the
tubule (175). However, changes in both sodium and potassium
balance have been shown to affect both GFR (176-181) and
proximal sodium reabsorption (180,182-~188). Increases in
both sodium and potassium balance act to increase GFR and
depress proximal sodium reabsorption. Both of these two
changes increase the amount of sodium passing out of the
proximal tubulé. Since reabsorption from the loop of Henle
is load dependent (175), increases in net sodium leaving the
proximal fubule must result in an increase in the amount of
sodium presented to the distal tubule. Conversely a fall in
either sodium or potassium balance, by reducing GFR and in-
creasing proximal tubule sodium reabsorption, results in
depression of distal tubule sodium supply. A summary of the
effects of changes in sodium and potassium balance on distal
sodium supply are presented in Table 18A.

It can be appreciated that if sodium reabsorption in
the distal tubule and collecting duct, like the loop of
Henle, were load dependent, then changes in distal sodium
supply would inevitably result in changes in urine sodium
excretion (Table 18B).

Filtered potassium is almost completely reabsorbed
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TABLE 18

A. EFFECTS OF CHANGES IN SODIUM AND POTASSIUM BALANCE ON
DISTAL TUBULE SODIUM SUPPLY | o

Increased sodium balance > Increased distal Na: supply
Decreased sodium balance ——> Decreased distal Na supply

. : . +
Increased potassium balance —>Increased distal Na, supply
Decreased potassium balance — Decreased distal Na supply

B. EFFECTS OF CHANGES IN DISTAL SODIUM SUPPLY ON URINE
SODIUM EXCRETION

Increased distal Na. supply—>Increased urine NaI excretion
Decreased distal Na supply-—>Decreased urine Na excretion

C. EFFECTS OF CHANGES IN DISTAL SODIUM SUPPLY ON URINE
POTASSIUM EXCRETION

Increased distal Na+ supply—>Increased urine Ki excretion
Decreased distal Na supply—=-Decreased urine K excretion
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prior to the distal convoluted tubule (1892). Urine potassium
excretion appears to be depéndent almost entirely on secre-
tion in the distal tubule (189-191). Thus maintenance of
potassium balance depends on adequate secretion of potassium
into the nephron. Evidence suggests that changes in distal
sodium supply also affect potassium excretion (175,190).
"Since sodium reabsorption in the distal tubule is not accom-
panied by commensurate chloride reabsorption, a negative
electrochemical gradient develops across the distal tubule
and potassium pasées from the cells into the tubule in an
attempt to restore neutrality (192). Hence, increases in net
sodium reabsorption would result in increased electronega¥
tivity and thug an increase in net potassium secretion. It
can be appreciated that, even if fractional sodium reabsorp-
tion in the distal tubule remained unchanged, increases in
the sodium load to the distal tubule would result in a net
increase in the amount of sodium reabsorbed and thus in-
creased>potas§ium secretion would occur. Therefore, changes
in distal sodium supply can affect potassium excretion

(Table 18C). Increases in distal sodium supply cause more
potassium elimination and decreaées result in a fall in urine
potassium excretion.

When changes in intrarenal physical factors are consi-

dered aldne, sodium induced .increases in distal sodium supply
ought to cause potassium elimination and potassium induced

increases ought to cause sodium diuresis. Conversely, sodium

depletion should be accompanied by potassium retention and

-176~



Aldosterone: Renal physical
factors

potassium deprivation should be associated with a marked in-
crease in sodium balance. In fact, the tendency is for these
changes to occur, but the magnitude of the effect is quite

small.

III. Coordination of Changes in Distal Sodium Supply with

Changes in Aldosterone.

Reabsorption of sodium in the distal tubule is not exclu-
sively load dependent. Aldosterone markedly affects distal
sodium reabsorption (193,194) and thus affects potassium
secretion at least in part via resultant increases in the
electrochemical gradient. Therefore, in analysing the renal
response to chéﬁges in sodium and potassium balance, changes
in distal.sodium,supply and aldosterone must be considered
together.

The effect of variations in sodium and potassium balance
on aldosterone and distal sodium supply and the effect of
the induced changes in aldosterone and distal sodium supply
on urine sodium and potassium excretion are illustrated
diagramatically in Figure 37. Sodium loading results in an
increase in distal sodium supply and reduction in aldosterone
secretion. Both of these changes augment urine sodium excre-
tion. However, although the increase in distal sodium supply
promotes urine potassium excretion, the concurrent fall in
aldosterone acts to reduce net distal sodium reabsorption and

thus retard potassium excretion. Altogether, these two

changes protect potassium balance and result in no net change
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FIGURE 37

EFFECT OF CHANGES IN SODIUM AND POTASSIUM
BALANCE ON DISTAL SODIUM SUPPLY, ALDOSTERONE,
AND URINE SODIUM AND POTASSIUM EXCRETION

SO00IUM POTASSIUM
DISTAL
SODIUM
SUPPLY /
V4
j
*_  ALDOSTERONE
STIMULUS. Sodium Intake Potassium Intake
EFFECT:. Urine Sodium Excretion Urine Potassium Excretion

1 The uppervpanels represent dlagramatlcally the increase
in distal sodlum supply which occurs in response to increasing sodium
and pota551um 1ntake and the resu%ﬁent increase in urlnary |
excretion of both ions, assuming no change in aldosterone.
The lower panels represent the opposite effects of dietary sodium
and potassium on aldoseerone and the opposing effects of aldo-

sterone on sodium and potassium excretions, assuming no change

in distal sodium supply.
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in potassium excretion.

Alternatively, increasing potassium intake results in
augmentation of both distal sodium supply and aldosterone
excretion, both of which promote potassium elimination. How-—
ever, although increased distal sodium supply should result
in sodium loss, the concurrent elevation of aldosterone
secretion increases net distal sodium reabsorption and the

net effect is no change in sodium excretion.

IV. A Cybernetic System for Sodium and Potassium Homeo-

stasis.

The coordination of changes in distal sodium supply
with changes in aldosterone secretion is illustrated in
Figure 38 (18). In the lower panel, factors which alter
distal sodium supply and the effect of these changes are
superimposed on the hormonal variations discussed in the
previous section.

This diagram illustrates the effect of changeg in in-
take of one cation on its own excretion and on the excretion
of the other cation. For example, sodium losé, via increased
aldosterone production and decreased distal sodium supply
results in renal sodium retention which feeds back to turn
off the initial signal. However, increased aldosterone pro-
motes potassium excretion but decreased distal sodium supply
retards potassium excretiont Thus, while the system compen-—
sates to prevent further sodium loss, potassium balance is

maintained neutral.
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The effect of changes in one or both cations on aldo-
sterone and distal sodium supply and the result of the com-
pensation by hormonal and intrarenal physical factors is
presented in Table 19. Under all conditions the system is
able to maintain sodium and potassium balance. Thus, even
when both sodium and potassium intake change together the
system i1s almost perfectly balanced. Concurrent increases
or decreases in both cations together result in increases
or decreases in distal sodium supply but have no effect on
aldosterone secretion. Hence excretion or retention of both
ions 1s concurrently achieved. However, opposite changes in'
sodium and potassium intake cause marked compensation of the
aldosterone coﬁﬁonent, with little change in intrarenal
physical factors” Since aldosterone affects each cation in
the opposite direction, balance is achieved.

The effect of the collecting duct to modulate urine
sodium excretion and the hormonal response to extreme condi-

tions of sodium loading will be considered in the next sec~

tion.
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TABLE 19

COORDINATION OF THE EFFECTS OF CHANGES IN DISTAI SODIUM SUPPLY
AND ALDOSTERONE ON URINE SODIUM AND POTASSIUM EXCRETION

-

Increased Sodium Intake

Effect on

Na+ excretion

Effect on

K+ excretion

Increased Distal Na+ Supply
Decreased Aldosterone

Net Change:

Increased Potassium Intake

Increased Distal Na+ Supply
. Increased Aldosterone

Net Change:

Decreased Sodium Intake

Decreased Distal Na+ Supply
Increased Aldosterone

Net Change:

Decreased Potassium Intake

Decreased Distal Na+ Supply
Decreased Aldosterone

Net Change: : .

Increased Na+ and K+ Balance

Increased Distal Na+ Supply
No Change Aldosterone
Net Change:

Dacreased Na+ and K+ Balance

" Decreased Distal Na+ Supply
No Change Aldosterone

Net Change:

Increased Na+: Decreased K+ Balance

No Change Distal Na+ Supply
Decreased Aldosterone

" Net Change:

Decreased Na+: Increased K+ Balance

No Change Distal Na+ Supply
Increased Aldosterone
Net Change:

increased
increased
increased

increased
decreased

no change -

decreased

decreased

decreased -

decreased

increased

no change

increased |
no change
increased

decreased
noc change
decreased

no change
increased
lnereascea
increased

no change
decreased
decreased

4

increased
decreased

no change

increased
increased

increased

decreased
increased

no change

decreased
decreased
decreased

increased

no change
increased

decreased
no change
decreased

‘no change

decreased
decreased

no change
increased
phereasel
increased



D. Natriuretic Hormone: Its Role’ig Sodium Homeostasis:

Considerable interest and debate centers around whether
or not there is convincing evidence for the existence of a
natriuretic hormone. The possibility of such a hormone has-:
been suspected since de Wardener and his associates (21,123)
showed that dogs could excrete a saline load under conditions
in which no change occurred in the parameters then known to
be involved in the regulation of sodium excretion; i.e.,
glomerular filtration and aldosterone.

Studies from several groups, utilizing cross—~circulation
techniques demonstrated evidence for a natriuretic hormone
(21,123,195—195), but others reported negative findings.(l99,
200) . Otﬁer groups, utilizing such assays as toad bladdex
and frog skin short-circuit current (124,125), and PAH uptake
or sodium transport in kidney slices (126,127) had positive
assays in samples collected under conditions in which natri-
uretic activity might be present. However, the activeA
material was not shown to increase urine sodium excretion.

Concurrent with the search for a natriuretic hormone Wés
the development of evidence that changes in intrarenal physi-
cal factors can alter the rate of sodium reabsorption in the
proximal tubule (185,188). The natriuretic hormone had been
thought by some investigators to affect proximal tubular
sodium transport, since during saline diuresis the amount of’
sodium reabsorbed from the proximal tubule is reduced (183).

The means by which changes in proximal tubular sodium reab-
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sorption occur are stili not completely understood. However,
evidence suggests £hat the rate of removal of resorbate from
the peritubular environment of the proximal tubule is the
determinant (185,188,201) and there is only scanty evidence
for hormonally induced changes in active sodium transport.
Fractional sodium reabsorption in the proximal tubule appears
to fluctuate with changes in hydrostatic pressure in the post~
glomerular circulation (202-204). 1In addition, changes in
viscosity and oncotic pressure in the peritubular capillaries
have also been shown to affect the rate of sodium reabsorption
(202,205). Therefore, although a hormonal effect on sodium
reabsorption iq the proximal tubule has not been ruled out, it
may not be necessary to postulate one.

However, feduction in proximal tubule sodium reabsorption
by itself is inadequate to account for sodium diuresis since
proximal sodium reabsorption can be reduced when urinary
sodium excfetion is not increased (128,129). These results,
and other more recent data (130,206) suggest that differential
changes in sodium reabsorption, which are not the result of
changes in aldosterone, can occur in a more distal portion of
the nephron. Thus saline or hyperoncotic albumin infusions
equally depress aldosterone excretion and proximal sodium re-
absorption, but only saline infusion results in large increases
in urinary sodium execretion (128-130,207). Therefore the site
of action of a natriuretic hormone which would be important
for regulation of urine sodium excretion, should be in a

distal portion of the nephron. In fact, recent evidence
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suggests that the collecting duct may be the site fér final
regulation of sodium excretion' (130,206).

The bicassay, extraction and purification procedures,
described on pages 109-125 , were used to demonstrate
that there .is a substance which appears in the urine and
blood of salt-loaded man or sheep which can induce natri-
uresis when injected into an assay animal (l7,22—24). The
response is characterized by increased sodium excfetion
which is accompanied by inconsistent and usually small
changes in potassium excretion and urine flow. Because of
the nature of the response we suggested that this substance
could be a natriuretic hormone which acts in the distal
tubule to promote sodium excretion. The natriuretic mate-
rial appears to be a protein-like substance with a molecu-

lar weight in the region of 50,000.

Physiology of the Natriuretic Substance:

(1) Response to changes in sodium intake in normal subjects:

Table 20 presents data from assays of urine and plasma
extracts from normal subjects on two different sodium in-
takes. Positive assays were found only in extracts from
salt-loaded subjects. The mean increase in sodium excretion
in the assay animal was 25 times greater than the response
to extracts prepared from sodium depleted normal subjects.
Similar directional changes were observed with two plasma

extracts, although the magnitude of the response was less.
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TABLE 20

ASSAY RESULTS: CUMULATIVE Na+ LOSS IN ASSAY ANIMAL
1, Effect of dietary sodium intake in normal subjects

) Low Na' diet High Na© diet

(a) Urine ’
289%*

369

196

178

2% 297

15 111

27. 404

19 98

] : 529

29 . 346

=15 : ’ 876

18 . 339

0 221

10 39

27 224

Mean 12 Mean 301

(b) Plasma "

4% . 39%*

o 7

Mean 4 Mean 58

2. “Effect of saline infusion in normal subjects and
hypertensive patients

{(a) Urine .. )
- : 356%*
) 209
435
* 77
355
219
Mean 292

o MW
wjo oo

Mean
{b) Plasma

0

2

2 . 92
Mean 4 Mean 166

* = Change in cumulative Na* balance
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FIGURE 39
ASSAY OF
NATRIURETIC AGENT IN PRIMARY ALDOSTERONISM
Urine Extract 0.5 ml Plasma Extract 0.5 ml
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-Positive assays for natriuretic activity!in extracts
of urine and plasma taken from a patient with primary aldo-
steronism. Assay animals were rats with diabetes insipidus

in maintained water diuresis.
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(2) Response‘gg changes in sodium intake in hypertensive

patients:

Urine and plasma extracts from salt-loaded patients
with hypertension also induced natriuresis in the assay
animal. Figure 39 presents assays of extracts from a
patient with primary aldosteronism who was maintained on a
high sodium intake. Both urine and plasma extracts induced
impressive increases in sodium excretion in the test animal.
Sodium excretion increased from 1 to 4.5 pEg/minute in one
assay and from 3 to 8 uEg/minute in the other. Cumulative
losses were 266 and 221 uEqg. Extracts from all hypertensive

LY

patients studied had a similar effect.

(3) Response to saline infusion:

On the right side of Table 20 data are presented from
assays of plasma and urine extracts derived from normal
subjects and hypertensive patients who received saline
infusions. Prior to infusion, a 2 hour control urine speci-
men was collected and 60 ml of blood was drawn. Two liters
of saline were then infused during the next hour and a’
second blood specimen was drawn. The second urine collec~
tion included the hour of infusion and 3 hours after the
infusion was completed.

There was‘little response to control exﬁracts, suggest-
ing that sodium loading is needed to expose the presence of
the hormone. Samples collected dﬁring'saline infusion were
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consistently natriuretic and the natriuretic response in
the assay animal seemed to be greater with urine than with
plasma extracts. |
Taken altogether, these studies suggest that there is
a natriuretic substance which circulates in blood and is
excreted into urine in response to increases in sodium bal-
ance. Natriuretic activity appears when urine aldosterone
excretion is falling (Figure 40) suggesting that when aldo-~
sterone is excreted in increased amounts, nafriuretic
activity is very low. However, when aldosterone exerts the
least action, i.e., during positive sodium balance, the
natriuretic sugstance is present in blood and urine in its

highest concentrations.

(4) Effect of natriuretic extract on glomerular filtration

rate (GER):

No changes in GFR were detected in response to injec—
tion of natriuretic extract. One example of the studies in
which GFR was measured (23) is illustrated in Figure 25,
(page 122). The natriuretic response was not accompanied by
any change(in urine flow, potassium excretion, hematocrit or
glomerular filtration rate. The percent of the filtered
load df sodium excreted increased from 1.3% to 3%. Thus,
the hormone appears to act on tubular sodium reabsorption

and not via changes in filtration rate.
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FIGURE 40 ‘
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(5) site of action of natriuretic activity:

Figure 41 presents an analysis of the relationship
between induced changes in urine flow and sodium excretion.
The percent change in sodium excretion is plotted logarith-
mically on the abscissa. There is no relationship between
the magnitude of the natriuretic response and changes in
urine flow. The curved dotted line represents the change
in urine flow relative to sodium excretion which would be ex-
pected if increases in sodium excretion were accompanied by
commensurate increases in urine flow. Such a situation might
occur during witer diuresis if the hormone acted to depress
sodium reabsorption in the proximal tubule. In all assays
(the assay rat was always in water diuresis) the response
fell to the right of this line, indicating that the natri-
uresis was associated with increased urine sodium concen-
tration. Thus, the natriuretic substance must act, at least
in part, in a more distal portion of the renal tubule where
dilution normally takes place.

No consistent changes in potassium excretion were ob-
served during the natriuretic response. This observation is
also compatible with the absence of a proximal action of the
hormone since decreased proximal sodium reabsorption would
cause increased sodium delivery to the sodium-potassium
exchange site and this would be expected to result in increased
urine potassium excretion . The absence of any change in
potassium excretion in many assays (Figures 25, (page 122 ),39)

suggests that the site of action might be beyond the distal
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FIGURE 41
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Since all points

fall to the right of this line, the results suggest that the.

natriuretic agentldepresses distal tubular sodium reabsorption

at the diluting segment.
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Natriuretic hormone: organ source

convoluted tubule, where potassium is secreted, perhaps in
the collecting duct. This would be in accord with some
recent studies which have demonstrated that, in response

to saline or hyperoncotic albumin infusions, no differences
in fractional reabsorption of sodium can be measured in
fluid collected from the late distal tubule (130) but urine
sodium excretion is much greater in animals receiving the
saline infusion. These and other investigators (175,206)
suggest that the collecting duct may be the site at which

the final amount of sodium in the urine is determined.

(6) Organ sourée:

In a.prelim%nary investigation of the organ source we
extracted the pituitary, brain, spleen, kidneysé liver,
thyroid, parathyroid, pancreas, heart and lungs of a sheep
that had been salt-loaded for several months. Fractiona—'
tion procedures similar to those used for blood and urine
were used. The organ source which exhibited the most im-
pressive natriuresis was the liver. The characteristics
of the natriuretic resgsponse were quite similar to those
induced by plasma and urine extracts. However, since this
was by weight the largest organ extracted and probably con-—
tained large amounts of blood, it is possible that the
effect was not due to storage or synthesis by the liver.
Also, lesser degrees of natriuretic activity were found in
other organs (for example kidneys, heart, lungs and spleen)
so that the data do not permit us at this time to positively
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identify the organ source of the natriuretic substance.

Summary :

We have demonstrated that there is a natriuretic sub-
stance in urine and plasma of salt-loaded normal and hyper-
tensive man and sheep. This substance was undetectable in
subjects on a normal or low sodium diet. Thus the substance
may have physiological relevance.

These observations have been coﬁfirmed by other inves-
tigators using assays which detected changes in sodium
excretion in the rat (188,208) or changes in sodium and
potassium transport in fragments of renal tubules (209).
These other. investigators were also able to distinguish be-
tween extracts from sodium depleted or sodium loaded sub-
jects.

The molecular weight of the natriuretic material ap-
pears to be around 50,000 but this is only a gross estimate
since it is derived from elution characteristics on gel
filtration columns and ultrafiltration. The active substance
may be a polymer of a smaller molecule, or perhaps a fragment
of the large molecule. Other investigators, using different
assays and different fractionation procedures, have suggested
that the molecular weight of their active agent is around
1000. We investigated lower molecular weight fractions Efrom
gel filtration columns but were unable to completely sepa-
rate them from vasoactiﬁe substances or fractions with very
high osmotic activity, both of which could induce natri-
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Natriuretic hormone: Summary

uresis even in the absence of a substance affecting tubﬁlar
sodium transport.

The site of action of the hormone appears to be in the
late distal tubule or collecting duct since the natriuresis
was not accompanied by any consistent changes in urine £low,
potassium excretion or glomerular filtration rate.

In the previous section it appeared that aldosterone
and distal sodium supply could adapt and compensate for
all possible combinations of changes in sodium and potassium
balance. However, as discussed earlier in this section,
there is evidence during massive saline loading in the rat
that final adjﬁétment of urine sodium excfetion can occur
in the coilecting duct under conditions of constant aldo-
sterone secretion.

Available evidence suggests that aldosterone can affect
sodium reabsorption in both the distal convoluted tubule and
the collecting duct (210). However, secretion of potassium ap-
pears to be largely confined to the earlier site, i.e., the
distal convoluted tubule. Since distal potassium secrétion
is associated with approximately a ten to fifty fold greater
reabsorption of sodium (191) final regulation of sodium excre-
tion at the same site seems unlikely. Aldosterone has been )
shown to affect both sodium and chloride excretion. Aldo-
sterone has also been shown to act in the collecting duct,

where potassium secretion is minimal or absent. Thus the
final regulation of urine sodium excretion could be under

aldosterone control, but at a site distal to the potassium
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secretory site.

The natriuretic hormone could act to modify the sodium
chloride retaining action of aldosterone. Alternatively,
it could directly affect the sodium pump, alter the permea-
bility to sodium ions or perhaps enhance the back diffusion of
sodium into the tubule. Thus, the natriuretic hormone might
be ?art of an emergency mechanism which copes with extreme
changes in salt bdlance such as are found during saline
loading or in end-stage kidney disease. A reactive natri-
uretic mechanism could operate to complement the more slug-
gishly responding contrbl effected by the renin-aldosterone

L4

system.
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E. Relationship of Sodium Balance and the Renin-Angiotensin-—

Aldosterone Hormonal System to Blood Pressure Homeostasis:

In the previous sections the hormonal system has been-
analysed with respect to its involvement in maintenance of
sodium balance and potassium balance. This aspect of the
hormonal system appears to function as an almost independent
negative feed-back contrbl system. From the analysis in
Section C (pages 172-~182) it can be appreciated that sodium
balance and potassium balance can be maintained almost
independently of each other, despite being under the control
of one hormone: aldosterone, and despite the fact that
potassium secretion is dependent on the net amount of sodium
delivered to the distal tubule. Therefore it is not unrea-
sonable to consider the second confrol system —-—- for sodium
balance and blood pressure homeostasis -- separately since
changes in sodium balance which affect blood pressure are
unlikely to alter the equilibrium of potassiﬁm (Figure 42).

As illustrated in Figure 1 (page 7 ), the hormonal sfstem
can directly affect blood pressure via the vasoconstrictor
action of angiotensin II. In addition, it can be apﬁreci~
ated that changes in sodium balance, by affecting bldod
volume, can also influence blood pressure via alteration in
filling of the arterial tree (211-213). Thus the second
limb of the hormonal system, aldosterone induced sodium

retention, can also directly support blood pressure. The
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FIGURE 42
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Sodium; BP

interrelationship of these two components of blood pressure,
vasoconstriction and arterial filling, is illustrated by a
study by Ames and coworkers (214) in which prolonged infu-~
sions of angiotensin II were administered to man (Figure 43).
Angiotensin II infusion caused an immediate and sustained
increase in blood pressure. However, after three days it was
found that diminishing amounts of angiotensin II were needed
to sustain ﬁhe increase in blood pressure. This gradual in-
crease in potency of the peptide appeared related to the
accompanying'sodium retention, secondary to angiotensin II
mediated increases in aldosterone production. Thus the |
Vasoconstricto£ action of angiotensin was greatly potentiated
by concurrently induced volume expansion(215).

The guestion arises as to the mechanism of this increased
sensitivity to angiotensin II during positive sodium balance.
One explanation is that the accompanying increased filling of
the arterial tree directly increased blood pressure so that
less and less angiotensin induced vasoconstriction was needed
to sustain the blood pressure elevation. An alternate or per-
haps additional explanation is that, under conditions of pos-
itive sodium balance the vascular tree is more sensitive to
the vasoconstrictor action of angiotensin. Such a possibility
is supported by studies which have demonstrated that the
pressor response to exogenous anglotensin II is greater in

sodium depleted than in sodium loaded man and animals (3,216-218).
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FIGURE 43
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‘excretion and marked sodium retention. After three days

progressively less angiotensin was required to sustain the

blood pressure increase. The increased pressor sensitivity

appeared to be consequent to the sodium retention.
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Sodium: Angiotensin receptors

Studies of Angiotensin II Vascular Receptors:

To study the mechanism whereby changes in the pressor
action of angiotensin II occur, antibodies specific for
angiotensin ITI were injected into rats maintained on differ-—
ent sodium intakes (25). The minimum volume of antibody-rich
serum required to eliminate the blood pressure response to
injection of 50 ng of angiotensin II was determined. As
illustrated in Figure 44, wide differences were observed
in the volume of antibody required depending on the sodium
intake of the rats. However, at each level of sodium in-
take entirely similar amounts of antibody were needed.
Thus, rats on ﬁormal sodium balance required 0.3 ml of
antibody to eliminate the pressor responsiveness to angio-
tensin II, whereas only 0.15 ml were needed in sodium de~
pleted rats but 1.2 ml were required fbr sodium loaded
rats.

Our interpretation of these studies was that the
amount of antibody required to block‘the pressor response
to ahgiotensin II is a measure of the affinity of vascular
receptors for angiotensin II. Vascular receptors are
visualized as competing with the antibody for binding of
exogenous angiotensin II. Thus the more avid the vascular
receptors, the more antibody required to block them.
Hence, under circumstances of sodium lcading, vascular
receptors appear to have greater binding affinity for

angiotensin II than during sodium deprivation. An alter-
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FIGURE 44
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RAAS: Normal BP

native interpretation is that during sodium administration
a larger number of receptors are unoccupied because of thé
lower level of circulating angiotensin (219).

Whatever the true interpretation, increased vasculai
affinity for angictensin II could explain in part the increésed
pressor responsiveness to angiotensin II which was found
during prolonged infusions, after aldosterone~induced sodium

retention has occurred.

rremre— ———

The Role of the Renin-Angiotensin-Aldosterone System in

Normal Blood Pressure Homeostasis:

-

It is quite apparent that the renin-angiotensin-aldo-
sterone system cgn affect blood pressure both by altering
the capacity of the blood vessel via angiotensin II induced
vasoconstriction and by affecting the filling of the arterial
tree by aldosterone induced sodium retention and volume ex-
pansion (Figure 45) (211,212). Of interest is the question of
whether or not the renin-angictensin-aldosterone hormonal
system is normally involved in the minute to minute mainten-— -
ance of blood pressure. Recent studies utilizing ahgioten~
sin II inhibitors have demonstrated that angiotensin blockade
of sodium deprived animals causes a fall in blood pressure
(27,220). However almost no effect was seen in animals main=-
tained on a normal sodium intake (27,221). These sgtudies sug-
gest that in animals the vasoconstrictor action of angiotensin

only participates in maintenance of blood pressure when blood
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FIGURE 45
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volume is compromised. However, in man, angiotensin II seems
to be more important since marked depression of blood pressure
has been noted in subjects who were studied on a tilt table
during angiotensin II blockade (222). This confirms that the
increases in renin seen during change in posture (223) are
important for support of blood pressure.

Altogether it appears that the vasoconstrictor action of
angiotensin is important for maintenance of blood pressure
during adjustment to the upright position, during sodium
deprivation and under any circumstance in which blood volume
and perfusion pressure are compromised. In this construct,-
the system is éiewed as being part of a contingency mechanism
which responds tg situations in which blood pressure is com-~
promised.

The system appears to function as follows:

Renin is released rapidly from the kidney in response
to reductions in blood pressure or in "effective” blood
volume. Renin then reacts with renin substrate, present in
blood in high concentration, to liberate angiotensin'I (Fig~
ure 45). Angiotensin I is converted rapidly to angiotensin
IT during passage through the lungs and blood pressure is
quickly restored by the vasoconstrictor action of angioten-
sin II. Meanwhile, angiotensin II acts more slowly to
stimulate aldosterone production. Only small amounts of
aldosterone are stored in the adrenal and aldosterone takes

up to an hour to act, probably because it first increases
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protein synthesis in the tafget organ, kidney (194). Thus,
the secondary sodium.retaining response of the system slowly
restores sodium balance and improves "effective" blood

volume which turns off the signal for renin release. More-
over, the sodium retention gradually potentiates the vascular
reactivity or vasoconstrictor action of angiotensin II so
that less and less is needed to sustain the blood pressure.

Therefore, as illustrated in Figure 46, arterial pres-
sure i1s protected by the renin-angiotensin-aldosterone system
in three ways. (1) The primary release of renin results in
increased plasma angiotensin II and direct vasocbnstrictor
support of blogd pressure. (2) Secondary increases in aldo-
sterone induce sodium retention and thus helb to increase
blood volume and pressure and tissue perfusion and (3) sodium-
induced increases in vascular receptor affinity potentiate
the responsiveness of angiotensin 1T as the induced sodium
retention and volume expansion act to shut off the signal for
renin release.

In this context, the hormonal system is seen as acting
as an emergency mechanism which responds to reductions in
arterial pressure. Obviously, other factors which include
the neural system respond more rapidly to sustain perfﬁsion
pressure (224) and these are followed and gradually super-
seded by a somewhat slower angiotensin II vasoconstrictor
effect. The net effect of vasoconstriction is £o maintain

perfusion pressure at the expense of reduced blood flow.
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FIGURE 46
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Renovascular hypertension

The other limb of the renin-aldosterone system restores blood v
flow and tissue perfusion by aldosterone induced sodium re-

tention and consequent volume expansion. Therefore the two
components of the hormonal response act in sequence first to
maintain perfusion pressure and then to restore the compromised
blood volume. The first response is supportive, the second

restorative.

The Causal Role of the Renin System in Renovascular Hyper-

tension.

Since theﬂvasoconstrictor action of angiotensin II is
accompanied by sodium retention (mediated by aldosterone),
angiotensin II excess can maintain chronic hypertenéion.
Other vasoconstrictor substances cannot sustain chronic
hypertension since increased blood pressure normally results
in pressuré natriuresis and this tends to restore blood
pressure to the null point so that more and more hormone is
needed to sustain blood pressure elevations (214). However,.
the dual actions of angiotensin II to cause both sodium
retention (via aldosterone) and vasoconstriction cén result
in sustained hypertension because the pressure natriuresis
can be offset by the sodium retaining action of aldosterone.
Thus the renin-angiotensin-aldosterone system is admirably
constructed to sustain chronic increases in blood pressure.

A causal role for renin has long been suspected in
réno#ascular hypertension -- both experimental and natur-
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ally occurring (2,212;225). However, the participation of
renin in maintenance of this form of hypertension has been
questioned since renin is not always elevated in renovas-
cular hypertension (226-229) and not all patients who have
evidence of the disease are cured by renal surgery (230,231).

To investigate the role of renin in experimental |
renal hypertension two different rat models were empioyed.
In one model, one renal artery was clamped to less than
50% of its diameter and the contralateral kidney was left
in place. This model is associated with increased periph-
eral plasma renin due to hypersecretion of renin from the
clipped kidney: but renin release is suppressed from the
contralateral kidney (232,233). The second model ié
similar, but the contralateral kidney is removed. Renin
secretion is not increased in this forﬁ of experimental
hypertension (232,233). 1In two sets of studies, either
angiotensin ITI antibody was injected into these two rat
models or a specific angiotensin II inhibitor (sarl~ala8—
angiotensin II) was infused (26). The eleféted blood pres-
sure waé reduced by both procedures for angiotensin blockade
only in the énimals with two kidneys (Figure 47). An insigni-
ficant fall in blood pressure was observed in the rats with
only one kidney.

These data suggest that angiotensin II is critically
involved in the pathogenesis of the two kidney form of

™~

renal hypertension but appears to play no role in the main-
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FIGURE 47
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remaining renal artery clamped.
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tenance of hypertension in the one kidney model. Thus when
renin is not elevated, it does not appear to participate in
the maintenance of renovascglar hypertension. This study -
points to the key role that renin can play in hypertension,
but it also serves to illustrate that the kidney has an
alternate means for sustaining hypertension.

The role of sodium in maintainiﬁg the elevated blood
pressure in the one kidney model was revealed in a subse-
guent study by Gavras and his co-workers (27) who demon—
strated that blood pressure could be reduced in these
hypertensive animals by angiotensin II inhibitor after a
period of sodigm depfivation. Thus, sodium depletion con-
verted the hypertension from being caused by another factor
(presumably excessive volume) (213,234) to one which was
dependent on abnormal renin secretion.

The physiological basis for the differences in renin
secretion and in the hypertensive process in these two
experimental forms of renal hypertension has application
to the study of human renovascular hyperteﬂéion. In the
two-kidney animals,.the decrease in renal perfusion caused
by the clip around the renal artery has been shown to re~
sult in increased renin secretion from that kidnéy (151,235)
and in the studies just deécribed this excess renin has been
shown to be the cause of the increased blood pressure;_ In
addition, reduction in perfusion pressure to the ¢1ip§éd

kidney resulted in its becoming a sodium-retaining kidney
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(234) but at the same time ﬁhe elevation in systemic arte-
rial pressure has been shown to result in pressure natri-
uresis in the contralateral normal kidney (236,237). This
sodium loss may have provoked further increases in renin
secretion from the ischemic kidney. In contrast, in the
one kidney model, contralateral pressure natriuresis can-
not occur. The resultant chronic sodium retention turns
off renin release and it also sustains a volumé‘dependent

hypertension.

Renovascular Hypertension in Man.

In the foflowing analysis, information gleaned from
the studiés of experimental renal hypertension have been
applied to the naturally occurring forms of renovascular
hyéertension. There has been some controversy as to
whether or not renin is involved in maintaining the blood
pressure elevation in human renovascular hypertension
(2,212,225). The use of peripheral and renal vein renin
measurements to predict curability by unilateral repair or
nephrectomy has not been consistently successful. Since
mortality from associated surgery is as high as 10% in some
studies (230,231,238) it is important to be able to identify
accurately patients potentially curable by surgery.

Since most patients with renovascular hypertension
have two kidneys, theoretically in man one might expect to

find the analogue of the two-kidney experimental hyperten-

-212-




Renovascular hypertension

sion, i.e., increased peripheral plasma renin caused by
unilatéral hypersecretion of renin in association with
suppression of renin from the contralateral kidney. How-
ever, bilateral renal ischemia is not uncommon. Bilateral
renovascular hypertension might be similar to the one-
kidney form of experimental hypertension since contra-
lateral pressure natriuresis might not ensue if the con~
tralateral kidney is also underperfused and cannot excrete
salt normally. Cure of hypertension in these patients by
uninephrectomy might not be expected since reduction iﬂ
renal mass, while removing some excess renin, might result
in more sodium“retention because of reduction in the number
of nephrons and cause elevation of blood pressure by volume
expansion. Thus, the hypertension might be converted from
a renin-dependent form into a volume-dependent form (211).
Hence, it is important to identify accurately those
patients who might benefit from uninephrectomy from those
with bilateral disease in whom repair of the renal artery
might be the process of choice in order to increase func-
tioning renal mass and thus perhaps increase sodium excretion.
Theoretically, to identify two-kidney renovascular
hypertension in man, the following parameters should be
identifiable: (1) elevation of peripheral plasma renin
activity; (2) suppression of renin secretion from the contra-
lateral kidney -- an indication that that kidney is normal

and (3) renal ischemia of the suspect kidney.
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In a study of 28 patiénts with suspected renovascular
hypertension who came to surgery (28) we were able to
analyse, retrospectively, the value of these three para-
meters in predicting curability. All patients who had
elevated peripheral plasma renin were cured by surgery
with the exception of one who had post~operative graft
closure. However, of 10 patients who had normal plasma
renin, 2 were cured, 3 improved, and in 5 hypertension was
not reduced by surgery. Hence, elevated peripheral plasma
renin is a good indicator for cure, but its absence does not
preclude curability.

Suppressign of renin secretion from the contralateral
kidney is a good_ indication that the kidney is functioning
normally and could sustain the patient in the event of uni-
lateral nephrectomy. Contralateral suppression is defined
in Figure 48. Since renin is not cleared to any great extent
by the kidney, when a kidney is secreting no'renin,renal vein
renin should equal arterial renin and all of the renin which
contributes to the peripheral level should be derived from
the other kidney. However, in the absence of contfélateral
suppression of renin secretion V (renal vein renin) minus A
(arterial renin) would have positive value.

Theoretically, V-A = 0 is a good indicator for cure, but
pragmatically it is difficult to predict definitively that
the two values are idential. This problem is compounded by

the fact that in patients with essential hypertension V-A is
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FIGURE 48

: | ' RENAL VEIN RENIN ANALYSIS
The Index of Contralateral Suppression

NORMAL RENIN
Essential Hypertension
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Since renin is not cleared to anj great extent by
the kidney, renal vein renin is ‘equal to arterial renin when
renin secretion is suppressed. Incomplete suépression of rénin
secretion is associated with renal vein renin greater tﬁan arterial

renin. Contralateral suppression of renin secretion is difficult -

to identify accurately since, normally renal vein renin is only’

24% higher than arterial renin (upper figure).
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normally only 24% higher than arterial renin (see page 146 ).
Therefore although contralateral suppression is a good theo-
retical indicator, it is difficult to identify accurately.

For this reason, the third parameter -- identification
of renal ischemia -~ becomes more important. Hosie and co-
workers (151) pointed out that renal vein renin concentration
can be increased both by increasing renin secretion and by
reducing renal blood flow. In a previous section, it was
demonstrated that renal plasma flow is inversely related to
renal vein renin when considered in relationship to arterial
renin [(V—A)/Al and renal blood flow can be calculated from
renal vein renin measurements when renin is secreted from
only one kidney (16). Under these conditions, (V-A)/A > 0.48
is always associated with reduced renal biood flow. (V~A)/A
was estimated for both kidneys of the 28 patients included
in the study (?igufe 49). All but one of the cured or im-
proved patients had an elevated (V-A)/A from the suspect
kidney and all exhibited contralateral suppression (V-3)/A <
0.38 (i.e. mean + 2 SD of cured patients). The one excep-
tion was patient J.O;‘in whom the combined renal wvein renins
were only 10% higher than the arterial level. This low
value suggests that renal venous blood was not collected
since this value is not high enough to sustain the periph-
eral level (see page 145).

Seven of 8 patients in whom surgery was not successful

either failed to demonstrate elevated (Vv-a) /A from the sus-
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~FIGURE 49 -
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Preoperative stenotic and contralateral renal vein renin
relative to arterial renin in 28 patients. All cured or improved
patients (18) had contralateral renin suppression (shaded afea _
0.08 + 2 sD) and all but JO, in whom there was a technical error,
had abnormally elevated (V-A)/A from the stenotic kidney [shaded area=
(V—A)/A < 0.48] indicating renal @lasma flow reduction. In contrast,
no patient who failed to respond to successful surgery (7) met both

of these criteria. RK had postoperative graft occlusion.
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pect kidney (N=4) or secreted renin from the presumably
normal kidney (N=3). The one patient in whom we would
have predicted cure had post—-operative graft occlusion.

A scoring system has been developed which mathemati-
cally evaluates the wgight of each of the three parameters
(1) elevated peripheral plasma renin, (2) contralateral
suppression, i.e. (V-A)/A < 0.38, and (3) renal ischemia,
i,e, (Vv-A)/A > 0.48. Using this system we have been able
to predict consistently the curability of patients suspected

of having curable renovascular hypertension.

Summary

The renin—aﬁ§iotensin—aldosterone hormonal system appears
to participate in normal blood preséure regulation and in
causation of some forms of renovascular hypertension. The
system restores reductions in perfusion pressure by the direct
vasoconstrictor action of angiotensin II followed by restora-
tion of blood volume via aldosterone mediated sodium retention
which turns off the signal for renin release, while potentiat-—
ing the vasoconstrictor effect of angiotensin IT.

The hormonal system can sustain chronic hypertension be-
cause the increased arterial pressure associated with angio-
tensin II excess is not associatéd with sustained pressure
natriuresis since it is accompanied by aldosterone mediated
sodium retention.

An understanding of the mechanisms which can sustain
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experimental renovascular hypertension, togetﬁer with an
appreciation of the normal relationships of renal vein renin
to arterial renin has enabled differentiation of those pa-
tients with renovascular hypertension who can be cured by
surgery. The success of this approach lends credenﬁe to the
idea of the dual nature of blood pressure support -- i.e.,
volume and vasoconstriction -~ and supports the vieﬁ that
the renin-angiotensin-aldosterone hormonal system can be

importantly involved in maintenance of hypertension.
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SUMMARY

This memoir has considered the regulation of sodium and
potassium balance and blood pressuré homeostasis by the renin-
angiotensin-aldosterone hormonal system.

First, improved methods for measurement of renin and
aldosterone have been described. Plasma renin activity is
measured by a radioimmunoassay in which angiotensin»I, gener-
ated by the reaction of plasma renin with its substrate during
3 or 18 hours incubation, is quantitated.ﬁ Blank subtraction
is eliminated and accuracy enhanced by complete inhibition
of angiotensinases and converting enzyme. Improved assay
sensitivity has been achieved which is important for detect-
ing about 30% of ‘patients with essential hypertension who
exhibit subnormal renin levels. However, using three other
methods recommended by commercial kits, most low renin samples
were undetectable and indistinguishable from many normal
renin samples.

A double isotope derivative method was described for
measurement of the ﬁrinary acid-labile conjugate of aldoster-
one. Though time consuming, the method provides accuracy and
reproducibility. Evidence is presented for isotope fraction—
ation of 3ﬁ from 14C aldosterone diacetate during column and
paper chromatography. Data from this method are inter-
changeable with those derived from a more recent radioim-
munoassay method which provides greater sensitivity and

capacity. Procedures were developed for radioimmunoassay to
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separate aldosterone from cross-reacting steroids. For urine
samples, the acid-labile conjugate of aldosterone is separated
merely by extracting cross-reacting steroids into methylene
chloride. For plasma aldosterone, a celite partition column _
accomplishes separation.

To investigate the existence of a natriuretic hormone,
extraction, concentration and purification procedures were
developed in conjunction with a semi-automated rat bioassay .
for detecting changes in urine sodium excretion. Urine and
plasma samples were fractionated and a natriuretic substance
separated which could have physiological relevance since it
was found onlykin extracts from sodium-loaded patients.‘
Evidence suggests that this substance affects sodium reab-
sorption in the distal tubule at a site beyond that for
potassium secretion. |

Studies of plasma renin "activity" revealed that, nor-
mally, renin substrate concentration is rate limiting.
However, under steady state conditions, no relationship was
found between substrate concentration and piasma renin
activity. Therefo;e from a physiologic standpoint, renin
secretion'appears to compensate for changes in substrate con-
centration to maintain an appropriate rate of angiotensin
generation. Heparin was shown to be a specific competitive
inhibitor of the reaction between renin and renin substrate.

In patients with essential hypertension, a constant
fractional increment in renal venous renin, relative to

arterial renin was observed over a. wide range of peripheral
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renin levels. These data indicate that the clearance of
renin is a constant fraction of peripheral renin and that
plasma renin activity reflects renin secretion.

Studies in normal subjects revealed that renin and
aldosterone respond to, and appear to affect, urine sodium
excretion, even at high sodium intakes. Also, during 11
days of sodium deprivation, as expected, renin and aldo-
sterone sécretions increased. But aldosterone increased
proportionally more than renin. The discrepancy could be
explained by accompanying potassium retention. This study
highlights the importance of both trophic stimuli for aldo-
sterone,-angioéensin IT and potassium.

The importance of another coordinate in the renin-aldo-
sterone system was revealed when potassium administration to
man and rats suppressed renin secretion and potassium
deprivation increased it.

Notwithstanding these interrelationships, sodium and
potassium homeostasis cannot be explained solely in terms of
the two renal actions of aldosterone to promote sodium reab-
sorption and potassium secretion since the simultaneous effect
on both ions would lead to inappropriate variations in one
when intake of the other changed. A balanced control system
can be proposed 1f the concurrent effect of.both sodium and
potassium on glomerular filtration iate and proximal tubular
sodium reabsorption, and consequently distal sodium supply,

are taken into account. Changes in distal sodium supply
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can affect urine sodium excretion, but when aldosterone
is high, more sodium is reabsorbed distally. This results
in increased potassium secretion and reduction in sodium
excretion. Thus, urine sodium excretion is inversely related
to aldosterone activity and directly related to distal
sodium supply, whereas potassium excretion is directly
related to both aldosterone and distal sodium supply.
Hence, changes in distal sodium supply counterbalance the
dual and opposing actions of aldosterone, allowing one
ion to be held constant in the face of large excess or
paucity of the other.
. Control ofi blood pressure by the renin-angiotensin-~
aldosterone system proceeds-simultaneously. Studies in-
dicate that a poéitive sodium balance increases pressor
responsiveness to angiotensin II both hydraulically and
by increasing vascular receptor affinity for it.

Studies in rats of the role of renin and angiotensin
in renovascular hypertension, revealed that hypertension
is maintained in one model (two kidneys, one renal artery
clamped) by vasoconstriction due to increased angiotensin
II. However, in another model (uninephrectomized, remaining
renal artery clamped) blood pressure is not sustained by
excess angiotensin. Improved understanding of the mechanisms
of hypertension in these models led to a new analysis of
the human counterpart. Three criteria were developed.which,

in combination, have been successful in identifying curable
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unilateral renovascular hypertension: (1) elevated peripheral
plasma renin in relation to sodium excretion, i.e., demonstrat-
ion that excess renin secretion sustains the hypertension,
(2) complete contralateral suppression of renin secretion, -
i.e. an indicator that the contralateral kidney is unaffected
and (3) renal ischemia of the suspect kidney. This last
parameter can be quantitated simply by comparing the relationship
of renal renin to peripheral renin with data derived from
patients with essential hypertension.

It is proposed that the renin-angiotensin-aldosterone
system comprises two interacting negative feed-back loops.
In one, sodium “and potassium balance are maintained by
aldosterone coordinated with changes in distal tubular sodium
supply. In the other, blood pressure is supported by
aldosterone coordinated with angiotensin. When the effective
blood volume is compromised, angioteﬂsin IT vasoconstriction
acts to support blood pressure until aldosterone induced
sodium retention restores blood volume and turns off renin

release.
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