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SUMMARY

This thesis presents the results of six year*s work on

macromolecular clearance determinations.

This work is placed in context by an introductory review

of literature relating to the physiology of protein excretion.

Early concepts of the mechanisms involved in proteinuria are

discussed. Among the studies reviewed are observations on

micropuncture of the glomeruli and proximal tubules, clearance

experiments, stop-flow analyses, histochemicai findings, and

electron microscopy studies, It is concluded from this review of
%

the literature that some protein is filtered at the glomeruli, but

that in health virtually all of this is reabsorbed by a process

which, for albumin and molecules larger than albumin, is non¬

selective, Reasons are given for the opinion that tubular

secretion of protein is unimportant.

The immunodiffusion method used in protein clearance studies

is then described, along with the gel filtration technique used to

determine protein, dextran, and polyvinylpyrrolidone clearances.

The errors involved in these techniques are discussed.

Results are presented for protein clearance studies carried

out in parallel by the two techniques. From an analysis of these

results it is concluded that in patients excreting over l.OG of

protein daily, -K (the index of protein selectivity by the immuno¬

diffusion technique) is related to A (the index of selectivity by

the gel filtration technique) by the formula A = 0.73 (-K).
Dextran and protein selectivity values are compared in normal

subjects, in proteinuria induced by plasma infusion, and in a



variety of disease states. In minimal lesion glomerulonephritis,

membranous glomerulonephritis and in induced proteinuria, dextran

and protein selectivity values are in substantial agreement. In

normal subjects under normal conditions, in proliferative glomerulo¬

nephritis, in postural proteinuria, and in acute ischaemic renal

failure, dextran selectivity values are consistently and consider¬

ably higher than protein selectivity values. These findings are

explained in terms of differences in the renal handling of protein

and dextran and in terras of differences in the mechanisms involved

in proteinuria in the various conditions described. From the

experiments on induced proteinuria it is concluded that the

filtration of protein at the normal glomerulus, like that of dextran,

is highly selective.

The results of protein selectivity determinations in 207

patients with major proteinuria are presented and related to the

histological diagnoses. Selectivity values in minimal lesion

glomerulonephritis are consistently high, while in patients with

renal failure proteinuria is uniformly unselective.

The relationship between protein selectivity and prognosis

is assessed in 197 patients. A very high selectivity (-K over

2.6) is associated with a very good prognosis (3 year survival

with functioning kidneys of 96%). A very low selectivity (-K less

than 1.4) is associated with a poor prognosis (3 year survival of

27%).

The relationship between selectivity and responsiveness to

steroid therapy is assessed in 82 treated patients. In our

experience, a selectivity value of 2.0 or less is consistently



associated with unresponsiveness to steroid therapy• While prompt

abolition of proteinuria following steroid therapy is to be

expected only in patients with minimal lesion glomerulonephritis,

comparison of the outcome at 8 weeks in 30 treated proliferatives

with findings at 8 weeks in 26 untreated controls with similar

histology shows a significant reduction in proteinuria in response

to steroids in patients with proliferative histology and selective

proteinuria.
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PREFACE

There have been major advances in the treatment of chronic

renal failure over recent years. Our ability to halt or reverse

deterioration in renal function, however, remains unimpressive,

and we are equally impotent in the field of prevention* Despite

the evolution of sophisticated diagnostic techniques in the field

of nephrology, our understanding of first causes is sketchy in

the extreme.

Some answers to the fundamental unsolved questions which

still confront the renal physician may come from the correlation

of data derived from a number of fields of study. Any technique

which sheds light on the pathophysiology of renal disease is

potentially of importance in this respect.

One of the many laboratory techniques which has received

attention over the past decade is that of differential protein

clearances, or protein selectivity determinations. Such deter¬

minations are said to give an index of glomerular permeability to

macromolecules, and it has been claimed that selectivity results

can be of help in the diagnosis of the aetiology of proteinuria,

in assessing prognosis, and in selecting patients for steroid

therapy•

Clearances studies of protein, dextran and polyvinyl¬

pyrrolidone have been carried out in Edinburgh over the past six

years. This thesis gives an account of these studies. An

attempt has been made to assess the value of selectivity determin¬

ations in the clinical situation, and also to indicate the light

which studies on macromolecules shed on the function of the kidneys



in health and in a variety of disease states,

A glance at the table of contents may suggest that the

introductory review of the literature is inordinately long.

This preliminary discussion is detailed because selectivity

studies cannot be discussed meaningfully except in the context

of what is known of the pathophysiology of proteinuria. There

are many tubular convolutions between the glomerular filter

and the collection bottle, and it cannot be taken for granted

that urinary phenomena reflect glomerular events. The very

title of this thesis assumes that selectivity determinations

measure glomerular permeability. An assertion of this kind

must be justified, critically and in detail.

The work described in this thesis was carried out by a

research team of which I have been a member since 1964, It was

initiated by Dr. James Robson and financed by the Scottish

Hospitals Endowment Research Trust, The immunodiffusion studies

were carried out by Dr, Pamela Maclean and by technicians trained

by her. The gel filtration technique was developed jointly by

Dr, Maclean and myself, and estimations by this technique were

carried out by one or other of us. Samples tor protein

selectivity determinations were obtained from patients by the

staff of the medical renal unit. Clinical experiments involving

the infusion of albumin, dextran or polyvinylpyrrolidone were

carried out by myself. The various studies undertaken were planned

jointly by Dr. Robson, Dr, Maclean and myself. The composition

of this thesis represents my own unaided work.



SECTION I

INTRODUCTION



!• The Mechanisms involved in the Excretion of Protein by the

Kidney

It is currently held that protein is filtered at the

glomerulus in amounts depending on the size of the molecules

concerned, and that the bulk of what is filtered is reabsorbed by

the tubules. Some protein enters the urine as a result of

desquamation of the cells lining the renal tract, but tubular

secretion of protein is thought not to occur.

Since these concepts are central ones in the interpretation

of the results of protein clearance studies, it is pertinent to

give an outline of how they evolved, and of the experimental work

on which they are based.

a. Early Concepts of the Mechanisms Involved in Proteinuria

Cushny (1926) propounded what became known as the "classical"

theory of urine production. He held that the tubular fluid

produced by the glomerulus was a true ultrafiltrate of plasma,

and as such, was entirely free of protein.

In the nineteenth century Claude Bernard (1859) cited work

by Berzelius and also experiments of his own which showed that

egg white protein appeared in the urine of experimental animals

following injection, and also in the urine of human subjects

following the ingestion of raw eggs. Ascoli (1902) showed that

the injection of egg white into rabbits resulted in proteinuria.

Using an immunological technique, he proved that rabbit serum

albumin appeared in the urine in addition to the injected egg

protein. Ponfick (1875) found that haemoglobin appeared in the

urine of certain patients following reactions to transfusion.



These facts were of course well known to Cushny. He

explained them by stating that ovalbumin and extracellular

haemoglobin were proteins foreign to the circulation* and although

the normal glomerulus was impermeable to endogenous protein,

renal mechanisms existed for the elimination of foreign protein.

In their passage through the glomerulus, they caused damage to

its structure, and the escape of normal proteins into the urine

was the result of this damage.

The idea that proteinuria was the result of abnormal

proteins rather than abnormal kidneys was a prevalent one in the

1920s. Munk, Benatt, and Flochenhaus (1925) suggested that in

"lipoid nephrosis" there was a change in the physico-chemical

characteristics of the body colloids, and that the renal changes

were secondary to abnormal colloid metabolism. Epstein (1928)

put forward the concept of "diabetes albuminuricus", wnere as a

result of a generalised metabolic disease the serum proteins

became waste products and were therefore excreted by kidneys which

then became damaged as a secondary effect. Andrews et al (1929)

stated that toxic nitrogenous substances became complexed with

normal serum proteins in certain disease states. The protein-

toxin complex, being foreign to the circulation, was then excreted

by the kidneys.

Bayliss and his co-workers were, however, unimpressed by the

concept of the kidney automatically excreting foreign protein and

automatically retaining normal endogenous protein. They felt that

since the glomerulus was a filter, molecular size would tend to

have more bearing on the occurrence of proteinuria than whether the



protein was foreign to the circulation (Tookey-Kerridge and

Bayliss, 1932; Baylies, Tookey-Kerridge and Russell, 1933)*

Thanks to the work of Svedberg (1930) on the determination of the

molecular weight of a number of proteins by ultracentrifugation,

they were able to test their hypothesis. Protein excretion was

measured in intact cats and rabbits, and in the isolated dog

kidney-lung-pump preparation. It was found that the infusion

of gelatin, ovalbumin, and hence Jones protein (all substances

with molecular weights of well under 60,000) resulted in the

appearance of substantial amounts of protein in the urine. The

infusion of albumin, globulin, casein, edetin, and haemocyanin

(molecular weights over 60,000) did not result in proteinuria.

Haemoglobin (M.W, 63,000) occupied an intermediate position,

giving rise to haemoglobinuria only when its serum concentration

was above a minimum "threshold** level. Their failure to

demonstrate any proteinuria at all following the infusion of the

larger molecules led them, Bayliss and his colleagues, to

postulate a relatively sharp "cut off" in glomerular permeability

at a molecular weight of about 60,000,

More recent studies indicate that the glomerulus filters

minute amounts of quite large proteins (Dirks et al, 1964), but

since they infused small amounts of protein, and carried out their

estimations on unconcentrated urine, Bayliss, Tookey-Kerridge and

Russell did not demonstrate this. Their work, however, indicated

that the occurrence of proteinuria depended more on the molecular

size of the protein concerned (and hence the permeability of the

glomerulus) than on the endogenous or exogenous origin of that



protein.

Cushny (1926) had postulated that renal injury resulted

from the excretion of foreign protein. Bayliss et al (1933)

found no histological evidence of such injury. They admitted,

however, that their work,left this particular question open,

aB renal lesions resulting from proteinuria could well be

3ubmicroscoplc.

The ingenious cross-circulation studies of Brull (1931»

1934) cast doubt on the idea of significant and lasting renal

damage being a necessary consequence of the excretion of foreign

protein. The renal circulation of a "test dog" was isolated in

such a way that it could be perfused with blood from either of

two "donor dogs". One donor dog served as a control; the

second was rendered proteinuric by the injection of either egg

white or haemoglobin. Blood from the proteinuric dog, when

perfused through the kidneys of the test dog, produced proteinuria

in the test dog. This procedure was followed immediately by

perfusion of the test dog's kidneys by blood from the normal,

non-proteinurie dog. Protein disappeared within minutes from

the urine produced by the test dog's kidneys. The transient

perfusion of the test dog's kidneys by blood containing ovalbumin

or haemoglobin had clearly not x^esulted in renal damage of

sufficient severity to give rise to persistent proteinuria.

These experiments, in conjunction with more recent work

(Terry et al 1948; Petrie et al 1970) indicate that proteinuria

per se does not give rise to major and lasting glomerular damage.

It should however be noted that alterations in the epithelial cell



foot processes of Bowman*s capsule can be demonstrated with the

electron microscope in normal animals made proteinuric by the

infusion of albumin or other proteins (Ashworth and James, 1961}

Anderson and Recant, 1962; Post, I960).

Since Cushny (1926) believed that the glomerulus was

normally impermeable to serum proteins, it was not necessary for

him to consider the question of tubular reabsorption of filtered

protein. If the normal glomerulus is in fact sparingly permeable

to plasma protein, however, it becomes necessary to postulate a

tubular reabsorptive mechanism for protein. The volume of

the glomerular filtrate is vast in comparison with the volume of

urine excreted. In the absence of a reabsorptive mechanism,

trace amounts of protein in the glomerular filtrate would lead to

substantial concentrations of protein in the urine - in normal

individuals. The demonstration of detectable quantities of

protein in the glomerular filtrate, therefore, would imply the

existence of a tubular reabsorptive mechanism for protein.



b) Evidence for the PreBenoe of Protein in the Glomerular

Filtrate

Cerebrospinal fluid, produced by filtration at the choroid

plexus, contains between 10 mgX- and 30 of protein in health.

By analogy, the glomerular filtrate might be expected to contain,

protein in concentrations of this order. More direct evidence

on this point is to be found in micropuneture studies of the

fluid in the glomerular capsular space and in the proximal

tubule.

Y/earn and Richards (1924) performed micropuncture studies

in the frog and in nectarus, obtaining fluid from the capsular

space around the glomerulus. The amounts of fluid obtained were

minute, and methods of protein estimation at that time were lacking

in sensitivity. They were, however, able to conclude that

protein was present in the capsular fluid, but the concentration

of this protein was less than 50

Ekehorn (1931) had similar technical problems in relation

to his micropuncturs studies on the frog. His findings, however,

supported the concept of tubular reabsorption of protein, since a

semi-quantitative method showed that protein could be present in

the glomerular filtrate while absent from simultaneously collected

bladder urine.

The first mammalian micropuncture studies were carried out

in 1941. (Walker et al, 1941; Bott et al, 1941). Walker and

his colleagues demonstrated protein in 14 out of 41 specimens of

capsular fluid obtained from normal rats and guinea pigs. Where

protein was not found this did not mean that it was not present;

the method used could not detect protein in concentrations of less



than 30 mg-A The protein concentration in the specimens in

which protein was detected ranged from 80 mg/' to 200 mgfo*

Dirks, Clapp, and Berliner (1964) studied fluid obtained

from the proximal end of the proximal tubule of normal dogs.

They used an immunological method of protein assay with a

sensitivity for albumin of 2 mg$ and for globulin of 5 mg^. In
/

18 samples, no protein could be detected. In the 20 samples
I

in which it was possible to measure the protein concentration,

the mean albumin level was 5.9 Globulin was detected in

two samples only. These figures are substantially lower than

those obtained by other workers. Species difference may be

part of the explanation; normal rats excrete considerably more

protein in relation to body size than normal dogs. The site

of micropuncture may also have had an important bearing on the

results. Electron microscopy studies,(Ashworth arid James, 1961;

Anderson and Recant, 1962; Graham and Karnovsky, 1966) indicate

that substantial protein reabsorption occurs in the epithelium

of Bowman's capsule. It is probably incorrect to assume that

proximal tubular fluid represents glomerular filtrate. Carone

and von Haeme (1965)# for example, showed that while the capsular

fluid of the rat contained a mean protein concentration of 73 mg^,
the protein concentration in the fluid obtained from the proximal

tubule was of the order of 10 mg;'.

Bickford and Winton (1937) devised a method for obtaining

glomerular filtrate which did not involve micropuncture. They

studied the effect of varying the temperature of the perfusate in

the isolated mammalian kidney. At temperatures of between 4°G and

15°C tubular reabsorption became abolished, and measurement of the



urea, creatinine and electrolyte content showed that the

composition of the urine approached that of an ultrafiltrate

of plasma.

Dock (1942) used a modification of this technique to

determine the protein content of the glomerular filtrate. The

haemoglobin clearance of his preparations was found to be 3$ to

5f» of the creatinine clearance, suggesting that glomerular

permeability was altered little by the procedure. Dock found

that the protein content of the urine obtained from rabbit

kidneys perfused with ice cold saline was between 15 and 22

The Japanese workers Ozawa and. Yamauchi (1963) carried

out similar experiments, and in addition performed protein

electrophoresis on the perfusate and on the urine obtained from

their chilled isolated rabbit kidney preparations. They noted a

strong correlation between the perfusion pressure and the protein

content of the urine obtained. At low perfusion pressures, the

urine contained predominantly albumin; as the pressure increased

the electrophoretio- pattern of the urine obtained became more and

more similar to that of the plasma perfusate. They decided that

a perfusion pressure of between 35 and 40 mm of Hg represented

approximately physiological conditions. The urine creatinine

concentration was found to be slightly higher than the plasma

concentration, indicating a degree of water reabsorption.

Applying a correction based on the U/? creatinine ratio, they

calculated from the protein concentrations found in the urine that

the glomerular filtrate contained on average 26 mg,C of protein.

It will be seen from the above account that estimates for

the protein content of the glomerular filtrate vary considerably -

depending in part on the methods used in the studies, and in part



on the experimental animal employed* The results of Dirks et
i

al (1964) suggest a concentration of about 5 og$. Carone and

von Haeme (1963) obtained a figure of about 70 mgji. The

concentrations obtained by other workers fall between these two

extremes.

Caution must obviously be exercised in applying these

results to man. Even where the architecture of the nephrons

in different animals appears similar, important species

differences in renal function are known to exist. These

differences tend to be of degree rather than kind as far as

mammals are concerned, however. It would appear overwhelmingly

probable that some protein is present in the glomerular filtrate

of man. Since the volume of this filtrate is about 180 litres

per day, and the daily protein excretion in man is only about

40 mg, there must be tubular reabsorption of at least

1*8G per day, even if the protein concentration of the filtrate

is as low as 1 mg?i# If the protein level in the filtrate was

25 ragfo, the daily level of protein reabsorption in the tubules

would be about 45& per day.
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Cm Histological Observations Relating to Tubular Reabsorption

and Tubular Secretion of Protein

Further evidence concerning the mechanisms involved in

proteinuria is to be found in the results of histological and

histochemical studies on the renal tubules. The nineteenth

century pathologists - particularly those of the German school -

were interested in discrete, spherical bodies observed within

renal tubular cells. The nature and origin of these droplets

gave rise to considerable controversy (Lehnert, 1912), but as

a result of a review of the subject by Fahr (1925) it became

accepted for a time that they were "degenerative" and reflected

damage to renal tubular cells.

Terbruggen (1931) challenged Fahr's conclusions following

a detailed study which involved the examination of autopsy

material from 1000 randomly selected cases, and also experimental

studies on the rat. In 664 of the autopsied cases, droplets

were noted in the proximal tubules# 88 of the patients had

established renal disease, and of this group, 53 had droplets

within their tubular cells. Since the presence or absence of

renal disease did not appear to affect the incidence of droplets

appreciably, Terbruggen doubted the postulate that they were histo¬

logical evidence of tubular cellular damage. He concluded that

they represented tubular secretion of protein.

In cases of the nephrotic syndrome,however, many of the
tubules contained large amounts of proteinacious material within

their lumina. The cells lining these tubules contained large

numbers of droplets, Terbruggen suggested that in this particular

situation droplets might be the result of tubular reabsorption
rather than tubular secretion.
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In his animal experiments Terbruggen noted that droplets

were a constant finding in the tubules of normal rats.

Starvation led to a decrease in their number, while an acrease

resulted from the injection of sodium caseinate. Intraperitoneal

sodium caseinate also led to sin increase in the protein content
ft

of rat urine, Terbruggen concluded that in the rat, as well as

in man, droplets arose from the tubular secretion of protein.

Much earlier, Ponfick (1875) had noted that droplets giving

the staining reactions of haemoglobin appeared in tubular cells

in association with haemoglobinuria. Like Terbruggen, he

interpreted this finding in terms of the tubular secretion of

protein.

The presence of protein-containing droplets in tubular

cells, and an increase in the number of these droplets in

situations associated with proteinuria, can be explained either on

the basis of tubular secretion of protein or on the basis of

tubular reabsorption. There is in fact a considerable body of

evidence which suggests that tubular secretion of protein does

not occur.

The first observations on this point date back to 1877#
when Nussbaum carried out experiments on renal artery occlusion

in the frog. The frog has a double blood supply to its kidneys.

The glomeruli are supplied by blood from the renal arteries, but

the tubule3 are perfused by a renal portal system arising from the

iliac veins. A degree of anastamosis exists between the two

systems, but glomerular filtration is suppressed by occlusion of

the renal arteries (Randerath, 1937)#
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Nussbaum (1877) found that tying the renal arteries of

the frog did not lead to suppression of urine formation; urine

continued to he formed by a process of tubular secretion Progs

made proteinuric by the injection of egg albumin, however, lost

their proteinuria after ligation of the renal arteries, although

the excretion of urea appeared to be relatively unimpaired.

This finding suggested that proteinuria was dependant on the

process of glomerular* filtration.

Bieter (1931) studied proteinuria in the fresh water

catfish, the europhyline eel, and the toadfish. The first two

species mentioned possess glomeruli. The kidneys of the

toadfish, however, are aglomerular; urine being produced entirely

by a process of tubular secretion.

Bieter found that exposure of the eel or the catfish to

asphyxia, poisoning with mercuric chloride, haemoglobin injection,

or egg albumin injection gave rise, in every experiment, to

readily demonstrable proteinuria. ¥?hen the same stimuli were

applied to the aglomerulate toadfish, proteinuria was never

produced in detectable quantities. Bieter argued that proteinuria

did not occur in the absence of glomeruli, and therefore the

tubular secretion of appreciable quantities of protein did not

occur.

Gerard and Cordier (1931) noted that droplets arose at the

luminal (brush border) edge of the tubular cell, and migrated

later to the basal border. Lambert (1932) made the same

observation a year later. These workers pointed out that this

localisation of the droplets within the tubular cells suggested
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that they were evidence of reabsorption rather than secretion.

Oliver (1950), Randerath (1937), Rather (1948) and Smetana

(1942) confirmed these observations and agreed that droplets

were indicative of tubular reabsorption of protein rather than

tubular secretion.

Gerard (1936) and Gerard and Cordier (1932, 1933) also

confirmed that in animals with a renal portal system similar to

that of the frog, suppression of glomerular filtration led to

the suppression of droplet formation - despite continued urine

production by means of tubular secretion. This work almost

clinched the reabsorptive origin of hyaline droplets, but it was

open to one criticism. Interference with the renal arteries

might have led to metabolic dysfunction of the tubular cells,

rendering them incapable of droplet formation. This one remaining

doubt was dealt with by Lison (1937). After ligation of the renal

arteries of animals possessing a renal portal system, he injected

protein into the lumen of the proximal tubule by a micropuncture

technique. Droplet formation occurred. The tubular cells

had obviously retained their ability to form droplets. The

presence or absence of droplets depended on the presence or absence

of protein in the tubular lumen. Droplets are therefore evidence

of tubular reabsorption of protein and not of tubular secretion.

Dock (1942) reported studies on rats in which he employed

the strongly protein-bound dye Evan's blue. Following the

injection of this dye into normal rats, no blue coloration could

be detected in the urine. Definite traces of the dye were however

noted in vacuoles in the proximal tubular cells. Dock argued

i
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that small quantities of protein, labelled with the blue dye,

were escaping into the glomerular filtrate and being reabsorbed

by the proximal tubular cells.

The demonstration that droplets resulted from the

reabsorption of protein left a number of unanswered questions.

From the micropuncture studies on the protein content of the

glomerular filtrate discussed in section (b) it would appear that

normal kidneys reabsorb several grams of protein daily. Yet

droplets are observed only occasionally in normal kidneys under

normal circumstances. The work of Smetana (1947) intensified

this paradox.

He carried out studies on the salamanders and mice, using

the protein-bound dye 2-naphthol 3:6 disulphonic acid. In both

species, he demonstrated droplets of protein stained with this

dye in the proximal tubular cells. In his mammalian experiments,

he showed persistence within the renal tubular cells of the

protein-dye complex for a period of several weeks. He concluded

that the renal tubular cells did not reabsorb protein in the

usually accepted sense of the word. They simply stored protein

molecules in droplet form until the cells containing the droplets

underwent desquamation.

It is clear that a storage mechanism of this kind would be

incapable of removing many grams of protein daily from the

glomerular filtrate.

Rather (1952) suggested that the dyes used by Smetana might

have interfered with the metabolic pathways employed by the tubular

cells for the elimination of reabsorbed protein. He performed

experiments which involved the injection of rats with human
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haemoglobin, and demonstrated breakdown of haemoglobin within

the tubule cells and the disappearance of haemoglobin droplets

within days rather than weeks.

Even on the basis of Rather*s time-scale for protein

disappearance from tubular cells, it is difficult to envisage

the continued reabsorption of significant amounts of protein -

as suggested by the previously cited micropuncture evidence.

If the clearance of protein droplets from tubular cells is a

slow process, and if reabsorbed protein consistently gives rise

to droplet formation, in the presence of more than trace amounts

of protein reabsorption, all normal proximal tubules should contain

hyaline droplets at all times. The observed facts are that

droplets occur only occasionally in normal renal tubular cells.

Oliver et al (1954 a and b) drew attention to this problem

and attempted to resolve it. They studied the effect on the

tubules of the albino rat of the infusion of a variety of proteins.

Haemoglobin appeared in the urine of the rat some two minutes

after being injected intravenously. Rats killed fifteen minutes

after such an injection did not have haemoglobin droplets in their

proximal tubular cells; the protein was instead distributed

diffusely within these cells, and could be readily demonstrated

by staining with benzidine. If larger amounts of haemoglobin

were given, and the rats killed 45 minutes after injection,

haemoglobin droplets were clearly visible in the proximal tubular

cells.
A

Oliver and his colleagues showed that the ease with which

droplets could be produced in rat tubular cells depended on the
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protein injected. Small amounts of egg white protein gave large

numbers of readily demonstrable droplets. Considerably larger

quantities of rat serum protein produced droplets less readily.

This finding was explained in part by the fact that egg white

proteins pass the glomerular filter with considerably greater ease

than rat serum proteins. This was, however, not the whole

explanation. Rats were given a variety of proteins parenterally

in quantities sufficient to ensure droplet formation, and killed

at a time when this droplet formation was maximal. Thin sections

of renal cortex were incubated in vitro, and the process of

droplet lysis was then observed microscopically in living cells.

The droplets derived from rat serum protein were dispersed much

more rapidly than the droplets derived from foreign protein.

Staining techniques indicated that mitochondrial enzymes were

active in the process of droplet disintegration.

These experiments suggest that under normal circumstances,

reabsorbed protein is distributed diffusely within the cell. When

the rate at which protein entered the cell exceeds the rate at

which the cell is cleared of protein, droplet formation occurs.

Filtered colloidal material enters the tubular cells with relative

ease, whatever its nature. The rate of its removal from the cell,

however, depends on whether or not the cell possesses the appropriate

enzymes for its degradation.

On the basis of this hypothesis, it can be seen that

homologous serum protein can be reabsorbed in relatively large

amounts without giving rise to droplet formation. Foreign protein,

on the other hand (which appears to be stored rather than reabsorbed
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by the tubule cells) can give rise to extensive droplet formation

without having a detectable renal threshold; this is the

situation with egg albumin. An analogous situation exists with

respect to dextran. Following injection of this substance

James and Ashworth (1961) demonstrated dextran particles within

the cells of Bowman's capsule and the cells of the proximal

tubule, A renal theshold for dextran, however, is not

demonstrable, and it has been shown that the renal clearance of

dextran molecules of molecular weight 10,000 or less is not

appreciably different from the clearance of creatinine, (Brewer,

1951; Wallenius, 1954)•

An ingenious attempt to quantitate tubular reabsorption

of protein in the rat was made by Sellars et al (1954), Evan's

blue, which is strongly protein-bound, was given intravenously

in a dose of 20 mg. Blood was taken from the injected animals

at intervals, and the amount of dye per gram of serum protein was

estimated. This calculation of "specific activity" enabled

concentrations of dye to be expressed in terms of their protein

equivalent.

Rats were sacrificed at predetermined intervals following

injection. The renal vessels and renal tubules were rinsed by

in vitro perfusion and following this all the dye remaining was

confined to the proximal tubular cells. The kidneys were then

homogenised, and their content of Evan's blue assayed.

It was assumed that the transfer of the protein-dye complex

from tubular lumen to tubular cell occurred at the same rate as

that of unlabelled protein. This assumption would appear to be
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reasonably valid. The half life of an Evan's blue-protein

complex in vivo is not demonstrably different from that of I ^
labelled albumin (Gilson, 1949). Furthermore, the renal

clearance of intravenously injected dose of Evan's blue is equal

to the renal clearance of albumin. (Chinard et al, 1952; Allen

and Orahoevets, 1948). It was also assumed that the persistence

of Evan's blue within the tubular cells would be prolonged, at

least in comparison with the time base of the experiment. There

was a continued rise of dye concentration within the tubular cells

over a 48 hour period, despite a simultaneous fall in plasma

levels of Evan's blue.

From the tubular dye content of rats sacrificed 3 hours

after injection, Sellars et al calculated that tubular

reabsorption of protein was proceeding at the rate of 5 mg. per

hour. The urinary excretion of protein was 0.5 mg per hour,

indicating glomerular filtration of 5.5 mg hourly. Taking the

figure of 72 ml per hour (1.2 ml per minute) as being the

glomerular filtration rate for rats of the size and species used,

this gave a protein content in the glomerular filtrate of 8 mg

per 100 ml.

Sellars et al calculated that the daily reabsorption of

protein in the proximal tubule of the rat Game to 120 mg. They

pointed out that since the total protein content of rat plasma

was about 360 mg, the rat apparently reabsorbed one third of its

plasma protein daily.
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d. Clearance Studies, Stop Flow Analysis, and Renal Threshold

Determinations with Respect to Protein

Clearance techniques (Smith, 1956) have shed light on the

renal handling of many substances. If a substance is cleared

from the plasma at a rate equal to that of inulin over a wide

range of plasma concentration, it is filtered at the glomerulus

but is neither secreted nor reabsorbed by the tubules.

Provided the substance is of low molecular weight and is

not protein-bound, the finding of a clearance less than that of

inulin indicates tubular reabsorption, while a clearance greater

than that of inulin indicates tubular secretion. The amount of

a substance filtered at the glomerulus is proportional to the

plasma concentration. At high plasma levels, tubular mechanisms

become saturated and the line relating excretion per unit time

to plasma concentration becomes parallel to the similarly

constructed line for inulin. For a substance subject to tubular

reabsorption, the line is below that obtained for inulin, and

makes a negative intercept with the "y" axis at a point which

gives a measure of the tubular reabsorptive maximum for the

substance concerned. For a substance subject to tubular secretion,

the line relating excretion per unit time to plasma concentration

is above the line obtained for inulin, and makes a positive

intercept with the "Y" axis which is a measure of the tubular

secretory maximum (figure 1).

Where macromolecules are concerned, the demonstration of

a clearance which is less than that of inulin can be explained

in terms of limited glomerular permeability, tubular reabsorption,
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protein-binding effects, or a combination of all these factors.

If the concentration of the macromolecule in plasma, is

increased, a point will be reached where the relationship between

plasma concentration and urinary excretion rate becomes linear.

The slope of the line is flatter than the slope with respect to

inulin; this slope in fact is a measure of glomerular permeability.

Provided there is no protein binding, the negative intercept of

the line with the "Y" axis again gives a measure of tubular

reabsorption (figure 2).

Monk and Yuille (1940) determined simultaneous creatinine

and haemoglobin clearances in the dog. They found that at plasma

levels of under 100 mg$, no haemoglobin appeared in the urine.

At levels of between 100 mg^ and 250 mgfi the renal clearance rose

with the plasma concentration. At a plasma concentration of

250 mg^fc or more, the haemoglobin clearance became constant and

amounted to 3$ of the creatinine clearance. Monk and Yuille

calculated the tubular maximum reabsorption rate for haemoglobin

to be 2 mg per minute, in dogs with a glomerular filtration rate

of (on average) 66 ml/min.

Yuille and Clark (1941) studied the renal handling of

myoglobin in the dog. Myoglobin contains one atom of iron per

molecule and has a molecular weight of 17,500, as compared with

haemoglobin which has four atoms of iron per molecule and a

molecular weight of 68,000. The renal threshold for myoglobin

was found to be 17 mg^. The renal clearance of myoglobin

increased with increasing plasma concentrations to become constant

at 60^ of the creatinine clearance when the plasma myoglobin
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level was over 50 mg$. Yuille and Clark interpreted the existence

of a renal threshold for myoglobin as being evidence of tubular

reabsorption of this substance,

Lichtz, Havill, and Whipple (1932) demonstrated that

repeated haemoglobin injections over a period of days led to a

marked lowering of the renal threshold for haemoglobin. They

considered that the injections had led to saturation of the

reabsorptive mechanisms for haemoglobin, and that these mechanisms,

once saturated, remained blocked for an appreciable time,

Yuille and his colleagues tested this hypothesis (Yuille,
Steinraan et al, 1941), They studied two groups of dogs, one of

which had been pretreated by a number of haemoglobin injections,

and the other which had not. They assessed tubular reabsorption

of haemoglobin by clearance techniques, as in their earlier

studies, and also measured the radioactivity accumulating in tubular

cells following the injection of haemoglobin labelled with

radioactive iron.

In the group of dogs which had been pretreated with

haemoglobin injections, clearance studies indicated reabsorption

of 20$ of the injected haemoglobin. Measurement of the radio¬

activity accumulating in the tubular cells of these animals gave

a recovery of between 19 and 23$ of the injected dose - a figure

in good agreement with the clearance studies.

In the dogs which had not been pretreated by haemoglobin

injection, the situation was very different. Clearance studies

suggested that 45$ of the injected dose had been reabsorbed by

the tubules. Only 17-19$ of the injected dose of radioactivity,

however, could be recovered from the tubular cells, Yuille et al
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could not explain these puzzling findings at the time.

Some years later, Allison and Reeves (1957) and

Vanderveiken et al (1957) showed that haemoglobin is normally

present in the circulation hound to a carrier protein, haptoglobin.

The haemoglobin-haptoglobin complex is of high molecular weight

and passes the glomerular filter in trace amounts only. Since

the haemoglobin-haptoglobin complex is rapidly removed from the

circulation by the reticulo-endothelial system, repeated

injections of haemoglobin lead to haptoglobin depletion.

For haemoglobin to appear in the urine, the binding capacity

of haptoglobin must be saturated as well as the tubular re-

absorptive capacity.

The conflict between the results of the clearance studies

and the radioactive iron recovery from the tubules in Yuille's

study (Yuille, Steinman et al, 1941) can be explained on the

following basis. In the dogs which had not been pretreated by

haemoglobin injection, only a proportion of the plasma haemoglobin

was available for glomerular filtration. The rest was bound to

haptoglobin. The clearance studies gave an erroneously high

estimate of tubular reabsorption, and therefore failed to agree

with the radioactive iron recoveries. In the dogs which had

been pretreated with haemoglobin injection, haptoglobin depletion

had occurred. The bulk of the haemoglobin present in the plasma

was therefore filterable, and the figures obtained for tubular

reabsorption from the clearance studies were therefore correct,

or nearly so. In this instance, therefore, the clearance studies

gave results which were in agreement with the figures obtained
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from estimating tubular recovery of radioactive iron.

In the light of what is now known of the role of hapto¬

globin in haemoglobin transport, the careful work of Monk,

Yuilie and their colleagues requires re-evaluation. Their

observation that at high haemoglobin levels the clearance of

haemoglobin is about 3$ of that of creatinine remains valid,

since haptoglobin binding is saturated at high plasma haemoglobin

levels. The values which they calculated for tubular re-

absorption of haemoglobin, however, are obviously erroneous,

Lathem (1959) studied the renal clearance of haemoglobin

in adult humans. 14G to 18G of haemoglobin (derived from

haemolysis of the subject's own red cells) was Infused intra¬

venously over a four hour period, following a priming dose.

Free haemoglobin and bound haemoglobin were assayed separately

on the plasma samples, and the clearances calculated were for

free haemoglobin. Inulin clearances were determined

simultaneously.

It was found that haemoglobin was bound to haptoglobin

until its plasma lavel exceeded (on average) 130 mg$. No

convincing threshold for free haemoglobin was demonstrated, since

haemoglobin appeared in the urine almost as soon as free haemo¬

globin appeared in the blood. From the slope of the line

relating haemoglobin excretion to plasma haemoglobin concentration,

the glomerular permeability to haemoglobin appeared to be

5,0 + 1.0$ of the permeability to inulin in the ten subjects

studied. From extrapolation of this line, it appeared that the

renal threshold for free haemoglobin ranged from 0 to 54 mg,
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with a mean of 25 mg. The maximum tubular reabsorptive capacity

for haemoglobin was 1.3 ± 0.9 mg per minute per 1,73 sq. m.

surface area. Lathem pointed out that when the error of the

method was taken into account the tubular reabsorption which he

had demonstrated did not vary significantly from zero.

Lathem et al (I960) then turned to the technique of stop-

flow analysis - a technique introduced by Malvin, Sullivan and

Wilde (1958), The basis of the method is as follows.

Ureteric obstruction is applied acutely to produce a static column

of fluid within the renal tubules. This allows each tubular

segment to perform its functions practically to completion.

Following release of the obstruction, under conditions of rapid

urine flow, successive aliquots of ureteric urine are collected.

Early aliquots reflect function in the collecting ducts.

Subsequent samples reflect the activity successively of the

distal tubule, the loop of Henle, and the proximal tubule. To

correct for reabsorption of water, the measured concentrations of

the substance under test in the aliquots obtained are adjusted by

a factor derived from the urine to plasma concentration ratio of

creatinine. Figure 3 illustrates the use of this technique in

determining the approximate sites of tubular reabsorption and

secretion of potassium.

In stop-flow experiments on dogs, Latham et al (I960)

showed that a marked fall occurred in the urine to plasma ratio

of free haemoglobin in samples which appeared to be derived from

the proximal tubule, after correcting for water reabsorption.

This fall could only be explained in terms of reabsorption of
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haemoglobin by the cells of the proximal tubule. It is of

interest that the histoche rical studies of Oliver (1950),

Smetana (1942), and Rather (1948) indicate that the proximal

tubule is where protein reabsorption occurs. A second but

smaller fall in the urine to plasma haemoglobin ratio (again

corrected for reabsorption of water) was noted in samples

obtained from the distal tubule.

In summary, Lathem and his colleagues demonstrated definite

tubular reabsorption of haemoglobin in the dog, using stop-flow

analysis, but showed by clearance techniques that the amount

reabsorbed by the human kidneys was small, being in the region of

1 mg per minute. It should be noted that in neither series of

experiments was there any evidence of tubular secretion of

haemoglobin.

Free haemoglobin is, of course, not a normal constituent

of plasma. Clearance studies and threshold determinations

involving albumin are probably of more direct physiological

relevance than similar studies involving haemoglobin.

As has been stated in an earlier section, comparison of

the protein content of the glomerular filtrate with that of the

urine suggests that some protein passes the glomerular filter,

tubular reabsorption of this protein being virtually complete.

This concept of the renal handling of serum proteins is supported

by the results obtained from protein infusion studies by a number

of workers in the 1940s.

Thorn, Armstrong, and Davenport (1946) used salt-poor

albumin in the treatment of five patients who had hepatic cirrhosis

complicated by hypoproteinaemia and ascites. After the intravenous
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infusion of between 150G and 300G of albumin at a rate of 50G

per day, proteinuria of over l.OG daily occurred in all five

patients. In every case, protein disappeared from the urine within

a few days of stopping the infusions.

Terry et al (1S48) conducted a number of experiments in

normal dogs in order to determine if nitrogen balance could be

maintained with intravenous plasma infusions as the only source

of protein. Proteinuria was produced in all the animals. In

each case it disappeared within a few days of discontinuing the

plasma infusions. The threshold for proteinuria varied from

9.6G to 10.4G protein per 100 ml plasma. Repeat experiments

on the same dogs showed that for an individual animal the renal

threshold for protein was remarkably constant.

Waterhouse, Bassett, and Holler (1948) gave salt-poor

albumin by intravenous infusion to four patients who were protein

depleted as the result of malnutrition. After the infusion of

between 200G and 300G of albumin at a rate of 60G per day all

four patients developed proteinuria. In three patients the

protein excretion ranged from 3*0G to 7.0G per day. In the case

of the fourth patient - a man with trace proteinuria prior to

the start of the experiment - protein excretion rose to 30G per

day, following albumin infusion. Proteinuria occurred in each

case following a rise in serum albumin concentration of about

2.0G f, and an increase in plasma volume of about 25^.

These experiments demonstrated the existence of a renal

threshold for albumin in dogs and humans with normal renal function.

Quantitative clearance studies were not carried out by any
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of the groups whose work is referred to above.

Malmendier and Lambert (1955) carried out albumin infusion

experiments on dogs using clearance techniques. These indicated

that the permeability of the glomerulus to albumin was about

G.6< of its permeability to creatinine. They conducted similar

experiments on normal humans (Malmendier, Gregoire and Lambert,

1957) which suggested glomerular permeability to albumin was

about 0*3% of the permeability to creatinine. The tubular

reabsorptive maximum for protein appeared to be less than 55 mg

per minute. The albumin threshold for normal man was found by

these workers to be about 7.0G per 100 ml. As albumin infusion

causes plasma expansion, Malmendier, Gregoire and Lambert were

unable to raise the serum albumin levels sufficiently to

investigate the relationship between the serum albumin concentration

and the urine albumin excretion over a wide range. For this

reason, the figures obtained for tubular reabsorption and

glomerular permeability with respect to albumin in normal subjects

were estimates rather than precisely determined values.

As subjects with the nephrotic syndrome are proteinuric at

relatively low serum albumin concentrations, it is possible to

investigate protein excretion in these individuals over a much

wider range of serum protein concentrations. Chinard et al (1954a
and b) carried out albumin clearance studies on patients with

the nephrotic syndrome, before and after intravenous albumin

infusion. They held that proteinuria in such patients might

either result from decreased tubular reabsorption of protein in

nephrons with normal glomerular permeability, or from increased
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glomerular permeability leading to saturation of tubular

reabsorptive mechanisms. They considered it unlikely that

tubular secretion was an important factor in the proteinuria of

the nephrotic syndrome, and they cited work by Gitlin and Janeway

(1952) to the effect that dysproteinaemia was not a factor in

the proteinuria of the nephrotic syndrome. (Gitlin and Janeway

had established immunochemical identity between the proteins of

nephrotic urine and the proteins of both normal and nephrotic

sera).

Chinard et al (1954a) calculated the minimum possible

concentration of albumin in the glomerular filtrate on the basis

of the following formula., previously used by Bing (1936) and by

Berglund, Scriver and Medes (1935):-

GAlb = UAlb V /GPR
Min is the minimum possible concentration of albumin in the

glomerular filtrate. It is the value obtained by assuming

tubular reabsorption of protein to be aero.

UAlb 13 the urine a"""*" concentration in mg*.
V is the urine volume in unit time.

GFR is the glomerular filtration rate, derived in Chinard's

experiments from the creatinine clearance.

Min was estimated on 34 occasions in 6 patients. The mean

value found was 69 mg$, with a range of from 11 mgfi to 193 mg$

ana a standard deviation ofi48 mg$,

Chinard's patients were hypoproteinaemic. He pointed out

that the albumin concentration of the glomerular filtrate depended

on the serum albumin concentration as well as on glomerular
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permeability, and (on the basis of simple proportionality)

corrected his filtrate albumin concentrations to correspond to

a serum albumin concentration of 4.0G$£. In his series Min G^^
after applying this correction had a mean value of 183 mg^t,

with a range of from 55 mg$ to 305 mg^ and an SD of 154 mg$.

As has been stated in an earlier section, micropuncture

and other methods of assessing the protein content of the

glomerular filtrate suggest that in normal kidneys this is of

the order of 10 to 30 mg$„ Chinard's results - especially

after taking into account the lowered serum albumin levels -

indicate that patients with the nephrotic syndrome have albumin

concentrations in the glomerular filtrate which are substantially

in excess of these normal values. This suggests that the

proteinuria of the nephrotic syndrome results from increased

glomerular permeability to protein.

Chinard et al found that the relationship between albumin

excretion and the serum albumin concentration was linear over the

earlier part of the curve, but at higher levels of serum albumin

concentration a break appeared in the line, which suddenly became

steeper. This break in the line was thought to be due to an

abrupt increase in glomerular permeability to protein, and was

thought by Chinard to be the result of plasma expansion

Gregoire, Malmendier and Lambert (1958) carried out similar

experiments on 18 patients with proteinuria. By plotting the

albumin excretion against the serum albumin concentration before

and after the intravenous infusion of albumin they were able to

calculate the tubular reabsorption of albumin and also the

clearance of albumin relative to that of creatinine. The values
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obtained for tubular reabsorption of albumin ranged from 2.2 mg

per minute to 20.5 mg per minute, with a mean of /0.5 and a

standard deviation of 7.1. The clearance of albumin relative

to that of creatinine ranged from 0.57$ to 3.93$ with a mean

value of 1.7$ and a standard deviation of + 1.0$.

They infused rather more albumin in their experiments than

the amount used by Chinard et al. At serum albumin levels

which varied from 2.40 to 4.4G in different patients, they noted

a break in the line relating albumin excretion to plasma albumin

concentration (figure 4). They pointed out that this could

theoretically be accounted for by the existence of a second

nephron population with a very great tubular reabsorptive capacity

for protein contributing albumin to the urine only at high plasma

albumin levels. They felt that explanation to be an unlikely

one, however. They ascribed the break in the line to an abrupt

increase in glomerular permeability to protein occurring as the

result of plasma expansion with consequent stretching of the

glomerular pores. This explanation was similar to that used by

Chinard to account for the same phenomenon.

Albumin infusion experiments in proteinuric patients were
»

also carried out by Hardwicke and Squire (1955). Using an

electrophoretic technique, they determined simultaneous clearances

with respect to albumin, creatinine and four globulin fractions.

Following infusion, there was invariably a rise in the

albumin clearance. Hardwicke and Squire pointed out that this

observation was strong evidence for the existence of a quantitatively

important tubular reabsorptive mechanism for albumin, since in
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the absence of such a mechanism the clearance would remain constant,

although albumin excretion rates would rise with rising plasma

levels of albumin#

In four patients, the albumin permeability relative to

creatinine ranged from 1#1$ to 2#3f°t with a mean value of 1#4^«

The calculated values of tubular reabsorption of protein ranged

from 14 mg per minute to 32 mg per minute, with a mean value of

21 mg per minute#

An -unexpected finding was that the clearance of each of

the globulin fractions rose proportionately with the albumin

clearance following albumin infusion - despite a transient fall

in plasma globulin levels consequent on plasma expansion# This

led Hardwicke and Squire to suggest that the tubular reabsorptive

process for protein was a nonspecific one - all serum proteins

sharing a common pathway# With all the protein moieties in the

glomerular filtrate competing for this single pathway the amount

of any individual protein reabsorbed would be proportional to

its concentration in the glomerular filtrate# Such a mechanism

would lead to the concentrations of proteins relative to each other

in the urine being the same as their concentrations

relative to each other in the glomerular filtrate - although the

absolute amounts of protein reaching the final urine would

obviously be influenced considerably by the amount reabsorbed in

the tubules#

In the course of Hardwicke and Squire*s experiments, plasma

expansion occurred - as evinced by a fall in packed cell volume

and in serum globulin concentrations# This plasma expansion
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could have led to stretching of the pores of the glomerulus, and

had this happened, a rise in clearance values of all proteins

would have followed. The globulin clearances measured by Hardwicke

and Squire (1955) were proportional to the simultaneously deter¬

mined albumin clearances, and the lines relating globulin clearances

to albumin clearances were straight ones, passing through the

origin. Hardwicke and Squire pointed out that such a relation¬

ship would be expected if the various proteins involved shared

a common reabsorptive pathway, but that an increase in pore size

would have given a curvilinear relationship and lines which did

not pass through the origin.

This argument would appear, on the fact of it, to be a

strong one. Plasma beta globulin, however, contains at least two

major components of widely differing molecular weight. The larger

of these components is a lipoprotein, present in large amounts in

nephrotic serum, but almost undetectable in nephrotic urine. Since

urine beta globulin is almost entirely made up of the small

molecular weight component, the beta clearance, as measured

electrophoretically, has little real validity. This was admitted

by Hardwicke and Squire. Since similar discrepancies between

the composition of the serum and urinary fractions of other

globulins exist, the globulin clearance figures obtained by Hardwicke

and Squire in 1955 can only have been approximate. The Birmingham

group were, of course, fully aware of the limitations of the

eletrophoretic method as a means of measuring globulin clearance,

and Hardwicke and Soothill (1961) repeated the work reported in

1955, using an immunological method of assay for the various
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globulin fractions. Within the limits of experimental error,

straight lines passing through the origin were obtained when the

clearances of a number of globulins were plotted against the

simultaneously determined albumin clearances (figure 5),

This concept of a shared reabsorptive pathway for protein

is supported by the observation that albumin infusion does not

alter glomerular permeability to protein (Marchena and Becker,

1968) or to dextran (Petrie et al, 1970), An analagous

competitive process is involved in the reabsorption of certain

amino-acids (Pitts, 1944), In certain disorders of the re al

tubules, however, evidence for this type of reabsorptive mechanism

appears to be lacking.

In the Fanconi syndrome, glomerular permeability appears to

be normal, but there are multiple defects in tubular function,

A significant degree of proteinuria exists. The proteins excreted

are predominantly of low molecular weight. They are of glomerular

rather than tubular origin, their presence in urine being due to

failure of tubular reabsorption, (Flynn and Piatt, 1963;

Petersen et al, 1969), If the reabsorptive pathway for these small

molecular weight proteins was the same as that for albumin and

other proteins of over 60,000 molecular weight, escape of the small

proteins into the urine would be accompanied by significant excretion

of larger protein molecules. The excretion of albumin and larger

molecules in tubular proteinuria is, however, negligible, (Flynn
and Piatt, 1968; Petersen et al, 1969; Harrison, personal

communication, 1970).

Petersen (1969) has suggested that the reabsorptive pathway
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for proteins such as beta-2 microglobulin, with molecular weights

of 40,000 and under is different from that for proteins such as

albumin with molecular weights of over 60,000.
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(e) Electron Microscope Studies Relating to the Renal Handling

of Protein

The introduction of renal biopsy by Perez (1950) made it

possible to evaluate renal morphology during life, and hence it

has become possible to correlate structure and function in a

variety of renal diseases# It has also become possible to

classify renal disease into a number of histological categories,

and although several disease entities are probably contained in

each category, when one compares (for example) a series of

patients with minimal lesion glomerulonephritis in one renal

centre with that from another centre, one is comparing like with

like to a greater extent than was possible with any previously

employed system of classification#

The use of electron microscopy in the evaluation of renal

biopsy specimens has revealed a great deal about the cellular and

subcellular basis of renal function (Hall, 1957; Pease, 1955;
»

Hhodin, 1955 and 1967; Bencosme and Bergman, 1962)# These

morphological findings will be discussed briefly in so far as

they have a bearing on the subject of proteinuria#

The glomerular filter consists of three layers# The

capilaries are lined by endothelial cells# The layer of

endothelial cells is breached by a series of fenestrations which

vary in diameter from 200 to 900 A. These fenestrations are

closed by a thin, single-layed membrane# External to the

endothelial cells is the glomerular basement membrane. The

structure of this membrane has been the subject of some controversy.

Mueller (1958) and Movat and Steiner (1961) distinguished a central
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dense layer lying between two layers of lesser density. More

recent observations (Rhodin, 1967) suggest that these layers were

perhaps an artefact caused by earlier methods of fixation, and that

the basement membrane, apart from having a fine fibrillary

ultrastructure, is relatively homogeneous, Spiro (1959) found

apertures in the basement membrane which he regarded as the sites

of filtration of macromolecules. Other workers (Movat, I960;

Farquhar and Palade, 1961) failed to confirm the existence of such

pores, and it is now thought that such pores (like the previously

noted trilaminar structure of the basement membrane) nr.e a fixation

artefact.

External to the basement membrane is the layer of epithelial

cells, Each cell possesses numerous extensions which branch to

form delicate pedicels, or foot processes. These are attached

to the glomerular basement membrane. Between the pedicels are

small spaces which are termed slit-pores. These have a width

of between 70 and 100 A# Like the endotholial fenestrations,

the epithelial slit pores are closed by a thin membrane.

The glomerulus affords a considerable barrier to the

passage of albumin, which has a glomerular clearance in health

of about 0. 6^ of the inulin clearance (dhinard, Lauson and Eder,

1952J Kalmendier st al, 1957), Since albumin has a molecular

radius of about 36A, it is unlikely that either the 200 £
endothelial fenestrations or the 100 $. epithelial slit pores would

hinder its filtration to this extent. The main barrier to the

filtration of macromolecules would appear to be the glomerular

basement membrane. With the exception of Spiro (1959) electron
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microscopists have been unable to demonstrate pores In the

basement membrane, and It may be that macromolecules cross this

structure by a process of gel diffusion. For the purpose of this

thesis, however, the glomerulus will be regarded as a porous

seive. The results of permeability studies fit both the diffusion

concept and the filtration concept equally well (Hardwicke and

Soothill, 1961) and the discussion of variations in "functional

pore size" involves less in the way of verbal gymnastics than

a discussion of varying restrictions on diffusion.

Studies on particles such as ferritin (identifiable on

electron microscopy because of their high density) show that the

passage of such macromolecules through the endothelial cells is

slight, and access to the basement membrane by such particles is

mainly at the endothelial fenestrations (Farquhar, I960; Farquhar

and Palade, I960; Farquhar, wissig and Palade, 1961; Farquhar

and Palade, 1962). At these fenestrations, aggregation of

ferritin particles occurs on the capillary aspect of the basement

membrane, while the basement membrane on its epithelial aspect

contains fewer particles. This suggests that a restriction to

the passage of these macromolecules is exerted by the basement

membrane. Much of the ferritin which succeeds in traversing the

basement membrane is taken up by the epithelial foot processes of

Bowman's capsule, but some particles reach the capsular space -

most being taken up in turn by cells of the proximal tubule.

There is a considerable accumulation of large particles such as

colloidal gold, ferritin, or thorotrast in the subendothelial space

following injection. Naturally occurring macromolecules (not
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readily demonstrable on electron microscopy) may show a similar

accumulation. Such an accumulation, if persistent, might well

interfere with filtration (Farquhar and Palade, 1962; Latta et

al, I960). These workers showed, however, that macromolecules do

not persist in the subendothelial space for a prolonged period,

but are - by a poorly understood process - transported to the

mesangial cells of the glomerular capillaries.

Electron microscopy studies have also shed light on the

mechanisms involved in the tubular reabsorption of protein. The

cells of the proximal convolution have numerous long and slender

brush border prolongations. The effect of this type of ultra-

structure is to bring a thin layer of filtrate into intimate

apposition with the tubule cell (Miller, I960) - a situation

favouring efficient tubular reabsorption. While the smaller

molecules of the filtrate appear to pass readily through the cell

membrane, larger molecules, such as proteins, are taken up by tiny

openings in the cell surface. These openings are invaginations

of the cell membrane. The invaginations can become distended to

form vacuoles (Riohter, 1958; Be Buve, 1959; Rhodin, 1967).

Distended vacuoles break off their connection with the surface of the

tubular cell and move into more deeply situated parts of the

cytoplasm. Acid hydrolic enzymes enter the vacuoles (at this

stage these are sometimes called lysosomes) and the protein,

reabsorbed by a process akin to phagocytosis, is digested (Miller
and Palade, 1964)• The lysosome system of reabsorption appears

to have a limited capacity (Rhodin, 1967) and protein entering the

cells in excess of this capacity appears to coat mitochondria
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(Oliver et al, 1954a and. b). Fusion of several protein-

mitochondrial complexes often occurs, and large accretions then

occur in the cell. These accretions are visible on light

microscopy, and would appear to represent the protein reabsorption

droplets discussed in section lc. This scheme of protein re-

absorption (Rhoain, 1967) - which is still the subject of some

controversy (Oliver et al, 1954 a and b; Miller and Palade, 1964)
- would appear to explain why, although protein reabsorption occurs

in the proximal tubules continuously, droplets are only observed

occasionally in normal kidneys. If the lysosome method or re¬

absorption is the method which operates when only small

concentrations of protein are present in the tubular fluid, since

lysosomes can not be detected on light microscopy, droplets would

only be expected to appear when the lysosome system was saturated

by the appearance in the glomerular filtrate of unusually large

amounts of protein.

Although the stop-flow studies of Lathem et al (I960) raise

the possibility of a secondary site of haemoglobin reabsorption in

the distal nephron, there is no evidence, either on light microscopy

or electron microscopy, that protein reabsorption occurs at any

sites other than Bowman's capsule and the proximal tubule (Bhodin,

1967).
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2. Ike Concept of "Protein Selectivity" and its Relationship to

the Functional Integrity of the Glomerular Filter

In mammals - and in most other animals also - tubular fluid

is produced by filtration at the glomerulus. Provided that the

changes produced by tubular reabsorption do not distort the size

distribution of the macromolecules present in the filtrate to an

excessive degree, the study of this size distribution in urine

can be expected to yield information concerning the functional

pore size of the glomerular filter, Strauss (1916) noted that

the albumin to globulin ratio in the nrine of nephrotic patients

differed markedly from the ratio present in the serum of these

patients. As a result of this, he stated that it was necessary

to postulate that protein excretion was "a selective process carried

out by the glomerulus". Although Bayliss and Tookey-Kerridge

(1933) did not use the term selectivity, they showed that whether or

not a given protein was filtered by the glomerulus depended on its

size; in other words they demonstrated that the glomerulus was

a selective filter.

All filters are, by definition, selective - in that they

will hold back particles of over a certain size while allowing

smaller particles to pass into the filtrate. In relation to

proteinuria, the glomerulus is said to be highly selective if it

allows small protein molecules to pass through to the filtrate,

but holds back all but trace amounts of larger protein molecules.

Where the cut off is less sharp, and relatively large amounts of

globulins are excreted in addition to albumin, the glomerulus is

said to be poorly selective.
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In major proteinuria (over 1 g/day), almost all the

protein appearing in the urine is of glomerular origin. The

tubular reabsorption of protein appears to be a non specific

process, resulting in the concentrations of proteins relative to

each other in the glomerular filtrate being the same as those

obtaining in the urine. Since the size distribution of the proteins

of the urine represents the size distribution of the proteins in the

glomerular filtrate (Hardwicke and Squire 1955; Hardwicke and

Soothill, 1961), it is to be expected that the protein excretion

pattern in major proteinuria might yield information concerning

the functional integrity of the glomerulus.

A simple if inaccurate way of assessing this size distribution

is to measure the urinary albumin to globulin ratio. Hoffman

(1882) did this using a gravimetric method following fractional

precipitation. He did not report his findings in detail, but

stated that a low albumin/globulin ratio in the urine was

indicative of a severe destructive process in the kidney, while a

high albumin/globulin ratio indicated a more benign lesion.

Hiller, Mclntpsh, and van Slyke (1927) measured the albumin/
globulin ratio in 29 cases with major proteinuria. In four cases

the ratio was above 10. One of these cases made a spontaneous and

complete recovery, while the remaining three showed little

deterioration over a follow up period of just under two years.

In the 16 cases where the A/G ratio was below 5, 13 died within

18 months, while the remaining three showed marked deterioration.

Similar results were reported by Blackman et al (1941)•
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Other workers, however, (Strauss, 1916} Hovat et al,

1962) failed to find any consistent relationship between the

protein excretion pattern and the severity of the disease process.

The excretion of a protein depends not only on its molecular

size in relation to the functional pore size of the glomerulus,

but also on its plasma concentration. Since proteinuria leads

to substantial changes in serum protein concentrations, it is

important to assess the relative clearance ; of the urinar proteins

mid not simply their relative concentrations. The urine

aioumin/globulin ratio can obviously be affected considerably

uy a marked reduction in the serum albumin concentration, and

this fact (as well as the rather imprecise methods of protein

fractionation available before the second world war) may well

account for the conflicting results obtained by the early workers

in the field c urine protein exv., ^etion patterns.

Wolvius and Verchure (1957) carri d out a 3tudy on the

protein excretion pattern in a number of types of proteinuria.

When they simply expressed the albumin excretion as a percentage

of the total protein excretion, no consistent pattern emerged.

When they divided the globulin clearance by the albumin clearance,

however, using the formula § fiobSin x § 'alblSf' tiley foun<i that
this ratio lay between 0.1 and 0.2 in all their cases of nephrotic

syndrome but was considerably higher in their other groups of

patients.

Hardwicke and Squire (19£5) assessed the clearances of a

number of fractions of plasma by an alectrophoretic method and

suggested that the assessment of the renal clearances of a variety



Figure 6

Showing the linear relationship which is obtained

when relative clearance is plotted against

molecular weight on a double logarithmic scale.
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of proteins of varying molecular weights would provide a parameter

of renal function of diagnostic and prognostic significance.

This Birmingham group gave substance to their prediction in I960,

when Blainey, Brewer, Hardwicke, and Soothill published a study

of patients with the nephrotic syndrome where clinical features

were correlated with the results of protein clearance studies using

an immunodiffusion method (Soothill, 1962) to determine the

clearances of individual proteins and with renal biopsy appearances.

When the urine to plasma ratios of the various protein

concentrations were plotted against the molecular weights of these

proteins on a logarithmic scale, a straight line was obtained.

(See figure 6). In minimal lesion glomerulonephritis, the 3lope

of the line was steep, indicating that the clearance of high

molecular weight protein was very substantially less than that of

albumin. The slope of the line obtaining in membranous glomerulo¬

nephritis was much flatter, indicating a Less sharp cut-off in the

filtration of high molecular weight protein. In proliferative

glomerulonephritis, the slope of the line relating the logarithm

of protein clearance to the logarithm of the molecular weight of

the protein concerned occupied an intermediate position. In

minimal lesion glomerulonephritis, therefore, it appeared that

the proteinuria was highly selective and in membranous glomerulo¬

nephritis the proteinuria appeared unselective.

Since the publication by Blainey et al (I960) of this

important paper, the idea that protein selectivity determinations

are capable of yielding information of considerable diagnostic and

prognostic value concerning patients with proteinuria has steadily
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gained ground. Many workers (e.g. Joachim et al, 1964; Robson,

1967; Vere and Walduck, 1966; and Hitzig et al, 1965) have

reported results in overall agreement with those of Blainey et

al (I960). These findings and those of others in the same field

will be discussed in detail in a later section of this thesis.



45 -

3. Glomerular Permeability to Macromolecules other than Protein

Prom the above account of the renal handling of protein, it

will be seen that protein clearance studies can give considerable

information regarding glomerular permeability - provided that the

amount of protein excreted in the urine is substantial. In situations

where protein is present in the urine in trace amounts only, or where

the glomerular origin of the protein is in doubt, protein clearance

studies are difficult to interpret.

The use of macromolecules other than protein to study

glomerular permeability is obviously of interest. Shaffer et al

(1948) showed in the dog that low molecular weight fractions of

polyethlene glycol had a renal clearance equal to that of inulin, and

that the clearance of higher molecular weight fractions was

substantially less. Brewer (1951) reported similar findings with

regard to dextran. Campbell et al (1953) found that the clearance

of low molecular weight fractions of polyvinylpyrrolidone was equal

to the glomerular filtration rate, while the clearance of larger

molecules was considerably less.

These workers suggested that the low clearances observed with

the high molecular weight fractions of various polymers was due to

restriction of glomerular filtration on the basis of molecular size.

Of these macromolecules, dextran is the one which has been

studied most intensively. It is a polysaccharide synthesised by

Leuconostoe mesenteroides and a number of related bacteria when growth

occurs in a medium containing saccharose. It is a glucose polymer,

the main chains of which occur as the result of It 6 linkages, with

side chains arising from 1:4 linkages. The molecular weight of the
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parent substance is about 2 x 10 , but incomplete acid hydrolysis

can be used to obtain fractions in almost any desired molecular

weight range.

Ingelman and Hailing (1949)> Grotte et al (1951) and

Friberg et al (1951) showed that following injection of various

dextran fractions, the quantity of dextran appearing in the urine

bore an inverse relationship to the average molecular weight of the

preparation injected.

Brewer (1951) carried out clearance studies using dextran

in th8 rabbit. He found that for fractions of average molecular

weight 7,000 or less the dextran clearance was equal to the

creatinine clearance. Dextran molecules with an average molecular

weight of 25$ 000 had a renal clearance which was 19$ that of

creatinine, while for a fraction with an average molecular weight

of 35»000, the renal clearance was 6$ of the creatinine clearance.

Giebisch, Lauson and Pitts (1954) carried out renal clearance

studies on the dog which gave substantially similar results.

After correcting for the renal elimination of dextran, they assessed

the volume of distribution of dextran. This showed a continuing

increase with time, and from this they deduced that the metabolic

breakdown of dextran in the body gave a plaBma clearance of between

0.5 and 1.0 ml per minute.

Wallenius (1954) published a monograph which gave the

results of his extensive and meticulous studies of the renal

handling of dextran, in man and in animals. He prepared dextran

standards of narrow molecular weight range by alcohol precipitation

and determined the precise molecular weights of these standards
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by viscosity, ultracentrifugation, and diffusion measurements.

He devised a method of turbidimetric titration of urine and

plasma samples following alcohol precipitation, using his narrow

fractions for calibration purposes. This gave an estimate of

the molecular size distribution of the dextran present in his

samples. The total amount of dextran present was assessed

colorimetrically with anthrone following acid hydrolysis.

Serial determinations of dextran clearance were performed

following a single injection of a dextran fraction with an

average molecular weight of 20,000. The clearance values

obtained fell with time. Since the smaller molecules of a

polydispersate substance are excreted more rapidly than the larger

molecules, the average molecular weight of the substance remaining

in plasma rises with the passage of time, and the clearance of

the polydispersate substance falls.

The clearance of low molecular weight dextran (M.W. 4»000

average) was measured in the dog, and compared with the exogenous

creatinine clearance. For dextran molecules of this size, there

was substantial agreement between the renal clearance and that of

creatinine, over a wide range of plasma concentration. The

dextran clearance was between 92$> and 109$ of the creatinine

clearance. These results indicate that no appreciable re-

absorption of dextran occurs in the renal tubules.

Several workers have demonstrated dextran within the

tubular cells following intravenous injection. j~Zettergran (1962);
Maunsbach et al (1962); James and Asworth (1961).]] Wallenius
admitted that passive diffusion of dextran into cells almost
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certainly occurs. He pointed out, however, that the presence

of small amounts of dextran in the tubular cells occurred only

in the presence of much larger amounts of dextran in the tubular

lumen. There was no demonstrable renal threshold for dextran.

The "reabsorption" of low molecular weight dextran was therefore

passive, occurring along a concentration gradient, and the

quantities involved were so small as to be undetectable by

clearance studies. As far as the larger molecular weight

fractions of dextran are concerned, their ability to penetrate

the tubular cell by a passive process would be much more

restricted than that of dextran molecular weight 4,000.

Wallenius concluded, therefore, that the low renal clearances

observed for high molecular weight dextran fractions were a function

of restricted passage through the glomerulus rather than of

tubular reabsorption.

Clearance studies using a range of dextran sizes were

carried out on dogs. Dextran of molecular weight 8,500 was found

to have a clearance which was 91^ that of creatinine, while dextran

of molecular weight 28,500 had a clearance which was 11$ that of

creatinine. The close inverse relationship obtaining between

molecular size and renal clearance suggested that the glomerulus

was behaving like a porous seive with selective properties as

regards dextran. Wallenius pointed out, however, that these

results, like the results discussed above for protein, could be

equally well explained in terms of diffusion through a gel - a

process where molecular size has an equally sharp limiting effect

on rate of transfer.



Wallenius also studied the excretion of dextrans in the

molecular size range of serum protein# The amounts of these

larger dextran molecules which appeared in the urine were too

small to allow formal clearance determinations by his technique

to be meaningful# He therefore assessed the size of the largest

dextran molecules appearing in the urine in detectable amounts

following dextran injection# In rabbits, guinea pigs, and dogs,

the largest dextran molecules found in the urine ranged from

37,000 to 47,000 in molecular weight. The rats which he used

were normally proteinuric, and dextran of molecular weight 63,000

could be detected in their urine# In ten normal, human subjects,

dextrans of up to molecular weight 48,000 were excreted# In

sixteen patients with proteinuria the upper size limit of the

dextran detected in the urine ranged widely, lying between 49,000

and 104,000 molecular weight.

It should be noted that the above figures are for the

upper limits of molecular size detected in the urine, not for the

upper limit present# With increasing molecular size, the

clearance of dextran in the urine approaches zero asymptotically.

The upper limit of size detected in the urine is therefore a

function, inter alia, of the specificity and sensitivity of the

methods used. This reservation does not affect the validity of

Wallenius's conclusion that dextran of high molecular weight enters

the urine more readily in the presence of proteinuria than in its

absence# Impaired selectivity of the glomerular basement membrane

with respect to protein appears to be associated with impaired

selectivity with respect to dextran.
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The studies of Brewer (1951) and of Wallenius (1954) were

concerned mainly with dextran molecules substantially smaller than

the protein molecules which appear in the urine in renal disease.

The amounts of dextran of molecular weight 40,000 and above

which are excreted in the urine are too small to allow of accurate

quantitation by the methods they used.

In the Edinburgh renal unit over the past five years our

aim has been to quantitate the permeability of the glomerulus to

macromolecules, as the amount of information which can be gained

from purely qualitative studies is limited. We wished to compare

renal selectivity to protein with renal selectivity to other

substances of similar molecular size. It was therefore necessary

to utilise a method which would allow fractionation and estimation

of dextran with considerable accuracy at the upper end of the

molecular weight scale. The alcohol fractionation method of

Wallenius was too insensitive for use in this context. We there¬

fore used the technique of gel filtration to obtain separation by

molecular size of our blood and urine samples. This separation

technique was also found to be applicable to protein and polyvinyl¬

pyrrolidone selectivity determinations. It will be discussed fully

in the section of this thesis which is devoted to methodology.
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4. Nature and Aim of the Studies Described in this Thesis

At this point, it is appropriate to outline the aspects of

the renal handling of raacroraolecules which are discussed in the

later sections of this thesis.

i) Although the non specific nature of protein reabsorption in

the tubules results, by and large, in the urine protein excretion

pattern being a reflection of the pattern obtaining in the

glomerular filtrate, the existence of tubular reabsorption

complicates the interpretation of protein clearance studies.

Clearance studies were therefore carried out using dextran and

polyvinyl pyrrolidone (PVP) (substances not demonstrably subject

to tubular reabsorption), and the results obtained were compared

with those derived from protein clearance studies.

ii) The method used routinely for protein clearance determinations

was immunodiffusion; that used for dextran and PVP studies was

gel filtration. These methods differ considerably in their

theoretical basis. In order to determine the validity of

comparing dextran or FVP results obtained by one method with

protein results obtained by another, protein selectivity determinations

using immunodiffusion were compared with protein selectivity deter¬

minations using gel filtration, and the degree of correlation

between the two methods was assessed.

iii) The renal tract contributes trace amounts of protein to the

urine, and where the total amount of protein present in the urine

is small, these trace amounts become a significant proportion of

the total protein excreted. One cannot therefore assume that

selectivity values for protein obtained from normal subjects or
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from subjects with proteinuria of less than 1.0G per day reflect

glomerular permeability with any degree of accuracy. In this

situation, and where the glomerular origin of protein is unclear

it was felt that clearance studies on macromolecules not subject

to tubular reabsorption would give a better indication of

glomerular permeability than clearance studies using protein.

Dextran and PVP clearances were carried out on normal subjects,

on subjects with postural proteinuria, and in patients with acute

tubular necrosis. The results were compared with those obtained

from protein clearance studies.

iv) Individuals with normal renal function and without proteinuria

can be rendered proteinuric for a time by massive intravenous

infusions of plasma or albumin. Whether this effect arises

solely from saturation of tubular reabsorption, or whether "pore

stretching" arising from plasma expansion plays a part is not as

yet clear. Haemophilic patients, infused with large amounts of

plasma to control bleeding, occasionally become proteinuric.

Since protein is absent from the urine before infusion and disappears

some 48 hours after infusion it was felt that the results of

protein selectivity determinations in such patients would give a

close approximation to the selectivity pattern for protein which

exists in the normal kidney, but which is obscured by almost complete

reabsorption of the filtered protein. Protein and dextran

clearance studies were therefore carried out in a number of these

patients in the presence of proteinuria. To assess the importance

of any "pore stretching" effect, dextran clearance studies were

also carried out when proteinuria was absent.
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v) Protein selectivity determinations provide information

concerning glomerular permeability, and thus add an additional

parameter to the assessment of a patient with proteinuria. It

is obviously important to attempt to determine the usefulness

of this parameter in clinical terms. Towards this end, the

results of protein selectivity determinations in patients

have been assessed in terms of the histological diagnosis on

renal biopsy. The relationship between protein selectivity

and a number of other parameters of renal function (such as

creatinine clearance and total protein excretion) has been

examined. The diagnostic value of selectivity determinations

has been evaluated, and their prognostic value - both in terms

of rate of deterioration of renal function and responsiveness

to steroid therapy - has been assessed.
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Figure 7

The relationship between log clearance and log molecular weight

observed in patients with selective, unselective, and inter¬

mediately selective proteinuria.
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1. Assessment of Protein Clearances by Immunodiffusion

a. Principle of the Method

Urine to plasma concentration ratios of a number of proteins

were determined by gel diffusion against specific antisera, using

Ouchterlonie plates. The method was that of Gell (1957) as

modified by Soothill (1962) and by Maclean and Robson (1966).

Prior to the immunodiffusion process, the urine was concentrated

by osmotic ultrafiltration against polyethylene glycol. The
individual urine to plasma concentrations ratios were expressed

as a percentage of the urine to plasma ratio of a reference

protein (albumin or transferrin).

The relationship between the relative clearance values

thus obtained and the molecular weights of the proteins concerned

was found to be inverse and linear when both variables were

expressed in logarithmic units (figure 7). The slope of the line

relating log-^Q relative clearance to log^0 molecular weight was
taken as the index of selectivity. ~l<)

b. Details of the Method

(i) Concentration of the Urine

An aliquot of urine was filtered, transferred to Visking

dialysis tubing, and then dialysed overnight against cold running tap-

water. The dialysis sac was then placed in a solution of poly¬

ethylene glycol (Carbowax 20 M) and concentrated to a volume of

1 to 2 ml. This method of concentration is essentially that

described by Berggard and Rissinger (1961). Some counterdialysis

of polyethelene glycol occurs, but this does not interfere with



Figure 8

The determination of urine to plasma

concentration ratios of specific

proteins by the technique of immuno¬

diffusion.

The protein being assayed on the plate illustrated

is gamma globulin (IGG). The hexagon representing

a 1/16 dilution of urine corresponds to that

representing a 1/256 dilution of serum. The urine

to serum ratio of IGG is therefore 16/256, or 1/16.
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immunological reactions (Howe, Groome and Carter, 1964; Maclean,

1966). The dialysis membrane is not absolutely impermeable to

albumin (Grant, 1957). Recovery experiments carried out by

Dr. Maclean, however, showed that in our experiments the loss

of albumin during urine concentration was between 1 and 2f

(Maclean, 1966).

(ii) Clearance Determinations of Individual Proteins

Agar plates were prepared containing phosphate saline

buffer, 0.2M, pH 7.0. On each plate, six large holes (for

antigen) each surrounded by six smaller holes (for antiserum)

were cut, using a special template. Four dilutions of serum and

two of urine concentrate were placed in the antigen holes, while

serial dilutions of an antiserum specific for the protein under

assay were placed in the surrounding antibody holes (see figure

8). A separate plate was used for each protein assayed. The

plates were left at room temperature for 24 to 48 hours to allow

diffusion. Precipitin lines formed where the proportions of

antigen and antibody were optimal. When the antigen concentration

was high relative to the antibody concentration, the precipitin

line was further from the antigen containing well than when the

antigen concentration was low. Since each antigen-containing well

was surrounded by six wells containing antiserum, the precipitin

lines formed a hexagonal pattern. For estimations carried out on

a single plate using predetermined dilutions of the same batch of

antiserum, the size and shape of each hexagon depended solely on

the amount of antigen present in the central well. By matching

the position and intensity of the lines forming the urine hexagons



TABLE 1

The clearance of IgG globulin can be expressed as

Ug.V
PgTF

The clearance of albumin can be expressed as

Ua«V
FaTf

where
V » volume (millilitres)
T = time (minutes)
Ug and Ua « urine concentration of IgG and albumin

respectively (mg per 100 ml.)

and Pg and Pa = plasma concentration of IgG and albumin
respectively (mg per 100 ml.)

If the IgG clearance is expressed as a percentage of the

albumin clearance, we arrive at

(Ug.V v Pa.T v 100)
CEPr 31 OaT? x )

V and T cancel out, and the expression simplifies to

M v v 1°°
Pg x Da x



- 56 -

with those derived from the plasma dilutions, the urine to

plasma concentration ratio for the protein being assayed could

be determined. (See figure 8). For clearance studies urine

to plasma concentration ratios are as satisfactory as absolute

figures. It was not necessary therefore to include a standard

of known composition in the assay.

The antisera used were manufactured by Behringwerke, A.G.

(Marburg-Lahn, Germany) and supplied by Hoescht Pharmaceuticals.

Their specificity was checked by immunoelectrophoresis and

found to be satisfactory (Maclean, 1966).

Between 1962 and 1966, urine to plasma ratios of five

proteins were determined for estimations of protein selectivity -

albumin, transferrin, IGG gamma globulin, alpha 2 macroglobulin,

and beta lipoprotein. Between 1966 and 1969, however, the urine

to plasma ratios of two proteins only were determined routinely -

transferrin and alpha 2 macroglobulin.

In conventional clearance studies, accurate timing and

completeness of the urine collection are of vital importance.

If the clearance of the various proteins are expressed as

percentages of the clearances of a reference protein, however, the

terms for volume and time disappear from the equation (see opposite ,

table 1). The use of a method of calculation which compensates

automatically for collection errors is obviously useful for studies

which, as often as not, are carried out on an out-patient basis.

The relationship between relative clearance and molecular

weight was found to be linear on a double logarithmic plot

(figure 7). For the five protein method, the slope of the line



f

TABLE 2

Calculation of protein selectivities by imrnunodiffusion.

Protein
Molecular

Weight (M.W.) Log^Q M.W.

Clearance
(* of

Albumin)

Log10 of
10 x ^

Clearance

X y

Albumin 69,000 4.84 100 3.00

Transferrin 90,000 4.95 88 2.94

gamma(lgG)
globulin 150,000 5.18 22 1.34

alpha
Macroglobulin 840,000 5.92 1.4 1.15

Beta
Lipoprotein 2,500,000 6.40 0.11 0.04

K, the slope of the line relating Log clearance and Log M.W.

is determined by the method of least squares.

E.xy - B.xS.y
n

K * A M

E.x - (E.x)
n

« 48.26 - 51.68 « -3.42
150.76 - 148.94 life

«= -1.88

Thus (—K) * 1.88
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relating log1Q clearance (as a percentage of albumin clearance)
to log^Q molecular weight was determined from the five points
obtained by the method of least squares. For the two protein

method, the transferrin clearance was taken as 100$ and the

alpha 2 macroglobulin clearance was expressed as a percentage of

this. Here the slope of the line relating log clearance to log

molecular weight was determined from two points only. This

slope was taken as the index of selectivity. . —K

To clarify the arithmetic involved in the calculation, a

worked example is shown in table 2.

c. Discussion of Method: Estimation of the Error of the Method

Studies of the reproducibility of the method for the

estimation of the urine to plasma ratios of the individual proteins

have been carried out by Dr. Pamela Maclean and are discussed

fully in her Ph.D. Thesis. (EfacLean, 1966). Using ten urine

and ten serum aliquots of the same specimens, the following co¬

efficients of variation (CV) were found.

Albumin urine to plasma ratio - 16$

Transferrin urine to plasma ratio - 8$

Gamma (IG) globulin to plasma ratio - 11$

Alpha 2 macroglobulin urine to plasma ratio - 7$

Beta lipoprotein U to P ratio - 11$

When the coefficient of variation was determined for the 5 protein

index of selectivity it was found to be only 2$, although in a

second series of duplicate determinations, a CV of 4$ was obtained.

This surprisingly high reproducibility was partly due to the

"averaging out" effect of using five points in constructing the
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line, and also to the fact that the logarithms of the urine to

plasma ratios were employed in the determination of the slope of

the line, rather than the ratios themselves,,

The change from the five-protein method of selectivity

determination to a method employing clearance determinations on

two proteins only requires explanation. Cameron and Blandford

(1966) compared the results of selectivity determinations based

on transferrin and IGG globulin only with determinations based

on clearance studies involving six proteins. They showed that

the results of the simplified method correlated well with those

obtained using six proteins.

In terms of time and expense, a method employing two

proteins has obvious advantages over one employing five or six.

It was felt in Edinburgh, however, that Cameron and Blandford

had perhaps not chosen the two best proteins. An analysis of

our results showed that a better correlation with the results of

our five protein method was obtained when transferrin and alpha 2

microglobulin were used for selectivity determinations than when

transferrin and IGC globulin were the proteins assayed (Maclean

and Robson, 1967).

The computation of the slope of a line from the position of

two points one it is obviously a potentially inaccurate procedure.

If the two points chosen represent only a small portion of the line,

the inaccuracy will tend to be greater than when the two points

chosen are more widely separated on the X axis. Transferrin has

a molecular weight of 90,000 (Koechlin, 1952) and I ^G globulin
has a molecular weight of 150,000 (Isliker, 1957). Alpha 2



Figure 9 a

Comparison of selectivity results obtained by the standard five

protein immunodiffusion method with results obtained by a two

protein method employing transferrin ana gamma (IGG) globulin.
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Figure 9b.

Comparison of selectivity results obtained by the standard five

protein immunodiffusion method with results obtained by a two

protein method employing transferrin and alpha 2 macroglobulin.
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macroglobulin has a molecular weight of 840,000 (Schultze, 1957),

Using alpha 2 macroglobulin as the second protein instead of

IGG globulin means that two proteins of widely dissimilar

molecular weights are being employed instead of two proteins of

relatively similar molecular weight. Because of the wider

separation of the two points on the X axis, the transferrin -

alpha 2 macroglobulin system of selectivity determination might

be expected to prove more accurate than the transferrin - IGG

globulin system, This expectation was realised in practice.

For 100 selectivity determinations, the transferrin - IGG globulin

system gave a correlation coefficient of 0,343 when compared with

the five protein method, while the transferrin - alpha 2 macro-

globulin system gave a correlation coefficient of 0,961.

(See figure 9. Maclean and Robson, 1967).

Where the two protein transferrin / alpha 2 macroglobulin

method was employed, selectivity determinations were found to have

a coefficient of variation of 9.2$, as compared with 2.0$ to 4,0$

using the five protein method.

Had albumin been used in place of transferrin in the two

protein method, a third plate to determine the concentration

factor for the urine would have been required, as a urine

concentrated sufficiently to give alpha 2 determinations often

contains an amount of albumin in excess of the optimum for this

method of immunoassay. The change to the transferrin /©C 2 macr°-

globulin two protein method, therefore, involved a change in the

reference protein as well as a loss in accuracy. This change in

reference protein altered the position of the line relating log

clearance to log molecular weight. It did not however alter the
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slope of the line - and it is the slope of the line which is the

index of selectivity.

Although the results of the five protein method and those

of the two protein method do not have equal accuracy, there is

no systematic difference between the results obtained by the two

methods (Maclean and Robson, 1967).



Figure 10

Separation of molecules on the basis

of molecular size by gel filtration.
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The large particles are excluded from the interstices of the

Sephadex molecules, and are eluted in a volume of fluid equal to

Vo, the external liquid phase. The small particles are able to
C'ter the internal liquid phase of the gel, and in consequence are

eluted later.

\
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2. The use of Gel Filtration in Determining Relative Serial

Clearances of Macroiaolecules

a. Principle of the Method

This technique has a number of names, the most descriptive

of which is possibly "molecular seive chromatography". It is

based on the fact that columns packed with any one of a number of

substances (e.g. agar, starch, or cross-linked dextran) will

fractionate the component parts of a mixture of macromolecules

on the basis of molecular size. This fractionation is reproducible,

and given appropriate calibration of the system, the "effective

molecular radius" of a substance can be calculated from the position

of its elution peak (Porath, 1967, Ackers, 1964). Provided that

the substances under test and those used in calibration are of

comparable molecular shape and possess comparable partial specific

volumes, gel filtration techniques can also be used to estimate

molecular weights (Ackers, 1964, Andrews, 1965, Andrews, 1967).

The media most often used for gel filtration are the cross-

linked dextrans manufactured by Pharmacia and marketed under the

generic title of "Saphadex". The liquid phase of such a gel is

in two compartments, one compartment being within the interstices

of the dextran molecules, and the other being outwith the molecules.

We can denote the volume of the entire liquid phase with the

symbol Vt, and use Vi and Vo to denote respectively the volumes
y' —--x

of the compartments within and without the dextran molecules.

Vt is equal to Vi plus Vo.

Vo, the external liquid phase, can be measured by determining

the volume of elution of a substance of very high molecular weight



Figure 11

The elution patterns of normal and

nephrotic sera on G 200 Sephadex.

PEAK I
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(e.g. for G 200 Sephadex, a substance of molecular weight over

10—) • When such a substance is passed through a gel filtration

column, it is excluded from the interstices of the gel because of

its molecular size. As it is confined to the external liquid

phase, its volume of elution gives a measure of Vo.

Vt, the volume of the entire liquid phase, can be measured

by determining the elution volume of a very small molecule (e.g.
for G2G0 Sephadex, a substance with a molecular weight of under

500). Such a substance enters the entire liquid phase of the

system freely, and its elution peak measures the volume of this

phase.

Vi, the volume of the internal liquid phase, can readily

be calculated.

(Vi = Vt - Vo).

If a solution of a molecule of intermediate size be passed

through a Sephadex column, the elution volume for this molecule

will be less than Vt and greater than Vo. The proportion of Vi,

the internal phase of the gel, which is entered by this molecule

depends on its molecular size; the smaller the molecule, the

more completely it will penetrate the internal liquid phase, and

the later will be its elution peak. The proportion of the intern*

luqiid phase penetrated by such a molecule can be regarded as

being its "distribution coefficient" for the system concerned, and

can be represented by the term Kd. Kd is constant for a given

molecule fractionated on a given column under a given set of

conditions. If the elution volume of substance x be represented

as Ve (x) then Kd (x) equals _ [v|^'^Yo')VQ^" ^see
figure 12, facing p.63).



Figure 12

Calibration run on G 200 Sephadex, illustrating the determination

of the Kd value for albumin, M.tf. 08,000, molecular radius 37A.

Vq 1 HumQn Atbunnin )

Tub? Number

Vo = 20 tubes; Va = 35 tubes; Vt = 60 tubes

Kd albumin = (Va-Vo)/(Vt-Vo) = 15/40 = 0.375.
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With, suitable calibration, once this term Kd (x) has been

determined, the effective molecular radius of x can be determined,

or the molecular weight of x estimated#

It should be noted that these considerations only hold good

where there is no adsorption of the substance x under test on to

the column.

Figure 11 shows the elution patterns of normal and nephrotic

sera.

Figure 12 shows a calibration run. illustrating the

determination of the Kd value for albumin.
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b. Details of the Method

(i) Preparation and Operation of the Del Filtration Column

The techniques used were broadly those outlined by Flodin

(1957). As raacromolecules within the molecular weight range of the

serum proteins were of greatest interest, the gel used was G200

Sephadex (Pharmacia, Uppsala). This substance fractionates

effectively over the molecular weight range 5,000 to 800,000 with

respect to globular proteins, and over the range 1,000 to

200,000 for polysaccharides.

The dry Sephadex gel was mixed with about 1,000 times its

weight of water, and left to soak for at least 24 hours. The

supernate was discarded, and the residual gel mixed again with an

excess of distilled water. This process was repeated some twenty

times to remove the finer Sephadex particles, which (if allowed

to remain) tend to pack tightly during column operation and impede

flow. The gel was washed with the eluant buffer (0.1M tris/HCl:
0.1M NaCl, pH 8.0), and then left for at least 24 hours in a

further excess volume of buffer for equilibration.

The details of actually packing the column are fully

described by Flodin (1957). Care had to be taken that the columns

were mounted vertically and that packing occurred evenly.

A number of different columns were used over a period of

some five years. These varied in length from 60 to 100 cm, and

in diameter from 2 cm. to 4 cm. The operating pressure was, as a

rule, between 5 and 15 cm. of buffer and the flow rates employed

were in the range 5 ml. to 15 ml. per hour. Constant volume
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fractions of between 2 ml. and 5 ml, were obtained using an 1KB

fraction collector with a syphon attachment. A Marriott bottle

was used as the eluant reservoir.

(ii) Preparation of Serum and Urine Samples for

Gel Filtration Protein samples

The urine samples were concentrated as for immunodiffusion

studies, then dialysed against 0.58M NaCl. This final step was

introduced because gel filtration (in contrast to immunodiffusion)

does not differentiate between proteins of renal tract origin

and those of serum origin. The most important renal tract protein

present in urine, from the quantitative viewpoint, is the mueo-

protein of Tamrn and Horsfall. (Tamm and Horsfall, 1952? Grant, 1957?

Maxfield, 1961). This protein is precipitated in 0.58m UaGl.

Dextran samples

Samples used for dextran selectivity studies did not as

a rule require to be concentrated; in the few instances where

this step was required, the method used for immunodiffusion was

employed. As the method used in estimating dextran in fact

measures total carbohydrate (Dubois et al 1956), the urine and

the serum were both deproteinised with trichloracetic acid

(final concentration, 5$ TCA) immediately before application to

the column. This step removed the glycoproteins. Yhen exposure

to % TCA is brief and at room temperature, it does not lead to

any detectable hydrolysis of dextran (see Maclean, 1966, Ph.D.

Thesis).
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Polyvinyl-pyrrolidone samples

In a few instances the urine required concentration by

the method described under immunodiffusion. Otherwise,

unmodified urine was used. There is a possibility (see appendix)

that slight protein binding of PVP may occur; for this reason

deproteinisation of serum and urine samples prior to column

application might have been desirable. Unfortunately, all

methods of deproteinisation tried resulted in co-precipitation

of PVP. Since the binding of PVP to protein is only just

detectable it is unlikely that the use of protein-containing

solutions introduced an appreciable error.

(iii) Estimation of Protein, Dextran and PVP

concentrations in eluate fractions from 3 200

column

Protein Estimations

This was, as a rule, by measurement of ultraviolet

extinction at 280 mp , (Warburg and Christian, 1941). The protein

concentration in the eluate ranged from 0 mg.$ to 200 mg.$, and

over this range Beer's Law is followed. This method depends on
«

the aromatic amino acid content of the protein being estimated.

It is not absolutely specific for protein, but almost all

substances which interfere are of small molecular weight and are

separated from the protein by the process of gel filtration.

In some pilot experiments, the method of Lowry was used,

as adapted for the autoanalyzer (Mandl, 1961). This is a

modified Polin Ciocalteau method, and is particularly useful where

high lipid concentrations give turbidity in the tubes corresponding
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to the high molecular weight protein range. It is also of use

where very small aliquots of eluate are collected. By collecting

column fractions with a minimum volume of 2 ml., and by obtaining

fasting blood specimens in situations where lipaemia was a problem,

we were able to avoid having to use the Lowry method a3 a routine.

Selectivity results obtained by the two above methods of protein

estimation were in substantial agreement (Maclean, Ph.D. Thesis,

1966).

Estimation of Dextran Content of Column Bluate Fractions

Dextran was estimated by a modification of the method of

Dubois et al (1956). In this method, dextran is hydrolysed to

glucose by the action of concentrated sulphuric acid, and the

amount of carbohydrate present is estimated by the colour reaction

which occurs with phenol. The reagents for this method are

stable; for this reason we found it preferable to the anthrone

method (semple, 1957).

A 1 ml. aliquot of column eluate was placed in a boiling

tube. 2 ml. of a % w/v solution of phenol was added, using an

automatic pipette. To this mixture, 5 ml. of concentrated

sulphuric acid was added, again using an automatic pipette. As the

intensity of the final colour depends on the speed of addition of

the acid and on the speed and thoroughness with which mixing is

achieved, the plunger of the automatic pipette containing acid

was depressed in a constant manner, and the boiling tubes were

agitated by hand after the addition in a manner which was as

constant as possible. When the tubes had cooled, the extinction

due to the brown colour wa3 read at 490 m in a Unicam SP 600
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spectrophotometer, against a blank consisting of the phenol and

sulphuric acid reagents and the buffer used in elution from the

column. The calibration curve, prepared from dilutions of

Rheomacrodex (Pharmacia) was linear over the range 0 to 10 mgfi

of dextran, and departed only slightly from linearity between

10 mgjb and 20 mgfo. The coefficient of variation for dextran

estimations on single samples was 1.5$. Once the tubes had

cooled, the colour was stable for about five days, but at ten to

twelve days a detectable change in optical density became apparent.

As protein-containing solutions from which dextran was

absent gave detectable readings with the Dubois method, samples

were deproteinised before being added to the column. Glucose

present in blood or urine did not interfere, being separated

from the much larger dextran molecules by the gel filtration

process.

Scrupulously clean glassware was essential to accurate

dextran estimations. The use of sulphuric acid of less than

A.R. grade gave a variety of colours and inaccurate results.

Careless packing of the column, resulting in the passage of

Sephadex in to the eluate, gave extremely high and variable

readings for the column blank.

Estimation of I 125 Labelled Polyvinylpyrrolidone

Aliquots of column eluate in glass tubes of standard size

were placed in a well scintillation counter. The results

obtained were expressed in terms of counts per standard time

interval, with adjustment of the figures to make the time interval

the same for serum and urine runs from a given patient. Where



Figure I3a

Illustrating the use of gel filtration in the

determination of protein selectivity values.

DETERMINATION OF PROTEIN SELECTIVITY BY GEL FILTRATION

Tube number (2 ml froctions)

Decreasing Molecular Size



Figure 13b

Illustrating the use of gel filtration

in the determination of dextran

selectivity values.

DETERMINATION Of DEXTRAN SELECTIVITY
BY GEL FILTRATION

Tube number (2ml fractions)
Decreasing Molecular Size
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a period of several days elapsed between urine and plasma counting,

a correction was made for the decay in radioactivity of I 125.

(iv) Selectivity Determinations Using Gel Filtration

This was by the method of Hardwicke (1965). A standard

solution was applied to the column, and constant volume fractions

were obtained using a fraction collector with a syphon attachment.

The standard generally employed consisted of "blue dextran"

(Pharmacia), M.'-V. over 10^, purified human serum albumin (supplied

by the Edinburgh blood transfusion service), and sucrose. The

dextran peak gave a measure of Vo, and the sucrose peak gave a

measure of Vt. The albumin peak gave a Kd value for a substance

of known molecular radius, from which column calibration could

be carried out.

An aliquot of urine, treated as in section (ii) above,

was then passed through the column, followed by the corresponding

serum. A further calibration solution was then passed through

the column in order to check the stability of the column

characteristics. The concentration of the solute under test was

then estimated for each tube from the serum and urine runs, and

the urine to plasma ratio calculated for each tube of eluata.

Log^Q of each urine to plasma ratio was taken, and plotted against
tuba number. Elution volume is of course directly proportional

to the tube number, and Andrews (1967) has shown that elution

volume varies inversely as log molecular weight, for globular

proteins. The plot of log^^ lOOU against tube number (as far
as protein is concerned), is therefore equivalent to a plot of
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• TAB1B 3

Calculation of protein aelectivities by gel filtration*

Tube
Number

Urine (U)
(optical density)

Plasma (P)
(optical density)

100U T ftjty 100Ul°g^0 p

X y

1 60 660 9.1 0,96

2 52 330 15.8 1.20

3 53 260 20.4 1.31

4 71 277 25.6 1.41

5 121 336 36.0 1.56

6 175 347 50.4 1.70

7 271 337 80.4 1.91

8 360 322 112 2.05

9 551 350 157 2.20

10 860 410 210 2.32

n (number of tubes) x m (the 3lope of the line relating

log and tube number) over the range Va - Vo.

[E.xy - StxK.yj
>E.x2 - (S.x)2'

n

{]8M *10
x 10

1.49.
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molecular weight, but (since the number of tubes depends on the

size of the column ana the volum^* of the fractions collected) has
no fixed units. The slope of the line obtained was therefore

multiplied by the number of tubes between the origin (Vo) and the
a

albumin peak. The index of selectivity obtained in this way was

assigned the symbol , where protein was under assay, D when
*

dextran was being estimated, and P when the macroiaolecule under

test was PVP. (See figures 13a and b).

Hardwicke has suggested (personal communication) that the

gel filtration selectivity is more fundamentally expressed in

terms of the change in log^U/P per unit change in Kd value.
Sin 3 the mean Kd value for albumin found in our calibration runs

was 0.38, the multiplication of the values for delta or D found

in thi3 thesis by a factor of 2.63 provides a reasonable

approximation to selectivity values in terms of the units suggested

by Hardwicke.

In the PVP studies, where a molecular weight range wider

than that of the serum proteins was studied, it was felt (for

reasons discussed below) that the use of "tube number" for the

abscissa was not adequate for all purposes. The column was

calibrated in terms of effective molecular radius (Ackers, 1964),

and logjQ 100 U/P was plotted against molecular radius (not log
radius). For purposes of comparison, " PVP", equivalent to

and to D, was also calculated for th,e PVP clearances, and in
some instances a probit scale was used for the ordinate.
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o. Gel Filtration Determination of Selectivity

Discussion? Error of the Method

The methods used for the estimation of protein, dextran,

and polyvinylpyrrolidone were accurate in comparison with the

errors involved in the process of gel filtration. Duplicate

analyses (10 pairs of samples in each case) gave a coefficient

of variation of 1.9$ for protein, 1.5$ for dextran, and 2.2$

for PVF.

For selectivity determinations, solute concentrations

have to be assigned to their appropriate elution volume (tube

number), and serum and urine runs have to be correctly aligned

with respect to each other. The column has to give good

separation* Where the peaks are unduly broad an excessive

amount of low molecular weight solute appears in the tubes

corresponding to high molecular weight values, and an erroneously

low selectivity result is obtained. The syphon used for

collection of eluate aliquots must deliver consistent volumes;

a dirty syphon will deliver widely varying fraction volumes and

distort the column elution pattern. Even when the syphon is

scrupulously clean, varying protein concentrations, by altering

the viscosity of the eluate, will result in a slight variation

of the fraction volumes obtained from the syphon.

Frequent calibration runs were employed to check column

characteristics. A column was not used for gel filtration until

the positions of the calibration peaks were constant, plus or

minus one tube.

Estimations on ten separate aliquots of serum and ten
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separate aliquota of urine taken from a single sample of urine

and plasma gave a CV for the method of 7$ for protein

selectivities by gel diffusion; twelve duplicate determinations

of dextran selectivity gave a coefficient of variation of 9.1$.

(MacLean, 1966). These studies probably overestimate the

reproducibility of the method as they were carried out on a

single column with "excellent* rather than "good" separation

properties. Prom results of parallel experiments carried out

by Dr. Maclean and myself using different columns of more

variable separation qualities, it would appear that the error

of the method lies in the range 10$ to 15$.

This is a significant error, but it must be remembered

that a selective proteinuria gives a gel filtration selectivity

of about 2.5, while an unselective proteinuria gives a value of

about 1.0. The error is not large in comparison with the

differences being examined.



TABLE 4

Pilot Experiments Involving Dsx r*an

Dextran infused - 22 to 330 of 2 to 1 "Dextran" - "Rheomacrodex"
mixture in 350 to 500 ml. of normal saline.

Subject

Blood samples
used in

calculation of
D

Duration of
urine

collection
period

( dextran )
P( index of ;

(selectivity) Notes

1

A(start) and
B(end) of
first col¬
lection period 3hrs. 2.91
start) and

C(end) of
second col¬
lection period 40 minutes 2.81

2

AC start) and
B(end) of
first col¬
lection period 40 minutes 1.82
§Cstart) and
C(and) of
second col¬
lection period 50 minutes 2.13
C( start) and
D(end) of
third col¬
lection period 60 minutes 2.11

3

X(start) and
B(end) of
first col¬
lection period 20 minutes 1.75

(-K) before
dextran
infusion
ss 2.48
(-K) after
dextran
infusion
« 2.61

Scstart) and
C(end) of
second col¬
lection period 30 minutes 1.84
CCstart) and
DC end) of
third col¬
lection period 20 minutes 2.0

...contd.



TABLE 4 contd.

Subject

Blood samples
used in

calculation of
D

Duration of
urine

collection
period

( dextran )
D( index of )
(selectivity) Notes

4

A(start) and
B(end) of
first col¬
lection period 45 minutes 1.12

(-K) before
dextran
infusion
= 1.42
(~K) after
dextran
infusion
= 1.34

B(start) and
C(end) of
second col¬
lection period 45 minutes 1.36

5

A(start) and
B(end) of
first col¬
lection period 40 minutes 2.42
!B(start) and
C(end) of
second col¬
lection period 40 minutes 2.30

6

A(start) and
B(end) of
first col¬
lection period 30 minutes 1.95

(-K) before
dextran
infusion
= 1.74
(—K) after
dextran
infusion
«= 1.80

B(start) and
C(end) of
second col¬
lection period 30 minutes 2.10



Figure 14

The elution patterns of two commercially available

dextran preparations on G 200 Sephadex.

ELUTION PATTERNS ON SEPHADEX G 200

Dextraven (490 m/j)
o-o-o-o Rheomacrodex (490 nryj)

Normal Serum Protein (280 m/j)

T
50 70

Tube number (2 ml fractions)

Decreasing Molecular Size
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3« Injection and Collection Techniques used for Clearance
1P5

Studies involving Dextran end I labelled Polyvinylpyrrolidone

for*)

a. Dextran

The elution patterns on G20Q Sephadex of two commercially

availaola preparations of dextran for injection are shown in

fig. 14- In order to obtain a range of dextrans comparable in
molecular size with the serum proteins a mixture containing two

parts of the high molecular weight preparation (Dextraven,

Benger Laboratories) and one part of the low molecular weight

preparation (Rheomacrodex, Pharmacia) was employed. The elution

pattern of this mixture is shown in fig. 15,

Six pilot studies were carried out using 350 to 500 ml of

this mixture, containing 22 to 33G of daxtran in normal saline.

Timed urine specimens were obtained by catheterisation and blood

specimens for dextran determination were obtained at the beginning

and end of each collection period. The results of these pilot

studies are shown in tables 4 and 5.

The measurement of the renal clearance of raaeromolecules

of varying size raises a number of practical and theoretical

problems. The standard technique for the measurement of inulin

clearances is to give a loading dose of inulin followed by a

continuous infusion, carrying out determinations once a constant

plasma level ha3 been reached. This principle cannot be applied

to dextran selectivity determinations, however. The different

molecular size moieties axe cleared at different rates, and an



Figure 15

The rapics elimination of low molecular weigh*
dextran from the circulation.

ELUTION VOLUME

The very slight alteration at 20 minutes in the molecular sixe

distribution over the range (Va-Vo) allows the in.iection mixture

to be used in place of a plasma sample in the calculation of the

dextran selectivity.
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infusion rapid enough to maintain a constant level of small

molecular weight fractions leads to a continuing rise in the

concentration of the larger dextran molecules.

A single injection technique for iextran clearance

determinations is therefore preferable. Following a single

injection the rate of disappearance of the smaller molecules is

more rapid than that for the larger molecules. This is

illustrated in fig. 15. Fortunately the rate of clearance of

dextrans in the molecular size range of the serum proteins (i.e.

between Yo and Ya on G 200 Sepha&ex elution) is reasonably slow,

and for this elution range the change in molecular size

distribution over a period of 20 minutes is relatively slight.

The relative unimportance of this change is illustrated by

table 5, where the effect of using inappropriate sera in dextran

selectivity determination is shown. Were really small dextran

fractions to be included in the selectivity calculations the

situation would be different; fig. 15 illustrates the rapid loss

from the plasma of dextrans eluting later than Va.

For studies which frequently involved outpatients it was

thought desirable to avoid bladder catheteri3ation if at all

possible. There is evidence to suggest that plasma expansion

can alter glomerular permeability (Ohinard et al, 1954; Gregoire

et al, 1958). Protein selectivity determinations carried out

before and after dextran infusion did not show any particular

trend, but in spite of this it was felt advisable to avoid

significant changes in plasma volume. The following technique was

therefore adopted as a routine in dextran selectivity



W2HLJ1
•Pilot Experiments Involving Dextran

Effect on daxtran selectivity of
(a) using appropriate sera in calculation (I.e. ^initial - + B(fia
(b) using initial serum (A)' only
(c) using final serum (B) only
(d) using infection mixture (I) in place of serum

«

In^acJ
less
30*
from
midpo
of
colle
perio

In^ec
more

30 • f
midpo
colle
perio-

* duration of infusion prior to start of collection was 30*;

"correct* felood for clearance period was therefore 52i*

after start of infusion.

D
(using
A+Bv

D
using

A
only

$
error

D
using

B
only

$
error

D
using
I

$
error

duration
of urine
collection

1.82 1.77 -2.7 1.87 + 2.7 1.77 -2.7 J 40 min.
1-75 1.77 + 1.1 1.71 -2.3 1.76 +0.6 20 min.

2.46 mm - - - 2.50 +1.6 25 min.

2.58 2.55 -1.3 2.63 + 1.9 2.51 -3.0 30 min.

2.36 - - - 2.28 -3.4 50 min.

1.12 1.10 -1.8 1.14 + 1.8 0.97 -13.0 45 min.*

2.91 2.89 —0.7 2.97 + 2.1 - - 3 hrs.

2.40 2.06 -14$ 2.80 + 171. 1.95 -18.5 3 hrs.

\
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*

determinations.

The patient was given 300 to 500 ml of water orally to
V

ensure a good urine flow. Twenty minut.es later he emptied his

bladdpr, and immediately after this he was given an intravenous

injection of 50 ml of a 2il mixture of "Dextraven" and

"Rheomaerodex* in 0,9$ saline. (Several dozen aliquots of

such a mixture were made up and then resterilised in the pharmacy

departmentj this ensured that the injections given throughout

the study were comparable.)

The patient was instructed to empty his bladder 25 minutes

after the dextran injection, and this urine was retained for

selectivity determination. If the patient had not succeeded

in emptying his bladder 35 minutes after the injection, the

experiment was repeated on another occasion. Where there was

persistent failure to obtain a urine specimen within the stated

period,,the attempt to measure dextran selectivities was as a

rule abandoned. In a handful of cases where it was thought that

the results would be of particular interest, cathetariaation

was resorted to after a full discussion of the situation with the

patient,

The blood dextran concentrations after the injection of

50 ml of injection mixture were too low to be estimated reliably

after column fractionation. A small aliquot of the injection

mixture was therefore retained after each experiment and used in

'place of serum in the selectivity determination.

The above technique would obviously be quite inadequate for

the estimation of absolute clearances. In many patients the
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volume of the collection must have been rendered inaccurate by

incomplete bladder emptying, and with short collection periods

the error due to renal tract dead space would be quite appreciable.

Selectivity determinations, however, involve the measurement of

relative clearances. One is interested in the relationship

between change in clearance and change in molecular size. Since

collection errors affect all size fractions of dextran equally,

they do not affect the accuracy of selectivity determinations.

The most important thing to ensure is that the injection

mixture used in place of a blood sample has a molecular size

distribution representative of that existing in the blood during

the period when the dextran present in the urine was filtered at

the glomeruli. Dead space urine formed prior to dextran injection

contains no dextran. It therefore dilutes the dextran in the

urine produced after injection, but does not alter the molecular

size distribution of the dextran molecules. Dead space time will

suiter the effective length of the collection period, as will delay

in bladder emptying. A patient with a dead space time of 12 minutes

emptying his bladder 25 minutes after dextran injection would

produce a urine specimen containing dextran filtered between 0 and

13 minutes after injection? in this patient the blood specimen

appropriate for selectivity studies would be one obtained 6| minutes

after injection. A patient with a dead space time of 2 minutes

emptying his bladder 35 minutes after injection would produce a

urine specimen containing dextran filtered between 0 and 33 minutes

after injection. The appropriate blood specimen would be one

obtained 16£ minutes following injection.
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Figure 15 shows that over the range Vo to Va, used for the

calculation of dextran selectivities, the elation pattern for

dextran in blood taken 20 minutes after injection is very close

to that of the injection mixture# iaoie 5 shows that if the

collection period follows immediately after the dextran injection

and is 40 minutes or less in duration the error introduced by

using injection mixture in place of blood is of the order of 3$#

b# Clearance techniques using I 125 labelled polyvinyl pyrrolidone

Following an intravenous dose of 50 microcuries of I 125

labelled PVP, there was no difficulty in measuring the activity

in the serum elution fractions# There was therefore no need to

use the injection mixture in place of blood in the PVP studies#

To have used the simplified technique described above for

dextran in the PVP studies would have been inappropriate on two

counts# Firstly, clearance studies with PVP were extended into

the low molecular weight range, where renal clearance was rapid.

Secondly, even in the high molecular weight range, the injection

mixture would not have reflected the serum elution pattern with

accuracy# Tothill (1965) has shown that labelled PVP is taken up

rapidly by the liver. This uptake is particularly avid for high

molecular weight fractions#

Orthodox clearance techniques were therefore used in the PVP

studies# The bladder was catheterised to ensure complete emptying,

and blood was taken five minutes before the midpoint of a 30 minute

collection period# I 125 uptake by the thyroid was blocked by

potassium iodide administration#



SECTION III

RESULTS
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1. Comparison of gel filtration and immunodiffusion in the assess¬

ment of the selectivity of protein excretion

a. Introduction

The established technique for the determination of protein

selectivity is immunodiffusion. As this method utilises antisera

specific to human protein, it is not applicable to nonprotein

maeroraolecules such as dextran. The technique of gel filtration

is the one of choice for dextran selectivities.

As it was proposed to compare protein and dextran select¬

ivities in order to assess (inter alia) the effects of tubular

reabsorption of protein on clearance studies, it was necessary to

compare the results obtained by gel filtration with those given

by immunodiffusion, using protein as the macromoleculs under assay.

b. Theoretical relationship between gel filtration results and

immunodiffusion results

In the technique of gel filtration, each tube of eluate from

the column contains a mixture of proteins of varying molecular

weights. The peak elution volume of each protein, however, is a

function of log. molecular weight, and in the calculation of

selectivity it is assumed that each tube contains a pure solution

of a protein with its elution peak at the point concerned.

Hardwicke (1965a) has shown that this assumption is not as

unjustified as might appear at first si^itj the errors introduced

by the assumption largely cancel each other out. Since this is

the case, the expected relationship betweenZ!\(the selectivity as

determined by gel filtration) and -K (the selectivity determined

by immunodiffusion) can be calculated in the following ways



Figure lb

Elution pattern of normal cerum protein

on G200 Sephadex

in
c

Q.

O

Tube number

100U
Log —

Vo Vg Va
Tube no (proportional to log MW)

AB represents A (d log c for the range Vo to Va, represented by CB)
AX represents

d log c for the range Vg to Va, represented by 0B. DB = XY.

AX XY
By the method of similar triangles7-5- =A D DC

B D
But XY = BD and ^ = 0.46

AX
Thus 7-5- - 0.46, or AX - 0.46 ABAB

Thus d log c for the range 'Vo-Vg) * 0.46 A

1000
(d log c for a given range of log MW is the change in log^ ^ —p— for that range
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/\ is the change in log1Q in the clearance of protein
between Vo, the first protein peak, and Va, the third (albumin)

elution peak. (Pig. 16)• Representing "change in log10 clearance"
as d log. c

d log. c for the range (Va - Vo).

The resolution of the column at the point Vo is poor, and the

molecular weights of the proteins having an elution peak at this

point are indeterminate. The second and third protein peaks,

however (Vg and Va) lie in the region of optimal column resolution.

Vg is the elution peak for IgG (MW 150,000) and Va is the elution

peak for albumin (MW 69,000). Andrews (1965) has shown that for

proteins elution volume is proportional to log MW; of

150,000 is 5.176 and log10 of 69,000 is 4.639. Thus over the
elation range (Va-Vg) there is a change in log-j0 MW of 0.362.
The molecular weight range over which /\ is calculated can be found

by determining what proportion (Va - Vg) is of the total elution

range (Va - Vo) *

The ratio (Va - Vg)/(Va - Vo) was determined experimentally

on 20 separate occasions on three different columns. The mean

value for this ratio wa3 0.46, S.E.M, - 0.01.

Since log. M.W. is proportional to elution volume

The change in Log. MW over the range (Va - Vg) (Va - Vg) A kC.

tfhe change in log. M over the range (Va - Vo; " (Va - Vo) ~ ^
Since the relationship between log clearance and log MW is linear,

it can be shown (see fig. 16 opposite)

d. log c for the range (Va - Vg) ^

d. log c for the range (tfa - Vo) 38 °*46



TABLE 6

VALUES OF SELECTIVITY ESTIMATED BY GEL FILTRATION ( I) AND BY IMMUNODIFFUSION ( A)
AND MEAN VALUES OF J AND -A' FOR EACH PATIENT

The number of estimations is given in brackets. The mean protein excretion is also given.

Patient J -K Mean A Meal -A' Mean urinary

protein gl 24b
1 -2 5* 295 251 0 3.20 8) 1.0

2 2.29 2.49 2.24 (4) 2.08 19) 2.8

2.27 2.9o

197 3 29
3 2.1 1 2.92 2.1 1 (4) 2.08 9) '54
4 2.08 2.58 2.08 (2) •2 54 4) 4.0
5 1 95 2.89 2.01 (b) 4 °4 5) 24 0

-2*3 3 4 1
9 1 95 2.27 1 95 (I) ■2 44 '5) 12.1

7 1.85 3°3 1.80 (4) 2.O7 10) '•4
1 .(>(1 2.81
1.88 2 59

s 1 80 2 37 1.80 (') 2-5° 8) "4
9 1 .<>2 1.88 '•74 (01 1 0') 7) 1 (i.6

1 84 2.22

1 -4 ^ 1.82

n* 171 1 94 1.71 0) 1.S4 4) 1 1

11 1.94 2 24 1.94 (I) 2.21 '5) 4.0
1 2 1.94 1 55 1.94 (") 1.74 0) 7-4
I * ' 5° 1.99 1 5° (I) 2.02 4-) 10.0

1 \ 1.11 1.99 1 29 (4) 1.O2 8) 10.3
1 39 I 97

«5 I 2<» 2-3S 1 29 (') 2.15 4) 5 5
i 9 1.28 I .59 1.28 (1) > 45 7) 142
i 7 1.22 119 1.22 (1) '47 10) 8.8
I 8 1 2<) 1 5> 1.20 U) 1.O7 9) 0.1

l'» I 2<) 2 39 I .29 15) 2.1! 12) 16.0

2 O

1 I < t

119 1 79 1 I 9 (1) 1 77 4) 2.2

2 I 1 S3 ■47 1.14 C>) 1 49 '■2) O.9
<). 8 "" 1 S3

22 0.98 1 47 1.12 (b) 1.70 4) 4'
1.29 1 5 s
I . I 182 I IO (t) 1.67 5) 4-b
1 °7 1 93 1 .06 U) '74 8) 1.6

1.04 I 8l

2 5 102 • 1 94 I .02 (1) 1.69 2)
. 5°

29 1 02 I 59 I .02 (1) '•75 9)
'

'4 '
2 7 1.01 I .97 I ,OI (1) '74 10) 7.0
2 8 0.95 I 48 O.98 (>) '•4° 4) 2.4
29 o.Ht) 1.29 O.89 (1) 1.28 2) 9-1

3« O.8Q 1 1 7 0.89 (1) '55 b) 6.6

31 0.89 1 3<> 0.82' <5) 148 8) 10.8
0.81 1 53

3«s 0 73 0.88 0.99 (4) 1 04 4) 4-6
0.94 1 02

0.5S33 0.40 0.S2 0.50 U) 2) 3 4
0.(11 0 34

34 1.70 2.1 7 0.4
1 • 50 3-15 *

IO 1.29 3-4° O.6
1.20 3-4°

35 1.10 2.98 O.8

36 O.QO 2 43 O.8

O.64 2.98
37 O.78 215 0.5
38 O.64 2.98 0 5
39 0 54 1.60 0.5
40 °-47 1.01 0.6

Taken from MacLean and Petrie (1966).
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Since d. log. c. for the range (Va - Vo) =

d. log c for the range (Va - Vg) = 0.46 4\ (Equation 1)

Now (-K) is d. log. c for a change in log^Q MW of 1.0.
The change in log10 MW for the range (Va - Vg) is 0.362.
Thus d. log. c for the range (Va - Vg) = 0.362 (-K) (Equation 2).

Combining equations 1 and 2

0.362 (-K) * 0.46 4^

Thus = 0.73 (-K) or (-K) = 1.37Za

c. Results

Selectivity results obtained by gel filtration were

compared with those using immunodiffusion on 59 paired specimens of

blood and urine from 40 patients with proteinuria. The methods

used have been discussed in section II of this thesis. The results

are shown in Table 6. This table also shows the mean values for

(-K) and,4 for each patient, and the mean 24-hour protein

excretion for each patient over the period of the study.

The mean value of was 1.4# and the mean value of (-k)
\

was 1.9. On inspection of these figures, there appeared to be

a reasonably close correlation between .4 and (~k) for the patients

excreting over 1.0 G of protein in 24 hours, but in patients 34

to 40 inclusive (all excreting less than 1.0 G of protein daily)

the values of relative to (—K) were much lower than in the

series as a whole. In these patients, the measurement of protein

in the column eluates was difficult; column chromatography results

iD the dilution of samples and in some cases the limits of the

sensitivity of the method were approached. Furthermore, the small

amount of protein in the urine which is not contributed by



Figure 17a■ i

Comparison of protein selectivity values obtained

by gel filtration with values determined by

immunodiffusion.

Individual values from 33 patients excreting 1.0G

or more of protein in 24 hours.



Figure 17b

Comparison of protein selectivity values obtained

by gel filtration with those obtained by immunodiffusi

Mean values from 33 patients excreting 1.0G or more

of proteir: in 24 hours.

COMPARISON OF SELECTIVITY OF PROTEINURIA
DETERMINED BY GEL FILTRATION AND IMMUNODIFFUSION

SELECTIVITY DETERMINED BY IMMUNODIFFUSION
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glomerular filtration is quantitatively more important in cases

of trace proteinuria than when massive glomerular proteinuria is

present. For these reasons it was decided to analyse the results

in patients excreting over 1.0 G daily separately from those

obtained in patients excreting less than 1.0 0 per day.

Figure 17a shows a plot of gel filtration values of protein

selectivity ( values) against immunodiffusion values of protein

selectivity (-K values). 48 values from 33 patients with

proteinuria over 1.0 G daily are shown. There is a certain degree

of scatter, as is to be expected when the experimental error for

each method approaches 10$. There is, however, a strong positive

correlation (r^g = +0.857, p 0.001), and the best straight line
for the relationship between and (-K) is = 0.65 (~K) + 0.13*

The standard error of the estimate of is - 0.26, or 18.7

In figure 17b the mean value of for each of the 33

patients excreting over 1.0 G of protein daily is plotted against

the mean value of (-K) in each patient. There is again a strong

positive correlation (r^^ = 0.902; p 0.001).
The best straight line for the relationship between d and

(—K) in this instance is = 0.76 (-K) - 0.08,

and the standard error of the estimate of is - 0.21.

and (-K) were also determined for the 21 patients with

glomerulonephritis discussed in Section III 2a of this thesis.

(See table 7 and figure 19)• For these patients the relationship

between and (-K) was found to be = 0.69(-K) + 0.07. The

standard error of the estimate of is - 0.17.

The expected relationship between and (-K) is = 0.73(-K).



Picure 18

Comparison of protein selectivity values obtained by gel

filtration with those obtained by immunodiffusion in

patients excreting less than 1.0G of protein in Z4 hours.
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This is very similar (within the limits of experimental error)

to the three observed relationships described above. The

expected line passes through the origin, and the three observed

lines pass reasonably near to the origin. If the simplifying

assumption is made that the line relating to (-K) does in

fact pass through the origin, the calculation of the ratio

/\/(-K) becomes meaningful. For the mean values ofz\and (-K)
in the 33 patients with a protein excretion of over 1.0G in

24 hours, the ratio of/\ /(-K) was 0,725 I 0,017. This is

extremely close to the expected ratio ofZX/(-K) of 0.73*

For the patients excreting less than 1.00 of protein in

24 hours, the situation was different. The relationship between

/Aand (-K) for these patients is shown in figure 18; the line

relating Z^to (-K) has a slope of 0.25 only. For the 11

estimations carried out on these 7 patients, the ratioA. /(-h)
was 0.40 ^0.05. This differs significantly from the ratio of

0.725 - 0.017 found in the 33 cases with over 1.00 of proteinuria

daily. (t « 7.57, P < 0.001).

This indicates that either gel filtration, or immunodiffusion,

or both, give unreliable results in proteinuria of under 1.00

daily. Examination of fig. 18 shows that it is the gel filtration

results which are uniformly low in the patients with minor

proteinuria; the range of immunodiffusion results does not differ

appreciably from the range seen in the series as a whole. Both

methods are reliable in the presence of massive proteinuria. Gel

filtration (which does not distinguish proteins of serum origin

from those of tubular origin) is unreliable at protein excretion



Figure 19

Comparison of protein selectivity values obtained by gel

filtration with those ootained by immunodiffusion.

These patients are discussed in detail in section Til 2a;

they comprise a separate series from the patients depicted

ir. figure 17.
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rates of under 1.0G daily, while immunodiffusion continues to

give reasonably reliable results down to about 0.5G per day of

protein excretion.



Figure 20

Comparison of dextran selectivity values in patients with

glomerulonephritis with immunodiffusion values of protein

selectivity. Showing the whole series of 21 patients.

Minimal Lesion )
Membranoua ) Glomerulone phntia

Protein Selectivity (immuno diffusion J - K



Figure 21

Comparison of dextran selectivity values in

patients with glomerulonephritis with gel

filtration values of protein selectivity.
Shewing the whole series of 21 patients.

MINIMAL LESION

MEMBRANOUS

PROLIFERATIVE

> GLOMERULONEPHRITIS

3-0-

0 2-CH
>s

>

U
V

3

1 i.oH
• •

r21= +0-144

0 10 20
Protein Selectivity (Gel Filtration) A



TABLE 7

Dextran and protein selectivity values in patients
with glomerulonephritis.

Subject Diagnosis
Protein
Excretion
(G/24hr)

Creatinine
Clearance
(ml/min)

D (-K) A

1 Minimal 4.8 122 2.18 3.53 2.20

2 Lesion 14.9 97 1.95 2.68 2.11

3 Glomerulo¬ 10.0 32 1.86 2.60 1.44

4 nephritis 4.8 110 1.83 3.08 2.07

5 6.6 38 1.53 1.73 1.02

6 Membranous 9.1 101 1.52 1.77 1.23

7 Glomerulo¬ 0.7 102 1.51 2.15 1.56
8 nephritis 1.7 12 1.35 1.26 0.88

9 8.1 73 1.24 1.86 1.20

10 9.0 7 1.17 1.45 0.75

11 1.5 105 2.87 1.38 1.01

12 Proliferative 0.9 90 2.78 1.96 0.91

13 Glomerulo¬ 4.4 9 2.05 1.53 0.89

14 nephritis 4.5 77 2.03 1.73 1.38
15 6.0 128 1.90 1.77 1.64

16 6.8 168 1.81 2.05 1.34

17 11.7 66 1.75 1.42 1.02

18 13.4 33 1.60 2.42 1.88

19 6.8 99 1.59 1.61 1.07

20 7.1 27 1.45 2.16 1.32
21 8.4 53 1.27 1.28 0.89

Reported in Petrie, Maclean and Robson (1970).
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2. Comparison of Dextran Selectivitiea and Protein Selectivities

in Renal Disease, in Normal Subjects, and in Induced

Proteinuria

a. Patients with Glomerulonephritis

21 patients with glomerulonephritis and proteinuria of

over 1.0G per day were studied. The diagnosis in each case

was established by renal biopsy. Four patients had minimal

lesion glomerulonephritis, six had membranous glomerulonephritis.

The remaining eleven had proliferative glomerulonephritis.

Table 7 shows the diagnosis, the 24-hour protein excretion,

and the creatinine clearance in each patient, along with dextran

selectivity values, determined by gel filtration and protein

selectivity values determined both by immunodiffusion (-K) and

by gel filtration •

Figure 20 shows the relationship between D (the dextran

index of selectivity) and (-K), the index of protein selectivity

by the technique of immunodiffusion for the entire series of 21

patients. By the method of least squares, the best straight

line for the relationship between D and (-K) is D <= +0.15 (-K) + 1,47

The correlation coefficient for D and (-K) for the series as a

whole was not statistically significant, r^ being +0.201.
Figure 21 shows the relationship between D and /\, the

index of protein selectivity determined by gel filtration. The

best straight line for the relationship was found to be

D - 0.15+ 1.57.

Again, the correlation coefficient was not statistically significant,



Figure 22

The relationship between dextran selectivity and

immunodiffusion values of protein selectivity in

11 patients with proliferative glomerulonephritis.

PROLIFERATIVE GLOMERULONEPHRITIS

Protein Selectivity (Immunodiffusion) — K



Figure 23

The relationship between dextran selectivity and

filtration values of protein selectivity in 11

patients with proliferative glomerulonephritis.

PROLIFERATIVE GLOMERULONEPHRITIS

Protein Selectivity (Gel Filtration) &
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r21 being + 0.144.
If dextran and protein are handled in the same way by

the kidneys and on 3ephadex gel filtration, on the basis of

the relationships shown in section 1 of the results, the

relationship to be expected between D and (-K) would be

D * 0.73 (-k)
'VVw

while that between D and would be

D ss

Some divergence from these theoretical relationships is to be

expected, in view of the physical differences between the two

molecular species, but it would be surprising if the poor

correlation found could be explained on this basis alone. The

mean value of D for the series of 21 patients was 1.77, and

this was considerably higher than the mean value of 1.32 found

for , The difference in means was significant (t = 3»23»

P less than 0.0025). On inspection of the results in table 7»

the discrepancy between D and ZX appears to be greatest in those

patients with proliferative glomerulonephritis. In figure 22,

D is plotted against (-K) for the 11 patients with proliferative

glomerulonephritis. Figure 23 shows the relationship between

D andZZ in these same cases.

From figure 22, the best straight line relating D and (-k)
in the proliferative group was

D - 0.45 (-K) + 2.16.

r^ was -0.145 (not statistically significant). From
figure 23» the best straight line relating D and/X in the

proliferative group was



Figure 24

The relationship between dextran selectivity and immuno¬

diffusion valuer of protein selectivity in 10 patients

with membranous or minimal lesion glomerulonephritis.

MINIMAL LESION AND MEMBRANOUS GLOMERULONEPHRITIS

Protein Selectivity (Immunodiffusion)-K



Figure 25.

The relationship between dextran selectivity

and gel filtration values of protein selectivity

in 10 patients with membranous or minimal lesion

glomerulonephritis.

MINIMAL LESION AND MEMBRANOUS GLOMERULONEPHRITIS
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D = -0.41^ ♦ 2,40

rll was ~*°«408 (again, not significant statistically).
It appeared that the poor correlation between dextran and

protein selectivities observed in the series as a whole might

be due very largely to the total lack of correlation shown in

the 11 patients with proliferative glomerulonephritis.

The relationship between dextran selectivity and protein

selectivity was therefore assessed in the remaining 10 patients,

four of whom had minimal lesion glomerulonephritis and six of

whom had membranous glomerulonephritis.

Figure 24 shows the relationship between D and (—K) in

these 10 cases. The best straight line gave the formula

D m 0,41 (-K) + 0,71, r1Q = 0.914; P being less than 0.001.
Figure 25 shows the relationship between D andZ2^ in the

10 cases with minimal lesion or membranous glomerulonephritis.

D « 0.55^+ 0,82.

r10 wa3 F being less than 0.001.
In view of the physical differences which exist between

dextran and protein molecules, and the differences in the renal

mechanisms involved in their excretion, precise numerical

correlation between protein and dextran selectivities is not to

be expected. Nevertheless, in the patients with minimal lesion

and membranous glomerulonephritis, a highly selective pattern of

protein excretion was associated with a highly selective pattern

of dextran excretion, and unselective proteinuria was associated

with unselective dextranuria.

In the patients with proliferative glomerulonephritis, this
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was not the case. The correlation coefficient between the

protein and the dextz*an indices of selectivity did not differ

significantly from aero. The dextran selectivity values were

consistently much higher than the protein selectivity values

in the proliferative patients.

This difference between the situation in proliferative

glomerulonephritis on the one hand, and that in minimal lesion

and membranous glomerulonephritis on the other is deserving of

comment. Possible reasons for the observed difference are

discussed in section IV of this thesis.



TABLE 8

Protein selectivity in normal subjects.

Subject <-K) U/P ratio of albumin

1 0.90 1/5,120

2 1.28 1/10,750

3 0.59 1/2650

4 1.18 1/8750

5 1.56 1/8830

6 0.96 1/8250

7 1.28 1/3200

8 1.54 1/10,900

9 0.78 1/6160

10 1.29 1/1600

These subjects have been reported in

Maclean and Robson (1966).

The mean value for (-K) is 1*14-0.11



TABLE 9

Daxtrail selectivity values in normal subjects.

Subject
Dextran

Selectivity (D) DX1.37

1 2.38 3.26

2 2.50 3.43

3 2.76 3.78

4 2.98 4.08

5 3.19 4.37

6 3.65 5.00

7 3.58 4.90

8 3.12 4.27

9 2.81 3.35

Multiplication of values of D by 1.37 makes

the units used in measuring dextran

salectivities (D) comparable with those used

in table 9 for protein selectivities (~K),

Subjects 1-6 reported in Maclean, Petri© and

Robson (1970).

The mean value of (Bx1,37) * 4.1 0*21
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2. Comparison of Protein Selectivity Values with Dextran

Selectivity Values in Normal Subjects

Protein selectivity values were estimated in 10 normal

subjects by the immunodiffusion technique, The results are

shown in table 8, The range of selectivity values obtained was

from 0,09 to 1,56 with a mean value for (~K) of 1,14,
Dextran selectivity values were estimated in 9 normal

subjects by the gel filtration technique. The results are shown

in table 9, The range of selectivities obtained was from 2.38

to 3,65» with a mean value for D of 2.95, On the assumption

that D (the dextran index of selectivity) is numerically comparable

toA (the protein index of selectivity as determined by gel

filtration), sinceZ\ « 0.73 (-K), the above dectran selectivity

values can be converted to (-K) units by multiplying by a factor

of 1,37. Thus, in terms of (-K) units, dextran selectivities

in normal subjects ranged from 3*26 to 5.00 with a mean value

of 4.10* Because of the differences in physical properties

between dextran and protein molecules, it cannot be assumed that

these (-K) equivalents are precise. Whether or not a conversion

factor is used, however, it is apparent that normal subjects have

a highly selective pattern of dextran excretion and a very

unselective pattern of protein excretion. The implications of

these findings will be discussed in Section IV of this thesis.
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TABLE 10

Protein and dextran selectivity values in postural
proteinuria.

Patient Alb. U/fc
ratio

Protein
Selectivity * '

Dextran ^
Selectivity Dx1.37 Posture

1 1/26
1/640

1.06
1.19 - -

Erect
Supine

2 1/112
1/5250

1.38
0.95

- Erect
Supine

3 1/112
1/768

0.75
1.48 -

• Erect
Supine

4 1/160
1/640

1.26
1.27

mm

-

Erect
Supine

5 1/16
1/2130

1.01
0.73 - mm

Erect
Supine

6 1/180
1/1280

1.05 2.38
2.45

3.26
3.36

Erect
Supine

7 1/330 1.41 3.47 4.75 Erect
Supine

8 1/370 1.22 3.26 4.47
mm

Erect
Supine

9 1/220
mm

1.18
mm

3.22 4.41 Erect
Supine

10 1/120
1/2240

1.30
1.28

2.77
2.60

3.79
3.56

Erect
Supine

Multiplication of D values by 1,37 makes them comparable with

(-K) values.

In erect posture, mean of (-K) ■» 1.16j mean of (Dx1.37) « 4.14

Patients 1-5 reported in Ruckley, McDonald, MacLean, and

Robson (1966),

Patients 6-9 reported in Maclean, Petrie and Robson (1970).
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Comparison of Protein Selectivity Values with Dextran

Selectivity Values in Patients with Orthostatic (Postural)

Proteinuria

Pen subjects with orthostatic proteinuria were studied.

In all subjects proteinuria was present in the lordotic postiion,

and absent (on the basis of albustix testing) in the supine

position. In 9 of the 10 subjects renal biopsy was carried out,

confirming the absence of glomerulonephritis and the presence

of changes on light and electron microscopy characteristic of

postural proteinuria (Ruckley et al, 1366). The results are
a

shown in table 10.

Protein selectivity values in the presence of significant

proteinuria ranged from 0.75 to 1.41, the mean value being 1.16,
j

Protein selectivity value in the absence of significant

proteinuria (i.e. albustix -ve, albumin 3 to U ratio 640 to 5250)

ranged from 0.73 to 1,48, with a mean value for (-K) of 1,12,

Dextran selectivity values in the presence of significant

proteinuria ranged from 2,38 to 3*47, with a mean value of D of

3,02, Applying the conversion factor of 1.37, the range of

these dextran selectivities in terms of (-K) units was from 3,26

to 4.75# with a mean value of 4,14«

Only two estimations of dextran selectivity were made in

the absence of significant proteinuria. She values of D obtained

were 2.45 (subject 6) and 2.60 (subject 10). These values were

not noticeably different from the value obtained in these subjects

when proteinuria was present.

In summary, patients with postural proteinuria w§r® found
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to have a highly selective pattern of dextran excretion and. a

very unselective pattern of protein excretion. The amount of

protein in the urine changed markedly with the posture of the

patient, hut there was no appreciable change in selectivity with

posture. The implications of these findings will he discussed

in Section IV of this thesis.



TABLE 11

Protein and dextran selectivity values in patients
with acute ischaemic renal failure.

Patient Albumin
U/P ratio

Protein
Selectivity * 1

Dextran /nx
Selectivity v ' Dxl.37

1 1/196 0,66 - -

2 1/128 1.10 - -

3 1/112 1.13 - -

4 1/216 0.80 - -

5 • 0.40 - -

6 1/84 1.08 mm -

7 1/96 0.77 1.93 2.73

8 - • 2.02 2.77

9 mm - 2.10 2.88

10 1/256 . 0,33 2.59 3.55

11 1/448 0,25 2.65 3.63

12 1/224 1.40 3.28 4.49

Mean value for (-K) * 0,85

Mean value of D » 2.44

Mean value of (Dx1,37) « 3.34

Patients 1 to 6 reported in Maclean and Robson (1966).

Patients 7 to 12 reported in MacLean, Petrie and Robson (1970)
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Comparison of Protein Selectivity Values with Dextran Selectivity
* «Mwnt i in iwi■»<—<■—w—mwm—wwm————11wn iwi an Mwnumwi,wv.««w«» wwu »■ ■*»-•—»»■ i ,m rnmmmmmmmmmmmimamimmitmmmMmmtmmmammmmJmm

Values in Patients with Acute Ischac-aic Venal Failure (Acute

Tubular Necrosis)
f

12 patients were studied, the diagnosis of acute tubular

necrosis being confirmed by renal biopsy in 9 instances.

Seleetivities were determined early in the diuretic phase in each

case, at a time when significant proteinuria was present. In

6 cases protein selectivities only were determined, in 2 cases

dextren seleotivities only were assessed, and in the remaining

4 cases determinations were carried out both with protein and

with dextran. The results are shown in table 11.

The values for protein selectivity by the technique of

immunodiffusion ranged from 0.29 to 1.40, the mean value of (~K)

being 0.85.

The values for dextran selectivity by the technique of gel

filtration ranged from 1.99 to 3.28, the mean value of D being
.4

2.44. Using the factor 1.37 (see section III, 1) to convert
*- D values to their (-K) equivalents, the range of dextran

selectivities in terms of (-K) was from 2.73 to 4.49 with a mean

value equivalent to 3.34 (~K).

The protein selectivity values in acute renal failure were

thus found to be consistently low. Dextran selectivity values,

on the other hand, were consistently high, though the mean dextran

selectivity in acute renal failure of 2.44 (in terms of D) was

somewhat lower than the mean dextran selectivity in normal subjects

(D » 2.91) and the mean, value in postural proteinuria (D » 3«02).

The implications of these findings will be discussed in Section IV
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e. Glomerular permeability during proteinuria induced by plasma

Infusion,

(i) Introduction

The normal glomerulus is highly selective in its

permeability to dextran (Maclean, Petrie, and Robson, 1970) and

also in its permeability to polyvinyl pyrrolidone (Hulme and

Hardwicke, 1966), The excretion pattern of the small amount of

protein excreted by normal subjects is, however, very unselective

(Rowe and Soothill, 1961? Maclean and Robson 1966; Poortmans,

1968).

It has been suggested that protein selectivity values only

reflect glomerular permeability to protein when the quantity of

protein derived from glonerular filtration is enough to swamp

the quantity of protein reaching the urine from non-glomerular

sources. In normal subjects under normal conditions, a glomerular

proteinuria of this degree does not occur.

Proteinuria can however be induced by protein infusion.

This has been demonstrated in the dog (Brull, 1934? Terry et al,

1948), in the rat (Post, I960? Lipmann, 1948? Lannigan and McQueen

1962), and in man (Waterhouse et al, 1948)* This proteinuria has

been ascribed to saturation of tubular reabsorption in the presence

of normal glomerular permeability (Terry et al, 1948). If this

is in fact the mechanism involved, selectivity studies on induced

proteinuria would be expected to give an indication of the perme¬

ability of the normal glomerulus to protein. The infusion of large

amounts of biological material is not devoid of risk, and there

was some hesitation about giving plasma or albumin in large repeated



Table 12

Protein solutions given to patients with induced proteinuria

Patient Diagnosis
Platelet-poor

Plasma

ml. G.

Anti-
haemophilic
Fraction
ml. G.

Total
protein
infused
ml. G.

In¬
fusion
period *
(days)

1 Haemophilia 2400 132 600 18 3000 150 3

2* Christmas
Disease

7400 407 - - 7440 407 9

3 Haemophilia 8400 462 2000 60 10400 522 8

4 Haemophilia 7200 396 2400 72 9600 468 8

""Infusion period" is the time taken for persistent proteinuria to

develop#

"Patient 2 also received 40 ml of prothrombin complex.
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doses to normal volunteers. Patients with bleeding tendencies,

however, receive sizeable infusions of protein-containing solutions

as part of their haemostatic therapy. Thanks to the co-operation

of Dr. Howard Davies arid his colleagues in the Royal Infirmary

Department of Haematology, it was possible for us to study these

patients before, during, and after the protein infusions which

they received as part of their routine therapy. These patients

were not, of course, normal subjects, but all those selected for

study had normal kidneys - as far as could be judged from

clearance studies, electrolyte estimations, and urine examination.

Over a period of nine months, admission specimens of urine

were tested for protein on about 30 haemophilie patients. No

patient had significant proteinuria on admission (apart from 2 with

frank haeraaturia) and in no patient was proteinuria induced by less

than 2.5 litres of plasma given at a rate of 800ml daily.

Of the 10 patients who received more than 2,5 litres of

plasma at the rate specified above, 6 developed proteinuria of

over 1.0G per day. Because of a variety of clinical circumstances,

studies on 2 of these 6 patients were fragmentary, but in the

remaining 4, aextran and protein selectivity estimations were carried

out before, and during induced proteinuria and also after significant

proteinuria had disappeared. Three of these four patients had

haemophilia and the fourth had Christmas disease. All received

fresh frozen platelet-poor plasma (prepared by the Blood Products
A

Unit, Edinburgh). The three haemophilics also received purified

antihaemophilic fraction (Cohn fraction 1) and the patient with

Christmas disease was given prothrombin complex (concentrate of



Table
13

Selectivity
Results
in

Induced

Proteinuria

Patient
CreatinineClearanceffll/min
Serum
Protein

(Prior
toproteinuria)Total

Albumin
Serum
Protein(Duringproteinuria)Total

Albumin
trineProtein(Priortoinfus¬ion)mg/2hhr
UrineProtein(DuringproteinG/2hhr
(-K)DuringProtein-uria
DDuringProtein-uria
D(NoProtein-uria)

1

150

7.7

4.2

8.3

4.8

19

12.6

3.13

3.15

2.89

2

76

7.3

3.9

8.8

5.0

7

4.2

2,49

2.47

2.44

3

129

6.9

3.8

9.2

4.5

20

4.5

2.66

2.48

2.99

4

105

7.3

3.8

9.4

4.4

23

11.8

2.61

2.56

3.03

(-K)
is

the

protein
index
of

selectivity,

D

is

the

dextran
index
of

selectivity.
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factors II, VII, IX, and X). The protein concentrations in each

solution and the volume of each solution used are shown in table

12.

The methods used in assessing protein and dextran

selectivities have already been described.

(ii) Results

The four patients studied all had less than 30 mg of

protein per 100 ml in their urine and/or a urine to serum albumin

concentration ratio of less than 1 in 1600 both before the protein

infusion and five days after the cessation of therapy. The

values for creatinine clearance ranged from 76 to 150 ml per

minute. Urine microscopy (performed at least twice on each

patient) failed to show red cell or granular casts on any occasion.

A few hyaline casts were observed in the presence of induced

proteinuria. Plasma protein concentrations prior to infusion

ranged from 6,9 to 7.8 per 100 ml with albumin concentrations of

between 3.8 and 4.2G/100 ml. Measurements during induced

proteinuria gave total plasma protein concentrations ranging from

8,3 to 9.4 G per 100 ml. with albumin levels ranging from 4,4 to

5.0 G per 100 ml.

The range of protein selectivity values obtained during

induced proteinuria was from 2.49 to 3.13# (See table 13).

These values indicate a highly selective pattern of protein

excretion, comparable to that found in minimal lesion glomerulo¬

nephritis. Dextran selectivity values were also high, ranging

from 2.47 to 3.15. Converting these D values into their (-K)

equivalents, we arrive at a range of dextran selectivities in the
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presence of induced proteinuria ranging from 3.38 to 4.32 (-K)

units# The values obtained in the absence of induced proteinuria

were essentially similar, the D values ranging from 2.44 to

3.03 and their (-K) equivalents from 3*34 to 4.15 (-K) units.
Thus when proteinuria is induced in subjects with normal

kidneys by plasma infusion, selectivity values for both dextran

and protein are high, and the dextran selectivity does not change

appreciably from that noted in the absence of proteinuria. The

possible importance of this observation will be discussed in

section IV of this thesis.

In this section, protein and dextran selectivity values

have been compared in a variety of situations. Figure 26 summarises

these comparisons. Dextran and protein results are both expressed

in terms of (-K)•

In all situations there is a tendency for dextran values to

be higher than protein values. In glomerulonephritis and in induced

proteinuria, however, dextran and protein selectivity results are

comparable. In normal subjects under normal conditions, in

postural proteinuria, and in acute renal failure, dextran selectivity

results are very much higher than protein selectivity results, in

every case.
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3. Protein Selectivity Values in Patients with Major Proteinuria

During the period 1964-1970, 221 patients came under the

care of the Medical Renal Unit in Edinburgh who fulfilled the

following criteria.

1. They had ma;jor proteinuria of over 1.0G in 24 hours, and

proteinuria of this order persisted for four weeks or longer

following their referral to the unit.

2. They were followed up for a minimum period of three months.

3. Data concerning creatinine clearance, 24 hour protein excretion,

serum proteins m:1 protein selectivity were obtained.

This group consists, therefore, of patients with persistent

ma^or proteinuria. Patients with pyelonephritis or tubular

necrosis do not figure among the 221 cases, as these patients

either did not excrete as much as 1.0G of protein daily, or else

did so very transiently. Patients with classical and rapidly

resolving acute nephritis are also excluded because of the transient

and variable nature of their protein excretion. None of the

patient® with postural proteinuria excreted a® much as 1.0G of

protein per 24 hours except on one or two isolated occasions.

Of the 221 patients in this group, 195 underwent renal biopsy.

The pathological diagnosis was made in each case by Dr. Mary

MocDonald of the University Department of Pathology? it was baaed

on both light and electron microscopy findings, (MacDonald and

Buckley, 19661 Eobson, 1967). Average values for protein
selectivity, 24 hour protein excretion, creatinine clearance, and

serum albumin are shown in table 14,

The 221 patients were classified histologically as follows?-



Table 14

Protein Selectivity values in Patients with Major Proteinuria#

Serum Protein
GSR Albumin Excretion

-K (mean) G/lQOml, G/24hr. Number of
(mean) ml./min (mean) (mean) Patients.

Proliferative 1.86 73 2.5 4.7 92
glomerulonephritis

Membranous 1.90 88 2,2 7.7 28
glomerulonephritis

Mixed membranous and 1.52 88 2.5 5*9 16
Proliferative

Minimal lesion 3.08 84 1.6 6.6 14
glomerulonephritis

Renal lupus 1.74 74 2.5 5.7 17
erythematosus

Renal 2.33 60 1.9 6.8 15
amyloidosis

Diabetic 2.10 65 - 3.2 10
nephropathy

No biopsy 1.32 8.2 3.2 2.8 15
(contracted Kidneys)

Other undiagnosed 14
patients

Total 2%i
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Mixed membranous and proliferative - 16
Minimal lesion glomerulonephritis - 14

Renal Lupus erythematosus
Renal amyloi osis
Diabetic nephropathy
Miscellaneous or unclassified
No biopsy

- 17
- 15
- 10
- 8
- 21

a. Patients with Proliferative Glomerulonephritis

This large and heterogenous group was comprised of several

disease entities. In 20 cases, a streptococcal aetiology appeared

clear-cut, though only a minority of these 20 cases had a classical

Ellis type 1 history. In 8 cases there was clinical evidence of

Henoch-Schonlein disease. 3 patients had unequivocal Good¬

pasture* s syndrome, and 2 had Alport*s syndrome. The remaining

59 cases presented as the nephrotic syndrome, as symptomless

proteinuria, or as cases of impaired renal function of insidious

onset.

Some of the patients fell clearly into the histological

subgroups of proliferative glomerulonephritis described by Cameron

(1971) but in the majority of cases sub-classification by these

criteria would have proved somewhat arbitrary and possibly mis¬

leading. An additional 36 cases shown on biopsy to have proliferative

change were excluded from the series because of the minor or transient

nature of their proteinuria. In over half of these excluded cases

a streptococcal aetiology was either established or strongly

suspected.

The 92 patients with proliferative glomerulonephritis

included in the study had a mean protein excretion of 4.7G per day.
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The mean creatinine clearance value for the group was 73 ml per

minute, and the mean serum albumin level was 2.5G per 100 ml.

The average duration of follow up was 2.8 years,

26 of the patients with proliferative glomerulonephritis

developed renal failure leading to either death or dialysis.

5 died of causes not immediately related to renal disease - 3

from bronchogenic carcinoma, one from pulmonary embolism, and one

from myocardial infarction.

The mean selectivity value for this large and diverse group

was 1.86; S.D. £ 0.54.
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b. Patients with Membranous Glomerulonephritis

There were 28 patients in this group. All the patients

with the histological appearances of membranous glomerulonephritis

seen during the period 1964 to 1970 had major proteinuria which

persisted for months or yearsj no patient had to be excluded on

the ground of minor or transient proteinuria.

The mean daily protein excretion in the 28 cases was 7.7G.

The mean creatinine clearance value was 88 ml per minute, and

the mean serum albumin concentration was 2.2G per 100 ml. The

average period of follow up for the patients in this group was

3.4 years.

4 patients with membranous glomerulonephritis developed

renal failure during the period of follow-upj 2 died and 2 were

started on long term haemodialysis. 2 further patients died of

causes not immediately connected with renal disease - one from

bronchogenic carcinoma and one from carcinoma of the colon.

The mean selectivity value with respect to protein for these

28 patients was 1.90j S.D. t 0.08.
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c. Patients with Mixed Membranous and Proliferative Glomerulo¬

nephritis

There were 16 patients in this group. All patients with

histological change; indicative of mixed membranous and

proliferative glomerulonephritis on r^nal biopsy had persistent

proteinuria of over 1.0G in 24 hours; no case had to be excluded

on grounds of transient or trace proteinuria.

The mean daily protein excretion in this group was 5.9G.

The mean value for creatinine clearance was 88 ml per minute

and the mean serum albumin concentration was 2.5G per 100 ml.

The average period of follow-up for the patients in this group

was 3.8 years.

During the period of follow-up, 5 patiei fcs developed renal

failure. 3 of these died; the remaining 2 were started on long

term haemodi&lysis. No patient in this group died of causes

unconnected with renal disease.

The mean selectivity value for protein in the group of 16

patients with mixed membranous and proliferative glomerulonephritis

was 1.52? S.B. £ 0.09«
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Patients with Minimal Lesion Glomerulonephritis

14 patients had changes indicative of minimal lesion

glomerulonephritis on renal biopsy, and in each of these cases

the diagnosis was confirmed by electron microscopy. 8 patients

initially considered on light micro'copy to have minimal lesion

glomerulonephritis were found on electron microscopy to have

proliferative changes; these cases have been included in section

3a# 3 patients with light and electron microscopy evidence of

minimal lesion glomerulonephritis were excluded from this series

because a steroid-induced remission had occurred before

satisfactory selectivity values had been obtained.

11 of the 14 cases with minimal lesion glomerulonephritis

were adults. The remaining 3 were 5, 6 and *2 years old

respectively at the time of their first presentation to the renal

unit.

The mean 24 hour protein excretion in this group of patients

was 6.6G. The mean creatinine clearance value was 84 ml per

minute and the mean serum albumin concentration was 1.6G per 100 ml.

The average period of follow-up for the 14 cases with minimal

lesion glomerulonephritis was 5.0 years. 2 patients died during

the period of follow-up. Both had excellent renal function at

the time of death. One patient died of myocardial infarction

while on steroid therapy; the second, a girl of 15 with idiopathic

epilepsy, was accidentally drowned - probably as the result of an

epileptic convulsion.

The mean selectivity value for protein in the 14 patients

with minimal lesion glomerulonephritis was 3.08; S.D. t 0.11,
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e, Patients with Renal Amyloidosis

15 patients had renal biopsy appearances indicating

amyloidosis. In 5 the amyloid infiltration appeared to be

secondary to reheumatoid arthritis, and in 2 cases it appeared to

be due to chronic pulmonary suppuration. In 1 patient renal

amyloidosis occurred in conjunction with dental sepsis; in this

patient proteinuria disappeared following extraction of the

affected teeth. Amyloidosis was secondary to multiple myeloma

in 1 patient, and in one further case the presence of para-

proteinaemia suggested a similar aetiology, though abnormal plasma

cells could not be demonstrated. In 6 patients there was no

apparent underlying aetiology to account for the amyloidosis.

2 patients with renal biopsy appearances indicative of

amyloidosis had to be excluded from this series because of

inadequate follow-up and incomplete data.

The mean 24 hour protein excretion in the patients with

amyloid disease was 6.8G. The mean creatinine clearance was

60 ml per minute and the mean serum albumin concentration was 1.9G

per 100 ml. The average period of follow-up for the 15 patients

with renal amyloid was 2.0 years. 7 of the patients died during

the period of follow-up. One case, with good renal function,

died of a gastro-intestinal haemorrhage complicating steroid

therapy. The remaining 6 died of renal failure.

The mean protein selectivity value for the 15 patients with

renal amyloidosis was 2.33; S.D, £ 0.16,
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f# Patients with Renal Lupus Erythematosus

In 17 patients the renal biopsy appearances were indicative

of renal lupus erythematosus# One case, with similar appearances,

was excluded from the series because of the minor and transient

nature of his proteinuria# Two further cases were excluded because

of inadequate data#

In 10 of the patients in this series the histological

diagnosis was supported by the following additional evidence of

lupus#

1# A strongly positive test for antinuclear factor obtained on 2

or more occasions, and/or a positive L.E, cell preparation obtained

on 2 or more occasions#

2# Two or more of the following:-

a rash compatible with 3.L.E#

a haemolytio anaemia responding to steroid therapy#

involvement of the uveal tract#

a white cell count of 4,000 per cubic millimetre or under#

arthropathy or arthritis#

pleurisy, not explicable in terms of infection#

pericarditis, not explicable in terms of uraemia#

yrexia unexplained by infection and responsive to

steroid therapy#

These 10 patients were regarded as having definite renal lupus#

In 7 of the 17 cases the pathological diagnosis was less

strongly supported by laboratory and clinical evidence# These

patients were regarded as having probable renal lupus erythematosus#

The mean 24 hour protein excretion in the 10 cases with

definite renal lupus was 4#6G per 100 ml# The mean creatinine
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clearance was 75 ml per minute and the mean plasma albumin

concentration was 2.6G per 100 ml. The average period of follow-

up was 3.1 years. Two of the 10 cases with definite lupus died

during the period of fo: low-up, death in both instances being due

to renal failure.

The mean protein selectivity value for the patients in this

sub-group was 1.80.

In the 7 cases classified as having probable renal lupus,

the mean 24 hour excretion of protein was 7.20. The mean value

for creatinine clearance was 72 ml/min and for serum albumin it

was 2.4G per 100 ml. The average period of follow-up was 2.2

years. During this period of follow-up 2 patients died, both of

renel failure. The men? value for protein selectivity in this

sub-group was 1.66.

Combining the results for all 17 cases with histological

appearances suggesting lupus, the mean 24 hour protein excretion

was 5.7G. The mean creatinine clearance value was 74 ml per

minute. The average serum albumin concentration was 2.5G per

100 ml. The average period of follow-up for the 17 patients was

2.7 years and four patients died during the follow-up period, all

of renal failure.

The mean value for protein selectivity in the 17 patients

with definite or probable renal lupus was 1.74? S.D. - 0.12.
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S* Patients with Diabetic Nephropathy

The 10 patients with diabetic nephropathy represented a

small fraction of the several hundred diabetic patients with

proteinuria who attended the diabetic department of Edinburg

Royal Infirmary in the period 1964-70. Since the priority with these

patients was the management of their overall diabetic state, they

were followed up at the diabetic department rather than at the

renal clinic. Prolonged follow-up information on this group of

patients was therefore not available.

The mean protein selectivity in the 10 patients with

diabetic nephropathy was 2.01. Twenty-four hour protein

excretion averaged 3.2 and the mean creatinine clearance for

the group was 65 ml/minute.
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y

h. Miscellaneous other patients

Of the 221 patients discussed in this section, 29 could not

be assigned to a precise diagnostic category. In 8 cases the

biopsy findings were equivocal. In the remaining 21, no biopsy

tissue was obtained,

15 of the 21 patients in whom biopsy was not undertaken had

radiological evidence of very small kidneys, and it was because

of the size of the target organs that biopsy was not attempted.

These 15 cases all had creatinine clearances of under 15 ml per

minute at the time of their presentation to the renal unit. In

spite of the absence of a histological diagnosis, it was possible

to group them together as having contracted kidneys, major

proteinuria, and moderate to severe renal failure.

The mean protein selectivity for this group of 15 patients

was 1.32. The 24 hour protein excretion averaged 2.8G and the

creatinine clearance averaged 8.2 ml per minute. The mean serum

albumin level was 3.2G per 100 ml. The mean period of follow-up

for this group of patients was 1,7 years, and 10 of the 15 either died

or were started on dialysis during the period of follow-up,

The remaining 14 patients had nothing in common except for

the absence of a diagnosis; their results have therefore not

been analysed in detail.
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4. The relationship between protein selectivity values and

prognosis in patients with major proteinuria.

It is generally agreed that in patients with major proteinuria

there is a correlation between selectivity and the severity of the

underlying renal lesion. (Hardwicke ana .quire, 1955; Joachim

et al, 1964; Cameron and White, 1965} Robson, 1967») Since a

highly selective proteinuria tends to be associated with

relatively slight pathological changes, it might be expected that

a high selectivity index would be associated with a favourable

prognosis and that a low index of selectivity would be prognos-

tieally unfavourable.

From the previous section, however, it will be seen that

patients with renal amyloidosis tend to have selective proteinuria,

and that 6 out of 15 patients with this condition died of renal

failure during a period of follow-up which averaged less than 2

years. A selective proteinuria is therefore not always associated

with a prolonged survival. This observation prompted an examin¬

ation of the relationship between selectivity and survival.

Of the 221 patients with major proteinuria discussed in the

preceding section, 197 were included in this study on prognosis.

The 14 patients discussed in section 3h who could not be classified

were excluded, as were the 10 diabetic patients discussed in

section 3g« The diabetic cases were excluded because they were

not followed up at the renal clinic, and information concerning

their progress was incomplete.

The relationship between selectivity and prognosis was

assessed in two ways.
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(a) The status of each of 146 patients was recorded three

years after the first attendance of that patient at the renal

clinic. The patients were divided into four groups on the basis

of the selectivity of their protein excretion, and the survival

rate at three years was assessed for each group,

(b) 163 patients were divided into two groups, the first

comprising 116 cases with unselective proteinuria, and the second

67 cases with selective proteinuria. Survival in each group

was assessed by an actuarial method, (Barnes, 1965 a and b).

In every case ''survival" was taken as meaning survival with

independent renal function. Failure of survival was taken as

either the death of the patient, or the development of chronic

renal failure necessitating long term dialysis or renal

transplantation (i,e, death of the kidneys).

Patients developing end stage renal failure were regarded as

having sustained "renal death" on the date of their first dialysis.

Dialysis preceded transplantation in all cases receiving a kidney

graft.



Figure 28

Survival with independent renal function related

to selectivity in 146 patients with proteinuria

of over 1.0G per day.
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a, Three year survival with independent renal function in

■patients with varying Indices of protein selectivity*

Of the 197 patients considered in the study on selectivity

and prognosis, 179 were seen for the first time on or before

December 31et, 1967, and could therefore have been followed for

three years by 31st December 1970, when the study was concluded.

Of these 192 patients, 49 were either dead or dependent on an

artificial or transplanted kidney within three years of their

first attendance, 97 patients were known to have survived

three years with i "ependent renal function, 33 patients,

comprising 18$ of those who could in theory have been followed

for three years, had been lost to follow-up.

The 149 patients who were followed for 3 years or until

dialysis was needed or death ensued were divided into four groups

on the basis of their selectivity index.

The first group consisted of patients with very unselective

proteinuria. It comprised 26 patients in whom the value for

(-K) was less than 1,4, 19 patients in this group (73$) were

either dead or on dialysis by the end of three years.

The second group comprised patients with moderately unselective

proteinuria, i,e. a (-K) value of 1,40 to 1,99, 59 patients

were in this category, 18 of the 59 (31$) were either dead or on

dialysis at the end of three years,

The third group consisted of patients with moderately selective

proteinuria, i,e, a (-K) value of 2,00 to 2,59, 35 patients had

selectivity indices in this range, 11 of these 35 patient© (31$)
were either dead or on dialysis by the end of three years.
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The fourth group was made up of patients with highly

selective proteinuria, i,e, a (-K) value of over 2,6* Of the

26 patients in thie group , all but 1 (4$) survived for three

years wita independent renal function. The single death in this

group was an elderly patient with minimal lesion glo "ulo-

nephritis whose demise from myocardial infarction occurred in

the presence of good renal function,

The relationship between selectivity and status at three

ye -a is shown in figure 28, Table 15, in addition to showing

the fate of the pe. tents in each group, also shows the diagnos a

of the patient® concerned, and the survival in relation to

selectivity for each diagnc tic category. Since any hospital

series is a selected one in which mild cases are under-represented,

table 15 cannot be taken aa reflecting the prognosis of (say) the

general run of patients with proliferative glomerulonephritis,

Many patients with mild acute nephritis were not referred to the

renal unit. Of the patient® who were referred, about 30 were

excluded from this study because rapid resolution of proteinuria

prevented adequate selectivity studies from being undertake

Although the series was a selected one (see p,97 for the

precise selection criteria) protein selectivity was not one of

the factors involved in the selection. As the number of patients

involved in the study was large, the observed relationship between

selectivity and prognosis is almost certainly a real one#

Summarising these results,

a) in very unselective proteinuria (-K less than 1,4) the prognosis

appears to be bad, with 73$ of patients dying or developing end-
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stage renal failure within 3 years,

b) in very selective proteinuria (-K over 2,6), the prognosis

is jood, the 3 year survival being in excess of 95$.

c) The two intermediately selective groups did not differ

appreciably from each other in terms of prognosis. In each

group, the number of cases dying or developing end-stage renal

failure was 31^« This survival rate was significantly better

than in the patients with very unselective proteinuria, and

significantly worse than in the patients with highly selective

proteinuria.
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b. The relationship between protein selectivity and projected

survival with independent renal function in patients with

major proteinuria.

The actuarial method used in this rart of the survival study

is that used by Barnes (1965a and b) in the compilation of the

statistics of the Interna^^nal Transplant Register, In section

4a only those patient® who had been followed for three years or

until the termination of independent renal function could be

Included in the calculation. Using the actuarial method, patients

lost to follow-up, or seen for the first time during the past

three years, could be included in the study.

As the actuarial metho ' is unreliable where snail groups of

patients art concerned, cases were divided into two groups on

the basis of selectivity, instead of into four, as in the preceding

study, (—K) values for the unselective group were 1.9 and belowj

there were 116 patients in this group. The selective group,

(patients with (~K) values of 2.1 and above), was made up of 67

patients. Table 16 shows the diagnostic categories and the out¬

come of the patients in these two groups. Ipatients hac

selectivity values in the range 1.9 to 2.1; as these patients

did not fall into either group they were excluded.

The method of calculating projected survival is as follows,

let n be the number of patients surviving at the start of time

period xl.

Let b be the number of patients dying or requiring dialysis during

the period xl.

And let c be the number of patients lost to follow-up during the

period xl.



Table
17.

*

Projected
survival
in

patients
with
major

proteinuria.

1#

Unselective
proteinuria*
~K

tinder
1.9.

Period
n

b

(Patients
(Patients
dying
or

surviving
at

started
dialysis

c(lost
tofollow-up
q

(

b

)

PSurvivalfor
f

*s
«Percentsurviving

Error

start
of

during
period)

period)

during
period)

(n-c/2)
period(1-q)
at

end
of

period
*

First
year

116

18

9

0.161

0.847
84.7

-3«4

Second
year

89

12

13

0.145

0.855
72.4

-4.3

Third
year

64

8

17

0.144

0.856
62.0

-4.8

Fourth
year

39

4

7

0.072

0.928
57.5

±5.2

Fifth
year

28

2

4

0.077

0.961
55.3

±5.8

2.

Selective
proteinuria*
-K

over
2.1.

First
year

67

6

4

0.092

0.908
90.8

±3.5

Second
year

57

1

10

0.019

0.981
89.1

±3.8

Third
year

46

3

11

0.074

0.926
82.5

±5.0

Fourth
year

32

1

7

0.034

0.966
79.7

±5.4

Fifth
year

24

1

3

0.047

0.953
75.9

±6
•

2

•Survival
means

survival
with

independent
renal

function.

/(Percentage
error
=

F.S.
x

ycczk)
(Barnes

1965a)



- 114 -

Then qt the proportion of patients dying or requiring long term

dialysis during the period xl, is

b

The survival for the period xl can be represented by p; p is

equal to (1-q).

The survival for the second period of follow-up (x2) can be

similarly calculated.

The percentage surviving at the end of period x2 (F.S.)
is pxl x px2 x 100

The error of the actuarial method is given by Barnes (1965a)

as being equal to

Table 17 shows the calculation of the survival quotients

in the wo groups for each of the five years of illow-up considered.

The number of patients followed for more than five years was 22

in the first (unselective) group and 20 in the second (selective)

group. These numbers were too small to allow calculation of

survival quotients for the sixth and subsequent years.

As shown in table 17 and In figure 29» survival with independent

renal function was consistently better or the patients with (-K)
values of over 2.1 than for patients with selectivity values of

under 1.9* The difference was greater than could be accounted

for by the fact that all the patients with minimal lesion glomerulo¬

nephritis were in the selective group. The difference in survival

for the two groups was 6.1$ at the end of the first yearj this was

n - c/2

P.S
(Greenwood 1926)



Figure 29

Projected survival with independent renal

function in 183 patients with proteinuria

of over 1.0G per day.

YEARS
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not significant in view of the combined error of 6,9>'U

For the second year (difference lo,8$; combined error 8.1$)

through to the fifth year (difference 2Q.1^| combined error 12.0^)

survival with independent renal functi a was significantly bettor

for the selective group than for the unseloctive group.

Of the 13 patients with selective proteinuria who died or

required d: fiyaia, 5 died of non-renal causes in the presence

of good renal function. One of these died of bronchogenic

carcinoma, two from myocardial infarction, 1 from accidental

drowning, and one from gastric haemorrhage complicating steroid

therapy.

Of the 44 patients with unselective proteinuria who died or

required dialysis, only 2 did not develop end-stags renal failure.

Both these patients died of bronchogenic carcinoma.



Figure 30

SELECTIVITY AND STEROID RESPONSIVENESS
IN THE NEPHROTIC SYNDROME

SELECTIVE 3.0

INOEX OF
SELECTIVITY 20

UNSELECTIVE
10

□

□

□

sg
□
□
□r I
□
□

_o __ aa

Shi
sl"a

I:.

° PROTEINURIA ABOLISHEO
a PROTEINURIA REDUCED
■ PROTEINURIA UNCHANGED



- 116 -

5• Protein bp-"* ■"©tivity and responsiveness to steroid therapy

Patients with a high protein index of selectivity tend, on

the whole, to respond more favourably to steroid therapy than

patients with unselective proteinuria Joachira et al, 1964;

Cameron, 1968), In this section, this relationship between

selectivity and steroid responsiveness is examined with a view

to determi. Ing whether, in the individual caso, protein selectivity

is an important factor in the decision as to whether or not to use

steroids. Since the M.R.C. trial on the nephrotic syndrome

(Black et al 1970) haa shown that the overall mortality in adults

treated with steroids is greater than that in matched controls,

steroid therapy should obviously not be used except where there is

a strong possibility of a favourable response.

Our preliminary findings ir 1966 (Robson, Petri© and Maclean,

unpublished) are shown in figure 3 0 Of 58 pat4 uvfce (predominantly

adults) who were treated with steroids for the nephrotic syndrome,

proteinuria disappeared in 17 and was reduced to or less of it

initial quantity in a further 7. In 34 patients, there was no

significant response to steroid therapy. All of the 17 patients

in whom proteinuria was abolished had protein selectivity values

of over 2.0; %.L, m 17 cases comprised 61$ of the total number of

patients with selective proteinuria who were treated with s+ roids.

Out of 30 cases with protein selectivity values of less than 2.0,

proteinuria was not abolished in n single instance.

As a result of these finding®, wo came to the conclusion that

an unselective pattern of protein excretion was a strong contra¬

indication to steroid therapy, except possibly in patients with
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SELECTIVITY, STEROID RESPONSIVENESS AND HISTOLOGICAL

DIAGNOSIS IN THE NEPHROTIC SYNDROME
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systemic lupus erythematosus, where there is some evidence (Pollak
et al, 1964) uhat the U3e of this form of therapy may delay the

progression of the disease.

In view of a favourable response rate of over 50$, we felt

that a selective proteinuria might constitute at least a relative

indication for steroid therapy, except of course in those cases

where the degree of proteinuria was so slight that there was no

clear need for any therapy at all.

There is, however, a strong body of opinion which holds that

steroids are only of proven value in patients with minimal lesion

glomerulonephritis (Sharpstone et al, 1969b, White et al, 1970,

Cameron, 19715» though these authors would probably agree that

this form of therapy should not be withheld in patients with

renal lupus, A substantial proportion of the patients with

selective proteinuria who responded to steroids in our initial

series had minimal lesion glomerulonephritis, and in this condition

the proteinuria is invariably selective. It was obviously necessary

to reassess our results to discover if the favourable response to

steroids shown in the patients with selective proteinuria could be

accounted for entirely by the responsiveness of the patients with

minimal 1 esi ona;,

Figure 5/ shows the 1966 series brought up to date by the

addition of a further 28 cases. In addition to selectivity and

responsiveness to therapy, the diagram shows the histological

diagnosis in each case. Of 82 patients with the nephrotic syndrome

treated with steroids, 44 had selective proteinuria (-K over 2,0),
22 of these 44 patients lost their proteinuria completely following
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steroid then y: a response rate of 50$• In none of the 38

patients in whom selectivity was low (-If under 2*0) did protein¬

uria disappear completely after steroids.

Relating steroid responsiveness to histological diagnosis,

all 14 patients with minimal lesion glomerulonephritis sustained

a complete remission following steroid therapy. None of the 8

patients with membranous glomerulonephritis responded to steroids,

and the same total lack of responsiveness was shown by the 9

patients with mixed membranous; and proliferative changes.

There were 18 cases of proliferative glomerulonephritis

with protein selectivities of 2.0 or over. Abolition of protein*-

uria occurred in 5 of these patienta following steroids and

reduction in proteinuria to 20$ or less o the initial value

occurred in a further 6« In only 7 of these selective cases

(39$) a® there complete unresponsiveness to stei id®. Of the

19 cases of proliferative glomerulonephritis having (-F) values

of under 2,0, proteinuria was not abolished in a single case,

and was reduced to 20$ or less of the initial value in only 2,

Seventeen patients (90$) with proliferatev* glomerulonephritis and

unselective proteinuria were totally unresponsive to steroids.

Of 7 cases of renal lu; ~ with selective proteinuria, 3 showed

a complete response to steroid®, and 1 showed a partial response.

Three of the 7 selective cases (43$) were totally unresponsive.

Of 7 cases of lupus with unselective proteinuria, in no instance

was proteinuria abolished completely by steroids, Two patients

showed a partial response, with proteinuria falling to 20$ or

less of the initial value. Five of the 7 unselective cases (71$)
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showed no response to steroids*

As a result of these figures, one can concur with Cameron

(1971) to the extent of admitting that only in minimal lesion

glomerulonephritis can resolution of proteinuria be confidently

expected following steroid therapy* There would appear to be

little or no place for steroid therapy in the nephrotic syndrome

with membri..ous or with meir.brano~proliferative histology*

Cameron suggests that steroids arc never indicated in proliferative

glomerulonephritis. Our results however would appear to suggest

that at least some patients with this histological picture benefit

from steroids, the benefit being largely confined to the case©

with selective proteinuria*

The disappearance of proteinuria following steroid therapy

does not of course prove that the remission was caused by steroids.

The incidence of spontaneous remission in the ne: rotic syndrome

can be as high as 36;' iij children over a one year period (Arneil,

1961) and of the order of 15 to 20*" in adults (Wesson et al, 1963}

Ross and Smith, 1963)* In proliferative glomerulonephritis -

particularly where the onset is %iephrit* * rather than fnephrotic*

(see De hardener, 1967) remission within a few weeks of onset

is very common. It was, h ^ver, our practice to withhold steroids

for at least four weeks in all cases, and to avoid them altogether

in patients fitting the clinical classification of Ellis Type I

nephritis. Steroids were only given to patients with major

proteinuria and cademaj they were withheld if clinical, biochemical,

or histological criteria suggested the likelihood of a reasonably



Tafcle IS Patients with proliferative glomerulonephritis.

Proteinuria at 8 weeks expressed as a per centage of
initial proteinuria.

Unaelective patients Unselective patients
(-K less than 2.0) (~K leas than 2.0)

Untreated controls. Treated with steroids.

18 1$ i«3$
169$ w
133$ n8?r.
125$ 104$
125$ 9*,
123$ 89$
119$
118$ 88/t
89$ 79$
88$ 7%
78$ 68$
7% 40$
67$ j7$
42$ 24$
26$
20$
m

Mean at 8 weeks « 93.5$ * 12.1 Mean at 8 weeks « 86.79^ * 10.9

Selective patients selective patients
(-K over 2.0) (~K over 2*0)

Untreated controls. Treated with steroids.

176$ 146$
8%.150$

128$ 86$
10% 7%
101$ 67$
98$ 55$
92$ 47$
71$ 47$
59$ 31$

26$

18$ 12 weeks)
m
11$

(~ 0 at
8$ 10 weeks)
(- 0 at

3$ 12 weeks)
_2L_

Mean at 8 weeks =109.yf, t ^.3 Mean at 8 weeks = 45.45t ± 9.9
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prompt spontr ms recovery.

Judgements as to which patients are likely to recover

spontaneously and promptly are, however, notoriously difficult#

The only way of eliminating spontaneous recovery an a factor

in the apparent responsiveness to aterotda of soma patients with

proliferative histology is to relate the progress of treated

cases to ti.3 progress of an untreated control group, taking a

fixed interval of time as that over which responsiveness is

assessed«

Protein excretion 8 weeks after the start of steroid therapy

in 30 patiento with proliferative histology was therefore compared

with protein excretion eight weeks after initial assessment in c8

untreated controls*. She date oi the sec nd protein selectivity

determination was taken as the "onset of no treatment" in the

eontro oases#

fable 14 shows the protein excretion at Q weeks, expressed as

a percentage of protein excretion immediately prior to therapy

(or, in the control cases, immediately prior to the second protein

selectivity estimation).

There were 17 unseloctive control patients, and at the end

of 8 weeks, their protein e **tior. was, on average, 93.5$ - 12,1?'
of the initial value.

There- were S selective control patients, and at the end of

8 weeks their proteinuria was, on average 102.3$ - 12.3$ of the

initial value.

In 14 patient© with unaelective proteinuria treated with

steroids, proteinuria at the end of 8 weeks averaged 86,8$ 1 10.9$



Figure 32a

Responsiveness to steroid therapy of patients with

proliferative glomerulonephritis.

Each horizontal bar represents one patient. The

length of the bar represents proteinuria at 8 weeks

expressed as a percentage of initial proteinuria.

Unselective proteinuria, (-K) less than 2.0.

Unselective Proliferatives - Controls Unselective Proliferative - Treated
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Proteinuria at 8 weeks expressed as a percentage of initial proteinuria
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of the initial value. This represents some reduction in

comparison with the unseiective controls (93.5$ - 12,1$) but the

difference was not significant (t m 0.403, p over 0,7).
In 16 treated patients with selective proteinuria, protein

excretion at 8 v/eeks averaged 45.4$ £ 9.9$ of the initial value.

Compared with 109.3$ - 12.3$ in the selective controls, this

represents a significant reduction in proteinuria (t a 3.958,

p less than 0,001). The responsiveness of the selective

proliferatives was also greater than that of the unseiective

proliferatives (t « 2.8l3t P less than 0,01).
While the 24 hour protein excretion is perhaps the simplest

basis on which to judge steroid responsiveness, this excretion

is dependent on the glomerular filtration rate and the serum albumin

concentration as well as on glomerular permeability to protein.

A reduction in protein excretion may arise as a result of a fall

in the ;loraerular filtration rate, and a rise in he serum albumin

concentration (other things being equal) will lead to an increase

in the amount of albumin excreted, (Hardwicke and Squire, 1955),
It is therefore helpful to adjust the protein excretion figures to

take into account the creatinine clearance and the serum albumin

figures.

In every patient, there: ore, initial protein excretion and

protein excretion after 8 weeks was adjusted according to the

following formula.
Actual excretion x 100 x 4,0Adjusted excretion . cHSUHH? clearance x Serum albumin

(g.$)

(Since the bulk of the excreted protein is albumin, relating



Figure 32b

Responsiveness to steroid therapy of patients with

proliferative glomerulonephritis.

Each horizontal bar represents one patient. The

length of the bar represents proteinuria at 8 weeks

expressed as a percentage of initial proteinuria.

Selective proteinuria, -K over 2.0.

Selective Proliferatives - Controls Selective Proliferatives - Treated
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Table 1^ Patients with proliferative glomerulonephritis.

Proteinuria adjusted to a creatinine clearance of 100 ml/rainute
and a serum albumin concentration of 4.0 3 per 100 ml.

Adjusted protein excretion at 8 weeks expressed as a percentage

of adjusted initial protein excretion.

Unselective patients
(-K leas than 2,0)
Untreated controls

221$
163^
1615?,
2055C
73$
96$
187$
229$
121$
157$
55$
42$
63$

15$
JSL

Unselective patients
(-K less than 2,0)

Treated with steroids

114$
1
102$
79$
46$
43$
100$
48$
49$
71$
39$
50$
18$

Mean at 8 weeks « 108.2$ - 18.8 Mean at 8 weeks « 69.7$ - 11,59

Selective patients
(~K over 2,0)

Untreated controls

107$
115$
221$
59$

101$
108$
60$
82$

Selective patients
(-& over 2,0)

Treated with steroids

101$
64$
115|34*
18*
24*
85*
32S
15*
12*

12$
2$
0,2$
0.0$

Mean at 8 weeks « 104.6$ t 16.0 Mean at 8 weeks a 26.3$ ~ 7.7
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excretion to serum albumin concentration is more accurate than

relating it to sarura total protein concentration). In each case

the adjusts -rotein excretion after 8 weeks was expressed as a

percentage of the initial adjusted rro oin excretion.

In the 17 control patients with unsalective proteinuria, the

mean adjusted protein value at 8 weeks was 108.2$ £ 18.8$ of tho

initial ao: noted protein excretion.

In the 9 control patients with selective proteinuria, the

mean adjusted protein excretion at 8 weeks was 104.6$ £ 16.0$
of the initial value, The mean adjusted protein excretion in the

14 treated patients with unaelactive proteinuria at 8 weeks was

69*7$ £ 11*6$ of the initial, value. In comparison with the 10- .2$

£ 18,8$ in the unselectivc controls, this night suggest some benefit

from steroids in the treated unselective prollferatives, The

value for t, however, was 1.656, giving a p valu of over 0.10

(not significant).
In the 16 treated patients with selective proteinuria, the

mean adjusted value for protein excretion as a percentage of the

initial adjusted value was 26.3$ * 7.7$ Compared with the figure

for control patients with selective proteinuria (104.6 £ 16.0),
the difference -as highly ni mificant (t « 4.98* p loss than 0.001).
Hie adjusted values for protein excretion in treated selective

pfoltfixatives also significantly different from that in

unselaetive treated proliferative! (25.3$ - 7.7$ as against

69.7$ £ 11.6$? t * 3.193? p less than 0,01),
These calculations indicate that patients with proliferative

glomerulonephritis and selective proteinuria show a significant
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reduction in ? rotoinuria after 8 weeks treatment with steroids.

This response cannot be eompar a with that seen in minimal

lesion glou 3onephritls, however. In 14 cases with minimal

lesion, 12 had lost their proteinuria completely at 8 weeks after
steroid therapy. The remaining two cases lost their proteinuria

10 and 12 weeks respectively after the onset of therapy.

In on / 1 of the 14 selective proliferative^ was protein

excretion abolished inside 8 weeks, 1 further case had lost her

proteinuria at 10 weeks and a further 2 cases were free of urinary

protein 3 months after the start of therapy.

The situation with regard to proliferative glomerulonephritis,

therefore, is that a partial response to steroid therapy is lik ly,

with reduction in proteinuria in those patients with selective

proteinuria. Abolition of proteinuria is to be expected in only

about 30# of cases, and this abolition will tend to take about

3 months to occur. The response of proliferative cases with

unselective proteinuria is unimpressive,

A selective proteinuria in patients with proliferative

histology can therefore be regarded as < relative indication for

steroid therapy. In most cases the response is only partial and,

if the nephrotic state can be adequately controlled by diet and

diuretics, it is probably not worth risking the side-effects of

steroids. All the patients who eventually responded completely

to steroids showed a substantial reduction in protein excretion

at 8 weeks.



Figure 33

The relationship between protein selectivity and

creatinine clearance in 160 patients with proteinuria

of over 1.0G per 24 hours.
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6. The relationship between protein selectivity and creatinine

clearance#

In figure 33 creatinine clearance (ml per minute) has been

plotted against protein selectivity (-K) in 160 patients with

proteinuria of over l.OGr per 24 hours. The best straight line

for the plot was found to be

y « 25#2x + 22.9

where y is the creatinine clearance and x is the protein

selectivity# In view of the extremely wide scatter of the points,

this line has very little meaning# A positive correlation between

protein selectivity and creatinine clearance did exist, however;

r was +Q#361 and p was less than 0#01.

Despite this significant correlation for the series as a

whole, from figure 33 it will be seen that many patients with

(-K) values of less than 1#6 had creatinine clearances of over

80 ml/minute, while a substantial number of patients with selectivity

values of over 2.0 had creatinine clearances of less than 30 ml per

minute#

Protein selectivity does not, therefore, reflect overall

renal function in the individual case with any useful degree of

precision#



Figure 34

The relationship between protein selectivity and 24

hour protein excretion in 160 patients with proteinuria

of over 1.0G per day.

Protein Selectivity and Protein Excretion in 160 patients
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7. The relationship between protein selectivity and 24 hour

protein excretion*

In figure 34 protein excretion per 24 hours) has been

ted against protein selectivity (-K) in 160 patients with

proteinuria of over l.GG per day. The best straight line for

the plot was found to be

y « 1,18 x + 3*28

where y is the protein excretion and x the protein selectivity.

In view of the wide scatter of the points, the calculated line

has very little meaning, A positive correlation between

selectivity and protein excretion was found} r was 4-0*179 and

p was just less than 0*05*

Since a low value for sel ctivity indicates a relatively

large glomerular pore size, a negative correlation between

selectivity and protein excretion might have been expected. The

total amount of protein excreted, however, depend© on the total
area of the basement membrane which is permeable to protein and

not simply on the average size of the pores. Selectivity

determinations give some indication of pore sisefN rdwiek© and

Sootbiil, 1961) but they give no indication regarolng pore number.

Protein excretion is dependent on the glomerular filtration

ret® and the plasma protein concentration, as well as on the

permeability of tne glomerular filter to macromolecules. It ia

therefore reasonable to "adjust" the observed protein excretion

to take these variables into account. Since albumin is the most

important urinary protein in quantitative terras, the following

formula gives a reasonable approximation to what might be expected



Figure 35

Comparison of protein selectivity values in

patients with proliferative glomerulonephritis and

an unequivocal nephrotic syndrome, and patients

with similar histology but without the nephrotic

syndrome ("nephritic proliferatives").
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on the basis of a creatinine clearance of 100 ml per minute and

a serum albumin concentration of 4*03 per 100 ml*

Adjusted protsin excreUou - pTOa? i ^
Creatinine clearance (ml per min.)

When the 24 hour protein excretion was adjusted according

to the above formula for the 160 patients* a negative correlation

between selectivity and protein excretion was found; r was -0*267

ana p was less than 0.05. This negative correlation may well be

an artefact caused by the method used in calculating adjusted

protein excretion, however. Creatinine clearance appears in the

bottom line of the equation used to determine "adjusted excretion",

and a positive correlation between creatinine clearance and

protein selectivity has already been shown in the preceding section*

In proliferative glomerulonephritis there appears to be a

genuine tendency for patients with massive proteinuria to have a

moderately selective mode of protein excretion# Figure 35 shows

the selectivity values in 16 nephrotic patients with serum albumin

concentrations of less than 2*03 per 100 ml along with selectivity

values in 23 "nephritic" patients in all of whom the albumin

concentration in serum was over 3*0 per 100 ml* The mean protein

selectivity for the nephrotic group was 2.41. The mean

selectivity for the "nephritic" group was 1*82. This difference

in means was significant; t was 3*870 and p was less than 0.001*
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8, Studies involving I 125-labelled polyvinyl-pyrrolidone (PVP)

a. Introduction

I 125 polyvinyl pyrrolidone ia a ra&ioactively labelled

polydisperse aiacromolecule. Idle material generally used has

an average molecular weight of 38,000} it can be obtained in a

form suitable for intravenous injection from the Hadiochemical

Centre, Amersham, Bucks. Its use in the study of glomerular

permeability to macromolecules has already been reported by Holme

and Hardwicke (1966), Hardwicke et al (1968, 1970) and Lambert

at al (1970).

1'he methods used for measuring PVP clearances by gel

filtration have already been described. The sensitivity and

flexibility of the radiometric assay enabled clearance studies

with PVP to be conducted over a much wider molecular size range

than was possible with the methods employed for assaying protein

and dextran.

Although the principle of the PVP method was fundamentally

simple, progress with PVP studies was delayed for a time by a

number of methodological problems. Most of these problems were

related to binding of radioactive material.

In some of our early pilot experiments, "Blue Dextran"

(M.W. 2 x 10 , Pharmacia) was used as an internal standard for

urine and plasma fractionation runs in order to determine the
*

position of Vo with greater accuracy. Ihe radioactive label,

"Notes Vo is the origin of the Bephadex fractionation run. 3ee
pp. 01 to 63 of this thesis.
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however, became partxally bound to the dextran marker, giving

erroneously high counts in the earlier tubes of the fractionation

run. It became obvious that Blue Dextran was unsuitable for

us® as a marker in this context.

A second binding problem occurred in relation to Sephadex

itself. It was found that after the application of larger

than usual amounts of radioactive material to the column, the

background radioactivity of subsequent elution runs often rose to

an unacceptable level. this phenomenon v as due to adsorption of

radioactive material on the column, with suosequent gradual

elution. Blue Dextran proved useful in this context, as the

passage of about 5mg of this material through a "hot" column

stripped it of much of its radioactivity and restored the column

blanks to acceptable levels.

These experiences raised the question of binding effects

between protein and I 125 labelled PVP. Such binding effects were

in fact demonstrated. There was a slight but definite shift in

the elution pattern of PVP-protein mixtures in comparison with the

pattern on column chromatography of pure I 125 PVP. This took

the form of an increase in radioactivity in the region of the three

protein peaks, with a corresponding decrease in the region of the

intervening troughs. The effect was more noticeable following

the injection of PVP into a patient than when the labelled material

was simply added to plasma in the laboratory.

It was not possible to eliminate this possible source of

error by deproteiniaing the samples prior to chromatography.

Following protein precipitation, either with tungstate or

trichloracetic acid, less than 20>t> of the radioactivity originally
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present remained in the supernate*

Protein-binding of i 125 labelled PVP was, however,

detectable rather than obvious. Since the amount of protein

in the early tubes of a fractionation run of unconoentrated urine

from normal subjects or from patients with selective proteinuria

is small, it was thought that binding would not oause appreciable

errors in such patients. In one patient who had heavy protein¬

uria and an unaelective mode of excretion, however, there was an

unexpected rise in PVP clearance with increasing molecular aissa#

The rise was confined to the first four tubes of the fractionation

run. It was felt that protein-binding might have been the factor

responsible for this particular anomaly.

Our investigation of these various binding: phenomena proved

somewhat time-consuming. The progress of actual clearance

studies was delayed, and at the time of writing satisfactory PVP

clearance datt had been obtained in only 14 subjects - 8 patients

with glomerulonephritis and 6 normal individual®. Even with

this small series it was possible to confirm many of the

observations reported by Hulme and Hardwioke.

Ona advantage of using labelled PVP in clearance experiments

is that observations can be made over a wider range than is possible

with either protein or dextran. The inclusion in clearance

studies by the gel filtration technique of aiacromolecules which

elute later than Va* does, however, cause certain difficulties

when it comes to selecting the method of choice for expressing the
i

*Notet Va is the elution peak of human serum ablumin. This term
is defined, along with Vo, Ye and Vt on pp,61 to 63 of this
thesis.
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results. This point is illustrated in figure 36, which shows

the data from a single PVP clearance experiment treated in four

different ways.

In figure 36a, log clearance has been plotted against

elution volume. In order to eliminate variables such as column

sisse and column volume, elution volume has been expressed in terms

ox Kav. Kav (Laurent and Killander, 1964) is synonymous with

Kd (Ackers, 1964). As explained on p.62 of this thesis,

£& * Kav * [yf £
The relationship between log clearance and Kav is linear over the

range Vo to Va. In the range between Va and Vt, however, the

line becomes a curve with a continually changing slope.

In figure 36b, log clearance is plotted against effective

molecular radius. Effective molecular radius can be calculated

from elution position on G 200 Sephadex, following appropriate

calibration of the column, using the formulas and tables given by

Ackers (1964).

Prom figure 36b, it cam be seen that the relationship

between log clearance and molecular radius takes the form of a

sigmoid curve.

Hulme and Hardwicke (1966) and Hardwicke et al (1968)

expressed PVP clearances as percentages of the glomerular filtration

rate and subjected these percentage values to probit transformation

(Gaddum, 1945)• The probit units obtained were then plotted

against elution volume or molecular radius.

Figure 36d shows PVP clearances expressed in terms of

probit units and plotted against molecular radius? 36c shows
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probit units plotted against elution volume. In both of these

figures the use of probit units gives a relationship which ie

linear over a wide molecular else range.

For clearances calculated over the elution range Vo to Va»

it would seem appropriate to plot log clearance against elution

volume.

for clearances calculated over a wider molecular sisse range

it would seem more appropriate to use probit units. We have in

fact plotted clearances as a percentage of 3?R in probit units

against molecular radius.



Table 20*

PVP Selectivity Values in Hortaal Subjects

Patient ^ PVP "3M* (-k/
1 3.60 9.00* 4.99

2 3.55 8.87^ 4.86
3 2.76 6.90 3.78

4 2.84 7.10 3.89

5 3.18 7.95 4.36

6 2.70 6.75 3.70

Mean value 3.10 * 0.40 7.75 1 1.0 4.26 - 0.56

* «sH in the change in log clearance per unit change in Kav.

S » 2.5 x A PVP

/f (~K) is the index of selectivity for protein as determined

by immunodiffusion.

-g = 1.37 x A PVP
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b# FVP clearance studies in normal subjects

Clearance studies using I 125-labelled polyvinyl pyrrolidone

were carried out in 6 normal subjects, using the technique of gel

filtration# On Sephadex (J 200 fractionation, the clearance rises

as molecular size decreases, and in the fractions eluting just

before Vt a constant value for clearance is reached# This constant

value is termed the "limiting clearance"; it is a measure of the

glomerular filtration rate# (Hulme and Hardwicke, 1966)# The

clearances of the various PVP fractions eluting earlier can be

expressed as percentages of this limiting clearance#

For studies over the protein elution range Vo to Va, the

index of selectivity " A PVP" was calculated# This index, like

(the index of protein selectivity as determined by gel filtration)

and I) (the gel filtration index of dextran selectivity) represents

the total change in log clearance over the range Vo to Va# The

method used in its calculation is shown in table 3, facing p.70.

Table 20 shows the values for PVP obtained in the six

normal subjects# This table also shows PVP selectivity in terms

of -K, the index of selectivity determined by immunodiffusion,

and in terms of "S", which is the symbol we have used to denote

Hardwicke*s index of gel filtration selectivity# (Hardwicke at al

1968).

Values for A pyp in normal subjects ranged from 2#70 to 3*60,

with a mean value of 3.10# These values were in good general agree¬

ment with the similarly calculated indices of dextran selectivity

in normal subjects, which had a mean value of 2#95 (see p,88).

It would appear that PVP, like dextran, is filtered by the



Figure 37
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normal glomerulus in a highly selective manner#

For clearance studies incorporating the results found with

the low molecular weight fractions eluting later than Va, results

are better expressed in terms of probit units than in terms of log

clearance# Figure 37 summarises the findings in the 6 normal

subjects over a wide elution range, the probit values of the various

PVP clearances as percentages of GFR being plotted against molecular

radius.

Hulme and Hardwicke (1966) showed a linear relationship

between PVP clearances expressed in probit units and molecular

radius, in normal subjects# Our results confirm this observation#

The linear relationship suggests that the pores of the healthy

glomerular basement membrane are normally distributed with respect

to pore size#

It is interesting to note from figure 37 that the clearance

of PVP molecules with an effective molecular radius of 36A is

approximately 15$ of the glomerular filtration rate# Hardwicke

et al (1968) obtained even higher values for PVP clearances at this

molecular size# The molecular radius of human serum albumin is

36A# Even in severely nephrotic patients, the glomerular clearance

of albumin rarely reaches 10$ of GFR; the highest value recorded

for rohal clearance by Sregoire et al (1958) was 4$ of GFR.

Albumin loading experiments on normal individuals (Malmendier

et al, 1957; Lambert et al, 1970) have shown that the glomerular

clearance of albumin for the normal kidney is about 0•3$ of the

creatinine clearance# The permeability of the glomerulus to PVP

would appear to be much greater than its permeability to protein
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moleculea of equivalent size; the differences between PVP and

albumin clearances are too great to be explained in terms of the

relatively small tubular reabsorptive capacity which exists for

protein. Lambert et al (1970), using formulae suggested by

Pappenheimer (1953) and by Landis and Pappenheimer (1962) have

calculated that the mean pore radius of the glomerulus is 37.7A

with respect to albumin and 62.8a with respect to PVP.

This disparity presumably reflects differences between the

molecular species involved. Albumin, being a charged molecule,

may well be subjected to more in the way of steric hindrance at

the site of filtration than PVP, which is uncharged. Albumin

molecules are roughly spherical, while PVP molecules have an

elongated structure. This difference in molecular shape may also

be a factor in the differing behaviour of protein and PVP at the

glomerular filter.
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c. PYP clearance studies in patients with glomerulonephritis

Clearance studies using I 125-labelled polyvinyl¬

pyrrolidone were carried out in 8 patients with glomerulonephritis#

Three of the patients had minimal lesion glomerulonephritis, two

had proliferative glomerulonephritis, and three had membranous

glomerulonephritis# In each case, proteinuria at the time of the

PVP clearance studies was over 1#0G per 24 hours#

Figure 38 shows the results in the patients with minimal

lesion glomerulonephritis# PVP clearance as a percentage of

GPE has been plotted on a probit scale against molecular radius#

Figures 39 and 40 show the results in the patients with proliferative

and membranous glomerulonephritis respectively, expressed in a

similar fashion# In all three diagrams the results obtained from

the six normal subjects have also been shown for purposes of

comparison#

In the patients with minimal lesion glomerulonephritis

(fig# 38) the line relating clearance in terms of probit units to

molecular radius is parallel to the line obtained in normal subjects

over the range 15 to 45A. The line for each patient, however, is

slightly to the left of the normal range, suggesting that in minimal

lesion glomerulonephritis the clearances of small molecular weight

fractions of PVP may be slightly reduced. For PVP molecules with

a radius of 50A, the clearance is the same as in normal subjects#

For molecules with a larger radius than 50A, the clearances are

greater than in normal subjects#

The two patients with proliferative glomerulonephritis

showed somewhat different patterns of PVP excretion# In the first
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Patient c, figure 40
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In c-j^, the limiting clearance of PVP has been taken as 100$ GFR.
In Cg, the creatinine clearance has been taken as 100$ GFR.
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In the case of the patient represented in figure 40 by line

e, it was difficult to bo certain whether the Mcross-over"

phenomenon was a genuine finding or a methodological artefact.

Provided that both creatinine and the limiting clearance of PVP

give a measure of the glomerular filtration rate, it should be

possible to use either as the 100$ reference point for the plot of

clearance (in probit units) against molecular radius* In figure

40, line c was in fact calculated taking the urine to plasma ratio

of creatinine as 100$* In this particular experiment, however,

the creatinine clearance was 30$ higher than the limiting PVP

clearance*

In figure 41, line c in figure 40 has been reproduced as

line "cy. line shows the effect of plotting the same data
from the same patient taking the limiting clearance of PVP as 100$*

In line nC£ the cross-over effect is negligible.
Figure 41 illustrates an important difference between scales

using probit units and scales employing logarithmic units. Had

the clearances been expressed in logarithmic units, lines o^and c2
would have differed slightly in position but not at all in slope.

Because probit units have been employed, however, a 30$ variation

in the value taken to represent 100-$ GPH has produced a very

substantial difference between the lines - particularly at the left

hand, low molecular weight end of the plot. Thus when a probit

scale is employed, precise measurement of GfFH is critical. Using

a logarithmic scale, it makes little difference whether inulin,

creatinine, or limiting OVP clearance is used to measure GFR.

The interpretation of these results in patients with
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glomerulonephritis will be disoussed in section 4 of this thesis.

In view of the small number of patients in each diagnostic category-

it has not been possible to evaluate the diagnostic usefulness of

PVP clearance studies. The similarity between the pattern obtained

in one patient with membranous glomerulonephritis (line b, figure 40)
and the patterns noted in minimal lesion glomerulonephritis (figure

38) suggests that PVP clearances may be less valuable in the

diagnosis of the latter condition than protein clearance studies.

This impression is supported by Hulme's findings in renal transplant

cases. (Hulme, 1970). It would appear that, at present,

clearance studies using PVP are more of value in research than in

the clinical situation.



Table 21.

Protein selectivity values before therapy and during

the reduction in protein excretion induced by steroids

Patient

Initial
Protein
Excretion
(G/24 hr)

Protein
Excretion

on

Steroids
(G/24 hr)

Percentage
change in
Protein
Excretion

Initial
Selectivity

(-K)

Selectivity
on

Steroids
(-K)

Percentage
change in
Selectivity

1 4.7 0.9 -81% 3-74 3.92 + 4.8%

2 17.5 2.4 -86% 2.82 2.75 -2.4%

3 4.9 0.8 -84% 2.60 3.22 + 24%

4 3.7 0.5 -86% 4.17 3-65 - 12%

5 7.6 1.8 -76% 2.70 2.82 + 3.7%

6
(1966) 17.6 0.4 -98% 3-10 3.40 + 9.7%

6
(1968) 9.4 0.7 -93% 3.64 3.16 - 13%

Mean
Value 9.3 1.1 3.25 3.27

All patients had minimal lesion glomerulonephritis.
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9# The effect of steroid therapy on protein selectivity in patients

responsive to steroids.

In patients with, minimal lesion glomerulonephritis, steroid

therapy leads to abolition of proteinuria in the majority of oases#

The mechanism of action of steroids in this situation is not known#

Vers and Walduck (1966) suggested that if steroids acted to reduce

glomerular permeability by reducing functional pore size, this

effect should produce a measurable change in protein selectivity

values# As protein selectivities cannot be measured with

accuracy in situations of trace proteinuria (Maclean and Petrie,

1966) it wa® necessary to carry out protein clearance studies before

therapy and after a substantial but incomplete reduction in protein

excretion had occurred as a result of therapy# In over half the

patients with minimi lesion glomerulonephritis studied, proteinuria

had been abolished before the follow up selectivity determinations

were attempted# We were, however, able to measure protein

clearances before and during the response to steroids on seven

occasions in six patients with minimal change lesions#

Table 21 shows protein selectivity values before steroid

therapy and after a substantial steroid-induced reduction in

proteinuria had occurred. Protein excretion fell by between 76%

and 93%, the mean protein excretion before treatment being 9.3d

and during treatment 1.1G. In four instances the protein selectivity

rose during steroid therapy and on three occasions protein selectivity

fell. The mean value for (-K) before therapy was 3#25, and the

mean value following a substantial reduction in proteinuria was

3*27# In other words, there was no change in selectivity which
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could not b® accounted for by a combination of experimental error

and normal biological variation*

In their investigation of this problem, Vere and Walduck

(1966) studied six patients in all - four by the somewhat approximate

technique of electrophoretic protein fractionation, and two by the

gel filtration method of Hardwicke (1965)* Hy neither techniques

could these authors show any significant change in what they termed

the "selective permeability" of the glomerulus*

As they pointed out, however, the substantial reduction in

protein excretion points to a very definite steroid induced

reduction in overall glomerular permeability to protein* Had this

reduction been due to a steroid-induced dimination in the pore size

of the postulated abnormal glomerular pores, protein selectivity

values would have increased during the decrease in protein excretion^

This did not happen* The reduction in total protein excretion,

however, indicates that the area of the membrane permeable to

protein underwent a reduction* Since this reduction in area did

not result from a reduction in pore size, it must have been the

result of a reduction in pore number*

Prom this brief study, therefore, it can be concluded that

steroids act by reducing the number of abnormally enlarged pores

in minimal lesion glomerulonephritis rather than by reducing their

size* On the basis of similar results, Vere and Walduck (1966)

draw similar conclusions*
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1* Indices uspd. to express the results of clearance studies on

macromoleculqs

Discussions on the topic of macromolecular clearance studies

are complicated toy semantics and arithmetic*

The expression "selective proteinuria" has rightly been

criticised* Protein molecules are not endowed with a capacity

for selection* The adjective applies to the manner in which

protein molecules are handled at the glomerular filter and not to

the proteinuria itself*

In the search for a more acceptable mode of expression,

"glomerular permeability" has been used as a synonym for

selectivity* This term is not strictly applicable to differential

protein clearance determinations, however, and to use it in this

sense is to substitute a scientific error for a grammatical one*

Glomerular permeability is related to the absolute glomerular

clearance of a macromolecule, or to its sieving coefficient

(Pappenheimer, 1953)# or to its glomerular clearance expressed as a

percentage of the glomerular filtration rate* It is a function

of the area of membrane available for the filtration of the

macromolecule concerned*

When the clearance of one macromolecule is expressed as a

percentage of the clearance of another, overall glomerular

permeability is not measured* The index obtained reflects the

size of the (presumed) abnormal pores in the basement membrane, but

gives no indication of their number*

Provided that it is clearly understood that "selective

proteinuria" is a shorthand way of saying "selective filtration of

protein", there is no need to abandon a terminology which has
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become Ingrained over a decade*

The grammar of selectivity- may irritate the purist, but

it is unlikely to cause serious confusion. The arithmetic of

selectivity is far more baffling. The problem arises because

when a measurement is made it is necessary to attach a number to

the result.

When Blalney and his colleagues plotted log clearance

against log molecular weight in I960, it was enough for them to

say that the regression line obtained in patients with minimal

lesion glomerulonephritis was steeper than that obtained in

membranous glomerulonephritis. Subsequent workers, however, wanted

to know how much steeper} they needed numbers in place of "steep*

and "not so steep*•

Eitsig et al (1965) were content with qualitative

descriptions! but in other centres the search began for numbers.

It has been said that if ten Frenchmen were placed on a desert

island, some months later ten political parties would emerge.

Nephrologlsts also tend to be rugged individualists, and while

the ratio of indices of selectivity to workers in the field does

not quite approach 1 to 1, there is a plethora of coefficients,

slopes, angles and ratios which cannot but be confusing to the

average clinician, Edinburgh, alas, has contributed as much to

the proliferation of selectivity indices as any other centre.

Before we can discuss ths findings described in this thesis

In relation to those of other workers, it is necessary to define

the arithmetic which has been employed from time to time in the

attempt to give numerical expression to the oonoept of selectivity.
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a* Indices used in immunodiffusion studies

Blainey at al (i960) plotted log clearance against log

molecular weight# An inverse linear relationship was found*

Steep regression lines were termed "selective"; less steep lines

were termed "unseleetive"*

Joachim et al (1964) also plotted log clearance against log

molecular weight. They used the (acute) angle made by the

regression line with the X axis as their index of selectivity,

9" was in fact derived from the calculated slope of the regression

line; this slope being the tangent of the angle & •

In Edinburgh# we also expressed the results of our immuno¬

diffusion studies in terms of the relationship between log

clearance and log molecular weight* We did not use the angle 0

as our index of selectivity# however# but its tangent* Tan 0
is a direct measure of the slope (or steepness) of the regression

line* The angle 0 also reflects the steepness of the line# but in

a non linear fashion. Since log clearance is inversely proportional

to log molecular weight, the regression line has a negative slope*

To avoid working with negative numbers# we designated our index

of selectivity as •£#

The advantage of this mode of expression is that -K can be

precisely defined in readily understandable terms. It is the

change in log^0 clearance per unit change in log1Q molecular weight*
Since the molecular weight of alpha 2 maeroglobulin is approximately

10 times that of transferrin and the log of 10 is 1# a -K value of
1*0 indicates that the transferrin clearance is 10 times the alpha 2
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clearance. A -K value of 2.0 indicates that the transferrin

clearance is 100 times the alpha 2 globulin clearance.

The method of Soothill (1962) is very suitable for the

determination of differential protein clearances in specialised

research laboratories. It is, however, very demanding in terms

of time and expertise. If selectivity determinations are to be

used on a routine basis for the investigation of patients with

proteinuria, a simpler technique is required.

In 1966, Cameron and Blandford produced a much needed

simplification in methodology by introducing single radial immuno¬

diffusion in place of Soothill's double diffusion technique. In

this innovation they were to be followed, with speed and with

enthusiasm, by Soothill himself (Soothill and Hendrickse, 1967).
Instead of basing their results on the clearances of five

or six proteins, Cameron and Blandford (1966) restricted their

clearance determinations to transferrin and IgG. These two

proteins can readily be estimated by the radial immunodiffusion

technique, but some criticisms can be made of selectivity studies

employing them.

The relationship between log clearance and log molecular

weight does not always give a completely linear regression. The

plot is often Mdog-legM in appearance, the deviation from linearity

being due in most instances to the anomalous behaviour of IgG

(Soothill and Hendrickse, 1967). The behaviour of IgG on G 200

Sephadex is aberrent (Andrewsa, 1965). Rowe and Soothill

(1961 a and b) have shown that small molecular weight fragments

of IgG giving the immunological reactions of the parent molecule
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can often be detected, in urine*

Both Q and -K reflect the inverse relationship between log

molecular weight and log clearance which, it is believed, is a

function of the effective size of the glomerular pores* Since

IgG is sometimes excreted in an idiosyncratic manner, the slope

of log clearance against log molecular weight based on transferrin

and XgGr alone does not always agree with that found when the plot

is based on the results obtained with five proteins* (MacLean
rr. v

and Robson, 1967)* Even where IgGr is not cleared aberrantly ?

since the molecular weights of transferrin and IgG differ

relatively slightly, a relatively small error in determining the

clearance of one of the two proteins leads to a greater error in

slope than would be the case if there was a greater difference

between the molecular weights of the proteins selected*

Cameron and Blandford were, of course, aware of these

difficulties* Since results based on the clearances of IgG and

transferrin do not always reflect the true slope of the regression

of log clearance on log molecular weight, they expressed their

results not in terms of £ or -K» but as the simple ratio

Yet another*»*" •* selectivity had been

bornl

The single diffusion technique is to be preferred to the

double diffusion technique in terms of simplicity, accuracy, and

speed (Soothill and Rowe, 1967)* The use of alpha 2 maeroglobulin

is to be preferred to the use of IgG for clearance studies involving

two proteins (MacLean and Robson, 1967)# The best "simplified*

technique for selectivity determinations might be one estimating
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transferrin and alpha 2 macroglobulin by the single diffusion

method* As single diffusion is less sensitive than the double

diffusion technique* the urine would have to be concentrated

(often by a factor of 100 or more) prior to assay of alpha 2

macroglobulin* The addition of this step would make the

technique considerably less simple than that of Cameron and

Blandford* Whether the general introduction of alpha 2 macro*

globulin in place of XgO would be worthwhile or not is a matter

of opinion* The author of this thesis feels that the undoubted

benefits gained by Cameron and Blandford in terms of simplicity

are outweighed by the price paid in terms of loss of accuracy

and interpretability* An opposite view has been expressed in

the excellent book edited by Manuel et al (1970)f if the opinion

stated was the unanimous one of Hardwioke* Cameron* Harrison* Hulme

and Soothill (the authors of the chapter concerned)* we in Edinburgh

are both outnumbered and outgunnedJ

In summary* the indices used for the expression of selectivity

results obtained from immunodiffusion studies are $ (Joachim et al*

1964)* -K (Maclean and Robson* 1966) and the ratio* IgO clearance/
transferrin clearance* (Cameron and Blandford, 1966)*

-K is the slope of the line relating log clearance to log

molecular weight*

0 is the angle made by this line at its intersection with

the X axis;

-K is the tangent of the angle 0

The ratio IgG clearance/transferrin clearance can be

expressed in terms of -K on the basis of the following equation -
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_ ^ aaas)!"*■ - rtog'g, Igfi - lig gi transferrin-
This equation assumes that the clearance of IgG falls on the linear

regression line derived from clearance studies involving five

proteins* Where the renal clearance of IgG is anomalous* there

is no way of relating the ratio of IgG clearance/transferrin

clearance to the other indices of selectivity*
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b* Selectivity Indices employed, la gal filtration studies

Hardwicke (1965a) Introduced the use of <S 200 Sephadex gel

filtration in the assessment of protein selectivity. Since

elution volume is inversely proportional to log molecular weight

for Sephadex fractionation of spherical proteins (Andrews # 1965)
the plot of log clearance against elution volume (or tube number)

is analogous to the plot of log clearance against log molecular

weight introduced hy Blainay et al (I960)* The relationship is

linear over the elution range Vo to Va*

Hardwicke (1965a) plotted log clearance againet tube number

over the range Vo to Va and in this paper he used the change in

log clearance per eluted tube as his index of selectivity* To

make thie index independent of column sise and fraction volume

he adjusted the number of tubes between Vo and Va to 15 in each

case* If we take m to represent the change in log clearance per

tube and n to represent the number of tubes sluting between Vo and

Va« Hardwicke * s index was

We repeated Hardwicke's experiments (MacLean and Petrie» 1966) but

were disinclined to incorporate the number 15 into our index of

selectivityi this number is of course an arbitrary one* We

expressed our gel filtration index of protein selectivity by the

symbol ^ ; it represented the total change in log clearance over

the range Vo to Va* Taking m as the change in log clearance per

tube and n as the number of tubes eluting between Vo and Va»

A * si x n.
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We used an identical method of calculation for our indices of

selectivity with respect to dextran and FVP and used the symbols

D and A PVP respectively for these indices*

Vers and Walduck (1966) also used gel filtration to

determine what they termed "the selective permeability of the

glomerulus with respect to protein"• They calculated their

protein clearances over the range Vo to Va but expressed their

results in terms of the change in log clearance per unit change

in Kav*

Now Kav is (Ve~Vo)/(Vt~Vo)j its value is unity when Ve

is equal to Vt* Thus the selectivity index used by Vere and

Walduck was the change in log clearance for the total elution

range Vt, calculated from results over the range Vo to Va only*

For the purposes of this discussion, we have designated Vere and

Walduck*s slope by the symbol "S". 3 is the change in log

clearance per unit change in Kav*

Hardwicke, like ourselves, wanted to get rid of the

mysterious number 1$ which appeared in his initial paper on gel

filtration (Hardwicke, 1965a) • In order to do this, he adopted

a unit very similar to that employed by Vere and Walduckj this

unit was in fact the change in log olearance per unit change in

(1-Kav) (Hardwicke et &1, 1963)* Since a unit change in Kav is
also a unit change in (1-Kav), the index used by Hardwioke et al

(1968) did not differ numerically from that employed by Ver® and

Walduck (1966), and we have used the symbol "3" to refer to this

index also*

Since A i8 the change in log clearance over the elution
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âiio
of

IgO

clearance
to

transferrin
clearance.

T̂ransferrin

(Cameron
and

Blandford,
1966)



- 150 -

range (Va-Vo) and S is the change in log clearance over the range

(Vt-Vo)
A (Va - Vo)
"T" * m - vo]

The expression (Va-Vo)/(Vt-Vo) is in fact the Kav value for albumin#

Shis has a value on Or 200 Seph&dex of approximately 0.40.

Thus A * 0.4 3

and 3 » 2.5A

flfei relationship betr.oea selectivity value® determined-by gel

filtration and selectivity values obtained by immunodiffusion is

not immediately apparent. This relationship has. however, been

investigated empirically and considered theoretically in section

3 of this thesis. In this section the following equations ware

derived.

A ® 1,37 (-K)

(-K) » 0.73 A

Since it has been shown in the previous paragraph that S * 0.4 A

S « 1.82 (—K)

and (-K) * 0.55 3.

Table 22 shows equivalent values of A t 0 f s and the ratio

Ig0 olearance/transferrin clearance at intervals of 0.2 in (-K).
This table allows the results of different workers to be compared

even when these results are expressed in different units. It is

to be hoped that those involved in the field of differential

protein clearance studies will at some time reach agreement over

a single, mutually acceptable index of selectivity. Although

results in one laboratory will in all probability differ from results

in another because of differences in methodology, without a common
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mode of expressing results it is not even possible to sake

comparisons*

The differences between probit units and logarithmic units

are so fundamental that no attempt has been made to include

indices of selectivity based on probit transformation in tbe above

discussion*
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2. Kacromolecular clearance studies related to the mechanisms

involved in proteinuria.

a# General considerations

In section 3#1 of this thesis, protein selectivity values

obtained by the gel filtration technique have been compared with

protein selectivity values obtained by immunodiffusion# For

patients excreting over 1#0G of protein per 24 hours, the two

methods give results which are in substantial agreement# In

terms of methodology, it is therefore permissible to compare the

results of gel filtration studies on dextran and polyvinyl

pyrrolidone with the results of immunodiffusion studies on protein#

The handling of dextran and PVP by the kidneys, however,

differs from the handling of protein in two important respects#

Firstly, neither of the exogenous mnoromoleculea is reabsorbed by

the tubules to any appreciable extent (Wallenius, 1954; Hulme

and Hardwicke, 1966)# Seoondly, clearance values for PVP

molecules of a given molecular radius are much higher than the

clearance values for protein molecules of equivalent size#

(Hardwicke et al, 1966| Lambert, I970f this thesis, section 3#8)#
Dextran is similar to PVP in this respect (Hardwicke ©t al, 1968)#

The fact that dextran and pVP are filtered more readily

than protein molecules with the same effective molecular radius

does not affect the selectivity index directly# The position of

the line relating log clearance to elution volume is altered, but

the slope of the line is not, and it is this slope which is the

selectivity index# The fact that protein is subject to tubular
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reabsorption, and the fact that it penetrates the filtration

barrier less readily than the exogenous macromoleculss, will

however lead in certain situations to the population of glomerular

pores assessed in protein clearance studies being different from

the population assessed in dextran and PVP studies*

This important concept requires careful explanation* The

mean pore radius of the normal kidney with respect to PVP is

about 6QA (Lambert et al, 1970)* The skiving coeffioient for
PVP molecules with a molecular radius of 36A is about 0*5 (Hardwicke

et al, 1968)* Thus even in patients with heavy proteinuria, where

a substantial proportion of the filtration area is occupied by

abnormally large pores, much of the PVP of radius 36A and larger
will have been filtered through normal pores. PVP selectivity

results will therefore reflect the sieving characteristics of both

the normal population and the abnormal population of glomerular

pores* Similar considerations apply to dextran clearance studies*

The mean pore radius of the normal kidney^ with respect to

albumin (molecular radius 36A) is about 38a* The sieving co¬

effioient for albumin is approximately 0.003 (Lambert et al, 1970).
Since the glomerular clearance of albumin through normal pores is

only 0*3$ of GFR, in a situation where the renal clearance of

albumin is 1$ of GFR, at least 70$ of the protein in the urine must

have been filtered at abnormal pores, and 30$ at most of the protein

will have been filtered at normal pores* Once tubular reabsorption

is taken into account, however, it will be seen that the contribution
of the normal pores to the total protein excretion is even less than

the proportion suggested above*

*i*e* The clearance of PVP of 36A radius is about 50$ of GFR,
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Ths sieving coefficient of 0#003 has been calculated on

the basis of albumin loading experiments in normal subjects where,

as a result of raising the plasma albumin level, tubular

reabaorption was saturated. It represents the glomerular

clearance of albumin; the renal clearance of albumin in normal

subjects under normal conditions is of course negligible#

Proteinuric patients are not protein loaded# If in such patients

the renal lesions are patchily distributed, and some glomeruli

escape damage, these undamaged glomeruli will contribute no protein

to the urine# If the number of glomeruli remaining normal is at

all substantial, the renal clearance of albumin by way of normal

pores will be very much less than the normal glomerular clearance

of Q#3$ GFEU In this situation, if the albumin clearance is 1%

of CrPH, considerably more than 70$ of the protein in the urine will

have been derived from abnormal pores#

In summary, then, since dextran and PVP are not reabsorbed

and since they penetrate the normal filtration barrier with relative

ease, dextran and PVP clearance studies will reflect the permeability

of normal as well as abnormal pores in normal as well as abnormal

glomeruli# Since protein is subject to tubular reabsorption, and

since it penetrates the normal filtration barrier with difficulty,

clearance studies involving endogenous protein will reflect the

permeability of abnormal glomeruli only, and of abnormal pores in

these glomeruli predominantly#

The above account is based on the view that a substantial

amount of protein is filtered at the glomerulus in health and that

virtually all of this protein is reabsorbed by a pathway which, as
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far as albumin and proteins larger than albumin are concerned, is

non-selective.

This view has recently been challenged. SSuudies on the

Fanconi syndrome and allied disorders have shown that low molecular

weight proteins such as beta 2 microglobulin can have a renal

clearance of about 75# of GFR in the presence of an albumin

excretion of a few hundred milligrams of albumin only. (Flynn

and Piatt, 1968; Harrison and Blainey, 1967; Petersen et al

1969)*

If the reabsorption of albumin in the Fanconi syndrome

is impaired to the same extent as that of beta 2 microglobulin,

the absence of heavy proteinuria in this syndrome would suggest that

the albumin content of the glomerular filtrate is negligible,

being of the order of 0.3 mg^ (Flynn and Piatt, 1968).

There is, however, no reason to believe that albumin shares

a reabsorptive pathway with molecules of the size of beta 2

microglobulin. The experiments of Hardwicke and Squire (1955)
demonstrated a shared reabsorptive pathway for albumin and certain

molecules larger than albumin. Lambert (1933) bas shown that small

protein molecules are reabsorbed at a more proximal site than large

protein molecules; in the Fanconi syndrome it is the proximal

part of the proximal, tubule which is most severely disorganised.

(Clay, Darmady and Hawkins, 1953)*
It was Cushny (1926) who postulated that the capsular fluid

was a true ultrafiltrate of plasma, being entirely protein free.

Over the past half-century, however, numerous workers have

established by numerous techniques that filtration of protein occurs

at the glomerulus and that reabsorption of protein occurs in the
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tubules. This work on the basic mechanisms involved in the

handling of protein by the kidneys has been reviewed at some

length in the introduction to this thesisj Cushny*s theory has

been undermined by many separate lines of enquiry# The results

of micropuncture experiments, stop-flow experiments, clearance

determinations, histoehemical observations, and electron micro¬

scopy studies outlined on pp#l-40 of this thesis need not be

repeated here# These findings cannot be discounted solely on

the basis of indirect evidence derived from the study of a single

pathological situation#

i
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Protein and dextraa selectivity values in nox-aal subjeots

The results of protein selectivity determinations in 10

normal subjects are shown in table 8, facing p.88# The values

obtained ranged from 0.59 to 1.56, and the mean value for (~K)

was 1,14 - 0.11,

Dextran selectivity values in 9 normal subjects are shown

in table 9, also facing p.88. When these results were expressed

in terms of (-K) units, they ranged from 3*28 to 5,00, and the

mean value was 4.10 - 0.21

PVP selectivity values in six normal subjects are shown in

table 20, facing p./ 5 9-, The mean value for PVP selectivity, again

in terms of (-K) units, was 4.25 - 0.21.

Thus the excretion pattern for protein in normal subjects

was found to be very unselective, while the excretion pattern for

dextran and PVP proved to be very selective.

Our finding of an unselective pattern of protein

excretion in normal subjects has been confirmed by other workers.

(Hardwicke, personal communication} Howe and Soothill, 1961aj

Poortmans, 1968). In 1968, however, Braun and Merrill reported

protein selectivity values in normal subjects which were substantially

higher than those obtained by ourselves. Expressing their results

in terms of the angle 0 , they found the mean value for protein

selectivity in normal subjects to be 65°. This is equivalent to a

(•K) value of 2.14. Even this relatively high figure probably doss

not reflect the true permeability to protein of the normal

glomerulus. It indicates an excretion pattern which is considerably

less selective than that found in minimal lesion glomerulonephritis
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where the mean value for (-K) In our series was 3*08* It is,

however, much higher than our mean value in normal subjects of

1*14* Braun and Merrill used polyalectrolyte membranes in the

concentration of their urine samples (Blatt et al, 1965) and it

is likely that this difference in methodology was responsible

for the difference between their results and ours*

Cameron and White (1965) noted that protein selectivity

values in children with the nephrotic syndrome were not normally

distributed, but were instead skewed upwards* They speculated

that the skew was in the direction of the true selectivity to

protein of the normal glomerulus, and suggested that if this were

so, the selectivity of the normal glomerulus to protein v^ould be

about 75°» in terms of the angle d • This speculative figure of

Cameron's corresponds to a (-K) value of 3*7, which is reasonably

close to our mean values for protein and dextran selectivity -

(4*10 and 4*25 respectively, in terms of (-K))«
Because of the virtually complete tubular reabsorption of

the protein filtered by the normal kidney, the pattern of protein

excretion in normal subjects cannot be taken as representing the

pattern of protein filtration* Only a proportion of the 50 rag of

protein excreted each day in health is of serum origin* (Berggard,

1970; Bourillon, 1970; Brant, 1957)• Although the assay methods

used in protein selectivity determinations on normal subjects were

specific to proteins of serum origin, low molecular weight fragments

giving the immunological reactions of their parent proteins are to

be found in urine, and in normal urine, such fragments make up a

significant proportion of the total protein excreted* (Rowe and

Soothill, 1961a)* Serum protein added to the urine distal to the
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glomerular filter (e#g* by transudation across bladder epithelium)

raay represent a significant proportion of the total amount of

protein excreted by normal subjects, even if the amount of protein

excreted in this way is as little as 10 rag daily* Since a

relatively large proportion of the protein in normal urine is not

of glomerular origin, it is not to be expected that protein

selectivity studies on normal subjects under normal conditions will

reflect the filtration pattern of the glomeruli with accuracy*

An alternative approach is to determine the selectivity

pattern which obtains when normal kidneys are rendered proteinuric

by plasma infusion* In this situation, tubular reabsorption of

protein becomes saturated, and it is where there is saturation
of the reabsorptive mechanisms for protein that one can expect the

protein excretion pattern to correspond with the pattern of protein

filtration*

The induction of proteinuria by the parental administration

of homologous protein has been described in the dog (Terry et al,

1948), in the rat (Post, i960) and in man (Waterhouse et al, 1948)*
The results outlined on pages 93 to 96, however, represent the only

selectivity determinations whioh have so far been recorded in

proteinuria induced in this way* >

The four patients with bleeding disorders described in

section 3*2 of this thesis had normal renal function and were free

of proteinuria prior to plasma infusion* The prompt disappearance

of the proteinuria following cessation of infusion, along with the

dose-related nature of the proteinuric response, argued against

immunological mechanisms being involved in the genesis of the
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proteinuria* It is considered that the most important mechanism

involved was an inorease in protein filtration at the glomeruli

consequent on the raising of serum protein levels by plasma

infusion*

The protein and dextran selectivity values obtained in these

patients are shown in table 13, facing p*95* Values for protein

selectivity ranged from 2*49 to 3*13, the mean value of (»K) being

2*72* Dextran selectivity values, expressed in terms of (-K)

units, averaged 3*66 when measured during the period of Induced

proteinuria* (See also figure 26, reproduced opposite*)
Thus when proteinuria is induced in patients with normal

kidneys, the protein excretion pattern and the dextran excretion

pattern are both highly selective*

Oregoire et al (1958) and Malmen&ier et al (19£7) showed

in the course of albumin infusion experiments in patients with

proteinuria that plasma expansion led to an increased glomerular

permeability to albumin* Their findings are discussed on p* 30

and illustrated in figure 4# The four patients In our series

developed proteinuria following very considerable plasma expansion,

and it is possible that this expansion might have modified glomerular

permeability by a pore-stretching effect*

Table 13 shows dextran selectivity values determined both

in the presence and in the absence of proteinuria* There was no

apparent difference between the two sets of dextran selectivity results,

and consequently we obtained no direct evidence of a pore stretching

effect*

A slight increase in glomerular permeability resulting from
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plasma expansion could not be excluded, however. The dextran

selectivity values obtained were at the lower end. of the normal

range# The values obtained for protein selectivity were

comparable to those found in minimal lesion glomerulonephritis.

Since it is generally accepted that proteinuria in the nephrotic

syndrome is due to increased glomerular permeability to protein

(Chinard et al, 1954) it might have been expected that the true

selectivity of the normal glomerulus with respect to protein

would be rather higher than the selectivity values found in patients

with minimal change lesions. It is therefore conceivable that a
-

slight degree of pore—stretching was induced by plasma expansion

in the patients with induced proteinuria, and it may be that the

true selectivity of the normal glomerulus in terms of the protein

filtration pattern is slightly higher than the values for protein

selectivity obtained in these patients.

There is no evidence to suggest that "pore-stretching"

occurs with albumin infusions of the order of 25G to 40G.

larchena and Becker (1968) showed a sharp rise in protein excretion

following the infusion of 25G of albumin in proteinuric patients,

but this increased excretion was not accompanied by any detectable

alteration in protein seleotivity.

Following 40G albumin infusions in a number of our own

nephrotic patients, we obtained similar results. The patients

in whom proteinuria was induced, however, were in a somewhat different

situation, as each received at least 1500 of protein intravenously.
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°* Comparison of dextran and protein selectivity values in patients

with, glomerulonephritis*

The results of clearance studies involving endogenous protein

and exogenous dextran in 21 patients with glomerulonephritis are

summarised in table 7, facing p.84# In figure 26, facing p#96

protein selectivity values and dextran selectivity values are both

expressed in terms of (-K) units, for purposes of comparison.

The following three points emerge.

1. In glomerulonephritis, protein selectivity values and dextran

selectivity values (when expressed in the same units) are of the

same order of magnitude# Prom figure 26 it will be seen that

although the dextran values tend to be somewhat higher than the

protein values, there is considerable overlap#

2# The individual values for dextran selectivity in the patients

with minimal lesion glomerulonephritis and membranous glomerulo¬

nephritis correlate well with the corresponding values for protein

selectivity# (See figures 22 and 23, facing p.86)#

3# The individual values for dextran selectivity in patients with

proliferative glomerulonephritis correlate poorly with the

corresponding values for protein selectivity# (See figures 24 and 25,

facing p.87).

The most striking feature of these results is the contrast

between the poor correlation between values obtained for dextran

and protein selectivity in patients with proliferative glomerulo¬

nephritis on the one hand, and the high degree of correlation between

such values in patients with minimal lesion or membranous glomerulo¬

nephritis on the other.
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It has already been pointed out that indices of selectivity

are affected by the functional state of the nephrons which

contribute the aiacromolecule concerned to the urine, and of these

nephrons only# The protein in the filtrate from a normal

glomerulus is almost completely reabsorbed* It is only when the

glomerulus is functionally abnormal that it leaks enough protein

to saturate reabsorption* Thus it is only abnormal glo meruli

which contribute protein to the urine* Since dextran is not

reabsorbed, dextran selectivity values will reflect the filtration

characteristics of all functioning glomeruli, while protein

selectivity values will reflect the characteristics of abn ml

glomeruli only*

If the renal lesion is uniform and all the glomeruli arc

similarly affected, then dextran and protein selectivity values
will be in substantial agreement* If the glomerular lesion is

patchy* however, with some glomeruli more affected than others, their

permeability will also vary* Glomeruli leaking protein to an

extent which is less than the tubular reabs xrptive maximum* however*

will contribute no protein to the urine and the filtration

characteristics of these glomeruli ill not be reflected in the

protein selectivity value* Protein selectivity values will

disproportionately represent the permeability of those of the more

severely affected glomeruli which remain functional* Sine® the

selectivity of the normal glomerulus is high* protein selectivity

values will be lower than dextran selectivity values when the renal

lesion is not uniform*

As table 7 shows, this was found to be the case in proliferative
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glomerulonephritis, where the values for D (the dextran index of

selectivity) were found, with only one exception, to be greater

than the corresponding values for A (the index of protein

selectivity by the gel filtration method). In proliferative

glomerulonephritis, the severity of the glomerular lesions is

characteristically patchy.

In minimal lesion glomerulonephritis and in mernbr nous

glomerulonephritis, however, the renal lesions are mors uniform.

In these two conditions a better correlation between protein and

dextran selectivity was found. Even here there was a slight

tendency for dextran selectivity values to be higher than 'lie

corresponding protein selectivity values, 3uch a tendency is to

be expected even when both macromoleoules are being excreted by

the same nephrons. It will be remembered that dextran molecules

pass through normal pores rather more readily than protein molecules.

Thus if an abnormal, proteinuric nephron contains both normal and

abnormal pores, the contribution of the normal pores to the dextrmuria

will be significant, and the dextran selectivity index will in part

reflect the permeability of such pores. Since the glomerular

clearance of albumin through normal pores is of the order of 0,3$

of GFR, however, moat of the protein excreted by an abnormal

glomerulus will have been filtered at abnormal pores.

A very heavy proteinuria implies that a large proportion of

the total filtration area is taken up by abnormal pores. In this

situation, regardless of the histological diagnosis, it is likely

first of all that the vast majority of functioning nephrons will

be contributing protein as wall as dextran to the urine, and



165 -

secondly that a major proportion of th« dextran. In th© urine

©luting over the Vo to Va range will have been filtered at

abnormal pores* Thus where the proteinuria is massive, dextran

selectivity values and protein selectivity values will tend to

reflect the function of the same poree in the same glomeruli, and

will thus tend to be in agreement*

This concept receives support from the fact that even in

patients with proliferative glomerulonephritis dextran and protein

selectivity values were in reasonable agreement in those patients

who excreted over 6*03 of protein per 24 hours, but were widely

divergent in patients excreting 4*50 or less*
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d. Protein and dextran selectivity values In postural proteinuria

Table 10, facing p.89, shows the values obtained for protein

and dextran selectivity determinations in patients with postural

proteinuria. Protein selectivity values were uniformly low,

both in the presence and in the absence of significant proteinuria.

Dextran values for selectivity, on the other hand, were uniformly

high. (See figure 26, facing p.96).

Postural proteinuria has been defined by Robinson (1970)
as "a laboratory syndrome whose diagnosis requires the absence of

qualitative proteinur a during recumbency and its presence during

quiet upright ambulation or standing." The mechanisms whi a

underlie it are in doubt.

Bull (1948) found that proteinuria could be induced in erect

lordosis in about 70of adolescent males. This proteinuria

could be abolished in many instances by a tight abdominal binder.

He suggested that in the erect posture in thin subjects the liver

might rotate to compress the inferior vena cava, with proteinuria

arising from a rise in renal venous pressure. Lagerlof et al

(1951) found that the pressure in the inferior vena cava actually

fell in the erect posture, however.

larallels were then drawn with renin-induoed proteinuria,

(Addis et al 1949) and it was felt that renal haemodynamie changes

induced by posture might be the cause; in patients with postural

proteinuria such changes might differ from the changes found in

healthy subjects. King and Baldwin (1954) showed, however, that

the effects of posture on renal haemodynamios were identical in

subjects with postural proteinuria and in subjects without this
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condition* Castenfors (1967) produced evidence which suggested

that changes in the volume and distribution of renal blood flow

were responsible for exercise proteinuria, but Howe and Soothill

(1961) had shown significant differences in the pattern of protein

excretion between this condition and postural proteinuria*

Robinson (1970) conceded that the haemodynamic changes induce by

the erect posture (i*e* a fall in renal plasma flow, a less marked

fall in glomerular filtration rate, and a rise in filtration

fraction) did not differ in patients with orthostatic proteinuria

from the changes seen in normal subjects* He suggested that these

effects might cause proteinuria in certain individuals by

increasing the permeability of glomeruli which were already slightly

more permeable than normal.

This view is perhaps more widely accepted than any other,

but Wolman (1945) has drawn attention to the absence of casts in

orthostatic proteinuria as being evidence against a glomerular

origin of the protein*

Quinke (1912) suggested that the renal lymphatics were the

source of the urinary protein in this condition* He based his

theory on anatomical observations of the close relationship

between the renal lymphatics and the lower urinary passages*

Lowgren (1955) demonstrated reflux of contrast media from the renal

pelvis and calyces into renal lymphatics on retrograde and intra¬

venous pyelography* He suggested that posture might alter both

the pressure and the direction of flow in the renal lymphatics,

giving rise to extravasation of lymph into the urine in the erect

position in certain subjects*
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Thia view has bean attacked. In the course of experiments with

labelled protein, Slater et al (I960) found close agreement between

the specific activity of urinary albumin and that of serum albumin

at the presumed time of urine formation* These workers held that

this finding was against a lymphatic origin of postural proteinuria}

because of the blood-lymph barrier they expected the specific

activi ty of the albumin in renal lymph to differ from tt it of plasma.

This observations of Slater et al, however, invalidate Lowgren's

hypothesis only if certain assumptions are made concerning the

mechanisms of production of renal lymph.

Microscopic examination of biopsy specimens in postural

proteinuria have not elucidated the mechanism of protein excretion,

light microscopy shows no abnormality (hobinson et al, 1961)}

Euckley et al, 1966). The changes on electron microscopy are

"both subtle and focal" (Robinson, 1970). There are foci of foot-

process fusion. This fusion is more marked than that seen in

normal subjects, but less marked than the changes seen in minimal

lesion glomerulonephritis. There is a patchy, irregular ballooning

of epithelial cytoplasm. The glomerular basement membrane is

normal in thickness and appearance (iuokley et al, 1966).
The similarities between postural proteinuria and minimal

lesion glomerulonephritis in terms of the electron microscope

appearances might suggest that postural proteinuria is glomerular

in origin. In minimal lesion glomerulonephritis, however, the

proteinuria is selective} in postural proteinuria, it is very

unseleetive. The pattern of dextran excretion suggests that the

overall permeability of the glomeruli is normal} in terms of (-K)
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units dextran selectivity in postural proteinuria (mean 4*14)

was identical to dextran. selectivity in normal subjects (mean 4#l0)#

If the proteinuria Is glomerular in origin, since the overall

permeability of the glomeruli is normal, filtration must be through

a small number of relatively large pores. In this situation, one

might expect to see patchily distributed areas of relatively severe

glomerular damage; no such changes have as yet been da? :ribed

lx postural proteinuria#

Comparison of the protein pattern of lymph with that of

plasma (Schultze and Hereman, 1966) suggests that lymph is f rmed

by a relatively unselective process# Our results would be consistent

with the suggestion made by Quinke (1912) and Lowgren (1955) of a

post glomerular mechanism derived from the renal lymphatics#
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e) Protein and dextran selectivity values in acute isohaamic

renal failure.

Table 1, facing p. 91, shows the results of protein and dextran

clearance studies in 12 patients with acute renal failure. Protein

selectivity values were uniformly low, (-K) having an average value

of 0.85. Dextran selectivity values wers considerably higher.

In terms of (-K) units the mean dextran selectivity value in acute

renal failure was 3.34? this value is appreciably lower than the

mean value of 4.10 found in normal subjects. (See figure 26,

facing p.96).

Acute renal failure following haemorrhage, depletion of body

fluids, severe infection, or trauma is initiated by renal ischaemia.

The factors which perpetuate severe impairment of renal function

for day3 or weeks after the correction of the precipitating cause,

however, are not clearly understood.

Bull at al (1950) concluded from clearance studies that

renal plasma flow remained depressed throughout oliguria# In

situations where the extraction of PAH from renal arterial blood

is abnormally low, however, it cannot be assumed that PAH clearance

is a measure of renal plasma flow.

Maroney and Rubini (1959) suggested that obstruction of the

renal tubules by debris within them was responsible for the impaired

flow of urine. This theory remains unproven.

Oliver, McDowell and Tracy (1951) suggested that the

glomerular filtrate might he reabsorbed virtually in toto by

leakage back through the damaged tubular epithelium. This

hypothesis has received little recent support, Hardaway (1966)

suggested that intravascular coagulation might be an important factor
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tooth in the genesis and in the persistence of acute renal

failure# Clarkson et al (1970) provided convincing evidence

in support of this concept in the course of a detailed study of

electron microscope appearances and fibrin degregation products#

Protein excretion in acute ischaemic renal failure is of

two kinds. There is a "tubular proteinuria" similar to that

seen in the Panconi syndrome, characterised toy the presence in

the urine of low molecular weight proteins giving bands in the

alpha 2 and beta 2 regions on paper electrophoresid. (Butler

and Plynn, 1958$ Butler and Flynn, 1961)# Proteinuria of this

kind has been attributed to failure of the tubular reabsorp tive

mechanisms for low molecular weight proteins# (Harrison and

Blainey, 1967). In addition, there is excretion of high molecular

protein of serum origin by a non-selective pathway. (Revillard
et al, 1970).

Our clearance studies in patients with acute renal failure

were confined to high molecular weight proteins and to high

molecular weight dextransj we obtained no information about the

low molecular weight protein excretion described by Butler and

Flynn# We found a selective dextr nuria, and the total amount of

protein excreted was never massive. There was thus no evidence

of a generalised increase in the permeability of the glomeruli to

macromolecules in acute renal failure.

The protein excretion pattern, however, was very unselective.

It is possible that this unselective pattern of protein excretion

was due to filtration at the site of severe, patchy, glomerular

abnormalities. An alternative explanation, which receives support
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from the extreme lack of selectivity of the proteinuria and from

the histological observation of areas of tubular rupture, is

that the proteinuria derived in whole or in part from leakage

of plasma through damaged tubular epithelium. If this were

indeed the route of entry of protein to the urine, a small amount

of dextran would enter the urine by the same route, but the bulk

of the filtered dextran would be derived from filtration at

glomeruli of normal or near normal permeability. This would be

consistent with the observation that dextran selectivity values

in acute renal failui are slightly lower than dextran selectivity

values in normal subjects.

Since tubular reabsorption of low molecular weight protein

is impaired in acute renal failure (Butler and Plynn, 1961) it
would be tempting to suggest that the excretion of large protein

molecules in this condition was also due to impaired tubular

reabsorption in the presenoe of normal glomerular permeability.

There is, however, no evidence that high molecular weight proteins

share a reabsorptive pathway with low molecular weight proteins

(Lambert et al, 1970) and it has been shown that the saturation

of tubular reabsorption by protein-loading gives rise to a highly

selective proteinuria. (Petrie et al, 1970} this thesis,

pp.93-96.)

It has recently been shown (Smart et al, in preparation)
that protein selectivity values are low in abruptio placentae,

but that dextran selectivity values are high in this condition.

In uncomplicated toxaemia of pregnancy, on the other hand, protein

and dextran selectivity values are in the intermediate range and
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correlate well# The glomerular lesions are remarkably

similar in toxaemia and in patients with abruptio but without

preceding toxaemia (Thomson and MacDonald, in preparation)*

Abruptio placenta is an obstetrical catastrophe which frequently

gives rise to acute renal failure, and it may be that in this

condition part or all of the protein in the urine has found its

way there via a leak through damaged tubular epithelium# In

toxaemia, where the protein and dextran selectivity values are

similar, it is likely that the proteinuria is of glomerular origin#

In summary, it is considered the unaelective pattern of

protein excretion which occurs in acute renal failure is in icative

either of unseleetive filtration of protein through a relatively

small number of large abnormal glomerular pores, or of a leak of

plasma through severely damaged renal tubular epithelium#
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3* Pompariaon of our clinical findings with those of other workers

In this thesis the results of protein selectivity

determinations on 207 patients have been presented in Table 14#

facing p#97, and fig# £7, facing p#98# The mean value of -E

for this series was 1#92# In the group of 14 patients with minimal

lesion glomerulonephritis, the average value for ~K was 3#08#

Joachim et al (1964) reported the results of selectivity

determinations in 48 patients# Their series, like ours, consisted

mainly of adults# The mean value for S for their series was 58*6°;
this represents an average value for -K of 1#64# The histological

criteria used by Joachim st al differed from those used by our¬

selves, and it was not possible to determine which of their
\

patients had minimal change lesions# 33 patients were treated

with steroids, and in four instances proteinuria was abolished#

All 4 of the steroid-responsive cases had selectivity values of

over 67*5° in terms of 0 , or 2.4 in terms of -K#

Hitzig et al (1965) carried out differential protein clearances

in 49 patients# They expressed their results in qualitative terms;

it was therefore not possible to compare their findings with our

own#

Cameron and White (1965) assessed protein selectivity in 28

children with the nephrotic syndrome# In terms of & , the mean

selectivity value calculated from their data was 69#1°, corres¬

ponding to a -K value of 2#62# This mean value was considerably

higher than that found by us (1*92) and that found by Joachim et al

(1#64)» The selectivity values in Cameron and White's series were

not normally distributed, but were skewed upwards to a mode of 74°
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in terms of 0 , or 3,49 in terms of -K, 12 of the 28 children

studied by Cameron and White had minimal lesion glomerulonephritis.

The mean selectivity for these patients was 73° In terms of 0 ,

or 3»27 in terms of -K»

Selectivity values in children tend to be higher than in

adults. This fact is only partially accounted for by the high

proportion of patients with minimal lesion glomerulonephritis in

paediatric populations. In 15 children with proliferative

glomerulonephritis studied by Cameron and White, the mean protein

selectivity was 67*2° in terms of © , or 2,38 in terms of -K,

Most of our 92 patients with proliferative glomerulonephritis were

adults; the mean value for -K in this condition was found by us

to be 1,36, This indicates that proteinuria is more selective in

children with proliferative diseases than in adults with similar

histology.

White et al (1986) studied 18 patients with steroid resistant

proliferative disease. The mean selectivity value in this series

was 1#71 in terms of -K,

Cameron and Blandford (1966) studied transferrin and I g G

clearances in 134 patients, and expressed the results in terms of

the IgG/transferrin clearance ratio. In 35 children, steroid

therapy led to complete abolition of proteinuria, 34 of these

steroid-responsive children had I g G/transferrin clearance ratios

of 0,22 or less. In 40 patients with minimal lesion glomerulo¬

nephritis, the ratio was 0,22 or less in 3&, the proteinuria being

unselective in only 2 cases. For reasons which have been stated

earlier in this discussion, the I g G/transferrin clearance ratio
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cannot be expressed, precisely in terms of -K. From table 22,

however, it will be seen that a ratio of 0.22 or less corresponds

to a -K value of 2,9 or more#

Cameron (1968) and Sharpatone et al (1969) expressed their

selectivity results in terms of the I g G/transferrin clearance

ratio, while Soothill and Hendrickse (1967) used the I g £}/albumin
clearance ratio# Ihe results in these papers cannot therefore be

compared with ours directly, but the following points are worth

noting#

Soothill and Hendrickse showed that Higerian children,

unlike British children, tend to have unselective proteinuria

and to be unresponsive to steroid therapy# Ihe steroid-sensitive

minority, however, have selective proteinuria#

Cameron (1968) gave selectivity results for 400 patients,

both adults and children# A diagnosis of minimal lesion

glomerulonephritis was made in 116# In 108 of these patients

(93$) the proteinuria was selective. 4 of the 8 patients who were

diagnosed as having minimal lesions but who had unselective

proteinuria were treated with steroids, but only in 1 of these was

proteinuria abolished# Histology in this series was by light

microscopy only, and it is possible that some of the "unsalective

minimis" may have been misdiagnosed. 233 of Cameron*s patients

were treated with steroids. 168 had selective proteinuria, and

protein excretion was abolished in 99 of these cases (69$)• 65

treated patients had unselective proteinuria, and in only 2 of these

(3$) was proteinuria abolished. Only 7 patients with proliferative

glomerulonephritis lost their proteinuria following steroids. 6 of
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these responsive proliferatives had selective proteinuria#

Sharpstone et al (1969) treated 20 patients with

proliferative histology with steroids and azathiaprine# In only
2 cases was there abolition of proteinuria# Both these patients

had very selective proteinuria#

The above findings, in conjunction with our own, give some

indication of the usefulness of selectivity determinations to the

clinician# An unselective proteinuria virtually excludes the

diagnosis of minimal lesion glomerulonephritis, and is a strong

contra-indication to steroid therapy, since a favourable response

is not to be expected# There is also a highly significant

relationship between prognosis and selectivity# The prognosis

in patients with very unselective proteinuria is poor, while that

in patients with very selective proteinuria is good (see fig# 28,

facing p#lll)#

Differential protein clearance studies have not revolutionised

the practice of nephrology and have not led to a major breakthrough

in our understanding of the aetiology of the nephrotic syndrome#

Although the contribution of such studies has been undramatic, it

has nevertheless been real# Steroids are dangerous drugs# Patients

with unselective proteinuria do not respond to steroids# If this

single message is appreciated by those concerned in the treatment of

nephrotic patients, the saving in terms of morbidity will be

substantial, and in terms of mortality, worthwhile#



V. REFERENCES



ACKERS, Gr.K. (1964)
Molecular exclusion and restricted diffusion in
molecular seive chromatography.
Biochemistry, 3 723.

ADDIS, T., BARRETT, E., BOYD, R.I., and UREEN, H.J. (1949)
Renin proteinuria in the rat.
I The relation Between the proteinuria and the
pressor effect of renin.
J. Exp. Med. 189 131.

ALLEN, T.H. and ORAHOEVATS, P.D. (1948)
Spectrophotometric measurement of traces of the dye
T-1824 by extraction with cellophane from both blood
serum and urine of normal dogs.
Am.J.Physiol. 154 27.

ALLISON, A.C. and REEVES, W. (1957)
The binding of haemoglobin by the plasma proteins
(Haptoglobins)
British Med.J. ^8 474.

ANDERSON, M.S. and RECANT, LILIAM (1962)
"Fine structural alterations in the rat kidney
following intraperitoneal bovine albumin."
Amer.J.Path. 40 555.

THOMAS, R.B. and WALKER, T. (1929)
Albuminuria in the mechanism of detoxication.
ii 139.

(1965)
The gel filtration behaviour of proteins related to
their molecular weights over a wide range.
Biochem. J. ^6 595.

(1967)
Molecular seive chromatography applied to molecular
size and molecular weight estimation.
Laboratory Practice, 16 851.

(1961)
164 children with nephrosis.
Lancet, ii 1103*

ASCOLI, M. (1902)
Uber den Mechanismus der Albuminuric durch
Eiereiweiss.
Munch.Med.Woch. 49 398.

ANDREWS, J.,

ANDREWS, P.

ARNEIL, Gr, C.



ASHWORTH, C.T. and JAMES, J.A. (1961)
"Glomerular excretion of macromolecular substances.
Electron Microscope Study of Rat kidney after
administration of human serum albumin.
Amer.J.Path. ^9 307.

ATURSON, G. and WALLANEUS, G. (1964)
The renal clearance of dextrans of different molecular
sizes in normal humans.
Scand. J. Clin. Lab. Invest. 16 81

BARNES, B.A. (1965a)
Survival data of renal transplantation in patients.
New Eng.J.Med. 272 776

(1965b)
Survival data of renal transplantation in patients.
Transplantation, £ 812.

BAYLISS, L.E., TOOKEY-EERRIDGE, P.M., and RUSSELL, D.S. (1933
The excretion of protein by the mammalian kidney.
J. Physiol. 77 386.

BENSCOME, S.A. and BERGMAN, B.J. (1962)
The ultrastructure of human and experimental
glomerular lesions.
Int.Rev.Exp.Path. 1 139-208.

BERGGARD, I., and RISSINGER, C. (1961)
Quantitative immunological determination of albumin
in normal human urine.
Acta.Soc.Med.Upsalien. 3[6 1159.

(1970)
Plasma proteins in normal human urine.
In "Proteins in normal and pathological urine"
Karger, Basel and New York. p.7.

BERGLUND, H., SCRIVER, W. de M., and MEDES, G. (1935)
"Proteinuria and the plasma proteins" in
The Kidney in Health and Disease. Chapter 30.
ed. Berglund. Philadelphia, Lea and Febiger.

BERLINER, R.W. (I960)
The renal transport and excretion of potassium.
In "Proceedings of the fourth international congress
on clinical chemistry", p.27.
Ed. Stewart, C.P., Frazer, S.C. and Jocelyn, P.C.
E and S Livingstone Ltd., Edinburgh and London.

BERNARD, CLAUDE (1359)
"Lecons s

Alteratio
Paris, Balliere et Fils

"Lecons sur les Proprietes Physiologiques et les
Alterations Pathologiques des Liquides de L*Organisme".



BICKFORD, R.G. and WINTON, F.R. (1937)
The influence of temperature on the isolated kidney
of the dog#
J. Physiol. 8£ 198.

BIETER, R.N. (1931)
Albuminuria in glomerular and aglomerular fishes.
J. Pharmacol and Exper. Therapeutics. 4^ 407.

BING, J. (1936)
Studies on proteinuria. "Albuminuria"
Acta.Med*Scand. Suppl. 76.

BLACK, D.A.K., ROSE, G., and BREWER, D.B. (1970).
Controlled trial of prednisone in adult patients
with the nephrotic syndrome.
Brit.Med.J. ^ 21•

BLACKMAN, S.S. Jr., GOODWIN, W.P., and BUELL, M.V. (1941)
On the relation between the concentration of total
protein and of globulin in the urine and the
pathogenesis of certain renal lesions in Bright*s
disease.
Bull. John Hopkins Hospital. 6^ 397.

BLAINEY, J.D., BREWER, B.B., HARDWICKE, J., and SOOTHILL, J.P. (I960)
The nephrotic syndrome. Diagnosis by renal biopsy
and biochemical and immunological analysis related to
the response to steroid therapy.
If.J.Med. 235.

BLATT, W.F., FEINBERG, M.P., and HOPFENBERG, H.B. (1965)
Protein solutions. Concentration by a rapid method.
Science, 1£0 224.

BOTT, P.A. and RICHARDS, A.N. (1941)
The passage of protein molecules through the
glomerular membranes.
J.Biol.Chen. l£l 2^1»

BOURILLON, R. (1970)
Glycoproteins, glycopeptides and other carbohydrate
complexes of normal human urine.
In "Proteins of normal and pathological urine".
Karger, Basel and New York. p.20.

BRAUN, W.E., and MERRILL, J.P. (1970)
Macromolecular clearances following renal
transplantation.
In "Proteins in normal and pathological urine".
Karger, Basel and New York, p.292.

BREWER, D.B. (1951)
Renal clearances of dextrans of varying molecular
weights.
Proc.Roy.Soc.Med. 561.



BRULL, L. (1931)

BULL, G.M.

BULL, G.M.,

BUTLER, E.A.

Nouvelle methode pour JL*etude des fonctions du rein;
l*anastamose simultanee de la circulation r6hale
avec la circulation carotido-gugulaire de deux donneurs.
Compt.Rend.Soc.Biol. 107 248#

(1934) / .
Influence de 1*excretion d'albumines etrangeres sur
le rein#
Rev# Beige des Sci.Med# 6 675

(1948)
Postural proteinuria#
Clin#Sci«, 7« 11*

JOEKES, A.M., and LOWE, K.G. (1950)
Renal function studies in acute tubular necrosis.
Clin.Sci. £ 379#
and FLYNN, F.V. (1958)
The proteinuria of renal tubular disorders#
Lancet ii 978#

(1961)
The occurrence of post-gamma protein in urine#
A new protein abnormality#
J#Clin#Path. 14 172.

CAMERON, J.S. and WHITE, R.H.R. (1965)
Selectivity of proteinuria in children with the
nephrotic syndrome#
Lancet, 1965* 1 463#

and BLANBFORD, G. (1966)
The simple assessment of selectivity in heavy
proteinuria.
Lancet, 2 242#

(1968)
Histology, protein clearances, and response to treatment
in the nephrotic syndrome#
Brit.Med#J. 4 352.

GLASGOW, E.F., OGG, C.S., and WHITE, R.H.R. (1970)
Membranoproliferative glomerulonephritis and persistent
hypocomplimentaemia#
Brit.Med.J., 4 7.

(1971)
Immunosuppressant agents in the treatment of
glomerulonephritis.
J.Roy.Coll.Physicians, London# 5, 282.

CAMPBELL, H ., KANE, P.O., and OTTEWILL, I.G. (1953)
Studies on polyvinyl-pyrrolidone.
Chem.Eng#News jl. 3459#



CARONE, ?.A., and von HASH, E.V.H. (1965)
A mioropuncture study of protein excretion in normal
and proteinuric rats.
Clin.Res. 18 302.

CASTENFORS, J. (1967)
Renal function during exercise# With special reference
to exercise proteinuria and the release of renin.
Acta Physiol.Scand. 70 Supplement 293, pp.1-44.

CHINARD, P.P., LAUSON, H.D., and EDER, H.A. (1952)
Relationship of the renal clearances of T1824 and of
albumin in some patients with proteinuria.
J.Clin.Invest. ^1 895

LAUSON, H.D., EDER, H.A., GRIEF, R.L. and HILLER (1954)a
A study of the mechanism of proteinuria in patients
with the nephrotic syndrome.
J.Clin.Invest. ^ 621.

LAUSON, H.D., EDER, H.A. and GREIF (I954)b
Plasma volume changes following the administration of
albumin to patients with the nephrotic syndrome.
J.Clin.Invest. (1954) 629.

CHURG, J., HABIB, R. and WHITE, R.H.R. (1970)
Pathology of the nephrotic syndrome in childhood.
Lancet, i, 1299.

CLARKSON, A.R., MACBONALD, M.D., FUSTER, V., CASH, J.D. and
ROBSON, J.S. (1970)
Glomerular coagulation in acute Ischaemic renal failure.
Quart.J.Med,U.S. ^ 585.

CLAY, R.D., DARMADY, E.M., and HAWKINS, M. (1953)
The nature of the renal lesion in the Fanconi syndrome.
J.Path.Bact. 65 551.

MThe secretion of the urine".
Longman's, Green and Co., London. Second edition, 1926.

(1959)
Lysosomes. A new group of subcellular particles.
In "Subcellular Particles" p.128.
Ed. T. Ilayashi. New York. Ronald Press.

CLAPP, J.R. and BERLINER, R.W. (1964)
The protein concentration in the proximal tubule of
the dog.
J.Clin. Invest. 4J. 916.

DOCK, W. (1942)
Proteinuria and the associated renal changes.
New Engl.J.Med. 227 633*

CUSHNY, A.R.

DE DUVE, C.

DIRKS, J.H.,



DUBOIS, M., GILLIES, K.A., HAMILTON, J.K., REBUS, P.A. and SMITH, F.
(1956).
A colorimetric method for determination of sugars
and related substances.
Analyt.Cham. 28 350.

EKEHORN, G. (1931)
"On the principles of renal function."
Acta Scand.Med.8upp. 36.

EPSTEIN, A.A. (1928)
"Uber Diabetes albuminuricus, die sogennante
chronische Nsphrose".
Arch.f.Verdauungst, 44 31*

FAHR, T, (1925)
Pathologische Anatomie des Morbus Brightii. Chapter
in Handbuch der Spezielen Pathologischen Anatomie
und Histologie.
Luba,rschs V5 and Henke, F. (Ed).
Berlin, Julius Springer, 6th edition, volume 1.

FARQUHAR, M.G. (I960)
An electron microscope study of glomerular
permeability,
Anat.Rev. 136 191.

and PALADE, G.E. (I960)
Segregation of ferritin in glomerular protein
absorption droplets.
J.Biophysic, Biochem.Cytol. 7 296

and PALADE, G.E. (1961)
Glomerular permeability.
II Ferritin transfer across the glomerular capillary
wall in. nephrotic rats.
J.Exp.Med. 114 699»

WIS3IG, S.L., and PALADE, G.E. (1961)
Glomerular permeability. I.
Ferritin transfer across the normal glomerular
capillaiy wall.
J.Exp.Med. (1961) 11£ 47.
and PALADE, G.E. (1962)
Functional evidence for the existence of a third
cell type in the renal glomerulus. Phagocytosis of
filtration residues by a distinctive "third cell"
J.Cell.Biol. 1^ 55.

FLODIN, P. (1967)
Dextran gels and their application in gel filtration.
Pharmacia, Uppsala, Sweden.



FLYNN, F.V. and PLATT, H.S. (196S)
The origins of the proteins excreted in tubular
proteinuria.
Clin.Chin.Acta 21 377.

FRIBERG, U.f GRAF, W. and ABERG, P. (1951)
On the histochemistry of partially hydrolised bacterial
dextran.
Scand.J.Clin, and Lab.Invest. ^ 221.

GADD1M, J.H. (1945)
The log normal distribution.
Nature (London) 15b 463.

GELL, P.G.H. (1957)
The estimation of Individual human serum proteins
by a gel diffusion method.
J,.ClinoPath. Q 269.

GERARD, P. and CORDIER, R. (1931)
Sur 1*existence dans le tube eontourne du rein des
anours de segments distincts, a pouvoir d»accumulation
different.
Compt.rend.Soc. de biol. 108 799.

and CORDIER, R. (1932)
Sur 1'elination renale d'encre de chine de dispersion
differentes.
Compt.rend. de 1'Assoc. d'Anat. 27, 320.
and CORDIER, R. (1933)
Soi' 1'interpretation des alterations morphologiques
caracteristiques observees dans le rein au gouts de
la ndphroso lipoi&ique.
Arch.internat. de med.exper. _8 225.

(1336)
Comparative Histopathology of the Vertebrate Nephron.
J.Anat. 70 354.

GIEBISCH, G., LAUSON, II.D. and PITTS, R.F. (1954)
Renal excretion and volume of distribution of
various dextrans.
Amer.J.Physiol. 178 168.

GILSON, G.B. (1949)
Studies on proteinuria in the rat.
Proc.Soc.Exp.Biol, and Med. (1949) J2. 653.

GITLIN, D. and JANEWAY, C.A. (1952)
An immunochemical study of the albumen of serum,
urine, ascitic fluid, and oedema fluid in the nephrotic
syndrome.
J.Clin.Inv3st. ^1 223.



GRAHAM, R.C,

GRANT, G.H«

GREENWOOD, M.

GREGOIRE, F • t

and KARNOVSKY, J. (1966)
Glomerular permeability; ultrastructural cytochemical
studies using peroxidases as protein tracers.
J.Exp.Medicine. 124 1123-33.

(1957)
The proteins of normal urine.
J.Clin.Path. 10 366.

. (3926)
Reports on public health and statistical subjects,
No. 33.
A report on the natural duration of cancer.
Appendix 1. The errors of sampling of the
survivorship tables.
London, His Majesty's Stationery Office.

MALMENPIER, C. and LAMBERT, P. (1958)
The mechanisms of proteinuria and a study of the
effects of hormonal therapy in the nephrotic syndrome.
Amer.J.Med, 2£ 516.

GROTTE, G., KNULSON, R.C. and BELLMAN, J.L. (1951)
The diffusion of dextrans of different molecular
weight to lymph and urine.
J.Lab.Clin.Med, ^8 577.

HALL, B.V.

HARDAWAY, R.l

HARDWICKE, J,

(1957)
The protoplasmic basis of glomerular ultrafiltration.
Amer.Heart J. 54 "1.

. (1966)
In "Syndromes of disseminated intravascular
coagulation."
Springfield, Illinois, p.273*

and SQUIRE, J.R. (1955)
The relationship between plasma albumien concentration
and protein excretion in patients with proteinuria.
Clin.Sei, 14 509 1955.

and SOOTHILL, J.F. (1961)
Glomerular damage in terms of pore size.
In "Renal Biopsy, Clinical and Pathological significance".
Ciba. Foundation Symposium
Ed. G.E.W. Wolstenholm and M.P. Cameron, pp.32-42.
London, Churchill.

(1965a)
Estimation of renal permeability to protein on
Sephadex G.200.
Clin.Chim.Acta. 12 89.



HARDWICKE, J. (1965b)
Significance of qualitative and quantitative
analysis of the proteinuria in the nephrotic syndrome.
J.Clin.Path. 18 559.

HULME, B., JONES, H.J. and RICKETTS, C.R. (1968)
Measurement of glomerular permeability to polydisperse
radioaotively labelled macromolecules in normal rabbits.
Clin,3d. 34 505.

CAMERON, J.S., HARRISON, J.P., HULME, B. and
SOOTHILL, J.P. (1970)
Proteinuria studied by clearances of individual
macrocsclecules.
In "Proteins in normal and pathological urines"
Marger, Basel and Hew York, p.Ill,

HARRISON, J.F., ELAINEY, J.D., HARDWICKE, J., ROWE, D.S. and
SOOTHILL, J.F. (1966)
Proteinuria in multiple myeloma.
Clin.Sci. 95.

and BLAINEY, J.D. (1967a)
Low molecular weight proteinuria in chronic renal
disease.
Clin.Sci. 381.

and BLAINEY, J.D. (1967b)
Adult Fanconi syndrome with monoclonal abnormality
of immunoglobulin light chain,
J.Clin.Path. 20 42.

HILLER, A., McINTOSH, J.F. and van SLYKE, D.D. (1927)
The excretion of albumin and globulin in nephrotics,
J.Clin.Invest. ± 235.

HITZIG, W.H., AURICOHIO, S. and BENNIGER, J.L. (1965)
Clearance spcaifischer plasmaproteinfraktionen bei
Nierleiden
Klische Wockenschrift, 4^ 1154.

HOFFMAN, F.A. (1882)
Ueber das Verbaltniss zwischen Serum Albumin und
Globulin inn eiweissfuhrenden Harn,
Virchow * s Arahiv. 89_ 271.

HOWE, A.F., GROOM, T. and GARTER, R.G. (1964)
The use of polyathelene glycol in the concentration
of protein solutions.
Analyt.Biochem. 9 443.

HULME, B. and HARDWICKE, J. (1966)
The measurement of renal permeability using labelled
macromolecules.
Proc.Roy.Soc.Med. 509.



HULME, B. and PORTER, K.A. (1970)
Macromolecular clearances following renal
transplantation.
In "proteins in Normal and Pathological Urine"
Karger, Basel and New York, p,292,

INGELMAN, B. and HALLING, M.S. (1949)
Some physico-chemical experiments on fractions of
dextran,
Arkiv, fur Kemi 1 61.

ISLIKER, H.C. (1957)
The chemical nature of antibodies.
Adv. Protein Chem. 12 388.

JAMES, J.A. and ASHWORTH, C.T. (1961)
Some features of glomerular filtration and permeability
revealed by electron microscopy after intraperitoneal
injection of dextran in rats.
Am.J.Path. ^i3 515.

CAMERON, J.S., SCHWARTZ, M. and BECKER, E.L. (1964)
Selectivity of protein excretion in patients with
the nephrotic syndrome.
J.Clin.Invest. 4^ 2332.

BALDWIN, D.S. (1954)
Renal haemodynamics during erect lordosis in normal
man and subjects with orthostatic proteinuria.
Proc.Soc.Exp.Biol.Med. 86 634.

(1952)
J.Am.ChessSoc. 74 2649.

LAGERLOP, H., ELIASCH, H., WERKE, L. and BERGLUND, E. (1951)
Orthostatic changes of the pulmonary and peripheral
circulation in man.

Scand.J.Clin, ana Lab.Invest. ^ 85.
LAMBERT, P.P. (1932) ,

Sur les potentialites de resorption du tube contourne
chez les urodeles.
Compt.rend.Soc. de biol. 110 114.

(1933)
Sur 1*existence d'un gradient de permeabilite dans
les nephrons ouverts des urodeles.
Compt.rend.Soc. de Biol. 114 1370.

GASEE, J.P., and ASKENASI, R. (1970)
The physiological basis of protein excretion.
In "Proteins in normal and pathological urine."
Karger, Basel and New York. p.67.

JOACHIM, G.P.,

KING, S.E. and

KOECHLIN, B.A.



LANDIS, E.M. and PAPPENHEIMER, J.R. (1962)
Exchange of substances through capillary walls;
in Handbook Physiol., vol. 2 sect. 2 p.961.
Amer.physiol.soc., Washington, 1962.

LANNIGAN, R. and McQUEEN, E.G. (1962)
The effect on the renal glomerular epithelial cells of
proteinuria induced by infusions of human serum albumin
in rabbits and rats.
Brit.J.Exper.Path. 4^ 549.

LATHEM, W. (1959)
The renal excretion of haemoglobin. Regulating
mechanisms and the differential excretion of free
and protein bound haemoglobin.
J.Clin.Invest. il 652.
DAVIES, B.B., SZWIG, P.H. and DEW, R. (I960)
The demonstration and localisation of renal tubular
reabsorption of haemoglobin by stop flow analysis.
J.Clin.Invest. ^9 840.

LATTA, H., MAUNSBACH, A.B., and MADDEN, S.C. (I960)
The centrilobular region of the renal glomerulus
studied by electron microscopy.
J. Ultrastructural Research 4 455.

LAURENT, T.C. and KILLANDER, J. (1964)
A theory of gel filtration and its experimental
verification.
J.Chromatog. i£ 317.

LEHNERT, P. (1912)
Uber Todliche Vergiftung mit Clorsaurem Kali bei
einer Gravida.
Beitr.Path.Anat. £4 443.

LICHTZ, J.A., HAVILL, W.H., and WHIPPLE, G.H. (1932)
Renal thresholds for haemoglobin in dogs.
Depression of threshold due to frequent haemoglobin
injections and recovery during rest periods.
J.Exp.Med. 5_5 603*

LIPPMAN, R.W. (1948)
Mechanisms of Proteinuria.
The effect of parenteral bovine albumin injections
on haemoglobin excretion in the rat.
Am.J.Physiol. 154 532.

LISON, L. (1937)
Secretion et athrocytose de certain colorants par
le segment a brosse du rein chez la crapaud apres
ligature des arteres renales.
Compt.rend.Soc.Biol. 125 1051.



LQWGREN, E. (1955)
Studies on benign proteinuria with special reference
to the renal lymphatic system.
Acta Hedica Seandinavica, Supplement 300.

MACDONALD, MARY K., and RUCKLEY, V. ANNE (1966)
Electron microscopy of the kidney in the nephrotic
syndrome•
Proc.Roy.Soc.Med. 5£ 515.

MacLEAN, P.R. (1966)
Glomerular permeability to macromolecules.
Ph.D. Thesis, University of Edinburgh.

and PETRIE, J.J.B. (1966)
A comparison of gel filtration and immunodiffusion in
the determination of the selectivity of proteinuria.
Clin.Chim.Acta 14 367.

and ROBSON, J.S. (1966)
Unselective proteinuria in acute ischaemic renal
failure.
Clin.Sci. 30 91'
and ROBSON, J.S. (1967)
A simple method for determining the selectivity of
proteinuria.
Lancet, 1 535.

PETRIE, J.J.B., and ROBSON, J.S. (1970)
Glomerular permeability to high molecular weight
dextrans in acute ischaemic renal failure and postural
proteinuria.
Clin.Sci. 38 93.

MALMENDIER, C. and LAMBERT, P.P. (1955)
Etude sur la concentration en serum albumin du
filtrat glomerulaire chez le chien.
J.Urol.med.-chir. 61 327.

GREGOIRE, F. and LAMBERT, P.P. (1957)
Physiopathologie de l*albuminurie dans la nephrose
et l^myloidose.
Rev.franc.Etudes clin. et biol. 2 145.

MALVIN, R.L., WILDE, W.S. and SULLIVAN, L.P. (1958)
Localisation of nephron transport by stop-flow
•ELTlctlV*sx s •
Am.J.Physiol. 194 125.

MANDL, RICHARD H. (1961)
Automation in protein analysis.
Protids of the biological fluids. Proc. Colloquia
Bruges, Elsevier, Amsterdam, p.85.



MANUEL, Y., REVILLARD, J.P. and BETUEL, H. (1970)
Proteins in normal and pathological urine.
Karger, Basel and New York.

MARCHENA, C. and BECKER, E.L. (1968)
Proteinuria after albumin infusion in patients with
renal disease.
Proc.Soc.Exp.Biol, and Med. 129 954»

MAUNSBACH, A.B., MADDEN, 3.C. and LATTA, H. (1962)
Light and electron microscopical changes in proximal
tubules of rats after administration of glucose,
mannitol, sucrose, or dextran.
Lab.Invest., 11 421.

MAXPIELD, M. (1961)
Molecular forms of human urinary mucoprotein under
physiological conditions.
Biochem. et Biophys.Acta. ^ 948.

MERONEY, W.H. and RUBINI, M.E. (1959)
Kidney function during acute tubular necrosis;
clinical studies and a theory.
Metabolism 8 1.

MILLER, P. (I960)
Haemoglobin absorption by the cells of the proximal
convoluted tubule in mouse kidney.
J.Biophys.Biochem.Cytol. 7 103#

and PA1ADE, G.E. (1964)
Lytic activities in renal protein absorption droplets,
J.Cell.Biol. 519.

MONKE, J.V. and YUILE, C.L. (1940)
The renal clearance of haemoglobin in the dog.
J.Exp.Med. 72 149.

MOVAT, H.Z. and McGREGOR, D.G. (1959)
The fine structure of the glomerulus in membranous
glomerulonephritis in adults.
Amer.J.Clin.Path. ^2 109 (1959).
(I960)
Electron microscopy of kidney biopsies from children
and adolescents.
In "Proceedings of 11th Annual Conference on the
Nephrotic Syndrome. Ed. Metcoff, J. p.228.
National Kidney Disease Foundation, New York.

and STEINER, J.W, (1961)
The fine structure of the glomerulus in the dog.
Amer.J.Clin.Path. ^6 289.



MOVAT, H.Z •, STEINER, J.W. and SLATER, R.J. (1962)
The fine structure of the glomeruli in Bright*s
disease. A clinical-pathological study.
In Clba Foundation Symposium on Renal Biopsy, p.103*
Wolstenholme, G.W. and Cameron, M.P. (Boston)
Little, Brown, and Co.

MUELLER, C.B. (1958)
The structure of the renal glomerulus.
Am.Heart J. 304.

MURK, BENATT arid FLOCKENHAUS (1925)
"Experimentelle Untersuchungen uber das Wessen
der Albuminuria und der Lipoidnephrose."
Klin.Woch. 1925 iv 863.

NESSON, H.R., SPROUL, L.E., RELAMAN, A.S. and SCHWARTZ, M.W. (1963)
Adrenal steroids in the treatment of the idiopathic
nephrotic syndrome in adults.
Arm. Internal.Med. £8 268.

NUSSBAUM, M. (1377)
Uber die Secretion der Niere
Arch.f.g.Physiol. 16 139.

OLIVER, J. (1950)
An essay toward a dynamic morphology of the
vertebrate nephron.
Am. J.Med. 2 83.
MacDOWELL, M. and TRACY, A. (1951)
The pathogenesis of acute renal failure associated
with traumatic and toxic injury.
Renal ischaemia, nephrotoxic damage and ischaemic
episode.
J.Clin.Invest. ^0 1307.

MacDOWALL, M.C. and LEE, Y.C. (1954a)
Cellular mechanisms of protein metabolism in the
nephron.
I. The structural aspects of proteinuria. Tubular
absorption, droplet formation and the disposal of
droplets.
J.Exp.Med. 99 589.

MOSES, M.J,, MacDOWELL, M.C, and LEE, Y.C. (1954b)
Cellular mechanism of protein metabolism in the nephron.
II The histochemical characterisation of protein
absorption droplets.
J .Exp .Med. 22. 605.

OZAWA, Y. and YAMAUCHI, M. (1963)
Studies on the changes of glomerular permeability
in proteinuria.
Keio Journal of Medicine, 12 37.



PAPPENHEIMER, J.R. (1953)
Passage of molecules through capillary walls,
Physiol,Rev. 387,

PEASE, D.C. (1955)
The fine structure of the kidney as seen by electron
microscopy,
J,Histochem,Cytochem, ^ 295.

PEREZ, A. (1950)
La biopsa punctoral del rinon no negalico
considerations generales y aportacia de un nuevo metodo,
Bol.Lica.Contra.Cancer, Habana, 25. 121,

PETERSEN, P.A., EVRIN, P-E, and BERGGAED, I, (1969)
Differentiation of glomerular, tubular, and normal
proteinuria : Determinations of urinary excretion
of beta-2 microglobulin, albumin and total protein,
J,Clin,Invest. 48 1189.

PETRIE, MacLEAN, P.R. and ROBSON, J.S. (1968)
Glomerular permeability to serum proteins and to
high molecular weight dextrans in glomerulonephritis.
Clin.Sci. 34 83.

CLELLAND, J.F., MacLEAN, P.R. and ROBSON, J.S. (1970)
Glomerular proteinuria during proteinuria induced
by plasma infusion.
Clin.Sci, ^9 383.

PITTS, R.F. (1944)
A comparison of the renal reabsorptive process for
several amino acids.
Amer,J.Physiol., 140 535.

P0L1AK, V., PIRANI, C.L. and SCHWARTZ, F.D. (1964)
The effect of large doses of prednisone on the renal
lesions and life span of patients with lupus
glomerulonephritis•
J.Lab.Clin.Med. 57 495.

PONFICK, E. (1875)
"Experimentelle Beitrage zur Lehre von der Transfusion"
Virch.Arch. 62 273*

POORTMANS, J. (1968)
Quantitative immunological determination of 12 plasma
proteins excreted in human urine collected before
and after exercise.
J.Clin,Invest. ££ 386.

PORATH, J. and FLODIN, P. (1959)
Gel filtration * a method for desalting and group
separation.
Nature 18^ 1657.



PORATH, J,

POST, R.S.

(1967)
The development of chromatography on molecular
selves.
Laboratory Practice 16 838.

(I960)
The effects on glomerular structure of proteinuria
induced in normal rats determined by electron
microscopy.
In "Proceedings of 11th Annual Conference on the
Nephrotic Syndrome."
Ed. Metcoff, J. pp.222-224.
National Kidney Disease Foundation, New York.

QUINKE (1912)
Lymphurie?
Munch med. Wchnschr. 1 1361.

RANDERATH, E.

RATHER, L.J,

(1937)
Die Entwicklung der Lehre von den Nephrosen in der
pathologischen Anatomie.
Ergeben allg. Path, und Path. Anat. ^2 91*

(1948)
Renal Athrocytosis and intracellular disgestion of
intraperitoneally injected haemoglobin in rats.
J.Exp.Med. 87 163.

(1952)
Filtration, reabsorption, and excretion of protein
by the kidney.
Medicine (Baltimore) ^1 357.

REVILLARD, J.P., MANUEL, Y., FRANCOIS, R., and TRAEGER, J. (1970)
Renal diseases associated with tubular proteinuria.
In "Proteins in Normal and Pathological Urine"
Karger, Basel and New York. p.209.

RHODIN, J,

RICHTER, G.W,

(1955)
Electron microscopy of the glomerular capillary wall.
Exper.Cell.Res. 3 572.

CL967)
Electron microscopy of the kidney, in "Renal Disease"
ed Black, D.A.K.
Blackweli, London and Edinburgh.

(1953)
Electron microscopy of haemosiderin:presence of
ferritin and occurrence of crystalline lattices in
haemosiderin deposits.
J.Biophs.Biochem.Cytol. 4 55.



ROBINSON, R.R., ASHWORTH, C.T., GLOVER, S.N., PHILLIPPI, P.P.,
LECOCQ, P.R., and LANGELIER, P.R. (i960)
Fixed and reproducible orthostatic proteinuria.
1. Light microscopy study.
Amer.J.Path. 39 405.

(1970)
Postural proteinuria.
In "Proteins in Normal and Pathological Urine"
Ed. Manuel, Y., Revillard, J.P. and Betuel, H.
Karger, Basel and New York.

ROBSON, J.S. (1967)
The nephrotic syndrome.
In "Renal Disease" ed. Black, D.A.K.,
Blackwell, Oxford and Edinburgh.

and SMITH, J.F. (1963)
The use of steroids in the treatment of the nephrotic
syndrome in adults.
Quart.J.Med. 56 65.

and SOOTHILL, J.F. (1961a)
Serum proteins in normal urine.
Clin.Sci. 21 75.

ans SOOTHILL, J.F. (1961b)
The proteins of postural and exercise proteinuria.
Clin.Sci. 21 87.

, V.A., MacDONALD, M.K., MACLEAN, P.R. and ROBSON, J.S. (1966)
Glomerular ultrastructure and function in postural
proteinuria.
Nephron, £ 153.

SCHULTZE, H.E. (1957)
Uber klinisch interessanten korporeigene
Polysaccharidverbindungen
Scand.J.clin.lab.invest.
Supplement 31 P«135.

and HEREMANS, J.F. (1966)
The proteins of interstitial fluid and effusions.
In "Molecular Biology of Human Proteins"
Section IV, chapter 1.
Elsevier, London.

SELLARS, A.L., GRIGGS, N., MARMORSTEN, J. and GOODMAN, H.C. (1954)
Filtration and reabsorption of protein by the kidney.
J.Exp.Med. 100 1.

SEMPLE, R.E. (1957)
An accurate method for the estimation of low
concentrations of dextran in plasma.
Can.J.Biochem.Physiol. ^ 383.

ROSS, E.J,

ROWE, D.S,



SHAFFER* 0.3., CRIICHFIELD, F.H. and CARPENTER, C.P. (1948)
Renal excretion and volume distribution of seme

polyethclene glycols in the dog.
Am,J.Physiol. Ig2 S3.

SHARPSTONE, P., QGG, C.S., and CAMERON, J.3. (1969a)
Nephrotic syndrome due to primary renal disease in
adults.
I Survey of incidence in south-east England.
Brit*Med.J. 2 533.

OGG, C.S. and CAMERON, J.S. (1969b)
Nephrotic syndrome due to primary renal disease in
adults.
II. A controlled trial of prednisone and azathiaprine.
British Medical Journal, 2 535.

SLATER, R.J., O'DOHERTY, N.J. and BE WOLFE, M.S. (i960)
Studies on human proteinuria.
I The mechanism of postural proteinuria.
Pediatrics, 26 190.

SMETANA, H. and JOHNSON. P.E. (1942)
The origin of colloid and lipoid droplets in the
epithelial cells of the renal tubules.
Am.J.Path. 18 1029.

(1947)
The permeability of the renal glomeruli of several
mammalian species to labelled protein.
Am.J.rath 255.

SMITH, H.W. (1956)
Principles of Renal Physiology.
Oxford University Press. New York. p.82.

SOOTHILL, J.F. (1962)
Estimation of eight serum proteins by a gel diffusion
precipitin technique (1962)
J.Lab.Clin.Med. ££ 859.
and HENBRICKSE, R.G. (1967)
Some immunological studies of the nephrotic syndrome
in Nigerian children.
Lancet, 2 629.

and RQWE, U.S. (1967)
Estimation of plasma proteins by a gel diffusion
precipitin technique.
Int.Symp.immun.Methods biol. Standard, Royaumont 1965.
Symp. Series immunobiol. Standard, vol. 4.
Karger, Basel and New York p.37.



SPIRO, D. (1959)
The structural basis of proteinuria in man.
Amer. J.Path., 3J? 47.

STRAUSS, H. (1916)
Zur genauren Unterescheidung der renalen Albuminurien
nebst Bemerhungen uber "Kriegsnephritiden",
Cent♦f#inn.Med. 37 201.

SVEDBERG, T. (1930)
The pH stability regions of the proteins.
Transactions of the Farraday Society, 26_ 740*

TAMM, J. and HORSFALL, F.I,. (1952)
A mucoprotein derived from human urine which reacts
with influenza, mumps and Newcastle disease virus,
J.Exp.Med. 95, 71#

TERBRUGGEN, A. (1931)
Uber das Vorkommen Hyaliner Tropfen in der Niere
in Abhangigkeit vera Auftreter Kdrperfremden Eiweiss.
Beitr.Path.Anat. 86 235.

TERRY, R., SANDROCK, W.E., NYE, R.E.Jr. and WHIPPLE, G.H. (1948)
Parenteral plasma protein maintains nitrogen
eauilibrium over long periods.
J.Exp,Med. 87 547.

HAWKINS, D.R., CHURCH, E.H. and WHIPPLE, G.W. (1948)
Proteinuria related to hyperproteinaemia in dogs
following plasma given parentrally. A renal threshold
for plasma proteins.
J.Exp.Med. 87 561.

THORN, G.W., ARMSTRONG, S.H. and DAVENPORT, V.D. (1946)
The use of salt-poor concentrated human serum albumin
solution in the treatment of hepatic cirrhosis.
J.Clin, Invest. 25, 304.

TOOKEY—KERRIDGE, P.M. and BAYLISS, L.E. (1932)
The physiology of proteinuria and its clinical
significance.
Lancet, 2 785.

TOTHILL, P. (1965)
The retention by the body of I 131 Polyvinylpyrrolidone
and its effect on radiation dose.
J. Nuclear Med., 6 582,



VANDEHVEITEH, P., aUERIITE, 0., DS MfTEHWAIEE, M. and LAMBERT, P.P.(1-95T)
.Effects de la liason heiiiGglobtne-haptoglobine sur
1'excretion de Vhemoglobine.
J.d'urol., med. et chir.

VERE, D.W. and WAXDUCK, ANN (1966)
The chemical estimation of renal selective permeability
to protein during steroid induced remission of the
nephrotic syndrome•
Clin.Sci* (1966) 315.

WALKER, A.M., BOTT, P.A., OLIVER, J. and MacDOWELL, M.C. (1941)
The collection and analysis of fluid from single
nephrons of the mammalian kidney.
Amer.J.Physiol. 134 580 (1941)

WALLENIUS, Gr. (1954)
Renal clearance of dextran as a measure of glomerular
permeability.
Acta.Soc.Med.Upsaliensis. suppl. 4 1.

WALRAVENS, P., LATERRS, E.G. aid rIEREMANS, J.P. (1968)
Studies on tubular proteinuria.
Clin.Ghim.Acta. 19 107.

WARBURG, 0., and CHRISTIAN, W. (1941)
Biochem. 310 384.

DE WARDENER, H.E. (1967)
The acute nephritic syndrome.
In "The Kidney".
J. and A. Churchill, London, p.190.

WATERHOUSE, C. and HOLLER, J. (1948)
Metabolic studies on protein depleted patients
receiving a large part of their nitrogen intake
from human serum albumin administered intravenously.
J.Clin.Invest. 27 560.

BASSETT, S.H. and HOLLER, J. (1949)
J.Clin.Invest, 28 245.

WEARN, J.T. and RICHARDS, A.N. (1924)
Observations on the composition of glomerular urine,
with particular reference to the problem of
reabsorption in the renal tubules.
Am.J.Physiol. 71 209.



WHITE, R.H.R., CAMERON, J.S., and TROUNCE, J.R. (1966)
Immunosuppressive therapy in steroid resistant
proliferative glomerulonephritis accompanied by
the nephrotic syndrome.
Brit.Med.J. 2 853.

GLASGOW, E.P. and MILLS, R.J, (1970)
A clinicopathalogical study of nephrotic syndrome in
childhood.
Lancet, i 1353*

WOLMAN, I.J. (1945)
The incidence, causes and intermittency of
proteinuria in young men.
Am.J.Med.Sci. 210 86.

WOLVIUS, D, and VERSCHURE, J.C.M. (1957)
The diagnostic value of the protein excretion pattern
in various types of proteinuria.
J.Clin.Path. 10 80.

YUILE, C.L. and CLARK, W.F. (1941)
lyohaemoglobinuria. A study of the renal clearance
of myohaemoglobin in the dog.
J.Exp.Med. 74 187-196.

STEINMAN, F.F., HAHN, P.F. and CLARK, W.F. (1941)
The tubular factor in renal haemoglobin excretion.
J.Exp.Med. 74 197.

ZETTERGREN, L. (1962)
Renal changes induced by dextran.
Acta.chir.scand. 123 439.



ACKNOWLEDGEMENTS

I would like to express my thanks to the following persons

for their invaluable assistance#

Dr« James Robson, Reader in Medicine, University of Edinburgh,

initiated the work described in this thesis, and has given valuable

advice and encouragement at every stage of its progress#

Dr# Pamela Maclean of the Department of Clinical Chemistry

provided biochemical expertise without which the study would have

been impossible#

Professor J# Hardwicke of the Department of Experimental

Pathology, Birmingham University, and Dr. J.S, Cameron, Senior

Lecturer, Department of Medicine, Guy's Hospital, discussed various

aspects of the work described with Dr* Maclean and ay-self from time

to time# In view of their considerable experience of the subject,

these discussions were most helpful#

Professor D# Manners of the Heriot-Watt University

introduced Dr# MacLean and myself to the Dubois method for dextran

estimation, and advised us on the finer points of this technique#

Dr# D.M.W. Anderson, Senior Lecturer, Department of Chemistry,

Edinburgh University, gave helpful advice concerning gel filtration

techniques, as did Dr# J# Smith of the Blood Transfusion Department,

Edinburgh Royal Infirmary#

Dr# P# Tothill of the University Department of Medical

Physics gave invaluable advice on radiometric methods for 1-125 PVP

estimation, and also advised on safety precautions in experiments

involving radioactive isotopes#

Professor Whitby and the staff of the University Department

of Clinical Chemistry provided advice, working space, and facilities



of many kinds, and also carried out protein and creatinine

estimations*

Dr* A* Boig, Br* S*H. Bavies, Br* A.T* Lambie, and

Dr# D*F*M* Batty are to be thanked for allowing investigation of

patients under their clinical care*

Br# J* Clelland assisted in the collection of samples and

in the recording of data in the study on induced proteinuria in

patients with bleeding disorders*

Mra* Gillian Barron and Mr. David Hunter gave invaluable

technical assistance in carrying out immunodiffusion determinations*

In almost every section of this thesis it has been possible

to relate the results obtained to the renal histology of the

patients concerned* For this thanks are due to Br* Mary K*

MacDonald, Senior Lecturer, Pathology Department, Edinburgh

University, and Dr* Ann© Ruckley, Research Fellow in the same

department* Between them they studied well over 200 biopsy-

spec imens taken from patients discussed in this thesis, and the

study included electron microscopy in almost every case*

Finally, mention must be made of the Scottish Hospitals

Endowment Research Trust, who provided a Research Grant for

Dr* Pamela Maclean* Since the work described in this thesis would

not have been possible without Dr* MacLean#s skills, it follows

that it would not have been possible without the support provided

by S.H.E.R.S#



APPENDIX

PUBLISHED PAPERS

MacLean and Petrie, 1966.

Petrie, MacLean and Robson, 1968.

MacLean, Petrie and Robson, 1970»

Petrie, Cleland, MacLean and Robson, 1970»



Rrprmtrd from
Clinua CHimua Acta

tljfvier Publishing (Company,
Amsterdam /

Printed in The Netherlands

A COMPARISON OF GEL FILTRATION AND IMMUNODIFFUSION IN THE

DETERMINATION OF SELECTIVITY OF PROTEINURIA

PAMELA K. MACLEAN and J. J. B PETRIE
Renal I nit. Royal Infirmary, Edinburgh and
Ike University Department of Clinical Chemistry, Edinburgh (Great Britain)
(Received <)ctober 18th, 1965)

St'M MARY

Gel filtration on Sephadex G 200 has been used to estimate the selectivity of
proteinuria. The method has been found simple and reproducible. Selectivity values
by gel filtration have been compared with selectivity values by immunodiffusion on
40 patients. Indices of selectivity correlate extremely well except in cases of pro¬
teinuria of under 1 g/day.

INTRODUCTION

In recent years protein excretion patterns have been studied by immuno¬
chemical techniques, estimating the relative clearances of individual serum proteins
of known molecular weight by the use of specific antisera14. When the logarithms
of these relative clearances are plotted against the logarithms of the molecular
weights of the proteins concerned a linear relationship is found. The slope of the
line obtained is the index of the "selectivity" of the proteinuria. If the urine contains
a relatively small amount of high molecular weight protein and a relatively large
amount of low molecular weight protein, the slope of the line is steep and the pro¬
teinuria is said to be selective. Conversely in unselective proteinuria the slope ob¬
tained is flatter because of the relatively larger amount of high molecular weight
protein present in the urine.

Since the tubular reabsorption of filtered protein is a non-specific process5,
the relative concentrations of the proteins in the urine remain the same as their
relative concentrations in the glomerular filtrate, when marked proteinuria of
glomerular origin is present. Selectivity determinations therefore give information
about the permeability of the glomerular basement membrane. It has been suggested
that in a number of renal diseases there is an association between selectivitv and
the tvpe and degree of the glomerular lesion, and that this mav have a bearing on
the response to treatment with corticosteroids'•». Selectivitv determinations, there¬
fore, mav have important clinical implications.

Immunochemical determination of selectivitv has been carried out in this unit
for the past three years, and the technique has been found satisfactory. The antisera

Clin, ( him Acta. 14(1966) ^67-376
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are, however, expensive. Also, it is possible that degraded but antigenicallv active
protein fragments of lower molecular weight than their parent molecules might give
rise to erroneous clearance values. Hardwicke* described the estimation of selectivity
using Sephadex G 200 to fractionate the proteins of serum and of urine. Sephadex
separates proteins according to the logarithms of their molecular weights'. Since the
amount of a given protein appearing in the urine depends on its plasma concentration
as well as on the permeability of the glomerulus, selectivitv must be assessed on the
basis of urine to plasma ratios and not on the basis of urinarv composition alone By
comparing the protein elution patterns of serum and urine, relative renal clearances
of proteins over a range of molecular weights can fie assessed, and selectivitv can be
calculated.

This paper compares the results obtained by gel filtration with those obtained
bv immunodiffusion in 40 patients with proteinuria.

MATERIALS ANI) METHODS

1. Immunodiffusion
A modification of the method of Soothill, described elsewhere4, was used.

Selectivity (- K) is expressed by the slope of the line relating relative protein
clearance to molecular weight on a double log plot.

2. Gel filtration
The method used was an adaptation of that of Hardwicke'. Two columns were

employed, one 100x2 cm, and the other (»x2 cm. The preparation of the gel for
these columns and the method of operating them was as outlined in the monograph
bv l lodin". The eluant was 0.1 M tris buffer in 0.1 M saline, pH 8.0. The columns
were packed and operated at a pressure head of 10-25 trn °f buffer, giving flow-
rates of 5 15 ml per h. Constant volume aliquots of eluant were obtained using svphons
of 3 ml capacity for the larger column and 2 ml for the smaller one, in conjunction
with a fraction collector.

An aliquot (0.5 to 2 ml) of serum containing 30 to qo mg of protein and sub¬
sequently' a similar volume of the corresponding urine, concentrated to contain
approximately the same amount of protein, were added to the column. In order to
remove all non-protein low molecular weight substances which might absorb at
280 mfi, the column was washed with at least one elution volume of buffer between
samples and the effluent was then checked at 280 m/<. Concentration of the urine
was achieved by the use of polyethylene glycol (carbowax 20 M). The urine was first
dialvsed overnight against running tap water, and then concentrated by dialysis
against [xilvethvlene glycol. The concentrate was dialysed against distilled water for
24 h, brought to 0.58 M by addition of 3.5 M NaCl, dialysed against 0.58 M NaCl
and then centrifuged before being applied to the column. This adjustment of tonicity
precipitates Tamm Horsfall protein, a high molecular weight urinary tract protein*
comprising about 70% of the total urinarv tract proteins.

The dialysis and centrifugation subsequent to concentration are important
as some polyethylene glycol is known to cross the dialysis membrane10. Counter-
dialvsed polyethylene glycol is eluted over the protein range on Sephadex G 200;
moreover, it interferes with the methods used for protein estimation in this study
Clin. Chim Acta, 14 (1966) 467-476
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since it absorbs at 280 m^< and causes precipitation in the Folin-Ciocalteau reaction.
From model experiments which were carried out the amount of polyethylene glycol
remaining in solution after concentration, dialysis, and centrifugation is very small
and is unlikely to introduce significant errors. However, in order to assess any effect
of counterdialysed polyethylene glycol on the accuracy of the results, some of the
urines were also concentrated by ultrafiltration using an LKB ultrafilter; otherwise
the urine was treated as described above.

The protein concentrations of the effluent fractions from the column were
determined either by reading the optical density at 280 m^u or by a modified Folin-
Ciocalteau method using an AutoAnalyzer ".

J. Calculation of selectivity
The protein concentrations of the serum eluates and of the corresponding urine

eluates were plotted against tube number. The urine to serum ratio for each tube
was calculated and (for ease of subsequent calculation) multiplied by 100. The
logarithm of

100 x urine protein concentration (U)
serum protein concentration (S)

was plotted against tube number. Since protein separation on Sephadex is proportional
to the logarithm of the molecular weight, the resulting graph showed relative protein
clearance against molecular weight on a double log plot. The relationship was linear
over the range of effective protein separation on Sephadex G 200.

100 U
Using the method of least squares the slope of the line relating log,, ——

against tube number was calculated, using the points lying between the first and
third serum protein peaks, as Sephadex G 200 is known to resolve well within this
area". In order to obtain an index of selectivity which was independent of the

100 U
column size and the volume of the effluent fractions, the total change in log,, ———

between the first and third serum peaks was taken. This index (A) was calculated
by multiplying the slope of the line by the number of tubes between the apex of
the first serum peak and the apex of the third serum peak. The indices of selectivity
by gel filtration and immunodiffusion are therefore directly comparable, since both
are based on the slope of a line relating relative renal clearance of protein to molecular
weight on a double log plot.

RESULTS

Typical serum and urine separations and the relationship between relative
100U

clearance of protein (log,, —-—) and tube number are shown in Figs. 1 and 2.

Fig. 1 shows the pattern obtained from a selective proteinuria. The bulk of the urine
100U

protein is eluted in the third peak and the slope of the line relating log,, • - -

to tube number is very steep. The index of selectivity (A) was 2.02. Fig. 2 shows
the pattern obtained from an unselective proteinuria and in this case there is rela-

Clin. Chitn. Acta, 14 (1966) 367 376
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urine
log 100-^— , * .

Fig. 1. Serum and urine elution patterns from a Sephadex G 200 column. The plot of log10
100 urine .

against tube number is also shown. The proteinuria is selective and the index of select 1
serum

.

, 100 urine
vity, A (total change in log10 between the first and third serum peaks) is high

serum

1.0-i

log 100 unnc ( a )^ serum

Fig. 2. Serum and urine elution patterns from a Sephadex (» 200 column. The plot of log,©
100 urine

against the tube numln-r is also shown I he proteinuria is unselective and the index
serum

100 urine
of selectivity, .1 (total change in log,© between the first and third serum peaks) is low

serum
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tively more urine protein eluted in the first two peaks. The slope of the line relating
100 U

log10 to tube number is much flatter and the index of selectivity was i.oi.

Possible sources of error and the accuracy of the method were investigated
in the following ways.

(a) Recovery of protein. In five experiments recovery of added protein ranged
from 101 to 105% with a mean of 102.6%.

(b) Linear relationship between renal clearance of protein and tube number. The
100 U

plot of log10 — against tube number consistently had highly significant cor¬

relation coefficients of between -f 0.92 and -f 0.99 with a mean from 19 plots of
+ 0.974. Coefficients of variation for the points about this line averaged 7% with
a range of 2% to 12%. In cases with proteinuria under 1 g/dav the correlation
coefficients tended to be lower, and in 5 plots ranged from + 0.77 to + 0.99 with a
mean of + 0.910.

(c) Reproducibility of the index of selectivity. Five determinations of selectivity
(A) were estimated on one serum and the corresponding urine. Five aliquots of serum
and five aliquots of urine were passed through the column and these five pairs of
separations were used in the calculations of A. Values ranged from 1.15 to 1.30,
mean = 1.22, S.I). + 0.07. The coefficient of variation was 5.8%.

(d) Measurement of effluent proteins. Selectivities calculated on the basis of
measurement of protein at 280 m/2 were compared with those calculated on the basis
of measurement of protein by the modified Folin Ciocalteau reaction. The results
are shown in Table I. Measurement of the effluent protein by the Folin method
tended to give consistently higher values of selectivity than those obtained when
the effluent protein was estimated at 280 m//. The mean overall difference, however,
was 5.3%, an amount comparable to the reproducibility of the method.

(e) Method of concentration of protein. Selectivities estimated when the urine
protein is concentrated by polyethylene glycol and by ultrafiltration are compared

TABLE 1

COMPARISON OF VALUES OF SELECTIVITY ( 1)
Obtained when the urine is concentrated by polyethylene glycol (PEG) and ultrafiltration (I F) and when the
effluent proteins are estimated by reading the optical density at 280 mfi or by a modified Folin-Ciocalteau

Patient PEC, UF Mean
PEG

Mean
UF

°o Olffl
(PEG-280 m/i Colin °0 Difference

280 m/i-Coltn
280 m/i Folin % Difference

(280 m/i Colin)

10 1.22 >35 + >0.7
■4 I 95 1.16 + >0.5
4 2.00 2.16 A 8.0

2 1 I 34 1.29 3 7
Id 0 99 115 + 16.2

3" 0.80 o.Hfi A 7-5 0.77 0.81 • 5 2 0.83 0 79 4.8
21 ■05 lib + >0.5 0 95 0.97 A 2.1 1.10 0 <>b >2 7
9 '•34 >35 • 0.7 1 47 >53 ' 4 ' '35 1.50 4-11.1

3 1.92 1.1b t 125 2.07 2.27 • 9-7 2.04 2.17 + 6.4
5 2.08 2.04 1 9 231 2.07 104 2.0O 2 19 + 6.3

Mean 1.42 1.50 + 6.1 ' 43 >47 + 4 5 1.48 '•52 + 1-3
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in Table I. Although the use of polyethylene glycol to concentrate the urine protein
could theoretically introduce small errors into the effluent urine protein values, this
was not found to be significant. The mean difference in selectivity between the two
concentration methods was only 1.3%.

(f) Matching of scrum and urine effluent protein patterns. The elution pattern
from a Sephadex (i 200 column was found to change with time. There was, however,
practically no change between successive runs. Since a urine concentrate was always
run immediately after the corresponding serum, changes in column characteristics
did not contribute appreciably to errors in the estimation of .1. As a rule the tubes
of serum eluate could be aligned with the corresponding tubes of urine eluate on
the basis of tube number. Correct alignment was indic ated by the fact that the first
urine protein jieak coincided with the first serum protein peak. Occasionally the first
serum and urine peaks were found to be separated by one, or at the most, two tubes.
The urine tubes were then renumbered to make the first urine peak coincide with
the first serum peak. W ith patients who had very selective proteinuria, this adjust¬
ment could not easilv be made as the amount of urinary protein in the earlv tubes
was small and a definite first peak was not always detected. Because of this occasional
difficulty in matching the effluent patterns, it seemed important to estimate the
errors involved when selectivity was calculated from deliberately misplaced plots.
Table II gives values of A over a range of selectivity calculated from plots with
the serum and urine first peaks matching, and with the urine plot shifted by one
tube and by two tubes. An alignment error of ;£ one tube varies the calculated .1
by a mean of 6°0, which is of the order of magnitude of the overall error of the
method; an error of two tubes varies it by a mean of 10%.

TABLE II

VALUES OF SELECTIVITY (.1)
Calculated from elution patterns in which the ist peak of serum and urine are at the same tube
numlier compared with values calculated when the urine plot is shifted i or i tubes to the left
This shift tends to make the third peaks of serum and urine coincide. 1 is changed by similar
amounts but to lower values when the urine plot is shifted to the right

Peak I 1 Tube °0 Error 2 Tubes °' /0 *'

matching moved moved

0.68 0.72 to 0 75 10

0.86 0.92 7 0 95 10

1.01 1.14 «3 1.21 20

1.26 1 *4 to 1.40 11

■•5* 1 56 2.6 1 57 3 3
171 ' • / / 3 5 185 8.2

1.92 1.98 3 1 2.05 6.7

It should be noted that lining up serum and urine patterns on the basis of
the third protein peak is not a sound procedure. Because of the relatively high
clearance of small molecular weight protein, urine contains a relatively- large propor¬
tion of proteins with a molecular weight less than that of albumin (60000) whereas
these small molecular weight proteins constitute a very small proportion of the serum
protein. The composition and average molecular weight of the proteins eluted in the
third urine peak is therefore different from those of the third serum peak, and the
urine peak is usually eluted two or three tubes after the serum peak.

Clin ( hint Acta, 14 (iqOM \toj-$j(>



TABU-: III

VALUES OF SELECTIVITY ESTIMATED BY (.EL FILTRATION (.1) AND BY IMMUNODIFFUSION
AND MEAN VALUES OF J AND — A" FOR EACH I'ATIENT

The number of estimations is given in brackets. The mean protein excretion is also given.

l'atient J -K Mean A Mean — K Mean urinary
protein gl 24k

1 2.51 2-95 251 1) 3.20 «) I.b

2 2.29 2.4b 2.24 4) 2.b8 19) 2.8

2.27 2 bO

*•97 329
3 2.11 2 92 211 4) 2.b8 9) '5 4

4 2.08 2 58 2.08 2) 2 54 4) 4.0
5 • 95 2.8b 2.01 b) 3 03 5) 240

2 "3 3 4'
b "95 2.27 1 95 1) 2 43 ■5) I 2. 1

7 1.85 3 °3 1.80 3) 2.07 to) '■3
1 bb 2.81
1 88 2-59

8 1.80 2-37 1.80 1) 2.50 8) "3
9 1 -92 1.88 1 74 6) 1 9b 7) I9.b

1.84 2.22

'43 1.82
10 1.71 '94 171 I) 1.84 3) I.I

I 1 1.64 2 24 1. f>4 I) 2.21 *5) 4°
12 l.b4 '55 1.64 1) 1 74 9) 7 4

'3 '5° 1 b9 1.50 1) 2.02 4) 10.0

*4 111 1 fx) 1 29 3) I b2 8) 103
1.39 l.b7

'5 1.29 2.38 1.29 1) 2 15 3) 5 5
lb 1.28 1.56 1.28 1) 1 45 7) '3 2
'7 1.22 I . If) 1 22 1) « 47 10) 8.8
18 1 20 » 55 1.20 2) i.b7 9) (> 1

i<) 1 20 2.39 1.20 5) 2.11 '2> lb.o

1.19 1.87
20 lib » 79 1.16 1) 1 -77 3) 2.2

21 '33 1 47 1.14 6) 1.49 ■2> b 9

0.87 1 34
22 0.98 1 47 1.1 2 f>) 1.70 3) 3 '

1,2b 1.58
*3 l.io 1.82 1.10 1) 1.67 5) 3 9
44 1.07 « 93 1 .ob 2) 1 74 ») I b

1.04 1.81

25 1.02 1 94 1.02 1) 1 f>9 2) 5 9
2b I.02 1.56 1.02 1) 1 75 9) 14.1
27 1.01 1.67 1.01 1) 1 74 10) 7-0
28 0.95 1.48 0.98 1) 130 ;) 2 3
29 0.89 1.29 0.89 1) 1.28 2) 9.1

3° 0.89 1.17 0.89 1) 1 55 9) 6.9

3' 0.8b 1.36 0.82 5) .38 8) 108
0.81 1 53

3 2 0 73 0.88 o.(>9 3) 1.04 4) 3 9
o.l>4 1 02

33 0.40 0.82 0 5° 0.58 2) 3 4
o.bi 0 34

34 1.70 217 0.4
'•5° 3 15

10 ' -29 3.40 0.6

1 20 3 4°
35 1.10 2.68 0.8

?'» 0.90 2.43 0.8

o.(>4 2 98
37 0 78 215 0.5
(H 0.64 2.98 °5
39 0.54 I ,f)() 0.5
4" 0 47 1.01 o.b
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ig) I.ipaemic serum Nephrotic sera tend to he lipaenue and oeeasionallv the
edition of large amounts of lipid into the early tubes of serum eluate gave a spuriously
high first protein peak at 280 mfi which was ciue to turbiditv. This difficulty could
ften be alleviated by obtaining fasting blood. When the serum eluate was turbid,

however, reading the protein bv the Folin ("iocalteau method rather than at 280
m« gave more acc urate values for the protein concentrations.

Correlation of selectivity bv gel filtration and immunodiffusion
A total of 78 values of selectivity on 57 specimens were estimated on 40

patients with various forms of renal disease by both gel filtration and immunodiffu¬
sion. Table III shows values of I and A* for each specimen, and also gives the
mean value of 1 and mean value of - K for each patient. Mean values for .1 and
A were 1.4 and 1.9 respectively, with ranges for.l of 2.51-0.47 and for A of

3.40 0.58. Tig. 3 shows the correlation between the two methods of measurement
of selectivity for patients with proteinuria of over 1 g day. Fig. 3a is plotted from
the individual values of selectivity and l'ig. 3b from the mean values of selectivity.
The relationships between 1 and A* for Fig. 3a and 3b are 1 0.(15 ( — A) • 0.13.
and .1 0.7(1 ( A") - 0.08 respectively. The correlation coefficient, r, was { 0.857
(f ■ 0.001) and the standard error of estimate of 1 0.2(1 or 18.j°u for l'ig.
3a. lor l'ig. 3b the correlation coefficient was • 0.902 (/> • o.ool) and the standard
error of estimate of I 0.21 or 14.7%. Correlation in each case is highly significant,
although the scatter in Fig. 3a is slightly greater than in Fig. 3b.

Patients with less than 1 g/dav of urinary protein have been analysed sepa¬
rately and form a quite different statistical population. The correlation is shown in
l'ig. 4. Values of .1 when compared to values of A are very mui h lower than for
patients with proteinuria above 1 g/day, anci the correlation between 1 and A
is not significant statistically (r - -f- 0.469).

-K K

Fig \ Correlation of selectivity estimated by gel filtration (.1) and immunodiffusion ( h) for
patients v\ith over i g day of urinary protein
(a) Correlation of individual values of selectivity . 1 and K are related by 1 o.05 ( K) • o. 13.
correlation coefficient r * o .857 p • 0 001 and the standard error of estimate of 1 o 26
or 18.7°,,.
(b) Correlation of mean values of selectivity for each patient. . 1 and K are related by 1 o 7o
( K)-0.08, correlation coefficient r * 0.902 /> • 0.001 and the standard error of estimate
of 1 o. 2 1 or 14.7%

Clin. Chim Ada, 14 (1966) 367-37b
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Fig \ < orri'lation of st-ln tivit \ i-stimaU'ti bv grl filtration I 1 and immunodiffusion ( /v) lor
patients with less than I g dav of urinar\ protein. 1 he correlation coetfu lent t is not significant
statistK allv i» o p><>) and 1 is lower relative to A than for patients excreting over
i g day of protein

1 >IS( I SSI< )N

(id filtration of scrum and urine on Sephadex (1 200 lias proved to he a valuable
method for assessing the selectivitv of proteinuria. 1 he method is simpler than
immunodiffusion and less expensive in terms of materials required. It is, however,
more time-consuming and slightlv less accurate. The technique and the errors
involved have been investigated in this studv.

< .el filtration and immunodiffusion are methods which differ considerable 111

priru iple. Both have inherent limitations. Selectivitv bv immunodiffusion is estimated
from the relative clearances of five individual serum proteins. Although onlv proteins
derived from the serum .ire measured, the method is unable to distinguish between
protein fragments with antigenii activitv and the parent protein molecules. < iel
filtration on the other hand measures relative clearances of mixtures of proteins of
known gradation in molecular size, but no distini tion can fie drawn between proteins
of serum origin and proteins from the urinarv trait. Hardwicke* described the use
of gel filtration to assess renal permeabilitv to protein 111 10 patients, lbs results
are not direetlv comparable with ours as he used the slo]>e of the line relating log,0
100 I"

^ to tube number as his index of selectivity. Multiplication of the slojies
bv the average number of tubes used in his calculations gives comparable values
for I ranging from 0.7 2 4. An attempt was made 111 his paper to correlate the
relative clearances of individual proteins obtained bv immunodiffusion with their
relative 1 learances obtained bv gel filtration. Hardwicke did not, however, indiiate
how individual protein clearances were determined using Sephadex (1 200; it would
seem that for the purposes of the calculations he assumed that each individual
protein eluted at a single tube. The basis for Ins choice of tube number is not clear
from his paper. Since anv protein elutes from Sephadex over a number of tubes,
and once anv tube contains a mixture of proteins", the validitv of gel filtration
as a method for determining the clearance of an individual protein is dubious.

In tin-, paper a comparison is made of overall selectivity's bv gel filtration
iiid immunodiffusion in 40 patients. Although the units of 1 and A are not the

('tin < h hi Ada, 14 (oi'iOl i<>; (7<>
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same, they arc both based mi tin- linear relationship between relative renal i learanee
of protein and niolec ular weight on a double log plot. The index of selectivity by
immunodiffusion (— A) is the change in renal clearance of protein |>er unit change
in molecular weight, whereas the index of selectivity by gel filtration (1) is the total
change 111 renal clearance of protein over a fixed range of molec ular weight. It is
therefore valid to compare I and A*.

Hardwic ke's series did not contain anv patients ex< reting less than 250 mg %
of protein. By concentrating the urine it has proved [xissiblt- to determine selec tivities
on patients with urinary protein concentration^ of down to 50 mg (ic-1 filtration,
however, is of limited value in the estimation of selectivity where the urine protein
is under 1 g day. This is most likely to be due to the presence of a relatively large
contribution of urinary trac t protein to the total urinary protein. Selectivity meas¬
urement by immunodiffusion is more reliable 111 cases of minor proteinuria, since
this method only estimates protein derived from the serum.

Selectivity values measured by gel filtration and immunodiffusion correlate
extremely well in patients excreting over 1 g protein/24 h, and the correlation is

improved when mean values of both A and A'from two or more determinations are
taken. These results suggest that gel filtration constitutes a satisfactory alternative-
method for the determination of selectivity in patients with moderate or severe

proteinuria.
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GLOMERULAR PERMEABILITY TO SERUM

PROTEINS AND HIGH MOLECULAR WEIGHT

DEXTRANS IN GLOMERULONEPHRITIS
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Renal Unit, and Department of Clinical Chemistry,
Edinburgh Royal Infirmary
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summary

1. Renal permeability to dextran of a molecular weight range approximating to
that of the serum proteins has been studied in twenty-one patients with glomerulo¬
nephritis and significant proteinuria. Results are expressed in terms of dextran
selectivity indices, which relate the clearance of dextran to its molecular weight.

2. The indices of dextran selectivity found were compared with similarly deter¬
mined indices of protein selectivity.

3. The dextran and protein selectivity indices are found to correlate well in
membranous glomerulonephritis and in minimal lesion glomerulonephritis (r,0 =

+ 0-914; PcO-OOl) but the correlation is poor in proliferative glomerulonephritis
(r„ = -0-145).

4. It is concluded that the difference found in correlation with respect to protein
and dextran selectivities between minimal lesion and membranous glomerulo¬
nephritis on the one hand, and proliferative glomerulonephritis on the other, reflects
differences in the homogeneity of the renal lesion.

The assessment of glomerular permeability to serum proteins has become increasingly im¬
portant in recent years in the evaluation of patients with the nephrotic syndrome (Blainey
et al., 1960; Joachim et al., 1964; Cameron & White, 1965; Robson, 1967). When the
glomerulus is permeable to proteins of predominantly low molecular weight (i.e. in selective
proteinuria) minimal lesion glomerulonephritis is frequently present and the response to
treatment with steroids is usually good. An unselective proteinuria, on the other hand, in
which serum proteins of large molecular weight are found to a greater extent in the urine,
tends to exclude the diagnosis of minimal lesion glomerulonephritis, and is almost always
associated with a poor response to steroids (Cameron & White, 1965; MacLean & Robson,
1967).
It is generally believed that protein filtered by the glomerulus is reabsorbed by the renal

tubules and appears in the urine when the tubular reabsorptive capacity is exceeded (Rather,
Correspondence: Dr J. S. Robson, Renal Unit, The Royal Infirmary, Edinburgh 3.
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1952) llardwicke <V Squire (1955) showed that when the albumin clearance is raisi
infusion of albumin in patients with the nephrotic syndrome, the clearance of other pi is
rises also. On this basis they suggested that the reabsorption of protein is non-specific It 1 is
since been assumed that in major degrees of proteinuria the concentrations of the urinary

proteins relative to each other are the same as their relative concentrations in the glomerular
filtrate. It is possible, however, that tubular reabsorption may modify the pattern of proteins
which have been filtered by the glomerulus, in which case protein clearance studies would not
accurately reflect glomerular permeability, f urthermore, protein could theoretically be added
to post-glomerular fluid and obscure the glomerular pattern. Thus, in some respects, protein
is not theoretically the ideal macromolecule for the assessment of glomerular permeability.

Brewer (1951) and Wallenius (1954) showed that the renal clearance of dextrans of molecular
weight 4000-10 000 equals that of inulin. The clearances of dextrans of higher molecular
weight are considerably less, and this is likely to be due to restricted glomerular permeabilitv
Dextrans appear to be neither reabsorbed nor secreted by the tubules ( Brewer. 1951 : W allenius,
1954) and are thus theoretically ideal substances for use in the study of glomerular permeability.
Brewer (1951) and Wallenius (1954) and Arturson & Wallenius (1964a, b) have used dextrans

to assess the permeability of the normal glomerulus and have defined the relationship between
renal clearance and molecular size over the molecular weight range 16 000 60 000. In this study
glomerular permeability to dextran in subjects with three forms of glomerulonephritis has
been investigated using dextrans of a rather higher range of molecular weight 1 he results
have been compared with those obtained from similar studies using serum and urinary
proteins as the macromolecule.

MATERIALS AND METHODS

Total urinary protein was measured by the biuret method of Hiller, Grief & Beckman (|94,s).
AutoAnalyzer (Technicon) was used to estimate creatinine in serum and urine (Stevens
el al, 1962).

Protein selectivities

Protein selectivities were determined by immunodiffusion technique of Soothill (1952) as
modified by MacL.can & Robson (1966) and by gel filtration as described by Macl.ean A
Petrie (1966). In our hands the estimation of selectiv ity using immunodiffusion has a coefficient
of v ariation (CV) of 4" 0, and using gel filtration it has a CV of 7"The indices of selectiv ity
calculated from both methods are derived from the slope of the plot of the logarithm of
relative renal clearance of protein against the logarithm of molecular weight, and when the
methods are compared the results correlate well. The gel filtration selectivity index (A) is
related to the immunodiffusion selectivity index (—A) by the formula A = 0-76 ( — A)-008
(MacLcan & Petrie, 1966).

De.xtran selecli\ities

Dextran selectivities were estimated by a method which, in principle, was the same as that
used in determining protein selectiv ities by gel filtration Two parts 'Dextraven' (Bcnger
laboratories) or 'Intradex' (Glaxo Laboratories) to one part 'Rheomacrodex' (Pharmacia)
or Tntraflodex' (Glaxo I aboratorics) provided a dextran mixture with a molecular weight
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range covering that of the serum proteins as determined by gel filtration (Fig. 1). In four pilot
studies 22-33 g of dextran in 350 500 ml of saline were infused intravenously. Carefully timed
urine specimens, collected by catheterization, were obtained, and blood specimens were taken
at the beginning and the end of each collection period.
Since these studies showed that the disappearance from the plasma of dextrans of the

molecular weight range under study was slow, the technique was simplified in further experi¬
ments b\ gi\ ing a single injection of 4-11 g dextran. Urine was then collected over a 20-30-min
period without catheterization, and a sample of the injected dextran mixture was used in
place of blood specimens to determine selectivity. This simplified procedure allowed a smaller
dose of dextran to be given and so minimized any error in selectivity determination which
might have been caused by plasma expansion. Since relative dextran clearances, rather than
absolute clearances, were being calculated an accurately timed collection period was not
essential.

Tube No. (2-ml. fractions)

Fig. I. Elution patterns of dextran and proteins on Sephadex G-200. Optical density (directly
proportional to concentration) is plotted against tube number (inversely proportional to the
logarithm of molecular size). 'Dextraven', •; 'Rheomacrodex', ; normal serum protein.

Samples containing 5-10 mg of dextran were applied to Sephadex G-200 columns of
2 x 1 (X) cm and 2 x 60 cm. These were run at pressure heads of 5-15 cm using 0-1 m-Tris buffer,
pH 8-0, in 01 M-saline, as the eluting fluid and samples of 2 or 3 ml were collected. After every
second or third dextran run a normal serum was fractionated on the column in order to check
the protein separation, since calculations of dextran selectivity were made over the molecular
weight range of serum protein.
Dextran in the column effluents was estimated by the method of Dubois et at. (1^56). This

method estimates total carbohydrate but small carbohydrate molecules (e.g. glucose) were
eliminated by gel filtration, and protein-bound carbohydrate was removed by the use of
trichloracetic acid. Hydrolysis of dextran by trichloracetic acid was not found to occur.
A calibration curve for the determination of dextran was linear over the range 0-20 mg 100 ml
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and the CV for the dextran estimations was I -5" 0. When necessary, concentration of the sample
of urine was carried out prior to gel filtration by dialysis against polyethylene glycol (Howe,
Groom & Carter, 1964).
It was found that several factors could produce spuriously high values for dextran in the

Figs. 2 and 3. The elution patterns for the injection mixture (/) and for the urinary dextrans
in patients Nos. 10 and 12, respectively (Table 2) The plot of log,,, 100 i / against tube number
isalsoshown. ■, Injection mixture (/); , urine dextran <V): a.log,,, 1 ()0 t / Inl ig. 2, unselective
dextranuria is shown. D (the dextran index of selectivity) is 117. F ig 3 illustrates selective
dextranuria. I) is 2-76.

column effluent. \ faint trace of Sephadex washing from the column into the collecting tubes
gave large errors. Bacterial contamination of the buffer, tubes which were not scrupulously
clean and tubes which had been washed in acetone also g.txe high readings. Care was taken
to eliminate these sources of error, and a constant check was kept on the column blank and
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butler blank. In order to eliminate interference front small molecular weight sugars, the column
was washed with at least two elution volumes of butler between each run.

The ratios of urine scrum or of urine injection mixture were calculated for dextran for
each elution tube between the first and third protein peaks.
The logarithm of

100 x Urine dextran concentration

Serum or injection mixture dextran concentration

(log, 0 100(7, S or/), was plotted against tube number, and a linear relationship was obtained.
The dextran index of selectivity (D) was taken as the total change in log10 I00C S or / between
the first and third protein peaks. This index, D, is arithmetically directly comparable to the
protein selectivity index A (MacLean & Petrie, 1966). Figs. 2 and 3 show typical serum and
urine elution patterns, the linear relationship between log10 100(7 S or / and tube number, and
values of D, in selective and unselective dextranuria.

Tablc 1. The use of injection mixture and of various sera in the determination of
dextran selectivity

D

D D O/
o D °/o (using / o

/o

(using (using error (using error injection error

M + fi) 2) A only) B only) mixture)

2-91 2-89 -0-7 2-97 + 21 _ _

CC 1-77 -2-7 1-87 + 2-7 1 77 -2-7
1-75 1-77 + 11 1 -71 -2 3 -

112 110 - 1 8 114 + 1-8 0-97 -130*
2-46 - - - - 2-50 + 1-6
2-58 2-55 -13 2-63 + 1-9 2 51 -3 0
276 - - - - 2-28 -3-4

D is the dextran selectivity; A is the serum taken at the beginning of the urine
collection period; B is the serum taken at the end of the collection period; / is
'injection mixture'.

* K.rror partly explained by slowness of dextran infusion.

Reproducibility and limitations of the method
A series of twelve duplicate determinations of dextran selectivity (D) gave a C V of 9-l"0.

Since the variation was greater than that obtained for the comparable protein index (A),
most of the dextran selectivities were determined in duplicate and the average value taken.
Correct tube alignment is essential for accurate determinations of selectiv ity by gel filtration

(MacLean & Petrie, 1966). Despite the precaution taken in these experiments of frequent
protein 'marker' runs, it is possible that an error of alignment of one or two tubes may have
occurred in some of the experiments. The magnitude of this possible error was assessed by
calculating the effect of deliberate tube misalignment. It was found that a shift to the right
of the urine plot of two tubes introduced an error of bias in selectivity of -+-8-7", . while a
shift of two tubes to the left introduced one of - 4 0" .
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A satisfactory linear relationship was found for the log log plots of rclativedextran clearance
against molecular weight over the protein molecular weight range In ten experiments the
correlation coefficients of this relationship were found to he highly significant, ranging from
+ 0-954 to + 0-996, with a mean of +0-983.
The pilot studies enabled a comparison to he made of values of selectivity which were

calculated from a serum taken at the beginning and the end of the collection period and on
the basis of the mixture of dextrans injected. Results are shown in fable 1. The errors intro¬
duced are not appreciable and in particular the injection mixture had no significant effect on
the index of selectivity when used in place of the serum.
There is no change in molecular composition of dextran after 5 years when stored at 4

(Maycoek <fc Rickets. 1961). However, a dextran splitting enzyme has been found in animal
tissues, including the kidney (Rosenfeld & LuKomskaya. 1957). The stability of the dextran
in urine was, therefore, tested. A significant loss of dextran was found after 8 weeks storage
at 4 . This was not noted at 4 weeks storage at this temperature. Because of the uncertain
stability of dextran in the urine, the dextran selectivity was always determined within 2
weeks of collecting the specimens.

RESULTS

Indices of dextran selectivity were determined on twenty-one patients with significant pro¬
teinuria suffering from several different types of renal disease.

Variation in dextran selectivity
Results of the four pilot experiments are shown in Table 3. Values for dextran selectivity

showed a tendency to rise after the infusion, but the mean change in the four subjects, over all
the collection periods, was +8-2"0, a value within the reproducibility of the method. No
significant difference in protein selectivity was detected.

I allies of dextran and protein indices of selectivity
V alues of dextran and protein selectivity are shown in Table 2. which also gives the total

urinary protein, creatinine clearance, and diagnosis based on renal biopsy. Values of dextran
selectivity (/>) ranged from 2-87 to 1-17, mean 1-77, while those of protein selectivity deter¬
mined by gel filtration (A) were generally lower ranging from 2-20 to 0-75, with a mean of I -32.
This difference is statistically significant (t = 3-23. P<0-0025). Values of protein selectivity
determined by immunodiffusion ( — A') which are not directly comparable arithmetically with
those of A and D ranged from 3-53 to 1-28, with a mean of 1-97. I sing the relationship
A = 0-76( — A) — 0-08, this mean value for immunodiffusion remains significantly different
from /)

Correlation of dextran and protein indices of selectivity
Dextran and protein selectivity values for the twenty-one patients studied are compared

in F igs. 4 and 5. The overall correlations between /) and - A and I) and A are poor with
correlation coefficients r:, - + 0-201 and +0-144. respectively. However, when patients
with proliferative glomerulonephritis are excluded from the series, a high degree of correlation
between dextran and protein values of selectivity is found (figs. 6 and 7). The correlation
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Tabie 2

Protein Creatinine

Subject Diagnosis excretion clearance D K A

(g 24 hr) (ml min)

n 4-8 122 2-18 3-53 2 20

2 Minimal lesion 14 9 97 1 95 2-68 2-11
3 glomerulonephritis 100 32 1 86 2 60 1 44

4-8 110 1 83 3 08 207

5 - 6-6 38 1 53 1-73 I 02
6 9 1 101 1 52 1-77 1 23
7 Membranous 0-7 102 1 51 2-15 1 56
8 glomerulonephritis 1-7 12 1 35 1 -26 088
9 8-1 73 1 24 1-86 1 20
10
j

9 0 7 117 1 45 0-75

11 : 1-5 105 2-87 I 38 1 01
12 09 90 2-78 1 96 0 91

13 4-4 9 205 1 53 089
14 4-5 77 2-03 1 -73 1 38
15

16

17

Proliferative

glomerulonephritis

6 0

6-8

11-7

128
168

66

1 90
1 -81
1-75

1-77

2-05
1 42

1-64

1 34

1-02
18 13 4 33 1-60 2-42 1 88

19 6-8 99 1-59 1 -61 1-07
20 7-1 27 1-45 2-16 1-32
21 8-4 53 1 27 1 -28 0 89

3-0

D is the dextran selectivity, determined by gel filtration; A is the protein selectivity, determined
by gel filtration; —K is the protein selectivity, determined by immunodiffusion.

3 *0

2-0 2-0

1-0

2-0
- K

Fig. 4

3-0 2-„

Fig. 5

Figs. 4 and 5. Dextran selectivity plotted against protein selectivity. All the patients studied are
included. In Fig. 4, the protein selectivity is determined by immunodiffusion, and is expressed
by the symbol (-K). Dextran selectivity (D) - 0-15< — K)+ 1-47; r2t — +0-201. In Fig. 5, the
protein selectivity is determined b> gel filtration, and is expressed b> the symbol (A). /) -

0 I5A+ 1-57; r2i = +0-144.
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-k A

Fig. 6 Fig. 7

Figs. 6 and 7. Dextran selectivity (D) plotted against protein selectivity. Patients with proliferative
glomerulonephritis are excluded, and the relationship is for patients with minimal lesion
glomerulonephritis and membranous glomerulonephritis. In Fig. 6, protein selectivity ( - A ) is
determined by immunodiffusion. D = 0-41 (— /0 + 0-7I: r10 = + 0-914; P < 0 001. In Pig. 7,
protein selectivity (A) is determined by gel filtration. •. Patients with creatinine clearances over
70 ml/min; , patients with creatinine clearances less than 70 ml min; - - -D A;
D = 0 55A + 0-82; r10 = +0-882; P < 0 001.

- K A

Fig. 8 Fig. 9

Figs. 8 and 9. Dextran selectivity (D) plotted against protein selectivitv Only patients with proli¬
ferative glomerulonephritis are included In f ig. 8, protein selectivity ( A ) is determined by
immunodiffusion I) -0-451 A ) - 2 In. r,, 0 14s In I ig 9, protein selectivity (A) is
determined bv gel filtration • Patients with creatinine clearances over 70ml min; , patients
with creatinine clearances less than 70 ml min; \; . /) -0-41A-► 2 40;
r,, -0 408.
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coefficients within this group of patients with minimal lesion glomerulonephritis
branous glomerulonephritis were rI0 = +0-914, PcOOOl, and rl0 = +0SS2, t'< in*
for I) and — A, and D and A, respectively. Dcxtran and protein indices were related h\ the
equations:

D = 0-4l(-A 1+0-71 (1)

D = 0-55A+0-82 (2)

Table 3. Pilot studies using i.v. infusions of 22 33 g of dextran

Subject
Samples of blood used in

calculation of
Duration of urine
collection period* A Notes

1 A (start) and B (end) of
first collection period

3 hr 2-91

B only 5 min 2 61

B (start) and C (end) of
third collection period

40 min 2 81

2 A (start) and B (end) of
first collection period

40 min [-82

B (start) and C (end) of
second collection period

50 min 2 13

C (start) and D (end) of
third collection period

60 min 2-11

3 + (start) and B (end) of
first collection period

20 min 1-75 — A' protein before
dextran infusion
= 2-48

B (start) and C (end) of
second collection period

C (start) and D (end) of
third collection period

30 min

20 min

1-84

2-0

— A protein after
dextran infusion
= 2 61

4 A (start) and B (end) of
first collection period

45 min 1-12 — A protein before
dextran infusion

- 1-42

B (start) and C (end) of
second collection period

C (start) and D (end) of
third collection period

45 min

164 hr*

1 36

1-30

— A' protein after
dextran infusion
= 1 34

* ['his length of collection period only possible since palienl had Gt K of less than 10 ml nun.
+ L'rine collections in each patient obtained successively.

Figs, 8 and 9 show the correlation between dextran and protein indices in proliferative glome¬
rulonephritis. The correlation coefficients were not significant with r,, 0-145 and
r,, = — 0-408 for I) and - A, and /) and A, respectively.
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DISC l SSION

The most striking feature of these experiments is the contrast between the poor correlation
of \alues obtained for dextran and protein selecti\ it\ in patients with proliferative glomerulo¬
nephritis on the one hand, and the high degree of correlation in patients with minimal lesion
glomerulonephritis or membranous glomerulonephritis on the other.

Indices of selectivity arc allccted only by the nephrons which contribute maeromolecules
to the urine. Since dextran is not reabsorbed by the renal tubules, the dextran in the urine
represents the contribution from all the functioning glomeruli. Proteins, on the other hand,
are reabsorbed by the tubules and the protein in the filtrate from a normal glomerulus is
almost entirely reabsorbed (Dirks, C'lapp Berliner. 1964). Only the protein from functionally
abnormal glomeruli is sufficient to saturate the tubular reabsorptive mechanism. I hus protein
in the urine represents the contribution from abnormal glomeruli only It follows that dextran
selectivity values will reflect the function of all the glomeruli, while those of' protein will reflect
only the function of the abnormal glomeruli.
If the renal lesion is uniform and all the glomeruli are similarly affected then theoretically

values for protein and dextran selectivity should agree. If the glomerular lesion is patchy,
however, with some glomeruli more affected than others, it is likely that their permeability
will also vary. In this event dextran selectivity will reflect the permeability of all functioning
glomeruli and an overall picture of glomerular permeability will be obtained. As far as the
proteins are concerned, tubular reabsorption will magnify the influence on selectivity of the
glomeruli contributing the greater amount of protein and will eliminate the contribution of
the glomeruli filtering protein below the tubular reabsorptive maximum, finis, values of
protein selectivity will disproportionately represent the permeability of the more abnormal
glomeruli. Since the selectivity of the normal glomerulus is high (Wallenius, 1954: \rturson
& Wallenius, 1964b; Huime & Hardvvicke. 1966) values of protein selectivity will therefore
tend to be lower than those of dextran selectivity when the renal lesion is not uniform. \s
I ig 9 shows, this was found to be the case in patients with proliferative glomerulonephritis,
where the values obtained for I) were found (with one exception) to lie above the line D V
In this condition the severity of the glomerular lesion is typically patchy.
In minimal lesion and membranous glomerulonephritis, however, the renal lesion is more

homogenous and a much better correlation between protein and dextran selectivity values
was found. The correlation appears even better when the four patients with low creatinine
clearances in this group are excluded. These patients (open circles. I ig. 7) all have values for
I) lying above the line /) = A. I or the remaining six patients the values obtained tit the line
/) = A fairly well, but in order to establish this statistically the number of patients with mini¬
mal and membranous glomerulonephritis would need to be increased
Hulme & llardwicke (1966) have studied glomerular permeability to labelled polyvinyl

pyrollidone (IWI'i The molecular weight range was lower than that of the serum proteins
but it is of interest that in six out of seven cases their l'\ I' selectivity was higher than the
protein selectivity.
While it appears likely that our results are best explained in terms of heterogeneity of the

nephron population, there are several other theoretical possibilities which need discussion:

(I) \ ft e r injection, dextran is lost from the circulation, the smallest molecule leaving most
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rapidly (Arthurson & Wullenius. 1964a). The pilot studies, however, showed this to he 1 i

tively slow process for large molecules having an insignificant effect on the present study
(2) Dextran in vivo has been reported to undergo chemical changes (Cargill & Bruner.

1951). However, the work of Terry <7 at. (1953) and Gray (1953) has indicated that this occurs

only after dextran has been taken up by the tissues. Over the short time intervals of the present
experiments this effect is unlikely to be significant.
(3) Dextran itself might affect renal function. Tubular changes following dextran infusion

have been described (Zettergren, 1962; Maunsbach, Madden & Latta, 1962), hut there are
no significant glomerular changes (James & Ashworth, 1961). Rises in glomerular filtration
rate have been reported by klutsch. Heidland & Kammerer (1965), and it has been suggested
that glomerular permeability is increased (James, Gordeilo & Metcalf, 1956; Malmendier,
de koster & Lambert, I960). Such changes, however, are only detectable after considerable
plasma expansion. The constancy of protein selectivity before and during the test period
(Table 3) argues against substantial changes in glomerular permeability occurring in these
experiments.
(4) Dextran and protein may behave differently on gel filtration. Sephadex G-200 has been

widely used to determine molecular weights of proteins and. in general, results are in good
agreement with data,obtained by ultracentrifugation (Ackers, 1964; Squire, 1964: Andrews,
1965). Although dextran is separated on a molecular weight basis by gel filtration (Granath
& Flodin, 1962) there may be a difference between the behaviour of dextran molecules and
protein molecules on Sephadex G-200. Carbohydrate-containing proteins and elongated
molecules do not conform precisely to the relationship of elution volume and molecular weight
(Andrews, 1965), such molecules as a rule being eluted earlier than expected. In addition to
its carbohydrate composition dextran has a high axial ratio. However, since there is no break
in the linearity of the plot of log U S against tube number over the whole molecular weight
range studied for both dextran and protein, this particular problem of a possible small differ¬
ence in the absolute molecular weight ranges studied should not materially affect the results.

Lven if some of the above theoretical considerations are relevant, it is difficult to see how

they would prov ide an explanation for the negligible correlation between dextran and protein
selectiv ities in one group of diseases, and the highly significant correlation in two other groups.
The difference between the results for proliferative glomerulonephritis and the results for
minimal and membranous glomerulonephritis is therefore more likely to be due to character¬
istics of the kidneys of the two groups.
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SUMMARY

I Renal permeability to dextran of a molecular weight range approximating to that
of the plasma proteins has been studied in six patients with acute ischaemic renal fail¬
ure. four patients with postural proteinuria and six healthy subjects.

2. Results are expressed in terms of dextran selectivity indices which relate the
clearance of dextran to its molecular weight Indices of dextran selectivity were found
to be high in acute ischaemic renal failure, postural proteinuria and in normal sub¬
jects. Comparable indices of plasma protein selectivity in these groups were low

3. It is suggested that in postural proteinuria and acute ischaemic renal failure the
proteinuria is not glomerular in origin, and that in these conditions macromolecules
are filtered quite normally and urinary protein arises from a post glomerular source
characterized by a lack of selectivity.

The renal clearance of macromolecules has been studied by several workers in order to assess

glomerular permeability in health and disease. Plasma proteins have been widelv used for this
purpose, results being expressed as indices of selectivity (Blarney et al.. I960; Joachim et al.,
1964; Robson. 1968). Proteins are not ideal macromolecules with which to study glomerular
permeability since they are reabsorbed by the renal tubules. This is particularly relevant in the
investigation of normal glomerular function and in minor degrees of proteinuria, when almost
all the protein filtered by the glomeruli ts reabsorbed and only small amounts escape into the
urine (Dirks, C'lapp & Berliner. 1964).
Dextran is a more suitable macromolecule for this purpose, since virtually all the dextran

filtered at the glomerulus appears in the urine and no demonstrable amount is reabsorbed by
the tubules (Brewer. 1951; Wallenius, 1954). Normal glomerular permeability to dextran
has been studied by Arturson & Wallenius (1964a. b) and the relationship between renal
clearance and molecular weight over the range 16 000 60 (KM) has been defined. Petrie, Mac-
I can A Robson (1968) also studied the glomerular permeability to higher molecular weight
( orresponden«.e Dr Pamela R Mae Lean, Department of Clinical Chemistry, The Rmal Intirmarv i din-

burgh \ H3 W

G 93
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dextran in patients with different forms of glomerulonephritis and compared the results with
protein studies carried out simultaneously. In proliferative glomerulonephritis, dextran
selectiv ity studies gave results in marked disagreement with those of protein; on the other hand,
in minimal lesion and membranous glomerulonephritis the selectivity results using dextran and
protein were substantially the same. These findings are attributed to differences in the degree of
uniformity of the glomerular lesions in the two groups of patients.
The protein clearance patterns in patients with acute ischaemic renal failure and in postural

proteinuria are unselective (MacLean & Robson, 1966). The lack of selectivity is surprising in
view of the almost normal glomerular appearance reported by most authors (Dalgaard &
Pederson. 1961; Ruckley et al., 1966). In view of this, glomerular permeability to dextran and
plasma proteins of comparable molecular size has been compared in patients with acute renal
failure and postural proteinuria. The glomerular permeability to dextran was also studied in

healthy subjects.

METHODS

Total urinary protein was measured by the biuret method of Hiller. Grief & Beckman (1948)
and by a modification of the microbiuret method of Itzhaki & Gill (1964). An AutoAnalyzer
(Technicon) was used to estimate creatinine in serum and urine (Stevens et al., 1962).
Protein selectivities were determined by the immunodiffusion technique of Soothiil (1962)

as modified by MacLean & Robson (1967). The index of protein selectiv ity by this method is
denoted by —k.
Dextran selectivities were determined as described by Petrie et al. (1968). The method is

similar in principle to that used to determine protein selectivity by gel filtration (MacLean &
Petrie, 1966), but the coefficient of variation for the dextran method is higher (9"n) and most
of the estimations were therefore performed in duplicate and the average taken. The index
of dextran selectivity (D) represents the change in renal clearance of dextran. calculated over a
fixed range of molecular size, and is arithmetically and methodologically comparable to the
index of protein selectivity (A) when determined by gel filtration. Since A is related to —A
by the equation A = 0-76 ( — A) —0-08 (MacLean & Petrie, 1966) then the indices of I) and —A
should be compared according to the equation D — 0-76 ( —A) —0 08. High values for indices
of selectivity indicate that the glomerulus is filtering macromolecules in a selectiv e fashion and
allowing very few large molecules to escape into the urine. Conversely low values for indices
of selectivity indicate that the glomerulus is allowing a higher proportion of large molecules to
escape into the urine.
The diagnosis of acute ischaemic renal failure and of postural proteinuria was based on

appropriate clinical findings and light and ultrastructural appearances of renal biopsies
(Ruckley et al., 1966). Patients with postural proteinuria were shown to have proteinuria which
was intermittent and related to posture.

RESULTS

Table 1 shows indices of dextran (D) and protein ( — A) selectivity in six patients with acute
ischaemic renal failure, at the beginning of the diuretic phase, in four patients w ith postural
proteinuria, and in six healthy subjects. Fig. 1 shows these results and. for comparison, dextran
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and protein indices of selectivity in minimal lesion and membranous glomerulonephritis
(Petrie et al.. 1968). Table 1 also includes \alues for total 24 hr urine protein, creatinine clear¬
ance. and serum: urine albumin concentration ratio. Values for D were high, ranging from 1 -99
to 3-28 (mean 2-41) for patients with acute ischaemic renal failure, from 2-38 to 3-47 (mean 3 08)
for patients with postural proteinuria and from 2-38 to 3-65 (mean 2-91) for normal subjects.
In contrast, the values for protein selectivity in patients with acute ischaemic renal failure were
low. ranging from 0-25 to 1-40. mean 0-84. These patients all had low creatinine clearances, and
the total protein excretion was over 200 mg/24 hr. The albumin serum:urine concentration

Table 1

Subject
i
1

D -k Alb S: U
Creatinine
clearance

(ml/min)

Total
urine protein
(mg/24 hr)

Acute ischaemic renal failure
1 1 99 0-77 96 8 600

2 202 — — 41 —

3 2 10 — — 22 —

4 2 59 093 256 13 600

5 2 65 0 25 448 10
'

800

6 3 28 1 40 224 4 200

Postural proteinuria
7 2 38 1 05 180 62 600

8 347 1 41 330 — —

9 3 26 1 22 370 134 900

10 3-22 1 18 220 95 500

Normal subjects
11 2-38 — — 93 14

12 2 50 — — 40 25

13 2 76 — — 37* 87

14 2 98 — — 104 21

15 3 19 — — 100 45

16 3 65 — 92 15

D = index of dextran selectivity; —k = index of protein selectivity by immunodiffusion.
Alb S:U = albumin serum:urine concentration ratio. Values for — k in the four patients
with acute ischaemic renal failure are similar to those previously obtained (MacLean &
Robson, 1966).

•Subject 13 had one kidney.

ratio was also abnormal, the upper limit in normal subjects being 1600 (MacLean & Robson,
1966). The values for protein selectivity in postural proteinuria were also low. ranging from
I 05 to 1-41 (mean 1 -22) and the serum: urine albumin concentration ratio was abnormal.

DISCUSSION

The results show that the glomerular permeability to dextran in acute ischaemic renal failure,
postural proteinuria and normal subjects is highly selective. The normal glomerulus has
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previously been suggested to be highly selective (Hulme & Hardwicke. 1966), in spite of the un-
selective pattern of protein excretion (Rowe & Soothill, 1961; MacLean & Robson, 1966).
Similarly this study shows that in acute ischaemic renal failure and postural proteinuria a

highly selective dextranuria accompanies an unselective proteinuria.
The methods used to determine protein and dextran selectivity are different in principle.

40

3-0

30

20

-1-0

Acute ischoemic Postural Healthy Membrane us ana
renal failure proteinuria subjects minimal lesion

glomerulonephritis

Fig. 1. Dextran (o) and protein (•) selectivity, denoted by -k (left ordinate) and D (right
ordinate) respectively. The scales for —k and D differ according to the relationship £) = 0 76
(-A0-008. In acute ischaemic renal failure and postural proteinuria (two left-hand columns)
there is wide disparity between the dextran and protein values for selectivity. By contrast in
minimal lesion and membranous glomerulo-nephritis (extreme right-hand column) values for
dextran and protein selectivity are comparable (Pctrie el al., 1968). Values obtained in healthy
subjects for dextran (from Table 1) and for protein (from MacLean & Robson, 1966) are also
shown.

In proteinuria greater than 1 g/day, results of gel filtration and immunodiffusion correlate
well (MacLean & Petrie, 1966). In proteinuria of less than 1 g day the gel filtration
method is a doubtful measure of glomerular selectivity because urinary tract protein is

present in the urine in a relatively greater amount. However, the immunodiffusion method
appears to be reliable at lower protein concentrations of 0-2 I g day. In postural proteinuria
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and acute ischaemic renal failure value* of selectivity are constant in the face of wide variations
in protein excretion (Ruckley el al.. 1966; MacLean & Robson, 1966). Although it is theoreti¬
cally possible that degraded protein in the urine will react antigenically and influence the value
of selectiv itv. studies of urinary proteins show in general that the molecular weights are similar
to those of the serum proteins (Gitlin & Janeway, 1952; Neale, 1955; Hardwicke & St. Cyr,
1961). Although small molecular weight immunoglobulins can be detected in the urine there is
evidence that they are derived by plasma clearance rather than by degradation (Fagelman,
McGhee & Chaplin, 1966).
Protein and dextran differ considerably in molecular configuration. Dextran has the more

expanded structure, and the effective molecular radius for dextran of molecular weight
70 000 is substantially larger than that for a globular protein of the same molecular weight
(Laurent & Granath, 1967; Anderson & Stoddart, 1967). This fact results in de.xtrans being
eluted earlier from a gel filtration column than proteins of the same molecular weight, and,
compared to protein, leads to a difference between the lines relating clearance to molecular si/e.
This shift makes only a small difference in the range of molecular size used for calculating
selectiv ity and does not influence the slope of the line. Since indices of selectivity are a function
of this slope, and do not depend on precise measurements of molecular weights, comparisons
between dextran and protein selectivities are valid.
In discussing the mechanism of dextran and protein excretion in glomerulonephritis, Petrie

el al. (1968) concluded that the differences in dextran and protein selectivity in proliferative
glomerulonephritis resulted from different tubular treatment of these macromolecules by
different nephrons. Since dextran is not reabsorbed by the renal tubules the urinary dextran
reflects the behaviour of every functioning nephron, whereas estimates of selectivity based on

protein can reflect only the behaviour of glomeruli which are associated w ith tubules where the
reabsorptive capacity is saturated. It follows that when the glomerular lesions are uniform
throughout all nephrons, protein and dextran selectivities would be expected to agree as. e.g.,
in minimal lesion and membranous glomerulonephritis (Fig. 1), whereas when the glomerular
lesion is patchy, values for dextran selectivity will be higher than those of protein, assuming of
course that the normal glomerulus is highly selective.

However, in acute ischaemic renal failure this mechanism is unlikely to account for the
association of a highly selective dextranuria and a highly unselective proteinuria. In this con¬
dition. there is no histological ev idence of a patchy glomerular lesion and the glomeruli appear
uniformly almost normal. The high dextran selectivity, which is similar to that found in
normal subjects, is in accord with the virtually normal glomerular appearances. The source of
the urinary proteins in this condition is uncertain, but it has been suggested that fragmented
tubules may allow the passage of plasma protein into the tubular lumen from the peritubular
fluid (MacLean & Robson. 1966). The finding that the range of dextran selectivity in acute
ischaemic renal failure is slightly lower than in normal subjects is compatible with the view that
the glomerular dextran of high selectivity may be admixed with dextran from a more un¬
selective route, which could be the source of the urinary protein.

In postural proteinuria the dextran values are also highly selective and have a range similar
to that of healthy subjects, indicating that the glomeruli are functioning normally. The un¬
selective protein pathway appears to make no significant contribution to the dextran selectivity,
possibly because in these patients there is a good renal function and the amount of glomerular
dextran is large in relation to the small amount of dextran from any other source. Thus al-
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though the origin of" the urinary protein is obscure it is most unlikely to he glomerular. Renal
haemody natnic changes have been postulated as a cause of postural proteinuria (Bull. 194s.
Kong & Baldwin. 1 c)54; Robinson cr at.. 19631. Because of the renal portal system, hack pres¬
sure from the renal veins could conceivable result in a tubular leak of protein. However, there
is no histological or electron microscopic evidence of rupture of the tubular basement mem¬
brane in postural proteinuria. Lovvgren (1955) suggested a post-glomerular mechanism derived
from the renal lymphatic system and, although there is little information in support of this,
studies comparing lymph and serum protein patterns suggest that lymph is produced by a

relatively unselective process (Schultze & Heremans, 1966). Although our results do not resolve
the question of the origin of the protein in postural proteinuria, the normal glomerular per¬

meability. indicated by the high dextran selectivity, coupled with the low protein selectivity
provides indirect support for a renal lymphatic origin.
While the source of urinary proteins in normal subjects is uncertain, the dextran results

confirm that protein selectivity at normal levels of protein excretion does not reflect glomerular
permeability and that the normal glomerulus is highly selective.
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SUMMARY

E Glomerular permeability to protein and dextran was studied in four patients
with bleeding disorders who had normal renal function and in whom proteinuria
occurred during the large infusions of plasma needed for treatment of the primary
disorder.

2. Results are expressed in terms of selectivity indices which relate clearance to
molecular weight.

3. Dextran selectivity was high both in the presence and absence of proteinuria and
protein selectivity during proteinuria was also high.
4. Proteinuria induced by plasma infusion is likely to be glomerular in origin and the

results indicate that the normal glomerulus is highly selective to plasma protein as
well as to dextran.

In recent years, clearances of plasma proteins have been used in the assessment of patients with
proteinuria, and the results have been interpreted in terms of glomerular permeability. This
function is usually expressed in terms of the degree of selectivity of the glomerulus in permitting
the passage of macromolecules of different sizes (Blainey, Brewer, Hardwieke & Soothill. 1960;
Joachim, Cameron, Schwartz & Becker, 1964; Cameron & White, 1965; Hardwicke. 1965;
Hitzig. Auricchio & Benninger, 1965; Ruckley, MacDonald, MacLean & Robson. 1966;
Robson, 1968). In selective proteinuria the glomerulus restricts the passage of larger protein
molecules to a very marked degree, and the clearance of albumin is about KMX) times that of i1
macroglobulin. In unselective proteinuria the passage of large molecules is much less restricted
and the clearance of albumin is about five to 100 times that of z, macroglobulin.
The normal glomerulus is highly selective for dextran and polyvinyl pyrrolidone (Hulme &

Hardwickc. 1966; MacLean. Petrie & Robson. 1970), but the excretion pattern of the small
amount of protein which appears in normal urine is highly unselective (Rowe & Soothill, 1961;
MacLean & Robson. 1966; Poortmans. 1968). It has been suggested that this disparity may be
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due to the fact that a high proportion of normal urinary protein arises from the renal tract
(Grant, 1957) and differs immunologically from serum protein, and/or that a relatively high
proportion of the plasma protein in normal urine is derived from tubular or more distal
sources rather than from glomerular filtration.

In health, filtered protein is largely reabsorbed by the renal tubules (Rather, 1952; Dirks,
Clapp & Berliner. 1964) and only very small amounts escape into the urine. In glomerulo¬
nephritis on the other hand, it is believed that the tubular reabsorptive capacity for protein is
saturated and that the bulk of the urinary protein is derived from glomerular filtration (Hard-
wicke & Squire. 1955). Only under such circumstances can studies of protein clearance be
expected to be a valid reflection of glomerular permeability to protein and these conditions
clearly do not prevail in health.
Proteinuria, however, can be induced in normal dogs (Bruli. 1934; Terry, Hawkins, Church

& Whipple, 1448; Vernier. 1961) and in human subjects not previously showing proteinuria
(Waterhouse, Bassett & Holler. 1949) by the intravenous infusion of large amounts of albumin
or plasma. This urinary protein is almost certainly of glomerular origin, the protein infusion
leading to an increase in the protein content of the glomerular filtrate which is sufficient to
saturate tubular reabsorption. Although electron microscopy studies in the dog indicate that
this type of proteinuria is associated with loss of structure of the epithelial foot processes of
Bowman's capsule, its disappearance following cessation of protein infusion suggests that the
renal damage is of minor degree (Vernier, 1961).
Patients with bleeding disorders frequently require large infusions of plasma or plasma

products to achieve haemostasis, and a proportion of such patients develop transient, heavy
proteinuria with this treatment. The estimation of protein clearances in these circumstances thus
provides the opportunity to estimate glomerular permeability to protein in what are believed
to be normal human kidneys. In the present study, proteinuria was induced by plasma infusion
in four patients with bleeding disorders, but with no evidence of renal disease, and protein
selectivity was estimated. Since plasma expansion per se may cause haemodynamic changes
resulting in altered glomerular permeability (Chinard, Lauson. Lder, Greif & Hiller. 1954;
Malmendier, de Koster & Lambert, 1960), glomerular permeability to dextran was also
measured both in the absence of proteinuria and after it had been induced.

METHODS

The patients studied suffered from haemophilia or Christmas disease and were admitted to
hospital for treatment of haemorrhagic complications or for haemostatic therapv prior to
elective surgery. Haemostatic therapy was controlled by the staff of the Department of Hacma-
tology and no alterations in therapy were made for the purpose of this study. Of ten patients
infused with more than 2-5 1 of plasma at a rate of over 800 ml day, six developed proteinuria
of over 1-0 g day. Four of these patients have been studied in detail. In addition to fresh frozen
platelet-poor plasma (prepared by the Blood Products Unit, Edinburgh), four received purified
antihaemophilic fraction (Cohn fraction I) and case 3 received Prothrombin Complex (con¬
centrate of factors II, VII. IX. X). The protein concentrations and volumes of the fresh frozen
plasma and protein fractions are shown in Table I.
Protein selectivities and urine to serum ratios of albumin were determined by a modification



Proteinuria induced by plasma infusion 385

Table 1. Details of protein containing solutions given to patients prior to onset of persistent proteinuria.
The infusion period is the time taken for proteinuria to develop.

Platelet-poor Antihaemophilic Prothrombin Total protein Infusion
Patient Diagnosis plasma fraction complex infused period

(ml) (g) (ml) (g) (ml) (g) (days)

1 Haemophilia 2400 132 600 18 — 3000 150 3
2 Christmas

disease 7400 407 — — 40 7440 407 9

3 Haemophilia 8400 462 2000 60 — 10400 522 8
4 Haemophilia 7200 396 2400 72 — 9600 468 8

g
a:

100

10

10

01

0-01

• y G — globulin

a, mocroglobulin

10 100 1000

Molecular weight * I04

Fig. I. Calculation of - k, the index of selectivity for protein in patient I. The renal clearance,
expressed as a percentage of the clearance of albumin, is plotted against molecular weight for
each of four proteins, using a double logarithmic scale. -A is the slope of the regression line
obtained, using the method of least squares. In this case the proteinuria is selective and - k is 3-13.
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of the immunodiffusion technique of Soothill (Mae Lean & Robson, 1966; MacLean & Robson.
1967). The index of selectivity obtained is denoted by the symbol — A. (Tig. I).
Dextran selectivities were determined by a method which involves the separation of serum

and urinary macromolccules by Sephadex G 200 on the basis of molecular size (Petrie, MacLean
& Robson, 1968). The dextran selectivity index is denoted by the symbol D.
Creatinine in the serum and urine, total serum protein and serum albumin were estimated em¬

ploying the AutoAnalyzer (Technicon Methodology, Files Nllb and N19b, Northam &
Widdowson. 1967). Total urinary protein was measured by the biuret method (Hiller, Grief &
Beckman, 1948), and by a modification of a microbiuret method (Itzhaki & Gill, 1964).

RESULTS

The four patients studied (Table 2) all had less than 30 mg 100 ml of protein in their urine, or a
urine to serum albumin ratio of less than I : 1600 both before the protein infusions, and 5 days
after the cessation of treatment. The values for creatinine clearance ranged from 76 to 150 ml/
min. Plasma protein levels prior to the protein infusions ranged from 6-9 to 7-8 g 100 ml, with
albumin concentrations of between 3-8 and 4-2 g 100 ml. The serum protein concentration in
these patients at the time of proteinuria ranged from 8-3 to 9-4 g 100 ml with albumin levels
ranging from 4-4 to 5-0 g/100 ml.
Protein selectivities measured during the period of proteinuria ranged from —k values of

2-49 to 313. These values indicate a highly selective pattern of protein excretion, comparable
for example to that seen in glomerulonephritis with minimal lesions (Robson. 1968). The
technique for determining dextran selectivities differs somewhat from the immunological tech¬
nique used in assessing protein selectivities, but gel filtration selectivity values have been shown
to be related to —k values for protein selectivity by the formula D = 0-76 (—A)—008 (Mac-
Lean & Petrie, 1966). D values measured during proteinuria ranged from 2-47 to 315 and are
therefore comparable to the simultaneously measured — A values for protein. These D values
show the highly selective excretion pattern which is characteristic of the normal kidney
(MacLean et al., 1970). Essentially similar values for dextran selectivity were obtained in the
absence of proteinuria. These ranged from 2-44 to 3 03.

DISCUSSION

The proteinuria induced by plasma infusion is highly selective and simultaneously measured
dextran clearances show a similar pattern. There are three possible explanations of the results.
Firstly, the glomeruli may be structurally normal, but the increase in plasma volume pro¬

duced by protein infusion leads to stretching of'glomerular pores'. In this event the glomerular
clearance of protein would be slightly raised and this, along with the increased serum protein
concentration, would result in an increased amount of protein being delivered to the tubules,
with consequent saturation of tubular protein reabsorption. This mechanism has been shown
to occur in patients with the nephrotic syndrome following albumin infusion (Chinard et al..
1954; Malmendier et al., I960). However, since no alteration in dextran selectivity could be
demonstrated following plasma infusion in our patients 'pore stretching' due to plasma expan¬
sion appears unlikely.
Secondly, the glomeruli may be structurally and functionally abnormal. The abnormality, if
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it exists, coincides in time with the plasma infusion and is therefore presumably caused by it.
All the patients studied had had repeated previous infusions of plasma, and may well have
possessed antibodies to various components of the infused material. It is known that antigen-
antibody complexes can be deposited in the basement membrane with resultant glomerular
damage and proteinuria (Dixon, 1968; Cochrane, 1968). While the present results do not
exclude glomerular damage of this type, this mechanism is unlikely. In the first place the pro¬
teinuria is highly selective. Secondly, it occurs only after the serum protein concentration
has been raised significantly. It also disappears promptly following cessation of protein infusion
when the plasma protein concentration falls towards normal.
Finally, the glomeruli may be structurally and functionally normal, the proteinuria being due

entirely to saturation of tubular reabsorption. This saturation can be attributed to more protein
than usual being filtered through normal glomeruli as a result of the raised concentration of
plasma proteins. In this event the selectivity is a valid reflection of glomerular permeability.
The haemostatic disorder in these patients naturally prevented renal biopsies being under¬

taken during or after the proteinuria induced by the protein infusion. In view of the values for
dextran selectivity however and the transient nature of the proteinuria it is believed that
glomerular function and structure in these patients is not significantly abnormal. The results
therefore indicate that the normal glomerulus filters plasma protein in a highly selective manner.
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