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The glomeruli of the kidney were first seen in 1666 by Malpighi, who

thought that they were "glands" which secreted urine. It was not until 1842

that Bowman rediscovered them and considered them to be a vital part of the

normal functioning kidney. The concept of renal function as filtration by

the glomeruli, followed by conservation of water and essential solutes by the

tubules, was to remain a hypothesis,however,until the twentieth century.

Experimental work, in health and disease, and in man and animals, has

now amply confirmed Bowman's original ideas of filtration and reabsorption.

With the introduction of new and sensitive chemical techniques 'knowledge of

the functioning of the normal and abnormal kidney has rapidly accumulated.

Studies of the renal structure were for some time limited to the light

microscopic examination of renal biopsy specimens obtained post mortem. More

recently development of percutaneous renal biopsy and the application of

electron microscopy to biological material ha\e enabled studies of the fine

ultrastructure of the kidney to be carried out, and the pathology of the

disease processes to be studied during the course of the illness.

It has been known for over a century that in renal disease macro-

molecules escape into the urine from the plasma. Histological studies have

shown that the primary renal lesion is generally to be seen in the glomerulus.

The inference that the diseased glomerulus ceases to be an efficient filter

has been confirmed both directly and indirectly by several workers. However,

the relationship between the functional and ultrastructural aspects of the

glomerulus is still not fully understood. This study has been undertaken in

an attempt to define more closely both normal and abnormal glomerular perm¬

eability to macroraolecules, and if possible to relate the results to

biochemical changes and to ultrastructural abnormalities as seen by light and

electron microscopy.
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1. INTRODUCTION



1.1 Glomerular ultrastructure and function

1.2 Glomerular permeability to macromolecules

1.3 Aims of present research

Since glomerular structure and function are directly linked to

problems of glomerular permeability, a brief description of the light and

electron microscopical appearances of glomeruli is given first and this is

followed by a description of glomerular function. Function in relation to

ultrastructure is then discussed. Both normal and abnormal glomeruli are

considered.

In the second section an account is given of the development of theories

concerning the permeability of the normal glomerulus. This is followed by a

consideration of present knowledge of the subject and some of the problems

it raises. Glomerular permeability in renal disease is then discussed, and

the attempts that have been made to define the abnormality in functional

terms are described.

Finally the aims of the present research are described and discussed.



1.1. GLOMERULAR ULTRASTRUCTURE AND FUNCTION

Glomerular ultrastructure

The glomerulus as seen by light microscopy was described by Vimtrup

(1928) and McGregor (1929a) and consists of a tuft of capillary vessels

inserted in the course of an arteriole. The capillary loops lie within a

space, which is bounded by Bowman's capsule. The glomerular capillaries

are lined internally with endothelium, which is separated from the external

epithelium by basement membrane.

Electron microscopy has revealed several unsuspected and interesting

features of the glomerulus. One of the first descriptions of mammalian

renal tissue, as seen by the electron micros ope, was published in 1950

(Pease and Baker, 1950). Since then numerous reports have confirmed and

extended the early results. The subject is well reviewed by Mueller (1958).

The endothelial cells are three to four times as numerous as the

epithelial cells and form a fenestrated layer of cytoplasm of 1000-2000 X.
The pores measure about 1000 X in diameter and allow direct contact between

the basement membrane and the contents of the capillary lumen.

The epithelial cells have a more complex structure than the endothelial

cells with numerous vacuoles, vesicles, a Golgi zone and many mitochondria,

which all tend to be located towards the centre of the cell. The peripheral

structure consists of cytoplasmic processes called pedicels, which lie in

contact with the basement membrane. The pedicels are separated from one

another by "slit pores" of about 1000 X and across each pore a fine membrane

is stretched.

The basement membrane, which lies between the endothelium and

epithelium, is a relatively homogeneous layer, measuring approximately 2500-

3500 X. It is composed of glycoprotein and mucopolysaccharide. After staining



Fig. 1. A normal glomerulus.

The basement membrane is of uniform thickness. Each capillary loop has an
endothelial lining. Discrete pedicels pass onto the basement membrane
from the epithelial cells.
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with heavy metals a fine fibrillar structure may be visible, the fibrils

being 30-40 X in diameter.

Fig. 1 shows a normal glomerulus as seen by the electron microscope.

In glomerular disease abnormalities are almost always seen in both

the endothelium and epithelium and very often the basement membrane is also

affected (Farqhuar, 1959). In most cases the changes can be seen on light

microscopy but in a few cases the abnormalities can only be seen on electron

microscopy (Kark et al., 1958).

The structural changes are many and varied, depending on the type and

extent of the renal disease, but in general the picture is as follows:

(a) the epithelial cells show striking changes with fusion oi' the foot

processes into a continuous smearing of cytoplasm along the external surface

of the basement membrane; (b) proliferation of endothelial cells is apparent,

there is broadening of the endothelial cytoplasm lining the capillary and

there is a decrease in the number and regularity of the fenestrae or endo¬

thelial slit pores; (c) the basement membrane is often irregularly thickened

and may contain "deposits" of materials which stain with heavy metals.

Spiro (1959) considered the basement membrane was always abnormal, but other

workers have described it as normal in a small percentage of cases (Kark et

al., 1958).

Glomerular function

The concept of filtration of plasma by the glomerulus, producing a

protein-free fluid, was elaborated by Cushny (1926). Indirect evidence of

ultrafiltration, or some closely related process, by the glomeruli was

obtained from observations that urine ceased to flow if pressure across the

glomerular membrane was grossly diminished, either by lowering the blood

pressure in the renal arteries or by obstructing the ureters (Robinson, 1962).
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Studies of glomerular function are complicated by the fact that the

glomerular filtrate is modified by the tubules before it becomes urine.

Direct glomerular puncture is difficult to perform and is obviously

restricted to animal studies, but the limited application of this technique

has confirmed that glomerular fluid is similar in composition to an ultra-

filtrate of plasma. Weara and Richards (1924) showed that the glomerular

filtrate of the frog and Necturus contained less than 50 mg. per 100 ml. of

protein. By suppressing the metabolic activity of tubular epithelial cells

by cyanide, or by a reduction in temperature, many workers have found that

the urine (which then virtually represents the glomerular filtrate) resembles

an ultrafiltrate of plasma (Bayliss and I.undsgaard, 1932; Bickford and

Winton, 1937; Nicolson, 1949).

The concept of a protein-free glomerular filtrate was first

challenged by de Haan (1922) who found protein-bound dyes in the urine after

intravenous administration. Some twenty years later the early view of an

entirely protein-free glomerular fluid was modified following the work of

Walker et al. (1941) and Bott and Richards (1941). The former workers found

small concentrations of protein in some of their samples of glomerular fluid

from the rat and guinea pig, and the latter showed that perfusion of kidneys

of Necturus could result in the presence of protein in the glomerular filtrate.

Perfusion of rabbit kidneys with ice cold serum resulted in a "urine" contain¬

ing 15-22 mg. protein per 100 ml,. (Dock, 1942); the serum was cooled in

order to paralyse the tubular function. Smetana (1946) found considerable

concentration of protein bound dyes in the proximal tubules of several

mammalian species and considered that this was due to normal glomerular

filtration of protein. More recently Dirks, Clapp and Berliner (1964)

examined the protein concentration in the proximal tubule of the dog, and



found 18 out of 38 samples to contain protein concentrations of 2 - 8 mg.

per 100 ml.

Possible objections to this experimental evidence can be made, on

the grounds that puncture of protein-containing tissue could invalidate the

finding of small quantities of protein in the glomerular filtrate. Also,

some of the work demonstrating glomerular filtration of protein has been

carried out in the rat, an animal with a physiological proteinuria (Gilson,

1949). One group consider this proteinuria is caused by a tubular secretion

of protein derived from the plasma (Shuster, Jones and Flynn, 962).

However the fact that many workers have demonstrated higher protein concen¬

trations in the tubules than in the urine suggests that there is active

tubular reabsorption of protein, making the concept of secretion of protein

unnecessary and unlikely (Sellers et al., 1954; Spector, 1954a, Mendel, 1961).
In addition the studies of Farqhuar et al. (1961) demonstrated that a small

percentage of ferritin molecules can cross the glomerular capillary wall of

the rat, suggesting that the glomerulus is the source of urinary protein.

It is now almost universally accepted that the glomerulus is not a perfect

filter, the normal glomerular filtrate containing a small quantity of protein,

which is almost entirely reabsorbed by the tubules. The concept of tubular

reabsorption of protein will be discussed later (1.2).

The efficiency of the filtering capacity of the glomerulus is

usually estimated by measuring the concentration, in the plasma and the

urine, of a substance which passes so freely through the glomerulus that

the concentration in the glomerular fluid is the same as that in the plasma.

This substance must be neither reabsorbed nor secreted by the tubules. The

urinary concentration, in mg. per minute, represents the concentration in

the glomerular filtrate and the term UV/P where U = urinary concentration
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in rag./ml., V = urine flow in ml./rain., and P = plasma concentration in

rag./ml. is called the glomerular filtration rate (G.F.R.). In theory inulin

is the most suitable compound, but an intravenous injection and many blood

samples are required for an inulin clearance. In practice the clearance of

endogenous creatinine provides a sufficiently accurate measurement of

G.F.R. Although some creatinine is actively secreted by the tubules this

effect is counterbalanced by the plasma chromogens, which give the same

orange colour with picric acid as creatinine. Some authors have expressed

doubts about the value of creatinine clearances in proteinuria and uremia

(Berlyne et al. 1964), but others have concluded that creatinine clearance

is a good index of G.F.R. in chronic renal disease (Tobias, McLaughlin and

Hopper, 1962). The clearance of radioactive vitamin B^ has recently been
described as an accurate measurement of G.F.R. However, a very recent

paper concludes that endogenous creatinine clearance is a more valuable

estimate of G.F.R., even in renal disease (Malamos et al., 1966). Glomeru¬

lar filtration rates in healthy human subjects average 125 ml./min.

(Robinson, 1962).

In renal disease with glomerular impairment the G.F.R. may be

marginally or severely reduced, the whole range of values from over 100 ml./

min.down to 1 or 2 ml./min. being encountered. Impaired glomerular function

is also indicated by an accumulation, in the plasma, of substances such as

urea and creatinine, which are normally excreted in the urine. The blood

urea generally shows a rise prior to the rise in serum creatinine. Blood

urea levels of over 40 mg./ml. are usually associated with a reduced G.F.R.

and an ultrastructural renal lesion.

The presence in the urine of protein, casts, or red cells generally

implies renal involvement, which is often of glomerular origin. The



excretion of macromolecules in renal disease is discussed later (1.2).

Along with the proteinuria there may be a reduction in some of the plasma

proteins, notably albumin, and a rise in the plasma level of c^-globulin.
Glomerular function in terms of ultrastructure

Kurtz and McManus (1959) and Mueller (1958) have reviewed some of

the opinions expressed concerning the function of the various structural

elements of the glomerular capillary. The function of the epithelial and

endothelial cells is not known, although it is suggested that they have a

low metabolic activity (Montgomery, 1965). They may both be concerned with

phagocytosis of particulate materials. Farqhuar et al. (1961) suggested

that the endothelium acts as a possible valve by varying the number and

distribution of fenestrae, thereby controlling the area of basement membrane

exposed to the plasma. These authors thought the epithelium might act as a

monitor for the basement membrane, regulating the passage of plasma proteins.

The fact that smearing of the epithelial cells is almost always the first

abnormality to be seen during proteinuria supports this view.

The majority of electron microscopists have assumed that the basement

membrane acts as the main filter, since it is the only continuous structure

between the plasma and the urinary space (Mueller, 1958; Farqhuar, 1959).

According to Hall (1957), however, the slit pores between the epithelial

foot processes allow the passage of small molecules, but restrict the passage

of proteins. This hypothesis is difficult to reconcile with the measurement

of the diameter of the slit pores which is approximately 1000 $ (Vernier,

1961). Farqhuar and associates have provided good evidence that the basement

membrane acts as the principal filtration barrier (Farqhuar and Palade, 1960;

Farqhuar et al., 1961). These papers describe the glomerular transport of

ferritin in normal and nephrotic rats. In the normal rat ferritin molecules
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were observed to enter the endothelium and form an accumulation against the

basement membrane, with only a few molecules penetrating the basement

membrane and entering the epithelium. In the nephrotic rats transport of

ferritin was greatly increased and more molecules were seen in the endo¬

thelium, basement membrane and epithelium. The basement membrane therefore

acts as the filtration barrier, which is not readily permeable to molecules

of about 100 £ in health, but is significantly more permeable in renal

disease.

The mechanism whereby the glomerular capillary transports material

is uncertain. The main barrier, the basement membrane, has no visible pores

or channels and ferritin tracer molecules do not appear to follow any

preferred pathways (Farqhuar et al., 1961). Lambert and Gregoiru (1955) argue

that diffusion is three times as important as filtration in the passage of

proteins, but Pappenheiraer (1953) considers filtration to be a much more

important process, where large molecules are concerned. A third means whereby

larger molecules can cross the capillary wall was suggested by Mayerson et

al.,(1960). Tuese authors described the process as cytopempsis: materials

transported from one surface of a cell to another in minute vesicles.

Cytopempsis may well occur in the epithelium.

The overall transport mechanism is certainly a physico-che; deal one

which tends to retain molecules beyond a certain size. There is no indica¬

tion that there is any type of selection except a dimensional one, although

the extent to which lipid solubility, charge and shape may play a part is

quite unknown. Gardner (1961) demonstrated changes in protein excretion

occuring with changes in pH, although his conclusions that glomerular

permeability was altering are not confirmed by the experimental evidence.

In glomerular diseases the structural changes which are seen are



difficult to relate to the functional changes. Evidence for the glomerular

origin of proteinuria is discussed later (1.2). Immunological evidence

suggests that the basement membrane, the probable site of filtration, is the

site of the primary lesion (Stebley and Lepper, 1961; Andres et al., 1962)

and, although the basement membrane is usually irregularly thickened, no

obvious pores can be seen. The epithelial and endothelial cell changes,

which are often prominent,are thought to be the result rather than the

cause of the proteinuria (Fisher and Hellstrom, 1962). Although a reduced

glomerular filtration rate and a gross proteinuria are usually associated

with glomerular changes, in some cases gross proteinuria can coexist with

normal renal function and structure. The only glomerular abnormality in

minimal lesion glomerulonephritis is a smearing of the epithelial pedicel

structure and this lias already been mentioned as a result rather than a

cause of proteinuria. In these patients dramatic responses to steroids have

been described with an accompanying return of pedicel structure (Folli et al.

1958; MacDouald, Lambie and Robson, 1959). An almost normal glomerular

structure is also associated with postural proteinuria, but nevertheless in

this condition many high molecular weight proteins escape into the urine

(Rowe and Soothill, 1961b). Haematuria, which implies a gross abnormality,

sometimes occurs together with minor proteinuria and minimal glomerular

damage. Such paradoxical observations raise many interesting questions

which have been, and still are, challenging problems.
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1.2. GLOMERULAR PERMEABILITY TO MACROMOLECULES

Normal glomerular permeability to macroiaolecules

An evaluation of glomerular permeability to macromolecules must also

take tubular reabsorption into consideration. The early work on tubular

reabsorption of protein is reviewed well by Rather (1952). Studies on the

excretion of haemoglobin, a good marker substance which was easily obtained

pure, indicated a renal "threshold" for this protein (Lichty, Havill and

Whipple, 1932) and Monke and Yuile (1940) carried out the first quantitative

study of the filtration and reabsorption of a protein. The latter workers

found that with plasma haemoglobin concentrations of between 250 and 1000

milligrams % the haemoglobin clearance was 3"* of the creatinine clearance

in normal dogs. There was a linear relationship between the plasma concen¬

tration and the rate of urinary excretion of haemoglobin. They suggested

that the glomerulus permitted the passage of haemoglobin in small amounts,

relative to a substance such as creatinine, which was directly dependent on

the concentration in the plasma. As this passed down the tubule some was

taken up by the epithelial cells, the tubular reabsorptive capacity being

saturated at plasma concentrations of over 250 mg.% haemoglobin. It has

since been shown that the threshold for haemoglobin depends on the linkage

of haemoglobin in the plasma to the a^-globulin, haptoglobin (Lathem, 1959).
However the demonstration of the principle of tubular reabsorption is still

quite valid. Waterhouse and Holler (1948) and Terry, Church and Whipple

(1948) have confirmed renal thresholds for albumin and serum proteins in

human subjects and in dogs. JIany morphological studies have been carried

out by Oliver and co-workers which amply confirm normal tubular reabsorption

of protein (Oliver, 1948, 1950; Oliver, MacDowell and Lee, 1954).

Quantitative assessments of normal tubular reabsorption are difficult
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to make. Sellers et al. (1954) studied tubular reabsorption in the normal

rat and concluded that 5 mg. of protein per hour was reabsorbed, an amount

equivalent to a daily filtration and reabsorption of 337. of the circulating

plasma protein. Gregoire, Malmendier and Lambert (1958), by analogy with

infusion experiments in dogs, estimated the maximum tubular reabsorptive

capacity in man to be 55 mg. per minute or 80 g. per 24 hours.

Morner in 1895 claimed that the normal urine of men and women

contained up to 155 mg. protein per litre. Many workers since then have

given values of normal urinary protein ranging from 39 rag. per 24 hr. to

240 mg. per litre. (Rigas and Heller, 1951; Boyce, Garvey and Norfleet,

1954; McGarry, Rose and Sehon, 1955; Webb, Rose and Sehon, 1958a;

Nettleship, Strother and Smith, 1963; Saifer and Gefstenfeld, 1964). The

presence of small amounts of protein in the normal glomerular filtrate has

been discussed earlier (1.1). If, as an estimate (based on the direct

glomerular puncture experiments) the concentration of protein in the glomer-
100

ular filtrate is 10 mg. perjml. then a total of 17 gm. is filtered daily.
Estimates of aaximal tubular reabsorptive capacity exceed this figure

(Gregoire et al. 1958). However it is possible that the tubule may not be

a perfect reabsorber, a situation analogous to the imperfect filtration

mechanism of the glomerulus. If the reabsorptive mechanism is not 1007.

efficient small quantities of protein could then escape into the urine.

General considerations of capillary permeability to plasma proteins

have been reviewed by Asscher and Jones (1965). The glomerular capillaries

have been shown to be much more permeable to water and snail molecules than

muscle capillaries,and a specialised function has been predicted (Pappenheimer,
Renkin and Borrero, 1951). Physiological data and theoretical considerations

o

suggest the glomerular membrane contains "pores" of about 50 - 100 A,



- 12 -

covering perhaps 27. of the membrane surface (Pappenheimer, 1953).

The permeability of the normal glomerulus to proteins of different

sizes was first investigated by Bayliss, Kerridge and Russell (1933). These

authors concluded that excretion was dependent on molecular weight and that

the limiting size was probably about that of haemoglobin, 63,000* This was

confirmed by Marshall and Deutsch (1950). Other electrophoretic and

immunological studies,however,suggest that some larger molecular weight

proteins are normally present in the urine.

Electrophoretic studies of normal urine proteins have demonstrated a
*•

pattern similar to that seen in the plasma, although the relative concentra¬

tions of the fractions are different. Concentrations of albumin are reduced

and range from 23 - 397. of the total, and all the globulin fractions are

raised, relative to the plasma (Rigas and Heller, 1951; Boyce et al., 1954;

McGarry et al.,1955; Webb et al., 1958a). Hie more sensitive technique of

Immunoelectrophoresis has yielded interesting information. Many proteins

which are immunologically similar to individual plasma proteins can be seen

in the urine (Grant, 1957; Berggard, 1961a; Berggard, Cleve and Beam, 1964;

Porter, 1964; Grieble, Courcon and Grabar, 1965). Some of the urinary proteins

identified were of high molecular weight, namely haptoglobin, a2~macroglobulin,
o£j~lipoprotein and Y -globulin. The total numbers of component s, which react
with antisera against normal human plasma, that have been identified in the

urine by different workers are 10, 14 and 17 (Porter, 1964; Grieble et al*,

1965; Berggard et al., 1964).

Using a sensitive immunodiffusion method Rowe and Soothill (1961a)

demonstrated relatively high concentrations of large molecular weight protein

in normal human urine, although the amount of total protein excreted was

small. Urine:serum ratios of individual proteins were estimated and
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expressed as a percentage of the albumin urine:serum ratio. Values of

about 100% were obtained for siderophilin (mol. wt. 90,000), Y-globulin
(mol. wt. 150,000) and ceruloplasmin (mol. wt. 150,000). This was termed

an "unselective pattern" since the glomerulus was apparently acting as an

unselective type of filter and allowing high molecular weight protein to

pass into the glomerular filtrate. The presence of blood cells in normal

urine is considered to be due to the passage of single cells through the

capillary membrane (Lipmann, 1957), a view which also supports unselective

normal glomerular filtration.

Although immunologically similar to plasma proteins, the normal

urinary proteins could be degraded but antigenically active protein fragments

of the parent molecules. Rowe and Soothill (1961a) found material of

sedimentation constant of only 4S and less on ultracentrifugal analysis. In

support of this there is good evidence that Y-globulin exists in a low

molecular weight form in normal human urine and can cross-react with antisera

to the 7S Y-globulin with a molecular weight of 150,000 (Franklin and Kunkel,

1957; Fahey, 1963; Cornillot et al.,1963). However since this small

Y-globulin is also found in the plasma (Berggard, 1961b; Takahashi and

Schmid, 1962) the urinary counterpart could be simply derived by rapid plasma

clearance. There is conflicting evidence regarding normal urinary albumin,

which has been described both as electrop'noretically indistinguishable from

serum albumin and as having a different mobility from serum albumin by

different workers (Webb, Rose and Sef»on, 1958b; Grieble et al., 1965).

The existence in normal urine of proteins which are specific to the

urine,and therefore not derived from the plasma was demonstrated by Grant

(1959). These proteins are probably derived from the urinary tract. The

genitourinary system as a possible source of high molecular weight urinary
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protein is discussed by King and Boyce (1963).

Studies of glomerular permeability to macromolecules other than

protein give results which support a limiting size for filtration. Brewer

(1951) examined renal clearance of low molecular weight dextran in rabbits

and showed that excretion was related to molecular weight* Wallenius (1954)

Arturson et al*,(1964) and Arturson and Wallenius (1964a, 1964b) confirmed

this and demonstrated a limiting molecular weight of 60,000 for renal

clearance of dextran in human subjects* Ozawa and Yamuchi (1963) related

their findings from similar experiments to an effective pore radius, which
o o

they calculated to be up to 80 A,with a mean of 50 A.

In summary,there are conflicting views about normal glomerular

permeability. Protein studies suggest that the glomerulus acts as an

unselective filter to plasma proteins, but neither the size nor the source

of the protein has been adequately confirmed. In addition,the pattern of

tubular reabsorption of protein in normal subjects is quite unknown. There

is no evidence to suggest that it is entirely a non-selective process and,

if there is some selective reabsorption, then the urinary proteins will not

reflect the pattern in the glomerular filtrate, nor glomerular permeability.

Dextran studies indicate that the normal glomerulus is a selective filter,

but the molecular weight range studied has been much lower. Reabsorption

of dextran to any extent by the tubules seems very unlikely (Arturson and

Wallenius, 1954b), so that dextrans would theoretically appear to give more

reliable information about normal glomerular permeability.

Glomerular permeability to macromolecules in renal disease

Proteinuria has been recognised as a cardinal feature of renal

disease since Richard Bright published his observations in 1836 (Osman, 1937).

Confirmation of the plasma origin of the protein was made by Berglund,
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Scriver and Medes (1935), who related the depression of the plasma protein

to the loss of protein into the urine; this relationship was subsequently

confirmed by Blainey and Hardwicke (1957). By plasma transfer experiments

Wakim and Mackenzie (1960) demonstrated that proteinuria, although of plasma

origin,was not caused by a plasma abnormality, adding confirmation to the

suspected renal origin.

Early reports of light microscopy studies of renal tissue in cases

of proteinuria described lesions in both the tubules and the glomeruli

(Bell, 1929; Wolbach and Blackfan, 1930) and some workers considered the

protein was secreted into the urine by the tubules. Cushny (1926) however

maintained that a glomerular lesion, visible or invisible, was responsible

for the presence of an abnormal amount of protein in the urine. McGregor

(1929b) supported this view and described glomerular changes in cases of

proteinuria, also noting "rather insignificant changes in the basement

membrane". Bell (1938) saw thickening of the basement membrane in various

forms of glomerulonephritis and, like McGregor, considered proteinuria was

due to an increase in glomerular capillary permeability.

Indirect evidence of the glomerular origin of proteinuria was provi¬

ded by studies of glomerular and aglomerular fish (Bieter, 1931).

Proteinuria could only be induced in the former. More direct evidence was

presented by Dock (1942), who found increased concentrations of Evans Blue

dye (which binds to albumin) in the proximal tubules and the urine of grossly

proteinuric rats, when compared to normal rats. However this observation

also lent support to Addis's (1949) suggestion that there was no change in

glomerular permeability, but that tubular reabsorption was diminished or

absent, with the result that protein appeared in the urine. More recently

Freeman and Joekes (1957) have discussed the possibility that a tubular
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lesion is responsible for proteinuria. This concept i a very reasonable
m 0L.V l nn lAJrn

one (Sellers et al., 1954; Gregoire et al., 1958), sincelestimates of the

amounts of protein normally filtered and reabsorbed each day are very large

(41 g.j«nd 80 g. respectively, or alternatively 33% of the circulating

plasma protein).

More recent work suggests proteinuria may result from a combination

of altered permeability and decreased tubular reabsorption. Results of

albumin infusion studies in nephrotic patients led Chinard et al. (1954) to

the conclusion that "proteinuria occurs as a result of an increase in the

permeability of the glomerular capillary walls to protein, rather than solely

as the result of a decrease in the reabsorption of protein by the tubules".

Similar studies by Gregoire et al. (1958) also indicated an increase in

glomerular permeability, with a decrease in tubular reabsorptive capacity

as a contributory factor. On the other hand, nephrotic rats appear to have

an increased tubular reabsorption along with increased glomerular permeability

(Spector, 1954a; Mendel, 1961).

The increase in glomerular permeability is now accepted as the major

cause of moderate or heavy proteinuria. Many studies of proteinuria have

been carried out in an attempt to relate the characteristics of the protein¬

uria to the type of glomerular disease. The first electrophoretic studies

were described in 1940 and these were followed by many others. The findings

are summarised in reviews by Sellers and Marmorston (1956) and Lewis (1963).

It was concluded by Heymem, Gllkey and Levis (1956) that a high globulin

excretion had a poor prognosis, but several authors have considered electro¬

phoretic studies could give them no guide as to the nature or prognosis

of the disease (Broch and Brodwall, 1958; Wolvius and Verschure, 1957;

Kasanen and Harri, 1961).



Fig. 2. Relative protein clearances in relation to molecular weight.

Immunologically determined relative protein clearances in three types of

histological lesion; membranous glomerulonephritis (M), proliferative
glomerulonephritis (P), and minimal lesion glomerulonephritis (N).

Taken from Blainey et al.,(l960).
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The molecular size of the urinary protein in renal disease was first

studied by Rowe and Soothill (1957), who compared the molecular weights of

the proteins of normal and nephrotic serum and nephrotic urine. The average

molecular weight of the urine proteins ranged between 54,000 and 67,000,

which was similar to figures obtained from serum ultrafiltrates through

selective semipermeable membranes. Albumin prepared from nephrotic serum

and urine had the same molecular weight as that from normal serum, a finding

which was in agreement with the studies of Gitlin and Janeway (1952) and

Spector (1954b). In nephrosis similar properties of serum and urinary

Y-globulin (Goodman, 1961), transferrin (Neale, 1955) and orosomucoid

(Hardwicke and St. Cyr, 1961) have also been described. This indicated that

the protein was being excreted unchanged, although the glomerular membrane

still retained a degree of selectivity. Maiorca and Scarponi (1963) concluded

from their ultracentrifugal and immunological studies that fragments of high

molecular weight protein occur in nephrotic urine, but they thought that the

protein was degraded after, rather than before, glomerular filtration. Iramuno-

electrophoretic studies of urinary proteins from patients with the nephrotic

syndrome have also indicated a high concentration of large molecular weight

protein (Millies, Hartmann and Lagrue, 1959; Revillard, 1964).

In 1960 Blainey et al. published a study of protein excretion in

relation to molecular weight in 21 patients with the nephrotic syndrome. The

individual proteins, of known molecular weight, were assayed in serum and

urine by an immunodiffusion method. When the relative clearances of these

individual proteins were plotted against their molecular weight on a log-log

scale a linear relationship was found (Fig. 2). The slope of this line was

steep when the proteinuria was of a selective type, with a relatively small

amount of high molecular weight protein being cleared into the urine. Conversely
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for an unselective type of proteinuria the slope of the line was flatter,

with relatively more high molecular weight protein being cleared into the

urine. The data suggested that the slope of the line or "selectivity" of

the proteinuria was related to the disease process and also to steroid

response. Hardwicke and Squire (1955), in some earlier experiments,

demonstrated that tubular reabsorption of protein in nephrotic patients is

non-selective, analogous to the reabsorption of amino acids. On this

assumption the relative clearances obtained by Blainey et al. were related

to the relative concentrations in the glomerular filtrate and hence to

glomerular permeability.

There are few studies in the literature relating to abnormal glomer¬

ular permeability to other macromolecules. These publications are chiefly

concerned with the presence of abnormal amounts of various enzymes in the

urine in renal disease (King and Boyce, 1963). Only one author has expressed

his results in terras of clearance of the enzyme and this was related to the

total proteinuria (Crockson, 1961).

In summary,proteinuria is generally thought to result from increased

glomerular permeability. Early electrophoretic studies of urinary protein

patterns gave little information about the degree or type of lesion. More

sensitive immunological techniques, which can measure the protein excreted

in terms of molecular weight, have indicated that there is a relationship

between the degree and type of lesion and the size distribution of the

protein excreted. Tubular reabsorption of protein is assumed to be non¬

selective so that a direct reflection of glomerular permeability is

obtained.
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1.3. AIMS OF THE PRESENT RESEARCH.

The recent suggestion that glomerular permeability in disease can be

defined in terms of the molecular weight of the protein excreted has raised

many possibilities. At present a renal biopsy is required before a diagnosis

of the degree and type of renal lesion can be made, and repeated renal

biopsies are the accepted procedure in following the course of an established

renal disease. If it were possible to obtain, by functional studies, some

information about the renal lesion this would be a most valuable additional

tool in following the progress of the disease.

Although it is recognised that glomerular permeability is usually

abnormal in renal disease, the characteristics of normal glomerular permeab¬

ility are in some doubt and several conflicting views have been expressed.

The present work was therefore designed to investigate more fully the

renal and glomerular permeability to macromolecules both in health and

disease. It was proposed initially to study the relationship between the

logarithm of relative clearance and the logarithm of molecular weight, in

order to confirm the linear relationship described by Blainey et al. (I960).

Experiments were then designed to determine more precisely what this

relationship, or selectivity, means in terms of renal and glomerular

permeability and to investigate the relationship between permeability,

function and ultrastructure.

Selectivity is a word which has been misused in the literature.

Proteinuria has been described in terms of selectivity, but the word more

accurately refers to the protein patterns of both serum and urine, and in

fact indicates the ability of the kidney to act as a selective or unselective

type of filter. In this study, in addition to describing proteinuria in
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terms of selectivity, the word "selectivity" will be used to refer to a

defined index of renal permeability, and the word "selective" will be used

to refer to the kidney or the patient.

Selectivity must be calculated in terms of clearances of macro-

molecules since the amount of any one component appearing in the glomerular

filtrate, and hence the urine, is dependent on the concentration of that

component in the serum. Examination of the urine alone will give a

molecular weight distribution in the urine, but without accurate knowledge

of the molecular weight distribution in the serum, estimates of renal

permeability in terms of molecular weight cannot be made.

Studies of both serum and urine were carried out in order to investi¬

gate selectivity in a number of ways, by using different methods and different

macromolecules, by studying selectivity in different types of renal disease

and normal subjects, and by comparing selectivity values with histological

and other biochemical data.



2. METHODS



21 -

2.1 Introduction

2.2 Estimation and concentration of protein

2.2.1 Estimation of protein

2.2.2 Concentration of protein

2.3 Selectivity studies involving endogenous macromolecules

2.3.1 Immunodiffusion

2.3.2 Immunoelectrophoresis

2.3.3 Gel filtration

2.3.4 Enzymes

2.4 Selectivity studies involving exogenous macromolecules

2.4.1 Albumin

2.4.2 Dextran

The methods which were used to determine the overall renal and

glomerular permeability to different macromolecules in health and disease

are described and evaluated. There are two main sections, which describe

selectivity studies using endogenous and exogenous macromolecules.

The methods involving endogenous protein are described in Section 3.

The selectivity of the proteinuria was estimated for every patient in this

study and some normal subjects by an immunodiffusion technique and

occasionally by Immunoelectrophoresis. In some cases the quite different

approach of gel filtration of Sephadex G 200 was used to study protein

selectivity. The clearance of some enzymes in relation to molecular weight,

and hence to selectivity, was also determined in a few instances.
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The methods involving exogenous macromolecules are described in

Section 4. In a few cases the selectivity of the proteinuria was investigated

by inanunodiffusion before, during and after a change in the serum protein

distribution, effected by infusion of albumin. The renal permeability to

high molecular weight dextran, in relation to mo-^cular weight, was

investigated in several patients and some normal subjects using gel filtra¬

tion, and the "dextran selectivity" was determined.

In addition the total loss of protein into the urine, an important

adjunct to the selectivity studies, was usually measured; the methods are

described in Section 2. This section also contains details of protein

estimations and protein concentration procedures which were essential to

the selectivity studies.

Other additional data and relevant investigations are given in

Section 1. The materials mentioned in this chapter are listed in Appendix 1,

and statistical formula used in calculations are given in Appendix 2.
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2.1. INTRODUCTION

Patients studied

All the patients in this study presented with proteinuria, and many

with some or all of the features of the nephrotic syndrome, due to a

variety of causes. In some cases the nature of the underlying disease was

clear from the associated clinical features, as in lupus erythematosus,

diabetes mellitus or toxaemia of pregnancy. In a few subjects the features

were those of acute ischaemic renal failure or acute proliferative glomerulo¬

nephritis. In many cases however the cause of the clinical picture was

obscure and the precise diagnosis was made only after renal biopsy. This

group included many patients with membranous glomerulonephritis, prolifera¬

tive glomerulonephritis and minimal lesion glomerulonephritis.

With very few exceptions all the patients studied had a renal biopsy

performed on one or more occasions. The diagnosis was made, as far as

possible, on both clinical and histological evidence. However in those

subjects in whom the clinical picture did not contribute to the diagnosis,

the final diagnosis was made entirely on histological grounds.

The normal subjects studied were entirely healthy, unless otherwise

stated, and had no evidence of any type of renal disease.

Collection of specimens

Urine collections were normally made over a 24 hr. period. This

interval has been shown to give a reliable indication of protein loss

(Altman and Stellate, 1963), and is suitable for the determination of

creatinine clearance estimations Cde Wardener, 1963). Occasionally patients

reported at an out-patient clinic with no 24 hr. urine collection and a

random urine sample was taken from each of these patients for selectivity
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studies only. A blood specimen was taken at some stage during the urine

collection period, or within the following 8 hr. in the case of out-patients.

Urine and serum or plasma were stored at 4°C until required. Sodium aside

was added to the urine to give a final concentration of approximately 0.017.

w/v. Where the urine required concentration this was generally carried out

prior to any storage period. All the estimations were carried out, generally

within one week, and always within two weeks of collecting the specimens.

In infusion experiments with exogenous macromolecules, urine

collections were made over much shorter time intervals and blood specimens

were taken appropriately. The details are given with the description of

each experiment.

Biochemical studies

The glomerular filtration rate, as measured by the endogenous

creatinine clearance, was estimated at frequent intervals for all the

patients in this study. The method used was a modification of Folin and

Wu's procedure, adapted for an AutoAnalyzer (Stevens et al., 1962). The

coefficient of variation for the estimation of serum creatinine was 1.97.

and for the estimation of urine creatinine was 4.97..

In some cases the blood urea was also measured, either manually

(Peters and Van Slyke, 1932) or by a modification of the AutoAnalyzer

method of karsh, Fingerhut and Miller (1965). The coefficients of

variation of these methods were + 127. and + 47. respectively.

In each patient the total loss of protein in the urine was

estimated by a biuret reaction. The method is described in the next section

(2.2.1). In some instances the total serum protein was also estimated by

a biuret reaction modified for an AutoAnalyzer (Failing, Buckley and £ak,

1960). The coefficient of variation of this method was + 2.8%.
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Electrophoresis of the serum proteins and quantitation of the different

fractions was carried out by the method of Albert-Recht (1959).

Coefficients of verietion for the estitnetion of albumin, ^-globulin, V
globulin, p-globulin andY-globulin were 8.9%, 8.7%, 21%, 20% and 13%

respectively.

Histological studies

Renal biopsies were obtained using a Vim Silverman type needle.

Sections for light microscopy were stained with haematoxylin and eosin and

with the periodic acid-Schiff stain. Additional stains were applied where

indicated, for example,congo red in cases of suspected amyloid. Material

for electron microscopy was fixed in 1% buffered osmium tetroxide. Tissue

was generally embedded in Araldite, although in some earlier cases

methacrylate was used. Sections were cut on a Porter Blum microtome with

glass knives, and were viewed in an A.E.I. EM6 electron microscope. Sections

from Araldite embedded tissue were stained with a combination of lead

citrate and alcoholic uranyl acetate. Electron microscopy was used to study

glomeruli only, and an average of five were examined from each biopsy.

Where measurements of basement membrane thickness were made, electron

micrographs with a magnification of 8,000 or over were used and measurements

were made with a calibrated lens.



Fig.3^Correlationofserum:urinealbuminratiodeterminedimmunologicallywithurinaryproteinconcentretion determinedbyAlbustix.

serum:urinealbuminratio
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2.2 ESTIMATION AND CONCENTRATION OF PROTEIN

2,2,1. ESTIMATION OF PROTEIN

Five methods are described. An approximate estimate of urinary

protein concentration was obtained for the immunodiffusion studies (2.3.1)

by "Albustix". Biuret procedures were used to determine more precisely the

total urinary protein concentration in patients with renal disease and in

normal subjects. Column chromatography effluents (2.3.3) were assayed for

protein by ultraviolet adsorption and by a Folin-Ciocalteau method.

Albustix

These reagent strips are most sensitive to albumin,but will also

react with other protein. They provide a good screening test for protein

(Watson, 1964), although the results can be affected by high pH or high

salt concentrations, and sometimes for no apparent reason (Frazer, 1958;

Wills and McGowan, 1963).

The Albustix reading was satisfactorily used to determine the approxi¬

mate urinary protein concentration and hence the appropriate urine dilutions

for the immunodiffusion method (2.3.1). The serumrurine albumin ratio

correlated fairly x^ell with the Albustix reading (Fig. 3), in spite of the

fact that the serum albumin concentration and the proportion of urinary

globulin are variables which were not taken into account.

The biuret method

A simple biuret method was used to determine more precisely the

concentration of urinary protein, and hence the total loss of protein

(Hiller, Grief and Beckman, 1948). This was carried out in parallel with

the estimation of selectivity of proteinuria for all the patients in thi3

study.
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Although the biuret produce is the most satisfactory method of

quantitating proteinuria, it has been reported to give misleadingly high

protein concentrations; this is probably due to lipid (Parvin, Fande and

Venkitasubramanian, 1965). Lipoproteins,however,form a small proportion

of urinary proteins (Kramer, Stem and Hellman, 1957; Jesting, 1964). The

chromogenicity of albumin, globulins and glycoproteins is very similar with

the biuret reaction, which is specific for the peptide linkage (Saifer and

Gerstenfeld, 1964); different mixtures of proteins will therefore give

similar results.

Precipitation prior to estimation of urinary protein is necessary,

since the urine contains many substances that would interfere with the

biuret reaction. The protein was precipitated with an equal volume of 10%

w/v trichloracetic acid, the precipitate was dissolved in 30% w/v NaOH and

the biuret colour developed by 5% w/v CuSO^. The concentration of protein
was determined by the use of a Lovibond comparator. The lower limit of

sensitivity for this method was 30 mg./lOO ml. protein.

In a few instances, where greater accuracy was required, a Gornall

biuret reagent was used (Gornall, Bardawill and David, 1949) and the

extinction read at 540 rafi in a Unicam SP 600 spectrophotometer. A calibra¬

tion curve was pre .red from normal human serum standardised by Kjeldahl

nitrogen determination.

A microbiuret method

Levels of urinary protein below 30 mg./lOO ml. were estimated by a

microbiuret method, modified from that of Itzhaki and Gill (1964). This

was a useful technique for estimating the total protein excretion in

patients recovering from renal disease and in normal subjects. The Lowry

method (Lowry et al., 1951), which would also be sufficiently sensitive,



Fig. 4. Protein standards estimated by the rolcrobiuret method.

Protein concentration mg./lOO ml.



TABLE 1

Errors of the microbiuret method

(a) The protein concentrations of a 5 mg.% standard and a fresh normal
urine were determined 10 times each and the mean reading, range of
values, standard deviation (SD) end coefficient of variation (CV)
are given.

Sample Mean Reading
E 280 rati

Range SD >G
6"®

Standard

5 mg.%

0.584

(5.05 mg.%)

0.640 - 0.545

(5.55-4.70 mg.%)

+ 0.026 4.5

Fresh normal

urine

0.315

(2.70 mg,%)

0.340 - 0.289

(2.95-2.50 mg.%)

+ 0.016 5.1

(b) Protein concentrations of a 50 rag.% and a 30 mg.% standard, when
approximately diluted, were estimated and the resulting errors are
given.

Standard Dilution Reading Protein conc. Error

mg.% factor E 280 m11 mg.% %

50 (O 0.539 4.65 7

50 20 0.285 2.45 6

30 2 1.648 14.25 5

30 5 0.747 6.45 9
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was not used because of the very different chroraogenicity of different

proteins (Saifer and Gerstenfeld, 1964).

Urinary protein was first precipitated by trichloracetic acid, the

precipitate was dissolved in an alkaline copper reagent and the extinction

of the copper-protein complex was read at 300 mfl. The method was found to

be simple, convenient and reproducible considering the small amounts of

protein that were precipitated. It was not suitable for small volumes (less

than 20 ml.) of urine.

Trichloracetic acid, 2 ml. of 30% w/v, was added to 10 ml. of fresh,

filtered urine. The mixture was allowed to stand for 10 min. and was then

centrifuged for 10 min. at 2000 rev./min. The supernatant was discarded

and the tubes were inverted over absorbent tissue to drain for a few

minutes. The precipitate was then washed with 2 ml. of 5% w/v trichloracetic

acid, centrifuged, the supernatant discarded, and the tube drained as before.

The precipitate was dissolved in 3 ml. of 0.07% w/v CuSO^ in 10% w/v NaOH
and the tube was centrifuged. The extinction was read in a Unicam SP 500

spectrophotometer at 300 m/i against the alkaline copper reagent as a blank.

Calibration curves were prepared from (1) a series of dilutions of

human serum which was standardised by Kjeldahl nitrogen determination,

(2) a series of standards prepared from crystalline bovine albumin. These

calibrations were found to agree well and to be linear over the range

0-15 mg./lOO ml. (Fig. 4). The reproducibility of the method was calcula¬

ted from 10 estimations on each of 2 samples and found to be about 5%; the

results are shown in Table 1. The error obtained when a sample of over

15 mg./lOO ml. was diluted is also shown and was found to be of the same order

of magnitude as the coefficient of variation of the method. As the

coefficient of variation was high the assays on urine were always



Fig.5.Stabilityofmicrobiuretestimations. .2...Q Microbiuretreadingsofsamplesofanormalurinestoredat4Cwithaddedtoluene,sodiumazideorwith Days
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performed in duplicate.

Bacterial contamination can contribute significantly to protein

concentration, if the amounts of protein are small. The variation in

protein concentration of a normal urine was therefore estimated over a

period of days in the presence and absence of preservatives. All the

samples were kept at 4°C and filtered before each estimation. The results

are shown in Fig. 5. It can be seen that sodium aside is the only

satisfactory preservative, and that the protein concentration in the

presence of azide does not vary significantly up to 15 days.

Ultraviolet extinction

Of all the more sensitive ways of estimating protein, measurement

of the extinction at 280 m/1 (Warburg and Christian, 1941) is probably the

simplest for a large number of samples. This method was used to assay the

Sephadex column chromatographic effluents (2.3.3). The eluting buffer used

in these experiments was 0.2M tris-saline pH 8.0, and protein concentrations

in the effluents ranged from G-2mg./ml. Beer's Lav? is followed over this

range and there is no significant interference by the tris buffer. Since

absolute values of protein concentration were not required no calibration

was carried out.

The extinction at 280 mjl depends on the aromatic amino acid

(particularly tyrosine and tryptophan) concentration and therefore varies

for individual proteins. However, the readings at 280 mjU were used to

compare urine and serum proteins of the same molecular weight, and since

a similar combination of proteins was being compared the error was probably

minimal.

The Lowry method

Some of the column chromatographic effluents were assayed by Lowry's



Fig. 6. Protein standards estimated by the automated Folin-Ciocalteau method.
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Folin-Ciocalteau method, adapted for an AutoAnalyzer (Mandl, 1961). This

was useful if only small volumes of column effluents were available or if

high lipid concentrations were causing turbidity (see 2.3.3). The tris-

saline buffer was found to give a high background reading,but the method

was still sufficiently sensitive over the range 0 - 300 mg./lOO ml. protein.

Fig. 6 shows a calibration curve obtained from a series of standards

prepared from a normal serum pool. Absolute values of protein concentration

were not required and the serum pool was estimated by a biuret reaction

prior to dilution.

The Folin-Ciocalteau method preferentially measures certain amino

acid sequences of proteins, but for the same reasons as given for ultra¬

violet absorption, this probably does not introduce any significant errors.
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2.2.-. UCENTRATION OF PROTEIN

Concentration of dilute solutions can be effected by freeze drying,

osmotic ultrafiltration or pressure ultrafiltration. Irreversible

denaturation can occur on freeze drying and pressure ultrafiltration is

inconveniently slow. Osmotic ultrafiltration, however, has neither of these

disadvantages. In most cases concentration of protein for selectivity

studies was carried out by this method. In a few instances pressure ultra¬

filtration was also used,in order to confirm that the material used for

osmotic ultrafiltration had no effect on the protein being concentrated.

Osmotic ultrafiltration

Protein solutions were concentrated by dialysis against polyethylene

glycol, Carbowax 2CM, (PEG). This method was rapid and convenient.

Depending on the protein concentration of the untreated urine a suitable

aliquot was either filtered or centrifuged at 2000 rev./min. for 10 rain.

The urine was placed in Visking dialysis tubing (18/32 or 36/32), dialysed

against running tap water overnight, and then placed in a solution of PEG.

Different sizes of Visking dialysis tubing have been noted to have different

permeabilities, but this has no significant effect where molecular weights

of over 40,000 are concerned (Berggard, 1961a, 1961b). The dialysis tubing

was always boiled and washed in distilled water prior to use. The rate of

concentration depended on the strength of the PEG solution,but it was

possible to reduce the volume by 50 ml. in 2 - 3 hours. The tubing was

then washed well to remove the PEG, and the knot at one end cut. A small

quantity of appropriate buffer was added to wash all the contained protein

down to the bottom of the tubing, the empty tubing was cut off and the

part containing the concentrated protein solution was inverted over a small

test tube and gently centrifuged.



TABLE 2

Experiments with polyethylene glycol

(a) Amount of PEG counter-dialysing

Vol. of dist.
H„0 conc. by

PEG
(ml.)

Dialysis
tubing
used

Vol. of
final
solution
(ml.)

Conc. PEG
in final
solution

( 3. /lOO inL)

Total PEG
counter-

dialysed
(rag.)

Amount of PEG
left after

dialysis and
centrifugation

(mg.)

1000 36/32 10.0 0.35 35 17

1000 36/32 6.0 0.70 42

1000 36/32 4.5 1.3 59 25

750 18/32 4.0 0.40 16

150
saline

18/32 2.0 0.65 13 8

(b) Effect of PEG on estimation of protein

PEG

mg.7.
E 280 m/i Reading of 50 mg.% protein

standard containing PEG, by
Folin-Ciocalteau method

500 1.645 150

250 0.840

100 0.335 83

50 0.165

25 0.085 76

10 0.038 60

5 56

2.5 53

1.75 50

0.875 50
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Loss of protein through the dialysis tubing was tested for by

concentrating a measured volume of urine down to 1 ml. and then diluting

the concentrate back to the original volume. Protein in both the treated

and untreated urine was estimated by the Gornall biuret reaction (2.2.1).

The mean loss of protein from 6 samples was 1.6%, a range of volumes between

150 and 20 ml. being concentrated.

PEG was found to interfere with protein estimation by giving

extinction readings at 280 m/i and by causing precipitation in the Folin-

Ciocal.eau reaction. Moreover,on column chromatography using Sephadex G 200

it was found to be eluted over the protein range. Since it has been repor¬

ted to counter-dialyse (Howe, Groom and Carter, 1964), protein solutions

concentrated by PEG will contain some PEG, and the effluents from Sephadex

column chromatography might therefore give spuriously high protein readings.

Some experiments were carried out to ascertain the amount of counter-dialysis,

and the effect on column chromatography.

Distilled water was "concentrated" in exactly the same way as protein

and the extinction of the final solution was measured in a Unicam SP 500

spectrophotometer at 280 m/i. The amount of PEG which had counter-dialysed

was estimated from a calibration curve, obtained from measuring the extinc¬

tion at 280 ra/1 of a series of solutions (0.5 - 0.05 g./lOO ml.) of PXJ. A

control was run by placing distilled water in a dialysis tubing during the

same period and then measuring the extinction of the water at 280 mfU

Solutions of PEG were also estimated by the Folin-Ciocalteau reaction to

determine the limit of detection. PEG and counter-dialysed PEG were applied

to a Sephadex G 200 column (2.3.3) and the effluents were read at 280 m/l.

The results are summarised in Table 2 and Fig. 7. It can be seen

that small amounts of PEXJ, of the order of 30 - 40 mg./litre can enter the



Fig,7._GelfiltrationofPEGandcounter-dialysedPEG. Someofthecounter-dialysedPEG(CDPEG)wascentrifuged(CDPEGC)orcentrifugedanddialysed(CDPEGCD) beforeapplicationtotheSephadexG200column.Thepositionofthethreeserumproteinpeaksisalsoshown. Tubenumber(2ml.fractions).
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dialysis tubing, but that about half can be eliminated by prolonged

dialysis and centrifugation. PEG affects readings at 280 raji and on the Folin-

Ciocalteau reaction at concentrations of 2.5 mg.% and over. On Sephadex,

counter-dialysed PEG, whether or not it was first dialysed and centrifuged,

was found to elute over the same high molecular weight protein range as

untreated PEG. These strange elution patterns of PEG on Sephadex G 200

have also been described by Ryle (1965). It can only be concluded that

there is dynamic equilibrium between the small and large molecular weight

forms, or alternatively that Sephadex has some aggregating effect on the

PEG.

If, from the results in Table 2 and Fig* 7, the concentration of PEG

in a protein concentrate was about 4 rag./ml. and 1 ml. was applied to a

Sephadex column, the PEG concentration in the e fluents would be diluted

about 70 times and would average perhaps 3 mg.%. This amount w mid not

appreciably affect readings either at 280 ra/i. or by the Folin-Ciocalteau

method.

The effect of PEG on immunological reactions was tested. A serum was

diluted with saline and concentrated by PEG to the original volume. The

treated and untreated sera were then compared by Immunoelectrophoresis against

antihuman serum (2.3.2) and by immunodiffusion against several specific

antisera (2.3.1). A urine sample with a urinary protein concentration of

280 rag.% was treated in the same way. No differences could be detected

between the treated and untreated samples, a finding which agrees with that

of Howe et al. (1964).

Pressure ultrafiltration

Because of the counter-dialysis problem using PEG, in a few cases the

urinary protein was also concentrated by pressure ultrafiltration, using 2
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or 3 LKB ultrafilters in parallel. The method was found to be slow, and

less convenient than concentration by PEG. A maximal rate of about 12 ml.

per hour, per ultrafilter, could be obtained.

The urine was either filtered or centrifuged at 2000 rev./min.,

dialysed against running tap water overnight and then transferred to a

suitable container. Dialysis tubing, which was supported by a plastic frame,

was placed in the urine and negative pressure was applied to the inside of

the tubing. The apparatus then began filtering, the ultrafiltrate was

removed by the suction and the volume of urine was gradually reduced. The

method was not practical when small volumes of urine were available, since

reasonable rates were only obtained when a maximal surface area for filtra¬

tion was operating.

Loss of protein was tested for by reversing the process; urine was

placed inside the tubing and negative pressure was applied outside. The

ultrafiltrate was retained and the protein concentration compared to that

of the final concentrate. Loss of protein was small, less than 1% of the

original protein was recovered in the ultrafiltrate. Overall recovery,

however, was low, the final amount of protein in the concentrate was only

71% of that in the untreated urine. Low recoveries were also obtained by

McGarry et al., (1955), who concluded that this was due to firm adherence

of protein to the interstices of the filter membranes.
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2,3, SELECTIVITY STUDIES USING ENDOGENOUS MACROMOLECULES

An insnunodiffusion technique was first used by Blainey et al, (I960)

to determine selectivity of proteinuria and this was the principal method

used in this study. However, it is only practicable to estimate the

clearance of a few proteins by this method and the error of the individual

estimations is high (Soothill, 1962). Moreover the method assumes a

molecular weight for each protein, whereas in theory degraded fragments of

the parent protein molecules could also react antigenically and give

spuriously high results.

With the introduction of gel filtration it has become possible to

estimate molecular weight distribution by column chromatography, and by

applying this technique to serum and urine, selectivity values based

entirely on molecular weight can be determined. However, unlike immunological

methods, gel filtration cannot discriminate specifically between proteins

derived from the serum, and proteins derived from other sources.

Both methods have inherent limitations but are complementary to one

another. Since the principles on which they are based are quite different,

if the results obtained by immunodiffusion correlate well with those obtained

by gel filtration it may be concluded that selectivity of proteinuria is an

estimate of renal permeability in terms of molecular weight. The reproduc¬

ibility of the index of selectivity and possible sources of error were fully

assessed for each method. Immunoelectrophoresis was used to study selectivity

on a qualitative basis and clearances of some enzymes were also determined.
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2.3.1. Il-MJNODIFFUSION

Immunological methods were used to identify and quantitate proteins

of known molecular weight in serum and urine by allowing precipitation

reactions to take place with specific antisera in agar gel. The theory and

applications of diffusion-in-gel methods for immunological analysis are

reviewed by Ouchterlony (1962).

There are many precise methods of quantitating antibody-antigen

precipitin complexes, but for the purposes of estimating selectivity the

simple visual principle of Gell (1957) was chosen. This was adapted by

So thill (1962) for serum and urine assays and used by Blainey et al. (1960)

to estimate renal permeability to different proteins in patients with the

nephrotic syndrome, when the concept of selectivity was first introduced.

The method involves a double diffusion of antibody and corresponding

antigen in agar gel. If a specific antiserum is used,a single precipitation

line forms, the amount of precipitation being a function of both antibody

and antigen concentration. By using a fixed range of antibody concentrations

against different antigen concentrations and comparing the precipitin lines,

a direct quantitative comparison of the amounts of antigen can be made. Ii

this way urine:serum ratios of individual proteins of known molecular weight

and hence selectivity can be estimated.

Details of the method

The method is essentially that of Soothill (1962), but is described

here in detail \ri.th the modifications that were introduced.

A solution of 1% w/v agar in 0.2M phosphate-saline buffer pH 7.0 was

prepared by heating over a boiling water bath. The agar was filtered and

poured into flat-bottomed Petri dishes, diameter 6.5 cm, to a depth of 2.5rara.

The poured Petri dishes could be kept at room temperature for about 10 days
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before drying out began. The buffer contained 0.01% w/v sodium azide to

prevent bacterial growth.

A pattern of six large holes each surrounded by six small holes, was

cut in the agar by a special template (see Fig. 8). Dilutions of antiserum

(Behringwerke) were placed in the small holes, the concentration of anti¬

serum increasing from a - f. Doubling dilutions of serum (1-4) and

urine (5,6) were placed in the larger holes. The dilutions were made up in

the 0.2M phosphate-saline buffer by a drop method using a Pasteur pipette

with an even tip. Usually one drop of the appropriate dilution was added

i:o each hole, but occasionally two or four drops were added when the urine

antigen concentration was very low.

Initially,the most suitable range of dilutions for each antiserum and

the corresponding range of dilutions for serum and urine were found by a

systematic trial. The antiserum and serum dilutions were not usually

varied,except when the potency of the antiserum altered or when the serum

had an unusually high or low antigen concentration. The urine dilutions

depended on the amount of protein in the urine and a series of dilutions was

therefore worked out for different Albustix (2.2.1) concentrations.

Reading of the results

After allowing precipitation to take place for 24-48 hourss the

antigen-antibody precipitation lines were seen as hexagons surrounding each

large hole. The plates were examined by oblique illumination against a

black background on a special viewing box. It was found that precipitin

hexagons for the smaller proteins (albumin, transferrin, Y -globulin) were

fully formed after 24 hours, but for the larger proteins (a2-macroglobulin,
P-lipoprotein) precipitation was not complete until 48 hours. If necessary,

2% acetic acid was added to enhance the precipitin lines.



Fig. 8. Estimation of urine:serum ratios by immunodiffusion.

A dried stained Ouchterlony plate

Urine:serum ratios were estimated by comparing the thickness, intensity and
position of the precipitin lines. The preparation was stained by Ponceau S.

Identification chart

Serum dilutions were placed in holes 1-4 and urine dilutions in holes 5
and 6. Antisera dilutions were placed in holes a - f, the concentration
in a being the weakest.
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A dried stained plate is shown in Fig. 8. The two precipitation

curves of fixed antibody against increasing antigen concentration, and fixed

antigen against increasing antibody concentration are superimposed. The

result is that when the precipitation lines are studied it can be seen that

the strongest serum dilution (1) tends to have optimum precipitation with

the strongest antiserum (f) and the weakest serum dilution (4) with the

weakest antisera (a, b). Hie distance of the precipitation line from the

antigen hole is also related to both antibody and antigen concentration. By

comparing the thickness, intensity and position of the precipitation lines

in relation to antibody dilution it is possible to match the serum and urine

hexagons. In this case the urine dilution 5 was weaker than serum dilution

2, and stronger than serum dilution 3. Similarly the urine dilution 6 was

weaker than serum dilution 3 and stronger than serum dilution 4. The serum

dilutions were (1) 1/128, (2) 1/256, (3) 1/512, (4) 1/1024 and the urine

dilutions were (5) 1/16, (6) 1/32. Three arithmetic interpolations were made

when the urine hexagons did not exactly match the serum hexagons. For

example the urine dilution of 1/16 equivalent to the serum dilution of between

1/256 and 1/512 xrould read as 1/320, 1/384, or 1/448 so that the urine:serum

ratio would be 1:20, 1:24 or 1:28. In this case the urine concentration was

read as mid-way between the serum hexagons on the plate, the antisera was

Y-globulin and the urine:serum ratio for "Y-globulin therefore read as 1:24.

The specificity of each batch of antisera was checked by inanuno-

electrophoresis (2.3.2) and spurs or reactions of partial identity were

never seen. In the great majority of cases the Albustix reading (2.2.1)

reflected the urinary protein concentration sufficiently accurately.



Fig., 9.
_ Correlation of different methods of determination of the

concentration factor.

The concentration factor was determined immunologically (l), by biuret
determinations (B) and by volume measurements (V). The correlation coefficient (r)
and its limits of significance (p) are also shown.

50 _

10

r = + 0.845, p < 0.001

50

10 -

50 _

10 _

r = + 0.713, p < 0.005

r = + 0.826, p < 0.001

10 50
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Occasionally, however, the urine dilutions were too weak or too strong and

the determination was repeated using more appropriate dilutions.

Calculation of urine:serum ratios

Urine:serum ratios were estimated in this way for five individual

proteins: albumin, transferrin, Y -globulin, Og-macroglobulin and (3-
lipoprotein. Table 3 gives details of all the urine and serum dilutions

used and the readings made in a typical experiment. The usual antiserum

dilutions are also given. The first three proteins were generally detected

in untreated urine,but c^-macroglobulin and p-lipoprotein were not usually
seen unless the urine was first concentrated (2.2.2), and even on concentra¬

tion p-lipoprotein was not always detected, particularly if the urinary

protein concentration was low.
protein

A volume of urine containing approx. 150 mg.jwas concentrated to
approx. 1 ml. and the concentrate was then added to the plates instead of

urine. In order to calculate urine:serum ratios for «2-macroglobulin and
P-lipoprotein the degree of concentration of the urine was estimated immuno¬

logically. Two dilutions of urine concentrate and four dilutions of untreated

urine were set up against anti-human serum. The plate was read in exactly

the same way as the others by matching the hexagons. For example, if a

concentrate is diluted by 1000 and the hexagon formed by 1 drop of this

dilution is equivalent to a hexagon formed by 1 drop of a urine dilution of

*728, the concentration factor is then 36. Figures for the concentration

factor obtained by this immunological method agreed reasonably well with

those by volume measurements and by the determination of total protein by

the Gornall biuret method (2.2.1). The correlation is shown in Fig. 9.

The concentration factor was used to convert urine concentrate:serum ratios

to urine :serum ratios.



TABLE3

Examplesofdilutionsusedandreadingsmadeintheimmunodiffusionmethodofdetermination ofselectivityofproteinuria
(a)Determinationofselectivity Plate

Antisera

Serum

Urine

Hexagons

Urine

log(10x7.log(mol.wt.

1

Albumin

1111
25651210242048

11
3264

U _SU _S 32640,641280
1 20

|

yi-cai-aiiue 100

i

3.00

4.84

2

Transferrin

1_1_1 _1_3264128256
11 24

U _SUS 248,4~96
1 24

83

2.92

4.95

3

T-Globulin

1111
1282565121024

11 24

u _sU=S
2192,4~ 384

121 96

2.32

5.18

4

t^-Macro- globulin

1111 3264128256
f<

CSS 4128,L"32
1

1440

1.4

1.15

5.92

5

P-Lipoprotein
1111 163264128
C4C

c*»■■■4ca~C160,4̂0
1

7200

0.27

0.43

6.40

I 1

6

Humanserum
DilutionofC C 2500

11 1632 1_1 64128

CU 2500=56 C=45U

I

S=serum,u=urine,c=urineconcentrate. InthissampletheurineAlbustixreadingwas300mg.7.andtheproteinuriawasofintermediateselectivitywith -k=1.68. (b)Antiseradilutions
abcde

Antiseratoallproteins
1

1

3

1

-

1

3

exceptT-Globulin

40

20

40

10

8

20

AntiT-Globulinserum

3

1

1

3

7

1

40

10

8

20

40

5
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A direct check on the concentration procedure was possible when the

urine sample contained a high concentration of a^-macroglobulin. The urine:
serum ratio for this protein could then be estimated using both untreated

and concentrated urine and the values compared. The clearance of o^-
macroglobulin calculated from the concentrated urine tended to be signifi¬

cantly lower than the value calculated from the untreated urine. However,

the mean difference from twenty pairs of observations was 12%, which was

within the reproducibility of the method. Hie coefficient of variation

calculated from the twenty pairs of observations was 18%, a figure which is

very close to the coefficient of variation of the estimation given in

Table 6.

In urine samples where no protein was detectable by AlbustiXja litre

was concentrated until a positive Albustix reading was obtained. The

volume was measured to obtain the first degree of concentration. This first

concentrate was then treated as urine and a second concentrate prepared.

Urine:serum ratios were determined as described above, using the first

concentrate, as urine, to estimate albumin, transferrin and Y-globulin and

the second concentrate to estimate a2-macroglobulin and (3-lipoprotein. Hie
second concentration factor was determined in the normal way. The urine

concentrate:serum ratios were then converted to urine:serum ratios by the

first and second concentration factors.

Calculation of selectivity

The clearances of all the proteins were expressed as a percentage of

the albumin urine:serum ratio (Table 3). In this way the relative clear¬

ances obtained from serum and urine samples of different protein concentra¬

tions could be compared. When the relative clearances of the individual

proteins are plotted against molecular weight on a log-log scale an



tabu: 4

Molecular weights of the proteins used in the determination of

selectivity of proteinuria by immunodiffusion and Immunoelectrophoresis

Protein Molecular weight Reference

Qrosomucoid 44 000 Smith et al. (1950)

ctj-Glycoprotein 54 000 Phelps and Putnam (1960)

Prealbumin 61 000 Winzler (I960)

Albumin 69 000 Phelps and Putnam (i960)

Transferrin 90 000
'

Koechlin (1952)

T -Globulin 150 000
•

Isliker (1957)

Haptoglobin 89 000 or 100 000
and dimers

Shim and Bearn (1964)

Ceruloplasrain 150 000 Winzler (i960)

Y -Globulin
1A

160 000 Fahey (1962)

aj-Lipoprotein 200 000 Schultze et al. (1957)

Fibrinogen 330 000 Scherega and Laskowski (1957)

c^-Macroglobulin 840 000 Schultze (1957)

Y ^-Globulin 1000 000 Fahey (1962)

P-Lipoprotein 2500 000 Shore (1957)



Fig. 10. Determination of selectivity of proteinuria by immunodiffusion.

Relative protein clearances determined by immunodiffusion plotted against molecular
weight on a log-log scale. The calculated slope of the line =■ k, and -k * the index

-4
Molecular weight x 10
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approximately linear relationship is found. The molecular weights of the

proteins are given in Table 4 and Fig. 10 shows some typical log-log plots.

The slope of the line is an index of the selectivity of the proteinuria. A

selective proteinuria contains a small proportion of high molecular weight

protein and the slope of the line (k) is very steio. Conversely an

unselective proteinuria contains a large proportion of high molecular

weight protein and the slope of the line is much flatter. The index of

selectivity, k, (the slope of the line) was calculated by estimating the

regression line by the method of least squares. For ease of calculation the

relative clearances of the individual proteins were multiplied by 10 or 100

before converting into logarithms, so that the albumin clearance of 100%

was 3.00 or 4.00 and the clearances of the other proteins in logarithms

were also changed accordingly (Table 3).

Errors of the method

The errors involved in estimating urine:serum ratios in this way are

high (Soothill, 1962), but the error of the determination of selectivity has

not been measured. The accuracy of the method was therefore investigated in

several ways, in an attempt to discover the factors responsible for the

large error and to estimate the overall error of selectivity measurements.

The drop dilution method is quick, convenient and requires a very

small sample, but it is not very accurate. The error was assessed by

weighing a counted number of drops. The coefficient of variation was found

to be 7.8%.

Since in some cases 2 or 4 drops of urine or urine concentrate were

added to the antigen holes a plate was set up to compare the effect of

adding a larger volume of antigen. Serum dilutions of ' 2043 and
4

were set up against anti-albumin. No detectable difference could be
4096



TABLE 5

A theoretical calculation of the errors involved in the determination
of selectivity of proteinuria

(a) Details of individual protein clearances

Typical values of clearances of individual proteins - albumin (A), transferring ),
y-globulin ( y)» a2-macroglobulin (cO» and P~lipoprotein (p) - were used to
calculate a value for the index of selectivity, -k » 1.53. S = serum, U = urine,
C = urine concentrate, CF = concentration factor.

A S Y a2 P CF

Reading
U S
256 " 1024

JL . JL
32 160

u s_
32 ~ 512

40 "fe c -f.32 C - 25U

U/S
1
4

1
5

1
16

1
256

1
800

% clearance 100 80 25 1.6 0.50
/

(b) Error introduced when urine:serum ratios were mis-read.

The error in -k was calculated when clearances of individual proteins were mis-read
by one or two steps. a

Clearance

changed
1 step

-k

—

1

% Error
Clearance

changed
2 steps

-k 7. Error

A -1 1.50 2.3 A -I 1.47 4.1

4 -h 1.55 1.4 A 1.58 2.9

8 ■? 1.51 1.5 s 1.58 2.9

8 -i 1.56 1.8 s
7

1.49 2.6

V 1Y =20 1.52 1.0 Y „ L.
12

1.55 1.2

Y « —
14

1.54 0.6
1

T =24 1.50 1.8

2.8
1

U2 " 320
1.55 1.5 °2 = 384

1.58

a2 = 224
1.52 1.1 a2 "155 1.50 2.2

8 ■ i—P 1000 1.58 3.4 9 -1200 1.63 4.1

9 " Too 1.50 2.0 9 "too 1.47 6.1

C «= 20U 1.48 3.4 C ■ 15U 1.42 7.4

C = 30U 1.57 2.7 C = 35U 1.61 5.1

A 1 o_ 1
T 700

1.47 4.0
1 a 1A =
6 P = 600

1.41 8.2

1 - 1
1.60 4.7 a 1 a - 1 1.66 8.6

!
A

3.5 P 1000
*

3 1200



TABLE 6

Experimental errors in the determination of selectivity of proteinuria

by the immunodiffusion method

Analyses were carried out either in duplicate or repetitively in order to

calculate standard deviations (SD) and coefficients of variation (CV) for the

estimations of relative clearance and selectivity. S = serum, U = urine.
'

Analysis
No. of

readings Entity Mean Range SD
CV in

logs
7.

Estimations
in duplicate

32 pairs Albumin S:U 10.5 1.75 - 80 + 2.23 21

30 pairs
-

■ I

Relative
transferrin
clearance

87 29 - 200 + 16.8 19 2.6

24 pairs Relative

Y-globulin
clearance

20 3.1 - 50 + 3.46 17 2.6

I

13 pairs Relative

a„-macroglobulin
clearance

2.1 5.2 - 0.27 + 0.356 17 6.1

12 pairs Relative

p-lipoprotein
clearance

0.76 4.0 - 0.07 + 0.109 14 8.0

10 pairs Selectivity 1.64 1.18-2.49 + 0.061 3.7

Several
estimations
on one serum

and one

urine (with
a separate
urine concen¬

trate for
each
estimation )

5 Albumin S:U 12
1

10 - 16 + 1.9 16

10 Relative
transferrin
clearance

91 83 - 100 + 7.6

.

8.4 1.4
I

10 Relative
T -globulin
clearance

22 18 - 25 + 2.5 11

10 Relative

a2-raacroglobulin
clearance

3.6 3.2 - 3.9 + 0.27 7.3 2.6
j

10 Relative
p-lipoprotein
clearance

0.46 0.36-0.56 0.052
mmm

11 7.6

! io Selectivity 1.47 1.43-1.52 + 0.028 1.9

Several
estimations
on one urine
and the

corresponding
concentrate

10 Concentration
factor

56 48-64 + 5.0 9.7

5 Concentration
factor

22 vX>CM1oCM + 2.4 11

Comparison of
random and
24 hour urine
collections

5 pairs Selectivity 1.80 1.60-2.11
!

I

+ 0.095 5.3
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seen In the hexagons. Adding more antigen at 16 hours,however, produced a

faint doubling of the precipitin lines. If an antigen was not visible,the

plate was therefore repeated using a higher concentration, rather than

adding more antigen to the first plate.

The limit of the sensitivity of the iranunodiffusion method rests at

the differentiation between arithmetic steps, e.g. *740 and *748; it was

found that further arithmetic interpolations as made by Joachim et al. (1965)

were not feasible. Since visual matching of the hexagons is not precise the

result could easily be "one step" out, i.e. the urine hexagon could be read

as */40 instead of */48. A theoretical calculation of the errors involved

was made. The results are shown in Table 5. It can be seen that reading

any one plate "one step" out results in a maximum error in the index of

selectivity of 3.47. and two steps out gives a maximum error of 7.47..

Various combinations of different readings result in errors of the same

order of magnitude.

The reproducibility of the urine:serum ratio was calculated from a

series of estimations performed in duplicate for all five proteins. The

reproducibility of the selectivity value was also calculated in the same way

from pairs of duplicate values. In addition,a series of ten estimations on

the same serum and urine samples was determined to give the reproducibility

of both the urine:serum ratios and selectivity values. A separate urine

concentration was carried out for each of the ten determinations. Ten

estimations on one urine and its corresponding urine concentrate,and five

estimations on another, also gave the reproducibility of estimation of the

concentration factor. The results are summarised in Table 6. Selectivity

values from random and 24 hour urine collections were also compared. It can

be seen that the coefficients of variation for the individual urine:serum



TABLE 7

The linear relationship between relative clearance and molecular

weight of protein on a log-log plot by immunodiffusion

The correlation coefficient ( r), its limits of significance (p) and the standard
error of estimate of the relative clearances of individual proteins (SE) were
calculated in 30 subjects, with varying degrees of proteinuria, as indicated by
the albumin serum:urine ratio (Alb S:U). The index of selectivity (-k) and the
relative clearances of the individual proteins are also given: transferrin (S),
Y -globulin (Y), a„-macroglobulin (a^) and (3-lipoprotein ((3).

Subject -k
Alb
SiU S Y a2 P r P

SE
%

1 3.92 12 86 3.7 0.008 oat 0.995 0.001 4.6
2 3.54 48 86 5.4 0.02 0.995 0.001 4.7
3 3.25 96 75 15 0.04 - 0.997 0.001 3.6
4 2.93 10 36 7.8 0.06 - 0.999 0.001 0.6
5 2.65 128 57 10 0.14 - 0.999 0,001 4.0
6 2.61 20 100 7.8 0.19 - 0.986 0.01 6.1
7 2.49 0.4 70 15 0.21 0.015 0.999 0.001 2.2
8 2.15 7 70 13 0.62 0.04 0.997 0.001 3.8
9 1.91 2 88 22 1.4 0.10 0.996 0.001 3.6
10 1.85 28 88 29 1.9 0.12 0.995 0.001 5.8
11 1.77 6 86 19 1.9 0.15 0.994 0.001 6.1
12 1.64 7 117 29 3.2 0.28 0.992 0.001 6.0
13 1.54 3 71 5.3 3.1 0.20 0.944 0.01 17.4
14 1.42 4 100 50 3.1 0.81 0.999 0.001 1.7
15 1.20 20 83 50 5.2 1.5 0.999 0.001 1.4
16 1.13 72 75 32 10 1.3 0.984 0.001 5.4
17 1.10 28 54 40 5.6 0.8 0.992 0.001 4.4
18 1.05 12 100 60 8.6 2.7 0.997 0.001 2.0
19 0.80 100 82 60 18 5.1 0.993 0.001 2.3
20 0.66 68 96 54 20 9.6 0.997 0.001 1.2
21 1.44 520 80 59 3.1 a» 0.986 0.01 4.0
22 1.03 600 83 60 17 1.5 0.965 0.01 7.3
23 0.87 400 86 74 15 4.9 0.993 0.001 2.4
24 0.79 460 80 58 14 - 0.999 0.001 0.5
25 1.45 2250 108 76 3.5 - 0.976 0.01 5.2
26 1.28 3200 72 42 4.2 - 0.999 0.001 1.0
27 1.17 2340 121 69 6.8 - 0.982 0.01 3.5
28 0.89 1790 98 68 15 4.4 0.994 0.001 2.3
29 0.78 6160 100 100 16 - 0.957 0.05 3.6
30 0.59 2560 100 84 27 13 0.994 0,001 1.5

i
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ratios range from 7 - 217., figures which agree with those of Soothill (1962).

However, when these figures are translated into logarithms the values are

much smaller (1.4 - 7.6%) and, as would be expected, the coefficient of

variation of the selectivity value is even less (1.9 - 3.7%). The error

involved when random urine collections were made, as opposed to 24 hour

collections (5.3%), was slightly higher than the reproducibility of the

method. However the random value was not systematically higher or lower and

therefore when a 24 hour collection was not available a random one was always

taken instead.

The apparent linearity of the log-log relationship was confirmed in

30 estimations of selectivity of varying values of -k and different degrees

of proteinuria. Table 7 gives details of the relative clearances of

individual proteins, selectivity (-k), the correlation coefficient, and the

standard error of estimate of the individual protein clearances. The serum:

urine albumin ratio is also given. It can be seen that during proteinuria

the correlation coefficient is highly significant and even when the serum:

urine albumin is over 1000 the correlation is still very significant. Very

occasionally a break in the line was seen, when the clearance of one protein

was exceptionally high or low, For example, in patient 13, the clearance

of Y-globulin was found on every estimation of selectivity to be low, and

the correlation coefficient was correspondingly less significant. Clearances

of transferrin were sometime# higher than the albumin clearance, but this

was not a consistent finding, and the value was rarely greater than 120%.

No immunechemical differences have been noted in specimens stored 8

days at 4°C without preservatives (Patte, Baldassaire and Loret, 1958) but

proteins, especially lipoproteins, can undergo degradation on freezing and

thawing CLindgren and Nicols, I960). Although estimations were generally



TABLE 8,

Stability of proteins by immunodiffusion after deep freezing

Estimations of the relative clearances of individual proteins - transferrin (S),
Y -globulin (^ ), a -macroglobulin (a^ and (^-lipoprotein ((3) - were carried
out before and after deep freezing for varying intervals of time. The degree
of proteinuria, as indicated by the albumin serum:urine ratio (Alb S:U) and the
index of selectivity (-k) are also given.

Sample

Estimations on fresh samples Time of

deep
freezing

Estimations after deep freezing
Alb
S:U S Y

a2 P -k
Alb
S:U S Y

a2 P -k

1 160 84 50 35 <2.2 0.40 2 weeks 224 89 70 22 <2.8 0.61

2 7 88 22 9.8 5.6 0.79 ft 6 100 38 9.6 2.8 1.00

3 5 50 42 4.9 4.6 0.88 tl 8 67 57 7.2 <0.14 0.91

4 20 89 14 2.3 0.46 1.47 »l 16 80 13 3.2 (0.4 1.37

5 1.75 156 44 1.5 0.39 1.71 II 0.875 91 23 1.4 0.19 1.78

6 0.875 88 25 0.71 0.10 1.98 II 1 100 25 0.78 0.10 1.99

7 16 80 29 15 12 0.57 3 weeks 16 50 29 ^ 17 15 0.46

8 5 84 44 2.2 1.1 1.41 it 5 71 42 3.1 - 1.40

9 12 67 50 4.1 2.4 1.09 4 weeks 8 80 50 6.7 0.26 1.56

10 24 86 1.5 0.21 1.73 ii 16 57 7.2 1.3 <0.1 1.72

11 7 70 22 0.65 0.26 1.76 •« 8 57 13 0.80 <0.09 1.84

12
.

11 6.4 4 months 34 <0.4
13 11 3.8 ii : is 2.7

14 3.3 If 1.5

15 1.0 ii 0.07

16 0.84 ii <0.04

17 0.79 0.68 iv
'

0.79 <0.09
18 0.39 6 months 0.55

19 16 66 16 7 months 24 43 19

20 8 95 7.9 9 month8 10 72 7.8

21 3 53 5.9 ii 2.5 50 3.9
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carried out within one, or at most two weeks, of collecting the specimens and

before deep freezing, occasionally an estimation required to be repeated

after storage at -20°C. The stability of the immunological activity of the

proteins was therefore examined. Repeated freezing and thawing of serum and

urine up to 10 times had no effect on the antigenicity of albumin or p-

lipoprotein. However after deep freezing for 2 weeks, p-lipoprotein was often

not detectable in the urine, and when it was detected the relative clearance

was usually reduced. Presumably storage in a dilute solution affected the

urine p-lipoprotein relatively more than the serum P-lipoprotein. The

results are shown in Table 8. When a value for the clearance of p-lipoprotein

was not obtained, the index of selectivity was calculated on the basis of

4, as opposed to 5, points; the differences were not significant. Selectiv¬

ity was only affected when the p-lipoprotein clearance was reduced, and the

value of the index of selectivity was then correspondingly raised. The

immunological activity of the other four proteins was extremely stable and

clearance values were not significantly affected after 4 months storage or

more. Therefore, with the exception of p-lipoprotein, it was considered

valid to repeat estimations after deep freezing.

In view of the fact that the index of selectivity was calculated

from only 4 or 5 points, clearances of additional proteins were studied, in

exactly the same way, namely orosomucoid, prealbumin, ceruloplasmin,

^l^-globulin, cCj-lipoprotein and fibrinogen. This was in order to see if
a change in selectivity or a greater sensitivity x*as obtained using a larger

range of proteins. The molecular weights of the proteins are given in Table

4, atid suitable antibody and antigen concentrations were worked out by a

systematic trial, as for the other proteins. The dilutions used are shown

in Table 9. Immunoelectrophoresis (2.3.2) was used to check the specificity



TABLE 9

Antisera, serum and urine dilutions used in estimating

relative clearances of six other individual proteins.

ANTISERA TO: SERUM DILUTIONS URINE DILUTIONS ANTISERA DILUTIONS

Prealbumin
111 1
8 16 32 64

2 1 JL 1 3 2 13
10 5 10 5 2 5

Orosomucoid 111-1
48 16 32

2 1 13 2 13 7
5 10 5 2 5 10

Ceruloplasmin
111 1
8 16 32 64

2 1
13 2 13 7
5 10 5 2 5 10

^..-Globulin
1A

111 1
8 16 32 64

2 1
1 13 2 13
10 5 10 5 2 5

(Xj-Lipoprotein
111 1
8 16 32 64

2 1
13 2 13 7
5 10 5 2 5 10

Fibrinogen
111 1
32 64 128 256

2c C/2 11 1 111
20 15 10 6 4 2

The urine dilutions are given for an Albustix concentration of 300 mg./i. Stronger
or weaker dilutions were used for lower or higher protein concentrations. Plasma
was used instead of serum for fibrinogen estimations.

c = urine concentrate.
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of the antisera. The anti-orosoraucoid serum was found to have two

components and some experiments were carried out using gel filtration and

neuraminidase, in order to identify the orosomucoid.

The determination of selectivity by immunodiffusion was found to be

expensive, but it was a quick method requiring only small samples of serum.

As many as six clearances could be set up per day. Although the individual

errors are high, the overall error of the method is not more than 4%.

Inaccuracy in reading the plates and diluting the specimens probably con¬

tribute equally to this error.

The selectivity of the proteinuria of all the patients in the study

was estimated at regular intervals by immunodiffusion.
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2.3,2. IMMUNOELECTROPHORESIS

Immunoelectrophoresis is a combination o£ electrophoresis and

immunodiffusion; protein is separated electrophoretically into albumin and

the globulin fractions before the antisera is added. Double diffusion of

antibody and separated antigens then takes place and numerous arcs of

precipitation can form, each arc being specific for an individual protein.

This method is only a qualitative one, but it gives a useful overall picture

of the number of different components in a mixture of proteins. Direct

comparison of serum and urine proteins can be made,and by relating the

proteins to their molecular weights (Table 4) indication of the selectivity

can be obtained. Immunoelectrophoresis was carried out on serum and urine

samples from some patients with varying degrees of protein selectivity and

with unusual excretion patterns.

A modification of the method of Scheidegger (1955) was followed, using

1KB equipment. This enabled as many as 18 immunoelectrophoretic separations

to be set up at the one time.

Special slide trays containing 6 microscope slides (7.5 x 2.5 cm.)

were placed on a levelling table. Agar, 20 ml. of 1,57. w/v, in 0.05 M

barbitone buffer pK 8.6, was poured on to each slide tray and the agar was

allowed to cool. The slide tray was transferred to a moist chamber for

18 - 24 hours. A template was then used to cut sample application holes and

an antisera trough in the gel; the samples were applied and the slide tray

was placed in position for electrophoresis. The electrode compartments

contained 0.1 M barbitone buffer pH 8.6; connection to the gel was made by

chamois leather wicks soaked in 0.05 M buffer. A current of 7.5 mA/slide

was passed for 1.5-2 hours, after which the antisera (Behringwerke or

Hyland) was applied to the troughs and the slide trays returned to the



TABUS 10.

Stains used in Immunoelectrophoresis

Stain Specificity |Reference

Ponceau S All proteins Smith (1960)

AmitioSchwartz All proteins Smith (1960)

Sudan black in
ethanol

Lipoproteins Swahn (1960)

O-dianisidine in
acetate buffer +

hydrogen peroxide
Haptoglobin Smith (1960)

H " """

P-phenylene diamine
in acetate buffer

Ceruloplasmin Uriel (1964)

Periodic acid +

o( rvo-phtkol and
p-phenylene diamine +
hydrogen peroxide
L

Glycoproteins Uriel (1964)



Fig. 11, Identification of individual proteins by Immunoelectrophoresis.
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moist chamber for 48 hours. Excess protein was removed by washing with

0.97. w/v NaCl, for 48 hours, the saline being changed at 24 hours. Strips

of filter paper were then placed on the surface of the agar to absorb the

salt and the preparation was dried. The filter paper was easily removed

after soaking with water, and the slides were stained and viewed on a

photographic enlarger. The different stains used are detailed in Table 10.

The serum and urine protein separations for selectivity studies were

generally reacted against anti-human serum (Hyland), when numerous precipitin

arcs were seen. The individual proteins were identified by means of

specific antisera (Behringwerke) or special stains or by comparison with

separations described in the literature (Peetoom, 1963; Grabar and Burtin,

1964). Fig. 11 demonstrates examples of the identification of some of the

individual proteins. Serum was reacted immunoelectrophoretically against

(1) anti-albumin, (2) anti-Y , -globulin, (3) anti-human serum and1A

(4) anti-human serum. Preparations 1-3 were stained with Ponceau S,

preparation 4 was stained for haptoglobin and lipoprotein. By comparison

of slide 3 with all the other slides it was possible to identify in the

mixture of serum proteins the precipitin arcs of the 4 individual proteins

(albumin, "V^-globulin, haptoglobin, p-lipoprotein).
The urine was concentrated (2.2.2) before immunoelectrophoresis, to

contain a minimum of 5 g.% protein. Effluents from column chromatography

(2.3.3) which were examined immunoelectrophoretically were also first

concentrated.

In addition to using the specific antisera to identify the precipitin

arcs, the specificity of the antisera used in the immunodiffusion studies

(2.3.1) was checked by immunoelectrophoresis.
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2.3.3. GEL FILTRATION

Gel filtration has been increasingly used since its introduction in

1959j and is now accepted as the most convenient and satisfactory method

for fractionation according to molecular size. Sephadex is a cross-blinked

dextran, which in water forms a swollen gel with molecular sieving prop¬

erties. Large molecules are excluded from the body of the gel and smaller

molecules are partially or completely retained within the gel particles

according to their molecular size. If a mixture of components is subjected

to column chromatography on Sephadex the elution volume of each component

is therefore in an inverse relationship to molecular radius. The theory

and applications of gel filtration are reviewed by Flodin (1962), Ackers

(1964), Laurent and Killander (1964) and Squire (1964).

The relationship of elution volume (or tube number) and logarithm

of molecular weight on Sephadex G 200 is approximately linear over the

molecular weight range 20,000 - 600,000 (Andrews, 1965). By comparing urine

and serum protein concentrations within this molecular weight range, for

corresponding tube numbers, relative renal clearance of protein in relation

to molecular weight, and hence selectivity, can be calculated.

Details of the method

The method of determination of selectivity of proteinuria by gel

filtration was an adaptation of that of Hardwicke (1965). Tito columns were

employed, one 100 x 2 cm., ihe other 60 x 2 cm. The Sephadex G 200 was

soaked in distilled water, with added toluene as an antibacterial agent,

for at least one month, since prolonged swelling has been shown to extend

separation towards the high molecular weight range (Andrews, 1965). The

fines were then exhaustively removed by decantation. The gel was given a

final washing with a tris buffer (0.1 M tris + 0,1 M NaCl, pH 8.0, with 0.01%
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w/v sodium aside to prevent bacterial growth). The column was then packed

and operated at a pressure head of 5 - 25 cm., with the tris buffer as ^

eluant.

It was found that a newly packed column would give good flow rates

of up to 15 ml. per hour at a pressure head of 5 cm.. Over a period of

weeks the gel packed more tightly and the pressure head required to be

increased to maintain a good flow. A satisfactory column could be operated

for about six weeks before it needed repacking. The separation of proteins

was found to be less satisfactory with Sephadex that had been used for more

than 4 to 6 months. When the degree of separation deteriorated the

Sephadex was discarded and a new batch was used.

An aliquot of serum (0.5 - 2 mi.) and subsequently a similar volume

of the corresponding urine, concentrated to contain approximately the same

amount of protein, was applied to the column. Application was made by

layering the sample under the buffer, immediately above the Sephadex.

Constant volume aliquots of eluant were obtained using siphons of 3 ml.

capacity for the larger column, and 2 ml. for the smaller, in conjunction

with an LKB fraction collector.

Serum is separated into three peaks. The first peak eluted contains

material of sedimentation constant 19S, with some 11S; the second peak

contains 7S material and the third peak contains 4S material (Killander and

Flodin, 1962). Urine is similarly separated,although the distribution is

different. The different fractions were examined by immunoelectrophoresis,

to identify the serum and urine proteins contained in each peak. A small

peakjWith extinction at 280 mil and eluting long after the protein,is found

on gel filtration of serum. A much larger peak, eluting at about the same

point is found on gel filtration of urine (Fig. 12). The urine peak is



Fig.12.Gelfiltrationofserum,proteinuricurine,and0.58Mprecipitate. ProteinsareseparatedintothreepeaksbySephadexG200;peak1contains19Smaterial,peak27Sandpeak34S. ••normalserum,1.0ml.fl ooproteinuricurine,1.0ml. aproteinuricurineafterdialysis,1.0ml. ■0.58Mppt.,approx.10mg.
3

9\
Tubenumber(2ml.fractions).



largely removed by dialysis, but in order to remove all low molecular weight

substances which might give extinction readings at 280 m/I the column was

washed with at least two elution volumes of buffer between samples and

the effluent was then checked at 280 m/i.

Concentration of the urine was achieved by the use of PEG (2.2.2).

The urine concentrate was dialysed against distilled water for 24 hours,

brought to 0.58 M by the addition of 3.5 M NaCl, dialysed against 0.58 M NaCi

and then centrifuged before being applied to the column. This adjustment

of tonicity precipitates Tamm-Horsfall protein, a high molecular wight

urinary tract protein comprising about 70"Z of the total urinary tract

proteins (Maxfield, 1961). The 0.58 M precipitate was dissolved in alkaline

distilled water and subject ;d to gel filtration when it was found to elute

with the 19S material (Fig. 12).

The dialysis and centrifugation subsequent to concentration are

important, as some polyethylene glycol is known to cross the dialysis

membrane and could theoretically affect the protein estimations of the

column effluents. This problem has already been discussed (2.2.2). In

order to assess any affect of counter-dialysed polyethylene glycol on the

accuracy of the results some of the urines were also concentrated by pres¬

sure ultrafiltration (2.2.2). The protein concentrations of the effluent

fractions from the column were determined by reading the extinction at 280

m/i or by a modified Folin-3iocalteau method using an AutoAnalyzer (2.2.1).

Calculation of selectivity

Tine protein concentrations of the serum eluates and the corresponding

urine eluates were plotted against tube numbers. The urine:serum ratio

for each tube number was calculated and (for ease of subsequent calculation)

multiplied by 100. The logarithm of



Fig.13.Determinationofselectivityofproteinuriabygelfiltration. Typicalserum(S)andurine(U)proteinseparationsonSephadexG200andplotsoflog100^/Sagainstthetube number.Theindexofselectivity(A)isthetotalchangeinrelativeclearanceofproteinoverafixedmolecular weightrange.
Tubenumber(2ml.fractions)Tubenumber(2ral.fractions)
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100 x urine concentration (U)

serum concentration (S)

was then plotted against tube number. Since protein separation on

Sephadex is proportional to molecular weight, the resulting graph showed

relative clearance of protein against molecular weight on a log-log scale.

The relationship was approximately linear over the range of effective

protein separation on G 200. The slope of the line was steep when the

proteinuria was selective, and much flatter when the proteinuria was un-

selective.

Using the method of least squares the slope of the regression line

relating 100 /S to tube number was calculated, using the points lying

between the first and third serum protein peaks, as G 200 is known to resolve

well within this area (Andrews, 1965). In order to obtain an index of

selectivity which was independent of column size and volume of effluent

fractions the total change in 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. Fig. 13 shows typical senna and urine

separations on G 200, the plots of log10 100U/S against tube number and
values of A. It can be seen that serum as well as urine patterns can show

great variation and gel filtration can often give valuable information about

a patient's serum protein distribution.

Errors of the method

The accuracy and possible errors of the method were investigated in

several ways.

Recovery of protein in five experiments ranged from 101 - 105% with

a mean of 102.6%. The index of selectivity (A) was determined five times



TABLE 11.

The linear relationship between relative clearance and molecular

weight of protein on a log-log plot by gel filtration

The correlation coefficient (r), its limits of significance (p) and the
standard error of estimate of log 100 urine/serum (SE) were estimated in 18
subjects with varying values of the index of selectivity (A). Proteinuria
was over 1 g./day in 12 subjects and under 1 g./day in 6 subjects.

Proteinuria over 1 g./day

Subject A r P SE
*

1 2.51 0.975 0.001 12.3

2 2.29 0.968 II 9.4

3 1.92 0.995 II 2.9

4 1.84 0.973 II 8.6

5 1.66 0.978 II 4.4

6 1.43 0.973 II 4.5

7 1.32 0.992 II 5.1

8 1.20 0.979 II 4.7

9 1.08 0.997 II 2.4

10 1.02 0.924 •1 7.3

11 0.95 0.995 II 2.5

12 0.89 0.991 It 1.6

Proteinuria under 1 g./day
1 1.70 0.976 II 6.3

2 1.15 0.991 If 2.9

3 0.93 0.968 II 4.1

4 0.64 0.766 II 12.1

5 0.54 0.857 II 7.2

6 0.39 0.888
i

II 3.1



Fig.14.Variationofgelfiltrationelutionpatterns. Normalserum(0.5ml.)onSephadexG200.
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on one serum and the corresponding urine in order to determine the

reproducibility of the estimation. Five aliquots of serum and five aliquots

of urine were passed through the column and these five pairs of separations

were used to calculate A. Values ranged from 1.15 to 1.30, mean » 1*22,

S.D. + 0.07, coefficient of variation 5.87.. A series of sixteen duplicate

determinations of A gave a coefficient of variation of 6.9%.
U

The apparent linear relationship of 1°8^q 1°° /s and tube no. was
found in 18 experiments to have highly significant correlation coefficients.

The results are shown in Table 11 which also gives the standard error of

estimate of the values of 100 /S. The correlation is less significant

in cases where the total urine protein was under 1 g./day.

The elution pattern Tom a Sephadex G 200 column was found to change

with time (Fig. 14), particularly when a column was newly packed. There was,

however, practically no change between successive runs. Since a urine cor-

centrate was nearly always run immediately after the corresponding serum,

changes in column characteristics did not contribute appreciably to errors

in the estimation of A. As a rule, the tubes of serum eluate could be

aligned jith the corresponding tubes of urine eluate on the basis of the

tube number. Correct alignment was indicated by the fact that the first urine

protein peak 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; this was probably due to irregular emptying of the siphon.

The urine tubes were then renumbered to make the first urine peak coincide

with the first serum peak. With patients who had a very selective protein¬

uria this adjustment could not easily be made, as the amount of urinary

protein in the early tubes was small and a definite first peak was not

always detected. Because of this occasional difficulty in matching the



TABUS 12.

Effect on protein selectivity of shifting urine elution

patterns

Values of selectivity (A) calculated from elution patterns in which
the 1st peaks of serum and urine are at the same tube number compared with
values calculated when the urine plot is shifted 1 or 2 tubes to the left*
This shift tends to make the 3rd peaks of serum and urine coincide. A is
changed by similar amounts but to lower values when the urine plot is shifted
to the right*

Peak 1

Matching
1 tube
moved

% error 2 tubes
moved

7, error

0.68 0.72 5.9 0.75 10.0

0.86 0.92 7.3 0.95 10.0

1.01 1.14 13.0 1.21 20.0

1.26 1.34 2.6 1.40 3.3

1.52 1.56 3.5 1.57 8.2

1.71 1.77 3.1 1.85 6.7

1.92 1.98 6.3 2.05

1
11.0
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effluent patterns, it seemed important to estimate the errors involved when

selectivity was calculated from deliberately misplaced plots. Table 12

gives values of A over a range of selectivity, calculated from plots shifted

by one tube and by two tubes. An alignment error of + one tube varies the

calculated A by a mean of 67., which is of the order of magnitude of the

overall reproducibility of the method; an error of two tubes varies it by

a mean of 10%.

Lining up of the serum and urine patterns on the basis of the third

protein peak is not a sound procedure. Because of the relatively high

clearance of low molecular weight protein, the urine generally contains a

relatively large proportion of proteins with a molecular weight less than

that of albumin (69,000), whereas these small molecular weight proteins

constitute a very snail proportion of the serum protein. The composition

and average molecular weight of the proteins eluted in the third urine peak

are therefore different from those of the third serum peak, and the urine

peak is usually eluted two or three tubes after the serum peak.

Nephrotic sera tend to be lipaemic and occasionally the elution of

large amounts of lipid into the early tubes of serum eluate gave a

spuriously high first protein peak at 280 mfl which was due to turbidity.

This difficulty could often be alleviated by obtaining fasting blood. When

the serum eluate was turbid, however, reading the protein by the Folin-

Ciocalteau method rather than at 280 mfl gave more accurate values for the

protein concentrations.

Although the amount of urinary protein applied to the column was

generally similar to the amount of serum protein, occasionally too much or

too little urinary protein was mistakenly added. To investigate the error

involved, a series of selectivity values were calculated from experiments



Fig.15.Effectonselectivityofoverloadingandunderloadingthecolumnwithurineprotein. Tubenumber(2ml.fractions)



TABLE 13

Stability of proteins by gel filtration after deep freezing

Indices of selectivity (A) were determined before and after deep freezing for
varying time intervals.

Specimen Initial A
Time of

deep freezing
Repeat A 7, error

1 1.92 4 months 3.32 73

2 1.02 2 months 1.13 11

3 1.61 6 weeks 1.62 0.7

3 1.61 3 months 2.20 37



TABLE14,

Selectivityvaluesestimatedbygelfiltrationusingdifferentmethodsofestimationandconcentrationofprotein Comparisonofvaluesofselectivity(A)obtainedwhentheurineisconcentratedbypolyethylene glycol(PEG)andultrafiltration(UF)andwhentheeffluentproteinsareestimatedbyreading theextinctionat280m/iorbyamodifiedlolinreaction.
Subject

APEG

AUF

Mean

Mean UF

Difference (PEG-UF)

% Difference (PEG-UF)

280mfi

Folin

Difference (280m/V Folin)

% Difference (280m/4- Folin)

280m/i

Folin

Difference (280mfM- Folin)

% Difference (280mfJt- Folin)

PEG
■

1

1.22

1.35

+0.13

+10.7

2

1.05

1.16

+0.11

+10.7

3

2.00

2.16

+0.16

+8.0

4

1.34

1.29

-0.05

-3.7

5

0.99

1.15

+0.16

+16.2

6

0.80

0.86

+0.06

+7.5

0.77

0.81

+0.04

+5.2

0.83

0.79

-0.04

-4.8

7

1.05

1.16

+O.H

+10.5

0.95

0.97

+0.02

+2.1

1.10

0.96

-0.14

-12.7

8

1.34

1.35

+0.01

+0.7

1.47

1.53

+0.06

+4.1

1.35

1.50

+0.15

+11.1

9

1.92

2.16

+0.24

+12.5

2.07

2.27

+0.20

+9.7

2.04

2.17

+0.13

+6.4

10

2.08

2.04

-0.04

-1.9

2.31

2.07

-0.24

-10.4

2.06

2.19

+0.13

+6.3

Mean

1.42

1.50

+O.10

+6.1

1.43

1.47

+0.04

+4.5

1.48

1.52

+0.05

+1.3
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where the column was deliberately overloaded and underloaded. The results

are shown in Fig. 15. Both overloading and underloading gave a variation

in A of 5.1%, a value which is within the reproducibility of the method.

The stability of the molecular size distribution of serum and urinary

proteins after deep freezing was tested by estimating selectivities before

and after storage at -20°C. The results are shown in Table 13. Selectivity

values are affected after storage of six weeks. As might be predicted, the

selectivity ind x changed towards higher values, presumably due to degrada¬

tion of he high molecular weight urinary proteins, especially the

lipoproteins (Lindgren and Nicols, 1960). Degradation is more significant

in dilute solutions and urine will therefore be more affected than serum.

Estimations of selectivity were generally carried out within one, or at the

most two weeks,of collecting the specimens; however,on the few occasions when

a column was not immediately available the samples were stored at -20°C
before gel filtration,for a maximum period of one month.

Selectivities calculated on the basis of measurement of protein at

280 mJLt were compared with those calculated on the basis of measurement of

protein by the modified Folin-Ciocalteau reaction. Selectivities estimated

when the urine protein was concentrated by PEG and ultrafiltration were

also compared. The results are shown in Table 14. Measurement of protein

by the Folin-Ciocalteau reaction tended to give consistently higher values

of selectivity than those obtained when the effluent protein was estimated

at 280 m/i. The mean overall difference,however,was 5.3%, an amount compar¬

able to the reproducibility of the method. Although the use of PEG 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 concentration methods was only 1.3%
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The coefficient of variation of the gel filtration method of estima¬

ting the selectivity of proteinuria (7%) was somewhat higher than that of

the immunodiffusion method (4%), but gel filtration was found to be

technically simpler, and less expensive. However,it was not suitable for

numerous estimations, since a single determination, using one column, took

about 48 hours. For this reason gel filtration was not performed in every

case,but about 357. of the patients studied had one estimation of selectivity

carried out by this method.



TABLE15.

Somepropertiesoftheenzymesstudied
Enzyme

Principal sources

Molecular weight

Stability

Inhibitors

References

Amylase

Pancreas Alsoinsaliva, urine,faeces, blood.

45,000

Atleast
1weekat R.T.or4°C. •

Noknown inhibitors inurine.

Abderhalden(1961) Saxonetal.(1957)

Pepsin(ogen)
Gastricmucosa Alsoinblood, urine,CSF.

48,000 activatedto 34,000

FewdaysatR.T. 2weeksat4°C 3weeksat-10°C.
Noinhibitors foundinurine.
Wilkinson(1962) Mirskyetal.(1948) Edwards,Jepson&Wood (1962)

ID

Mostbodytissues, includingthe kidneyandblood.
136,000

1

Stableinfrozen fluids,unstable
inaqueoussoIn.

Dialysable inhibitorin urine.

Wilkinson(1962) Abderhalden(1961) Apella&Markert(1961)

GOT

Mostbodytissues includingthe kidneyandblood.
. 110,000

o

3weeksat4C.
?inhibitor in urine.

Dixon&Webb(1964) Wilkinson(1962)
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2.3.3. ENZYMES

Many enzymes thought to be primarily of serum origin occur in the

urine, and in renal disease the urinary concentration is often raised (Kemp

& Laursen, 1960; Coltori et al., 1963; Szasz et al.t 1965). In view of the

relationship, in renal disease, between clearance of protein and molecular

weight it was decided to investigate the clearance of some serum enzymes

of known molecular weight, and to compare the results of the enzyme studies

with those of he other proteins.

he serum enzymes were briefly surveyed. Some have awkward assay

methods, the molecular weight: of others is not known, and some are known

to exist in a different molecular form in the urine. Finally four enzymes

which did not possess any of these features were chosen. Two are known to

be also present in renal tissue, lactic dehydrogenase and glutamic oxaloa¬

cetic transaminase, and two are thought to be absent from renal tissue,

amylase and pepsinogen. The sources and molecular weights and other

relevant details are shown in Table 15. It was hoped that a comparison of

the clearances of enzymes present and absent in renal tissue might reveal

any contribution of the kidney to the urinary concentration of the enzyme.

The enzyme concentrations in sera and corresponding urine were

estimated,in most cases within 24 hours,and in all cases within 48 hours,of

collecting the specimens. Sodium azide had no effect on any of the enzyme

assays. Clearances were calculated in order to compare the values found

with those predicted from selectivity data. Extinction measurements were

made in an SP 500 or an SP 600 Unicam spectrophotometer.

Amylase

There are numerous methods of measuring amylase,and all have certain

disadvantages. A modification of the method of Van Loon (Caraway, I960)
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was chosen for its speed and convenience. The coefficient of variation,

although large, was found to be comparable to the coefficients of

variation involved in estimating individual protein clearances by immuno¬

diffusion.

Starch was incubated with serum or urine and iodine was then added.

The intensity of the blue starch-iodine colour was compared to that of a

control at 660 m/LA. A calibration curve, using a serum with a high amylase

content, showed linearity when the starch substrate was in excess. The

units of amylase/100 ml. were defined as

extinction (control-test) x qqq

extinction control

The reproducibility of the method was investigated by estimating a serum and

corresponding urine amylase 5 times each. The coefficient of variation for

the serum estimation was 13%, for the urine estimation it was 9% and for

the urine:serum ratio it was 22%. Since the coefficient of variation of

the method was so high,all the amylase assays were performed in duplicate.

No significant difference in amylase value could be detected in dialysed and

untreated urines.

Pepsinogen

Pepsinogen was assayed as pepsin by modifications of the methods of

Hunt (1948) and Edwards, Jepson and Wood (1962). The samples of plasma

and urine were incubated at pH 2.0 with a human plasma substrate for 24

hours. Incubation was stopped by trichloracetic acid,and after centrifuga-

tion Folin-Ciocalteau reagent was added to the supernatant. The intensity

of the blue colour was read at 680 m/l, 25 - 35 minutes after mixing the

reagents. Two controls were used to estimate (1) the amount of "tyrosine-

like" compounds present prior to incubation and (2) the amount of
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"tyrosine-like" compounds formed by incubation of the plasma substrate

alone. The amount of "tyrosine-like" compounds formed by incubation of

the plasma or urine alone was found by subtraction. Calibration is gener¬

ally by a phenol standard in conjunction with a dilution curve or by a

series of tyrosine standards. Both methods were ised although neither was

found to be ideal. The phenol standard colour was appreciably less stable

than the sample or tyrosine standard colour. The gastric juice dilution

curve was not very satisfactory and the tyrosine standards, although linear,

were not related to the peptic activity curve.

The reproducibility of the method was investigated by estimating a

plasma and corresponding urine pepsin 5 times each. The coefficient of

variation for the plasma estimation was 3.67., for the urine estimation was

8.37. and for the urine:plasma ratio was 5.6%.

Lactic dehydrogenase

Lactic dehydrogenase (ID) was estimated by the method of Wroblewski

and La Due (1955). Serum or urine was incubated with NAD'I^ and pyri /ate
in phosphate buffer pH 7.5 and the rate of formation of NAD followed at

340 m/J, The unit of ID is defined as an extinction change of 0.001 per

minute. All the urine samples were dialysed for a minimum period of two

hours before the assay.

The reproducibility of the method was investigated by estimating a

serum and corresponding urine ID 5 times each. The coefficient of varia¬

tion for the serum estimation was 3.2%, for the urine estimation was 7.7%

and for the urine:serum ratio was 10.3%.

Glutamic oxaloacetic transaminase

Glutamic oxaloacetic transaminase, aspartate aminotransferase,(GOT)

was estimated by the method of Karmen (1955). Aspartic acid and
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a-ketoglutaric acid were incubated with serum or urine, NADH2 and malic
dehydrogenase.

The rate of formation of NAD was followed at 340 m/A. The unit of

GOT is defined as a change in extinction of 0.001 per min.

The reproducibility of the method was investigated by estimating a

serum and corresponding urine GOT 5 times each. The coefficient of varia¬

tion for the serum estimation was 2.3%, for the urine estimation was 8.2%

and for the urine:serum ratio was 7.8%. No significant difference in GOT

values could be detected between dlalysed and untreated urine.
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2.4. SELECTIVITY STUDIES USING EXOGENOUS MACRQMOLECULES

If selectivity can be assumed to be an estimate of renal permeability

in terms of molecular weight,it becomes of great interest to know hot/ far

selectivity reflects glomerular permeability and to what extent tubular

reabsorption plays a part. These studies using exogenous macromolecules

were designed to investigate the relationship between selectivity and

glomerular, as opposed to overall renal, perm ability.

In renal disease, tubular reabsorption of protein is thought to be

non-specific, so that the protein distribution in the glomerular filtrate

is the same as that in the urine. This concept was demonstrated by albumin

Infusion experiments; on changing the serum protein distribution the renal

clearance of all the proteins changed accordingly (Hardwicke and Squire,

1955). The protein patterns were studied by filter paper electrophoresis;

more precise methods have not been used to study tubular reabsorption.

Immunodiffusion was therefore used to study selectivity before, during and

after infusion of exogenous albumin, in order to reassess the pattern of

tubular reabsorption of protein and the possible effects of reabsorption on

selectivity.

An alternative approach to the problem was made by studying the renal

permeability of a substance which is not reabsorbed by the tubules. In this

case selectivity should be a direct reflection of glomerular permeability.

Dextran was chosen,because it is readily available in a form for intravenous

injection of suitable molecular weight range, because there are sufficiently

sensitive chemical methods of estimation,and because there is almost certainly

no tubular reabsorption (Wallenius, 1954).
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2.4.1. ALBUMIN

Infusions of albumin were given in some cases of gross proteinuria,

generally as part of the therapy, and accompanying selectivity studies were

carried out. One case of acute ischaemic renal failure was studied in this

way, in view of the doubt about glomerular and tubular handling of protein

in this condition.

A control specimen of urine was collected prior to the infusion and

a corresponding blood specimen was taken. The patient was then catheterized,

the bladder emptied by injection of air and an intravenous infusion of

50 - 100 gm. of albumin commenced. The infusion period lasted between one

and two hours. Both during and after the infusion,urine was collected over

carefully timed intervals and corresponding blood specimens were taken. The

catheter remained in situ during all the collection periods.

Salt-poor human albumin dissolved in sterile, pyrogen free, distilled

water was used. Immunoelectrophoresis of the albumin demonstrated only

albumin and one faint a^-globulin arc. Gel filtration however showed the
presence of a small proportion of 7S material, which was thought to be due

to dimers of albumin; dimerization has been reported to occur in freeze - dried

material. (Halwer, Nutting and Brice, 1951; Christiansen, Jenson and

Marcker, 1957). An even smaller proportion of 19S material was found, poss¬

ibly due to formation of trimers. Since the proportion of high molecular

weight albumin was small, and since the equilibrium in vivo is unknown, no

attempt was made to take this heterogeneity into account.

Selectivity values were estimated from all the urine samples and

corresponding sera by immunodiffusion (2.3.1). In addition the total urine

protein (2.2.1), total serum protein and concentration of different fractions

(2.1) and creatinine clearance (2.1) were estimated.



Fig. 16. Gel filtration of Dextraven and Rheomacrodex

♦

Tube number (2 ml. fractions)
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2,4.2. DEXTRA!?

Dextran selectivity was studied in selective and unselective patients

with various forms of renal disease in order to compare the results with

those of the protein studies. In normal subjects and patients with traces

of protein in the urine tubular reabsorption of protein is below or only

just about the maximum capacity. The contribution to the total urina y

protein of degraded protein fragments and proteins from sources other than

the serum may be considerable. Dextran studies were therefore of particular

interest in this group, in viex* of the more doubtful interpretation of the

protein studies.

Administration of dextran and collection of specimens

Several dextran preparations commercially available were fotmd to

be suitable for selectivity studies. A 2:1 mixture of "Dextraven" or

"Intradex": "Rheomacrodex" or "Intraflodex" was found to have a molecular

weight distribution covering the same range as that of the serum proteins

(Fig. 16).

The 2:1 dextran mixture was administered intravenously. In some

cases very carefully controlled experiments were carried out. The patient

was first catheterized and the bladder was emptied by injection of air.

Dextran (22 - 33 g.) was then infused over a 20 min. period and a series of

carefully timed urine collections were commenced. Blood specimens were

taken at the beginning and end of each collection period, during which time

the catheter remained in situ. Four such experiments were carried out in

order to study any changes In dextran selectivity over a period of time and

to assess the effect on selectivity of changing plasma concentrations of

dextran. In the remaining cases the patient was asked to empty his bladder,

a single injection of dextran (4 - 11 g.) was given and after 10 - 20 minutes,
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the patient was asked to empty his bladder again. In two cases a blood

specimen was taken at the mid-point of the collection period. This simple

test was in many cases successfully carried out on out-patients.

Estimation of Dextran

Dextran was estimated by the method of Dubois et al. (1956). This

method was chosen in preference to the anthrone method (Scrapie, 1957)

which has a similar sensitivity, because of the indefinite stability of the

reagents. Phenol solution, 2 ml. of a 5% w/v, was added to 1 ml. of sample

in a boiling tube and 5 ml. of concentrated was added to the mixture.

In order to ensure rapid anc even mixing, the acid was added by means of a

"Zippette", the delivery tip baing shielded to avoid splashing. The

boiling tube was held by tongs while adding the acid. When the tubes were

cool the extinction was read in a Unicam SP 600 spectrophotometer at 490 ra}l

against an appropriate blank, which was prepared by adding the phenol and

acid to 1 ml. of distilled water or 1 ml. of the 0.2 M tris saline buffer,

PH 8.0, which was used for the column chromatography.

The method was found to a sensitive, reproducible and convenient.

Dilutions of Rheomacrodex (10 g.%) were used to make a calibration curve,

which was linear over the approximate range 0-20 mg.% w/v. Accurate

calibration was not essential, since absolute values of dextran were not

required. Tea estimations on a single sample gave the mean extinction

reading as 0.580, range 0.561 - 0.598, S.D. + 0.009 and coefficient of

variation 1.5%. The colour developed was stable up to 24 hr. and did not

change appreciably over 12 days.

Gel filtration of dextran

Gel filtration, as described earlier (2.2.3), was used to study the

molecular weight distribution of the serum and urine dextrans. It has been



Fig. 17, Gel filtration of protein and carbohydrate in urine and serum.
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demonstrated that Sephadex separates dextrans, like proteins, on a molecular

weight basis (Granath and Flodin, 1961) and presumably the same relationship

of elution volume and logarithm of molecular weight applies. In the major¬

ity of the single injection experiments a blood specimen was not taken and

the urine dextran was compared, by gel filtration, to the injection mixture.

The urinary concentration of dextran was first estimated, as described above,

generally after appropriate dilution of the sample and protein precipitation

by 107. w/v Trichloracetic acid, as urine can contain appreciable amounts

of protein-bound carbohydrate (Kao et al.,1965). No attempt was made to

remove glucose and other sugars, however, so that only an approximate

estimation of dextran was obtained. In some cases the urine dextran

required to be concentrated before application to the Sephadex column.

Concentration was carried out by PEG (2.2.2) and although PEG counter-

dialyses it was found to have no effect on the method of estimation of

dextran.

The protein-bound carbohydrate present in serum a :d urine raples

(Laurent, 1958) was precipitated by appropriate volumes of 107. or 30% w/v

trichloracetic acid, immediately before gel filtration. Fig. 17 shows the

amounts of carbohydrate in column effluents from serum and from proteinuric

and normal urine samples which contained no dextran. The carbohydrate in

serum and proteinuric urine, which eluted over the protein range, is
%

presumably glycoprotein and this was removed by trichloracetic acid. The

carbohydrate eluting much later from serum and both normal and proteinuric

urine at a single terminal peak was not affected by trichloracetic acid.

This component was probably glucose. Normal urine can contain up to

15 mg./lOO ml. glucose,and urine from patients with renal disease up to

90 mg./lOO ml. (Fine, 1965). A similar peak was eluted on gel filtration



18.Theeffectoftrichloraceticacidondextran. A2:1mixtureofDextraven:Rheomacrodex,approx.5mg. 40

Tubenumber(2ml.fractions)
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of the injection mixture. It was therefore necessary to wash the column

with at least two elution volumes of buffer between successive runs.

Trichloracetic acid had no effect on the dextran injection mixture (Fig. 18)

and there was therefore no reason to suppose it would affect the dextran

in serum and urine.

Samples containing 5-10 mg. dextran were applied to the Se hadex

column. Urine and the corresponding serum or injection mixture were run

successively. After every second or third dextran separation a normal serum

was run as a marker to check the protein separation pattern of the column.

This was necessary as calculations of dextran selectivity were made over

the protein range, and the serum or injection mixture had a first peak,

but no terminal peak and the urine dextran had only a terminal peak, which

was eluted after the third protein peak. The normal serum marker was also

essential for lining up the dextran elution patterns, as any change in

column separation could not otherwise be detected.

The dextran in the column effluents was estimated. Occasionally a

few tubes contained dextran concentrations of over 20 mg.7. and the estima¬

tion was repeated, using a diluted sample and multiplying the result

accordingly. It was found that several effects could give spuriously high

dextran values, in particular a faint trace of Sephadex washing from the

column into the effluent fractions introduced large errors. In addition,

tubes which were not scrupulously clean, tubes which had been dried with

acetone, and buffer with any bacterial contamination could also give high

readings. Great care was taken to eliminate these effects and a constant

check was kept on the column blank and buffer blank.

Calculation of dextran selectivity

The dextran index of selectivity was calculated in exactly the same



Fig.19.Determinationofdextranselectivity. a.Highdextranselectivity
4060 Tubenumber(2ml.fractions)
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way as the protein index of selectivity (2.3.3). Urine:serum dextran

ratios were calculated for tubes between the first and third protein peaks.

The logarithm of 100 urine dextran concentration (U) was plotted against
serten dextran concentration (S)

tube number,when an approximately linear relationship was found. The slope

of the regression line was calculated by the method of least squares. The

dextran index of selectivity (D) was taken as the total change in

100 U/s be -sen the first and third peaks. This index, D, is directly com¬

parable to the protein index,A.

Fig. 19 shows typical urine and serian elution patterns and the linear

relationship of log 100 ^/s to tube number. The molecular weight range of

the injected dextran,and hence the excreted dextran, extended to much

lower values than that of the serum proteins. It was therefore possible

to investigate the relative renal clearance of daxtran at lower molecular

weights and to compare values with those of the creatinine clearance,

providing the urine had not been concentrated prior to gel filtr on. In

addition to estimating dextran selectivity, total urine protein excretion,

creatinine clearance and protein selectivity (both -k and A) were deter¬

mined for every subject.

Errors of the method

The accuracy ane possible sources of error were investigated in

several ways.

A series of twelve duplicate determinations of D gave a coefficient

of variation of 9.1%. This value is slightly higher than that of the

protein index,A,and is probably due, in part, to the ease with which

spuriously high dextran readings are obtained,and in part to the difficulty

of aligning urine and serum plots. In addition, application to the column



TABLE 16.

Effect on dextran selectivity of shifting urine elutiori patterns

Values of selectivity (D) calculated from matching elution patterns com¬
pared with values calculated when the urine plot is shifted two tubes to
the right or left.

D 2 tubes to R % error 2 tubes to L % error

2.67 2.80 + 4.9 2.72 + 1.9

2.46 2.29 - 6.9 2.51 + 2.0

1.84 1.96 + 6.5 1.71 - 7.1

1.75 1.92 + 9.7 1.50 -14.0

1.36 1.61 +11.0 1.32 - 2.9



TABLE 17.

The linear relationship between relative clearance and

molecular weip.ht of dextran on a log-log plot

The correlation coefficient (r), its limits of significance (p) and the
standard error of estimate of log 100 urine/serum (SE) were estimated
in 10 subjects with varying values of the index of selectivity (D).

Subject D r P SE
7.

1 2.76 0.994 0.001 3.8

2 2.66 0.989 it 7.8

3 2.46 0.985
'

it 6.1

4 2.10 0.989 it 7.7

5 1.84 0.985 ii
'

5.9

6 1.82 0.954 ■ 7.3

7 1.75 0.965 ti 10.3

8

"

1.62
.

0.983 ti 4.7

9 1.55 0.992 ti 0.9

L10 1.12 0.996 ii 1.2



TABLE 18.

Effect on dextran selectivity of using an inappropriate serum

Effect of calculating dextran selectivity (D) on basis of serum taken at
beginning (A) or at the end(B) of the collection period, or on basis of the
injection mixture (I). The proportion of the total dextran given which was
lost during the collection period A - B is also shown.

D using
mean of
A and B

D using
A only

7, error D using
B only

% error D using
I

7. error % Dextran
lost A-B

2.91 2.89 -0.7 2.97 +2.1 7.8

1.82 1.77 -2.7 1.87 +2.7 1.77 -2.7 7.6
-

1.75 1.77 +1.1 1.71 -2.3 1.1

1.12 1.10 -1.8 1.14 +1.8 0.97 -13.0 4.7

2.46 2.50 +1.6 11.9
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was complicated by the fact that the samples were virtually colourless and

it was difficult to tell if an even layer was being applied. Because of

this high coefficient of variation most of the dextren indices of select¬

ivity were estimated in duplicate.

The importance of aligning urine and serum plots was discussed

earlier (2.2.3). Apart from the serum marker runs, there was no way of

indicating whether or not the dextran elution patterns were correctly

aligned. The errors involved when plots were deliberately shifted are shown

in Table 16. A shift of two tubes to the right introduces a mean error of

+ 8.7%, and one to the left a mean error of - 4.0%. These values are less

than those for protein shifts, probably because the dextran elution

patterns do not have such rapid changes in slope.

The apparent linear relationship of log^Q 100 U/s and tube number
was found in 10 experiments to have highly significant correlation

coefficients ranging from 0.954 - 0.996 with a mean of 0.983. Table 17

shown the results,together with the standard error of estimate of the values

of i°810 100 ?/S.
The carefully controlled experiments enabled a comparison to be made

of the /alues of D which were calculated from serum taken at the beginning,

middle and end of each collection period. The results are shown in Table

18. Table 18 also shows the effect of calculating D on the basis of the

injection mixture as opposed to a serum taken at the mid point of the first

collection period. It can be seen that in spite of a large dextran loss

into the urine, the errors in D, when calculated on the basis of an

inappropriate serum, are not appreciable.

There is no change in molecular composition of dextran after five

years when stored at 4°C (Haycock and Ricketfs, 1961). However, a dextran



TABLE 19.

Stability of dextran

Indices of dextran selectivity (D) were determined before
and after storage at 4°C for varying time intervals. The
pH of the urine is also shown.

Initial D Time stored Repeat D % error pH of urine

1.77 6 weeks 1.76 0.6 8.7

1.10 8 weeks 1.27 15
|

7.8

2.97 16 weeks very little
urinary
dextran found

7.1



— 68 «•

splitting enzyme has been found in animal tissues, including the kidney

(Rcnenfeld and Lukomskaya, 1957). The stability of dextran in serum and

urine was tested by repeating selectivity estimations after storing at 4°C
for varying intervals. The results are shown in Table 19. The error

becomes appreciable after 2 months and at 4 months very little urinary

dextran could be detected. The dextran splitting enzyme described by

Rosenfeld and Lukomystaya (1957) has a pH optimum of 4.8, although some

preparations have activity at pH 7.0. It is interesting to note that the

errors in selectivity are also related to the t>H of the urine. Because of

the uncertain stability of daxtran in urine the dextran selectivity was

always determined within 2 weeks of collecting the specimens.

The estimation of dextran selectivity was a less accurate and more

time consuming procedure than the estimation of protein selectivity either

by immunodiffusion or gel filtration. However, the method was practicable,

the techniques involved wore simple, and it was possible to study a number

of patients and normal subjects in this way.



RESULTS
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3.1 Values of selectivity in renal disease

3.1.1 Indices of protein selectivity

3.1.2 Clearances of other individual proteins and enzymes

3.1.3 Dextran studies

3.2 Studies on protein selectivity in renal disease

3.2.1 Variation of selectivity values

3.2.2 Selectivity and steroid treatment

3.2.3 Selectivity in relation to other parameters

3.2.4 Selectivity in relation to diagnosis

3.2.5 Selectivity and glomerular ultrastructure

3.3 Values of selectivity in normal subjects

The results are considered in three sections; data from the studies

on patients with renal disease are given in Sections 1 and 2 and results

from the studies on normal subjects are given in Section 3.

In Section 1 the ranges of values of protein selectivity, obtained

using different methods, are given first. These results are compared, and,

since there is a good correlation between the methods, the principal method -

the inmiunodiffusion method - is subsequently used for all the studies

presented in Section 2. In Section 1 results of clearances of enzymes and

of other individual proteins and of the dextran studies are also given.

Section 2 deals with results obtained by studying protein selectivity

in renal disease in relation to various factors, which include the specific

diagnosis, biological variation, response to steroid treatment, etc. Select¬

ivity is also considered in relation to the ultrastructural glomerular changes.

In Section 3 the indices of selectivity in normal subjects, obtained

by different protein methods, and by the use of dextran,are presented and

compared.
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3.1. VALUES OF SELECTIVITY IN RENAL DISEASE

Selectivity studies were carried out on 130 patients. All had an

abnormal amount of urinary protein, as defined by an albumin serumrurine

ratio of less than 400, or a total protein excretion of over 200 mg./24 hr.

The majority, 99 patients, had a total urinary protein excretion of over

1 gm./24 hr. Of the 31 who had under 1 gm. urinary protein/24 hr., 15 were

patients with postural proteinuria and acute ischaemic renal failure, and

the remainder included patients with mild proliferative glomerulonephritis,

lupus nephritis, multiple myeloma, exercise haematuria and proteinuria of

unknown origin.

Renal biopsies were obtained from 119 of the patients and a specific

diagnosis was made in all cases. Of the 11 patients who did not have a renal

biopsy, all had clinical features which were characteristic of certain types

of renal disease, and a definite diagnosis was therefore possible in the

absence of histological evidence. Patients in this group had either lupus

nephritis, diabetic glomerulosclerosis, amyloid disease, potassium depletion

with hypertension, chronic renal failure or acute ischaemic renal failure.

The different types of renal disease that were studied and the

number of patients in each group were as follows:

Membranous glomerulonephritis 11

Minimal lesion " 12

Proliferative " 37

Mixed membranous and proliferative glomerulonephritis 5

Lupus nephritis 10

Diabetic glomerulosclerosis 9

Amyloid disease 7
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Chronic renal failure 7

Acute ischaemic renal failure 10

Postural proteinuria 5

Miscellaneous 17

The miscellaneous group included patients with potassium depletion

and hypertension, renal vein thrombosis, exercise haematuria, pyelonephritis,

multiple myeloma and toxaemia of pregnancy.

In addition a preliminary study of proteinuria during toxaemia and

accidental haemorrhage of pregnancy ?as carried out on 14 patients, none of

whom had a renal bicpsy*



20. Indices of protein selectivity by immunodiffusion on a probit scale.
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3.1.1. INDICES OF PROTEIN SELECTIVITY

Iraaunodlf fusion

Every patient was studied by this method. Indices of selectivity

were estimated for many patients at regular intervals, particularly in

cases where there was a change in renal function or in the level of urinai'y

protein excretion. A minimum of three determinations was carried out on

84% of the patients studied; a single esti nation of selectivity was made in

only 10% of the patients.

Values for the index of selectivity ranged from 0.40 - 3.82.

Since selectivity values were, in general,found not to var significantly

over long intervals of time (3.2.1), and were not affected when steroid

treatment was commenced while proteinuria persisted (3.2.2), a mean value

for each patient was taken. The mean index of selectivity for the whole group

of patients was 1.74, S.D. + 0.61, coefficient of variation 35%, standard

error of the mean 3.1%. The indices of selectivity were plotted on a

probit scale (Fig. 20), when the distribution of selectivity values was

seen to be consistent with a normal,bell-shaped distribution, as indicated

by the linearity of the plot.

Gel filtration

Selectivity values were estimated on 51 patients by gel filtration.

The patients suffered from similar types of renal disease to those of the

whole series of patients studied.

Determinations were carried out 61 times on 44 patients with protein¬

uria of over 1 gm./day. Values for the index of selectivity ranged from

0.40 - 2.51. Taking a mean value for each patient, the mean for the group

was 1.36, S.D. + 0.48, coefficient of variation 35%, standard error of the

mean 7.2%. The indices of selectivity were plotted on a probit scale (Fig. 21),



Fig. 21. Indices of protein selectivity by gel filtration on a probit scale.
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Fig. 22. Immunoelectrophoretic examination of serum and urine proteins after

gel filtration.

The shaded areas represent fractions which were examined by Immunoelectrophoresis.
o =present in urine, + = present in serum.
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when the distribution of selectivity values was seen to be consistent with

a normal, bell-shaped distribution, as indicated by the linearity of the

plot.

Determinations were carried out 11 times on 8 patients with protein¬

uria of under 1 gm./day. In this group the correlation coefficient of the

log-log plot of renal clearance against molecular wight of protein was less

significant (2.3.2) and values of selectivity were much lower than in

patients with proteinuria of over 1 gm./day. The mean index of selectivity

for the group was 0.89, range 0.47 - 1.60, In one patient with minimal

lesion glomerulonephritis, selectivity values were estimated both when

proteinuria was over 1 gm./day and when proteinuria was under 1 gm./day.

Although the value obtained by immunodiffusion was consistent, the value

obtained by gel filtration fell significantly when tl proteinuria diminished.

Immunoelectrophoretic analysis of gel iltration elution patterns

Serum and urine protein fractions obtained by gel filtration were

examined i munoelectrophoretically. Serum proteins from normal subjects and

from three patients with the nephrotic syndrome, and urinary proteins from

three patients with the nephrotic syndrome were investigated in this way.

The results were similar and a typical experiment is shown in Fig. 22.

In both serum and urine the proteins were eluted according to their

molecular weights (given in Table 4). All the identifiable proteins seen in

the serum fractions were detected in the corresponding urine fractions. In

addition to confirming the separation on G 200,these experiments also enabled

an approximate molecular weight to be estimated for those proteins where this

value was not known. The approximate values were useful in interpreting

selectivity patterns determined by immunoelectrophoresis (see below). A high

molecular weight a^-globulin was found to elute with the 11-7S material.



TABLE20.

Componentsseenonimmunoelectrophoreticexaminationofurineproteins
Thefollowingproteinswereidentifiedinsomeoralloftheurines:orosomucoid(0),albumin(A),transferrin(S), Y-globulin(Y),a^-glycoprotein(a^G),hemopexin(He),haptoglobin(Ha),ceruloplasmin(C),p^/p^-globulin(pAC), Y^-globulin(Y.^),highmolecularweighto^-globulin(a^H),a2-macroglobulin(o^M),P-Iipoprotein(pL), Y^-macroglobulinprealbumin(p).Additionalunidentifiedproteins(Add)andthetotalnumberofcomponents arealsoshown. Subject
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Fig. 23. Immunoelectrophoresis of normal human serum.
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Haptoglobin was found to elute over a wide range of elution volume, but it

is known to exist in more than one molecular form. p^/p^-Globulin eluted
with the 7S material and hemopexin with the 4S material. An unidentified

a^-globulin was found to elute with the 7S material.
Immunoelectrophoresis

Forty patients were investigated by Immunoelectrophoresis. The

different types of renal disease studied were similar to those of the whole

series of patients studied.

The maximum number of precipitin arcs that could be identified in

pooled normal humanserum was 17 (Fig. 23). All these components could

usually be seen in the patients' serum, although some of the smaller proteins,

such as albumin, transferrin and Y -globulin were sometimes reduced, and some

of the larger proteins such as c^-macroglobulin and p-lipoprotein were
increased. However, since the technique is only a qualitative one, only

gross serum changes produced any significant change on Immunoelectrophoresis.

The urines examined contained between 4 and 18 components. Albumin,

transferrin, Y -globulin, and orosomucoid were always seen. The frequency

with which other proteins were detected varied according to their molecular

weights (given in Table 4). An estimate of the molecular weights of some

proteins which were not known was obtained from gel filtration experiments

(Fig. 22).

Details of the proteins detected in all the urines are shown in Table

20. Occasionally, when a protein was not seen in the urine it could not be

detected in the serum, but this was only true of hemopexin, ceruloplasrain,

the high molecular weight a^-globulin, Y ^-globulin and prealbumin. The
other proteins were always detected in the serum. Selectivity was judged on

the number and molecular weights of the components seen in the urine, in



TABLE 21.

Criteria of determination of selectivity of proteinuria by

Immunoelectrophoresis

Selectivity Proteins always
detected in urine

Proteins sometimes
detected in urine

Total no.
of components
in urine

Highly selective
Group HS

Albumin
Transferrin
Y-Globulin
Orosomucoid

a.-Glycoprotein
! Smopexin
Haptoglobin

4-7

Selective

Group S
Albumin
Transferrin
Y-Globulin

a^-G1ycopro tein
Oro&omiA-Coid

Hemopexin
Haptoglobin
Ceruloplasmin
?1A^Pj^-Globulin
Y -Globulin
1A

7-11

Intermediate

Group I
Albumin
Transferrin
Y-Globulin

cx^-Glycoprotein
Hemopexin
Haptoglobin
P1A/Plc-Giobuiin
Oro£o*v> owcoicL

Ceruloplasrain
Righ M.W. a -globulin
a^Hacroglooulin

11 -14

Unselective

Group U
Albumin
Transferrin
Y-Globulin

a.-Glycoprotein
Hemopexin
Haptoglobin
P ^A/P ^C-G1obu1in
Y -Globulin
1A

High M.W.a.-globulin
a2-Macroglobulin
OroSoivmucoicL

p-Lipoprotein
Y, -GlobulinIM

13 - 18



Fig. 24. Determination of selectivity of proteinuria by Immunoelectrophoresis.

Serum (S) and urine (U) patterns from patients with different degrees of
selectivity. Selectivity was judged according to the criteria given in Table 21.

Group HS
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Fig,25.CorrelationofvaluesofselectivitydeterminedbyimmunodiffusionandImmunoelectrophoresis,
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relation to the serum. Four groups of patients were distinguished on this

basis. The criteria are given in Table 21. Of the 40 patients, 5 were

highly selective (HS), 19 were selective (S), 9 were intermediate (I), and

9 were unselective (U).

Additional unidentified a- and p-globulins were sometimes seen in the

urine, particularly in groups I and U. A split Y -globulin arc, indicating

the presence of a low molecular weight, possibly degraded, molecule, was

only seen in two urines (Patients 4 and 35). Prealbumin was only detected

in a few urines in groups I and U.

Fig. 24 shows stained immunoelectrophoretic patterns of serum and

urine from a patient in each selectivity group.

Correlation of protein selectivity methods

Selectivity values obtained by immunodiffusion and iramunoelectrophor-

esis were compared in 40 patients. Fig. 25 shows the selectivity groups

distinguished by Immunoelectrophoresis, plotted against the corresponding

indices of selectivity obtained by immunodiffusion. There was a striking

correlation. Mean valuer of selectivity derived from immunodiffusion studies

(-k), for the four immunoelectrophoretic groups, were 2.96 for group HS,

2.03 for group S, 1.57 for group I, and 1.01 for group U; corresponding

ranges of values were 3.74 - 2.30, 3.16 - 1.53, 1.99 - 1.16, 1.38 - 0.64.

The range of -k for adjacent groups therefore overlapped, but there was no

overlap of -k values between the highly selective and intermediate groups, or

between the selective and unselective groups.

Fig. 25 also shows a comparison between -k values and the number of

components seen in the urine. The correlation was not so striking, and only

the extreme groups with 4-6 and 12 - 15 components had no overlap in

immunodiffusion selectivity values.



Fig.26.Correlationofindividualvaluesofselectivitydeterminedbyimmunodiffusionandgelfiltration. -k



Fig.27.Correlationofmeanvaluesofselectivitydeterminedbyimmunodiffusionandgelfiltration. -k



Fip;.28.Correlationofvaluesofselectivitydeterminedbyimmunodiffusionandgelfiltrationin proteinuriaofunderlg,/24hr.
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Indices of selectivity estimated on 72 specimens by gel filtration

(A) and immunodiffusion (-k) were compared. Sixty-one specimens were

obtained from patients with proteinuria of over 1 g./day, and Fig. 26 shows

the 61 values of A plotted against corresponding values of -k. The

correlation was highly significant, with the correlation coefficient

r61 B + 0.860, p <C 0.001. A and -k were related by A = 0.63 C-k) + 0.16.
The standard error of estimate of A was 18,8%. The correlation was

improved when mean values of A and -k were taken, and Fig. 27 shows a plot

of mean values for 44 patients. The correlation coefficient r^ = + 0.894,
p < 0.001. A and -k were related by A = 0.67 (-k) + 0.07. The standard

error of estimate of A was 15.1%.

The 11 specimens from patients with proteinuria of under 1 gm./day

have been analysed separately and form a quite different statistical

population. The correlation is shown in Fig. 28. Values of A, when
i

compared to values of -k, are much lower than for patients with proteinuria

of over 1 gm./day and the correlation between A and -k is not statistically

significant (r^ = + 0.469).
Immunoelectrophoretic examination of serum and urine elution patterns

on Sephadex has already been described. These results confirmed that urine

and serum proteins, which were not only of the same molecular weight but

were also antigenicaliy alike, were being compared when selectivity values

were estimated by gel filtration.



Fig. 29. Identification, of orosomucoid component in the antiserum.

a. Serum reacted against anti-
orosomucoid serum

Component
(a)
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(b)

b. Serum reacted against anti-
orosomucoid serum which had
been absorbed with albumin.

Component (b) could not be
detected.

c. Serum which had been incubated
with neuraminidase (NS) and a

control serum (CS) reacted against
anti-human serum. The mobility of
some of the NS proteins was
affected.

d. Serum which had been incubated
with neuraminidase (NS) and a

control serum (CS) reacted
against anti-orosomucoid serum.
The mobility of component (a) of
the serum was markedly affected.
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e. Serum (S) and urine
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3.1.2. CLEARANCES OF OTHER INDI UAL PROTEINS AND ENZYMES.

The relative clearances of six other individual proteins and four

enzymes were studied in relation to selectivity, in a number of different

types of renal disease.

Orosomucoid

The antisera to orosomucoid was found in several batches to be specific

for two components when examined by Immunoelectrophoresis (Fig. 29a). The

corresponding proteins migrated to the albumin-otj-region on electrophoresis.
Both precipitin arcs stained for glycoprotein, neither stained for lipo¬

protein. It was thought that the faster diffusing component (a), which

precipitated closer to the antisera trough, might be albumin; absorption of

the antisera with albumin tended to support this (Fig. 29b), and raorevoer

albumin is a likely contaminating antibody for orosomucoid. Addition of

anti-albumin serum to the anti-orosomucoid serum did not produce a third

component. If (a) was albumin, the more slowly diffusing component (b) would

then be orosomucoid.

Fractions of normal serum obtained by gel filtration were examined

by Immunoelectrophoresis against anti-orosomucoid serum. Protein (a) was

found to elute in the third peak with the 4S material; protein (b) was found

to elute at the first trough and second peak with the 11S and 7S material.

Again, this was compatible with component (a) being albumin. However,

orosoraucoid is a much smaller protein than (b), as suggested by gel filtra¬

tion of (b); although carbohydrate rich proteins are known to behave

anomalously on Sephadex (Andrews, 1965). The slow diffusion of (b) in agar

also indicated a high molecular weight, but orosomucoid has been reported to

polymerize (Whitehead, 1965), so that the possible identity of orosomucoid

with (b) could not be excluded. On the other hand the results equally
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was

suggested that (a)/orosoraucoie id that the elimination of (a) on

absorption with albumin was due to contamination of the albumin with

orosomucoid.

In order to resolve this problem, 1 ml. of normal serum was

incubated with 0.5 mg. neuraminidase at pH 7.0 for 24 hours and afterwards

reacted immunoelectrophoretically against anti-orosoravcoid and anti-human

serum. Neuraminidase splits peripheral sialic acid groups from proteins,

and therefore can reduce the mobility of glycoproteins towards the anode

(Schultze, 1962). Results are shown in Figs. 29c and d. The control was

incubated at pH 7.0 for 24 hours. It can be seen that neuraminidase treat¬

ment slightly altered the electrophoretic mobility of several of the serum

proteins; these were proteins which have a high carbohydrate content.

However the most dramatic change was seen against the anti-orosomucoid serum.

Component (a) disappeared from the a^-region, and instead a precipitin arc
formed in the (3-reg on; component (b) was relatively unaffected. Since

orosomucoid has a high sialic acid content, this provided direct evidence

that component (a) was or< somucoid and that the high molecular weight

component (b) was the contaminating intibody.

On immunodiffusion of serum against anti-orosomucoid two hexagons were

seen around each serum antigen hole, corresponding to components (a) and (b).

The faster diffusing component (a) formed the outer hexagon; this was

therefore read against the urine hexagons, although with difficulty as the

precipitin lines tended to be rather faint. Urinary orosomucoid was diffi¬

cult to detect, and in some cases no precipitation could be obtained over a

wide range of urine concentrations, including the urine concentrate. In

other cases precipitation was only obtained using the concentrate. Some

clearance values for five patients in relation to the other proteins are



TABLE 22.

Relative clearances of six other individual proteins

Clearances of orosomucoid (0), prealbumin (p), ceruloplasmin (C),Y1.-globulin
(Y ), a -lipoprotein, (a ) and fibrinogen (F) in relation to the rive clearances
normally estimated for selectivity determinations, albuminO<»/°), transferrin (S),
Y-globulin (Y

Subject 0
1

), o^-ma
P

croglo

S

aulin (

Y

and

C

3-lipoprotein (f

yIA «1

0.

F a2 P

1 3.2 72. 72 21 50 3.5 0.02

2 41 40 80 17 14 i 0.72

3a 1.7 25 75 15 0.60 0.05

4 8.4 70 11 0.30

5a 6.3 70 100

125

35
1

0.35

6a 72 18 36 0.70 0.05

7a 25 86 19 37 1.9 0.15

8 63 100

86

31
-

31 3.1 0.75

9a 38 75 12.0 3.2

10a 21 100 100 54 :
■

25.0
-

1911 43 86 38 2.9

5b 44 100 36 0.71

12. 50 67 20 50
'

,

1.8 0.16

13
■

35 70 15 15 2.2 14 0.23

14 200 114 29 50 40 25 0.89 0.04

15 14 36 7.8 2.5 6.3 3.2 0.06

16 20 57 13 33 20 6.3 0.78 0.13

12b 37 150 43 60 30 9.4 2.3 0.42

1 17 72 3.1 8.9 13

6b 100 29 29 14 10 0.73 0.21

18 44 25 25 22 18 11

0.01

3.3

19 100 3.9 28 1.6 2.3

20
1 " ' -

70 22 34 9.9 2.1 1.5

3b 57 13 51 11 1.8 0.80

21 100 7.1 21 2.1 1.1 0.03

7b 70 29 50 25 0.65 2.7 0.35

22 100
■

70 87 58 25 6.3 1.7

23
< i

117 8.8 ! 0.10 0.19 0.05

24 125 25 0.10 1.9

25 88 44
..

1.9 0.03

26 120 19
J

0.15 0.97

27 67 20 0.13 0.76

28 125 5.0 0.18 11 1.2 !
29

[
44 4.4 0.29 0.44 0.29

30 86 13 0.71 4.1 0.64



- 79 -

given in Table 22, The relative clearances of orosomucoid are anomalously

low, considering the molecular weight (44,000). Cross reactions were

tested for, using serum and urine concentrate against anti-orosomucoid.

As suspected, it was found that the serum orosomucoid was being read

against the urine high molecular weight component (b), (Fig. 29e), thus

accounting for the low clearance values.

Urine from patients with the nephrotic syndrome contains relatively

high concentrations of orosomucoid (Popenhoe,1955). Hie apparent absence

of orosomucoid in the urines studied could only be accounted for by the fact

that the orosomucoid component of the antiserum was relatively weak, as

suggested by the faintness of the serum hexagons. This was also indicated

on immunoelectrophoresis of normal serum against anti-orosomucoid serum

diluted x 2, when only the contaminating high molecular weight component

(b) was seen.

In a few cases a careful search for urinary orosomucoid was carried

out. The expected clearance of orosomucoid was calculated from the

selectivity. Serum and appropriate urine dilutions were then set up on an

immunodiffusion plate, against a stronger series of dilutions of anti-

orosomucoid. After addition of 27. acetic acid to the plates some faint

precipitin arcs could be seen, particularly against the two weakest antisera

dilutions. This confirmed that orosomucoid was present in the urines

examined, and at the expected dilutions, but it was not found possible to

estimate the urine:serum ratios.

Prealbumin

Clearances of prealbumin were estimated 18 times on 16 patients and

were found, with one exception, to be lower than the corresponding albumin

clearances. Table 22 gives some estimations of the relative prealbumin



Fig, 30. Correlation ofY -globulin clearances with clearances ofy ^-globulin
and ceruloplasmin.

Y -globulin clearance

ceruloplasmin clearance
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clearances in relation to the relative clearances of other proteins.

Values ranged from 14 - 200%.

Since prealbumin (mol. wt. 61,000) is a slightly smaller molecule

than albumin these clearance figures were not consistent with the clearance

values of other proteins. Therefore no attempt was made to estimate the

effect of the prealbumin clearances on the selectivity index.

Ceruloplasmin and Y^-globulin
Ceruloplasmin clearances were estimated 42 times on 30 patients.

Values ranged from 8.3 - 125% of the albumin clearance. Clearances of

^lA-globulin were estimated on 13 patients and values ranged from 2.1 - 58%
of the albumin clearance. Some of the results for both proteins are shown

in relation to the clearance of other proteins in Table 22.

Since both ceruloplasmin (mol. wt. 150,000) and Y^-globulin (mol.
wt. 160,000) have similar molecular weights to that ofY-globulin a

direct comparison of the clearance values was carried out. Fig. 30 shows

the Y^-globulin clearance and the ceruloplasmin clearance plotted against
the Y-globulin clearance and in both cases there was a positive correlation.

Hie value of the correlation coefficient for ceruloplasmin and Y-globulin,
r
^2 =Y>.512, p < 0.001, and for "Y -globulin and Y-globulin, r^3 =40.901,

p <0.001. The ceruloplasmin clearance tended to be higher than the

Y-globulin clearance, but the mean values, 47 and 40% respectively, were

not significantly different. The "Y -globulin clearance tended to be lower

than the Y-globulin clearance, but again the mean values, 19 and 23%

respectively, were not significantly different.

Selectivity values were calculated with and without including the

clearances of ceruloplasrain and Y^ -globulin (Table 23). The index of
selectivity was not affected. Hie coefficients of variation calculated from



TABLE 23.

Selectivity values with and without including clearances

of other individual proteins

Values of selectivity calculated on the basis of the clearances of albumin,
transferrin, Y-globulin, a -macroglobulin and P-Iipoprotein compared to
values calculated on the basis of these five proteins and the clearance(s)
of one or more additional proteins (ceruloplasmin (C), T1A-globulin (Y,.)
aj-lipoprotein (a^), and fibrinogen (F). **

Selectivity values

Subject 5 proteins +C + oe
1

+ +F

13 1.67 1.65 1.61

14 2.22 2.25 2.24 2.23 2.27

15 2.93 2.96 2.93 2.94 2.97

16 1.83 1.86 1.84 1.81 1.85

12b 1.64 1.66 1.63 1.61 1.63

17 1.71 1.71

6b 1.85 1.82
f

18 0.82 0.80 0.85 0.80 0.79

19 3.74 3.77

20 1.69 1.78

3b 1.92 2.02

21 3.40 3.45

7b 1.55 1.51

22 1.20 1.23 1.21 1.19 1.22

23 2.26 2.30

24 1.69 2.29

25 3.42 3.33

26 1.97 2.45

27 1.97 2.45

28 1.22 1.28

29 2.10 2.38

30 1.33 1.37
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seven pairs of values were 0.97. and 0.57. for ceruloplasmin and Y*^-globulin
respectively.

a^-Lipoprotein
Clearances of a^-lipoprotein were estimated on 13 patients. Values

ranged from 0.65 - 257. of the albumin clearance. The results are shorn in

relation to the clearance of the other proteins in Table 22,

The a^-lipoprotein molecule (mol. wt. 200,000) is slightly larger than
that of Y-giobulin, but is smaller than qg-macroglobulin. With one excep¬

tion, the clearance values for a^-lipoprotein were between the values for
Y-globulin and a2-macroglobulin. Selectivity values calculated with and
without including the a^-lipoprotein clearance showed no significant differ¬
ence (Table 23). The coefficient of variation calculated from seven pairs

of values was 1,1%.

Fibrinogen

Clearances of fibrinogen were estimated on 8 patients. Values ranged

from 0.10 - 1.97. of the albumin clearance. The results are shown in

relation to the clearance of the other proteins in Table 22.

Fibrinogen (mol. wt. 330,000) is a larger molecule than Y*-globulin,

but smaller than a^-macroglobulin. However the clearances were generally
less than those of a0-macroglobulin. Selectivity values calculated with

and without including the fibrinogen clearance showed a significant

difference (Table 23). The coefficient of variation calculated from six

pairs of values was 11.3%.

Amylase

Serum and urine amylases were estimated 20 times on 15 patients, all

of whom had significant proteinuria. The serum levels ranged from 45 - 167

units/ml., mean 122 units/ml. and urine values from 970 - 210,000 units/24 hr.

mean 122.850 units/24 hr. These units are similar to Somogyi units, and



TABLE24.
Amylaseclearances

Subject
■1

Serum units/ml.

Urine units/ml. •"'I
"■ Serum: urine

Urine vol. ml.

Urine u(\»rs./24hr.
Albumin serum: urine

~k

Predicted amylase clearance
Actual amylase clearance
Creatinine clearance ml./min.

Urine protein g./24hr.

2

88

144

0.61

540

77,700

0.375

3.07

309

163

60

28.5

85

159

0.54

1320

210,000

0.0625

2.84

288

12

37

19.8

1

103

73

1.4

1450

106,000

48

3.54372
3400

97

3.5

3

154

71

2.2

1740

123,500

40

2.74

275

1840

38

3.1

4

163

103

1.6

1900

196,000

3

2.74

275

190

'

33

17.3

5

150

118

1.3

890

105,000

128

2.48

251

1010068

0.3

6

83

131

0.63

1210

159,000

2

2.36

240

315168

8.5

7

167

237

0.71

1140

270,000

64

2.00

209

9100

123

0.7

8

87

96

0.91

1190

114,000

5

1.72

191

550

49

5.5

45

55

0.82

1400

77,000

3.5

1.56

178

437

22

16.8

9

163

174

0.94

1050

183,000

3.5

1.69

186

374

55

6.3

167

102

1.6

1240

126,0005

1.67

185

305

38

2.4

10

99

73

1.4

2295

168,000

24

1.67

185

1775

50

2.3

132

76

1.7

810

6,150

40

1.28

162

2300

49

1.5

11

144

152

0.95

1350

205,000

5

1.61

182

528

99

6.8

12

136

176

0.78

1070

188,000

3

1.31

162

388

54

9.6

13

121

85

1.4

1170

99,500

4

1.09

150

280

18

5.9

14

74

23

3.2

42

970

80

0.41

117

250

7

1.2

120

92

1.3

265

2,440

14

0.31

114

1080

3

1.2

15

150

17

8.8

2335

41,600

560

-

-

6360

65

0.3
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normal serum and urine values in Somogyi units have been given as follows:

Serum 60 - 160 units/ml. (Van Loon, Likins and Seger, 1952)

38 - 191 units/ml, (Saxon et al., 1957)

Urine 1,200 - 8,580 units/24 hr. (Smith and Roe, 1952)

792 - 4,264 units/24 hr. (Saxon et al., 1957)

The serum ralues in the present series therefore were within normal limits,

but the urine values were significantly raised.

Urine:serum ratios were calculated for amylase and the clearance

expressed as a percentage of the albumin clearance. This value was then

compared to a predicted value calculated from the index of selectivity,

assuming the relative amylase (mol. wt. 45,000) clearance fell on the linear

log-log plot, whose slope is the index of selectivity. Results are shown in

Table 24, which also gives the serum and urine amylase values, creatinine

clearance and total urine protein. Actual amylase clearances were generally

much higher than the predicted clearance, and in only 11 cases were the

actual and predicted values of the same order of magnitude. There was no

overall correlation between relative amylase clearance and selectivity.

There was, however, a correlation between amylase excretion and total protein

excretion, correlation coefficient ffgq + 0.599, p < 0.01.
Pepsinogen

Serum and urine pepsins were estimated 15 times on 12 patients, all

of whom had significant proteinuria. Results were expressed both as Hunt

units (an arbitrary unit based on a phenol standard), and as /Jg. tyrosine

liberated from 1 ml. of sample in 24 hr. Serum levels were probably within

normal limits (Hanley, 1964; Singh and Shinton, 1965). Normal urinary

pepsin values have been expressed in a variety of units by different workers.

Comparison of the present series with other results is therefore difficult,



TABLE25.
clearances

Subject

Huntunits

Tyr<
Serum/ ml.

3sineunits
Urine vol.

'

Urineunits/ 24hr.

Albu¬ min serum: urine

-k

Predicted Pepsinogen clearance

Actual Pepsinogen clearance

Creat. clear. mL/tnin

Urine protein gy24hr.

Serum/ ml.

Urine/ ml.

Serum: urine

Urine/ ml.

Serum: urine

Hunt

Tyrosine xlO

Hunt units
Tyrosine units

1

1.85

22.5

0.082

140

940 1425

0.15 0.14

1450

32,600

1360

48

3.54

468

58,500
32,200

97

3.5

2

2.60

47.0

0.056

200

540

25,400

770

0.375

3.07

380

675

268

60

28.5

2.05

15.3

0.13

160

745

0.22

1320

20,100

985

0.0625
2.84

347

48

29

37

19.8

3

7.7

31.5

0.25

470

1135

0.41

1740

54,800

1975

40

2.74

331

16,300

9,680

38

3.1

.

4

1.75

30.8

0.057

140

1120

0,13

89027,300
*

996

128

2.48

295

225,000
102,500

68

0.3

5

2.85

62.5

0.045

210

1635

0.13

1210

75,600

1980

2

2.36

282

4,450

1,550

168

8.5

6

9.8

67.0

0.15

560

1720

0.33

1190

79,600

2050

5

1.72

214

3,320

1,535

49

5.5

4.6

18.50.25

325

835

0.39

1400

25,900

455

3.5

1.56

200

1,400

900

22

16.8

7

4.9

8.75|0.56

345

525

0.66

1240

10,750

650 2180

5

1.67

209

895

760

38

2.4

82.70
61.00.038
200

1615

0.12

1350

82,500

5

1.61

204

13,150

4,030

99

6.8

9

-

10.0

19.8

0.51

570

870

0.66

1120

22,200

975

40

1.44

186

7,900

6,100

5

-

10

"

1.60

44.5

0.036

135

1380

0.098

1070

47,600

1475

3

1.31

178

8,350

3,070

54

9.6

11

1.25

16.5

0.076

105

800

0.13

810

13,400

648

40

1.28

174

52,500

30,500

49

1.5

12

J

1.95

3.6

0.54

150

255

0.59

42

151

11

80

0.41

120

14,800

13,600

7

1.2

4.0

41.3

0.097

285

1325

0.22

265

10,900

351

;

14

0.31

115

14,500

6,520

3

*

1.2
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but adaption of values obtained by Van Goidsenhoven, Wilkoff and Kirsner

(1958) and Mackenzie (1953) suggest that the urinary levels were not

abnormal.

Urine:serum ratios were calculated for pepsinogen (mol. wt. 48,000)

and the relative clearances compared to the predicted clearance, as for

amylase. Results are shown in Table 25. The relative clearances were

consistently lower when the values were expressed as tyrosine, as opposed

to Hunt units. However, in neither case was there any correlation between

actual and predicted pepsinogen clearance. The actual clearances were

generally of the order of 100 times the predicted clearances. There was no

correlation between pepsinogen excretion and total protein excretion,

correlation coefficient, r^ = - 0.140.
Lactic dehydrogenase(Ii?)

Serum and urine LDs were estimated 20 times on 18 patients, 14 of

whom had significant proteinuria. The serum levels ranged from 143 - 340

units/ml., mean 210 units/ml. and the urine levels from 8,500 - 216,000

units/24 hr., mean 41,000 units/24 hr. Normal serum and urine values have

been given as follows:

Serum 260 - 850 units/ml. (Wroblewski and LaDue, 1955)

150 - 500 units/ml. (Rosalki and Wilkinson, 1959)

Urine 7,000 - 32,000 units/24 hr. (Rosalki and Wilkinson, 1959)

1,225 - 6,090 units/24 hr. (Wacker and Dorfman, 1962).

The serum values in the present series were therefore within normal limits,

although the distribution was towards the lower limit of normal. Urine

values were significantly raised.

Urine:serum ratios were calculated for LD (mol. wt. 136,000), and

the relative clearances compared to the predicted clearances as for amylase.



TABLE26.
LDclearanc..^

Subject

Serum units/ml.

Urine units/ml.
Serum: urine

Urine vol. ml.

Urine units/24hr.
Albumin serum: urine

| -k

r~—~ Predicted LD clearance
Actual LD clearance
Creatinine clearance ml./min.

Urine protein g./24hr.

1

190

114

1.7

1900

216,(X)0

0.625

2.61

17

. ...'

36

27

12.9

2

200

32

6.3

1670

53,500

2.5

2.38

20

40

33

13.4

3

190

24

7.9

1210

29,100

2.0

2.36

20

25

168

8.5

4

125

11

12

1140

12,000

64

2.00

25

538

123

0.7

5

165

7.8

21

1750

13,650

6

1.96

27

28

125

6.1

6

245

5

49

2000

10,000

32

1.90

28

65

63

3.2

7

280

53

5.3

1050

55,700

3.5

1.69

32

66

55

6.3

215

23

9.4

245

28,600

5

1.67

33

37

38

2.4 -■II

8

340 320

7.8

44

2295

17,900

24

1.67

33

55

50

2.3

9

17

19

1350

23,000

5

1.61

34

26

99

6.8

10

160

23

7.1

925

20,800

8

1.51

36

112

8

6.5

11

155

8i

1.9293

23,700

1.25

1.39

40

65

66

6.9

205

40

5.1

1070

43,800

3

1.31

43

59

54

9.6

12

185

20

9.3

2400

48,000

28

1.39

40

302

19

5.3

13

175

16

11

2120

34,000

16

1.34

41

142

10

4.7

14

285

40

" . 7.1

1170

46,800

4

1.09

48

56

18

5.9

15

180

6.5

28

1370

8,900

896

(0.97)

(52)

295

139

-

16

258

6.5

40

1310

8,500

2048

(1.44)

(38)

476

7

-

17

143

27

5.3

1210

32,700

320

-

-

6150

103

18.4

18

185

6.8

27 _______

3540

95,400

560

-

2070

128

0.3
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Results are shown in Table 26, which also gives serum and urine LD values,

creatinine clearance and total urine protein. Of the 14 patients with

proteinuria, 10 had clearances which had a correlation with the predicted

clearance, the correlation coefficient r^Q = + 0.539, p < 0.05. In these
10 cases there was no significant difference between indices of selectivity

calculated with and without including the LD clearance. The coefficient of

variation for the 10 pairs of values was 1.4%. In the other 4 patients with

proteinuria the ID clearances were all significantly higher than the

predicted values. In 3 of these patients there was a large amount of

urinary LD, and the proteinuria was unselective. In the fourth patient the

proteinuria was under 1 gra./day and the serum LD was low. In the 4 patients

with normal or trace proteinuria the ID clearances were also higher than the

predicted values; in these cases the high urinary levels contributed to the

high clearance values.

ID excretion had a correlation with the total protein excretion,

correlation coefficient r^ 68 + 0.611, p < 0.05.
Glutamic oxalacetic transaminase (GOT)

Serum and urine GOTs were estimated 11 times on 10 patients, 9 of

whom had significant proteinuria. The serum levels ranged from 24 - 52

units/ml., mean 40 units/ml. and the urine levels from 3,570 - 26,100

units/24 hr., mean 10,770 units/24 hr. Normal serum and urine values have

been given as follows:

Serum 5 - 35 units/ml. (Rosalki and Wilkinson, 1959)

7-40 units/ml. (Chinsky, Shmagranoff and Sherry, 1956)

Urine 5000 units/24 hr. (Rosalki and Wilkinson, 1959)

307. of serum value (Sephaha, Bhandari and Visayvargiya, 1961)

The serum values in the present series were therefore within normal limits,



TABLE27.
GOTclearances

Subject

Serum units/ml.

Urine units/nil.
Serum: urine

,1
Urine vol. ml.

Urine units/24hr.
Albumin serum: urine

-k

Predicted GOT clearance
Actual GOT clearance
Creatinine clearance ml./min.

Urine protein g./24hr

1

45

6.3

7.1

1450

9,150

112

3.95

16

1580

173

-

52

8.8

5.9

2970

26,100

10

3.55

20

170

86

5.9

2

30

3.4

8.8

1050

3,570

12

2.87

27

137

96

2.8

3

39

8.0

4.9

750

6,000

48

2.54

31

980

64

-

4

46

19.4

2.4

730

14,150

0.975

2.36

34

41

30

6.1

5

48

5.2

9.2

1450

7,300

32

1.76

45

348

129

2.3

6

f ,,

40

5.0

8.0

2300

11,500

16

1.70

46

200

39

5.9

7

24

2.5

9.6

1450

3,630

56

1.62

48

585

110

1.3

8

45

12.0

3.8

1010

12,100

3.5

1.60

48

92

150

8.1

9

30

8.3

3.6

1250

10,350

8

0.98

63

222

17

5.5

10

41

2.8

14.6

1400

3,820

1280

-

-

8800

39

-
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although the distribution was towards the upper limit of normal. Urine

values were raised.

Urine:serum ratios were calculated for GOT (mol. wt. 110,000), and

the relative clearances compared to the predicted clearances as for amylase.

Results are shown in Table 27, which also gives the serum and urine LD

values, creatinine clearance and total urine protein. The actual GOT

clearances were significantly higher than the predicted clearances,

particularly when the level of urinary protein was low. There was no

correlation between GOT clearance and selectivity. There was a degree of

correlation between urinary GOT and urinary protein, rg = + 0.635, p <^0.1.
Summary

Serum levels of the four enzymes studied were probably not abnormal.

Urinary amylase, ID and GOT values were significantly raised, urinary

pepsinogen values were probably normal.

Overall,the clearance values did not correlate with values predicted

from the index of selectivity. Clearances of amylase were higher than the

predicted values, although some were of the same order of magnitude. Clear¬

ances of pepsinogen were of the order of 100 times the predicted value.

Clearances of ID, however, did correlate with selectivity in 10 out of 14

patients. In the other 4 patients clearances were significantly higher

than the predicted values. Clearances of GOT were significantly higher

than predicted values.

Urinary enzyme levels had a correlation with total protein excretion

in the case of amylase, LD, and GOT.

Of the clearances of six other individual proteins estimated by

immunodiffusion, only prealbumin and fibrinogen did not fit the linear

relationship of renal clearance of protein and molecular weight on a log-log
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scale. Clears ices of "^^-globulin, ceruloplasmin, and a1-lipoprotein were
found to correlate well with selectivity; calculation of the index of

selectivity including these proteins did not affect the values. Clearances

of orosomucoid were technically difficult to measure, but the values

probably approximated to the expected values. Clearances of prealbumin and

fibrinogen were lower than predicted, although values for both proteins

were not of a different order of magnitude.



TABLE 28.

Dextran indices of selectivity in renal disease

Dextran indices of selectivity (D) were estimated in 22 patients with different
types of renal disease. The creatinine clearance (Cr CI), total urine protein
(UP)are also shown, and in two cases the albumin serum:urine ratio (Alb S:U) is
given.

Subject D UP

g./24 hr.
Cr CI
ml./min.

Diagnosis

i ' 2.65 0.78 10 Acute ischaemic renal failure

2 2.46 37 mg. 175 Recovered minimal lesion GN

3 2.12 7.5 22 Amyloid disease
4 2.05 4.4 9 Chronic renal failure

5 2.03 4.5 77 Proliferative glomerulonephritis-
6 2.02 - 30 Acute ischaemic renal failure

7 1.99 0.62 7 Acute " " "

8 1.99 4.8 122 Minimal lesion glomerulo¬
nephritis

9 1.95 14.9 97 Minimal " "

10 1.90 (Alb S:U - 380) 134 Proliferative glomerulonephritis
4 1.86 10.0 32 Minimal lesion glomerulo¬

nephritis
11 1.83 4.3 110 Minimal " "

12 1.81 6.3 168 Proliferative "

13 1.75 11.7 66 Mixed M and P "

14 1.68 11.8
1 1

5 Amyloid disease
» 1.62 13.4 33 Proliferative gloraerulonephritic-
16 1.59 6.8 99 <i ti

17 1.53 6.6 38 Membranous "

18 1.51 19.6
(Alb S:U «= 320)

5 Myelomatosis

19 1.45 3.0 27 Lupus nephritis
20 1.17 9.0 7 Membranous glomerulonephritis
21 1.17 8.4 53 Proliferative "



TABLE29.
DextranInfusionExperiments

Valuesofdextranselectivity(D)wereestimatedafterinfusionofdextran.Detailsaregivenofsamplestaken, creatinineclearance(CrCI),dextranexcretedandproteinexcreted(UP)andproteinselectivity(-k).
Subject

Timeof infusion

amount
ofdextran given

Serum samples

Urine samples
Urine vol. ml.

Urine flow ml/min.
CrCI ral/min

Dextran excreted mg/ral.

Dextran excreted m&/min.
TotalDextran excreted mg.

D

UP

g/24hr.
-k

5.05-

10

1

5.10 p.m.

33g.5*15** 8.15pm 9.00am
5.15-8.15 8.15-8.20 8.20-9.00
380

8

930

2.11 1.23

14

8

,,

6.8 8.6 3.6

14.2 4.4

2580
69

3350

2.91 2.67 2.81

0.78

11.00- 11.15am
•

11.30am
1

12.10am
•

1.00pm 2.00pm
'

7.3

2

.

22g.

1.30-12.10 12.10-1.00 1.00-2.00
35 25 68

0.88 0.50 1.13

8.3 4.5 9.8

4.8 5.9 5.4

4.2 3.0 6.1

166 147
368

1.82 2.13 2.11

0.62

2.30- 2.50pm

.

32

2.48

3

23g.

2.50pm 3.10pm 3.40pm 4.00pm

-,

2.50-3.10 3.10-3.40 3.40-4.00
16

»

126

0.80 1.03 63

34 45 72

15.8 20.6 5.0

12.6 21.2 31.5

253 639 630

1.75 1.84 2.00

10.0

2.61

2.15- 2.30pm

1^0a

6.5

1.42

4

22g.

~~2.40pm 3.25pm 4.10pm 9.15am
2.40-3.25 3.25-4.10 4.30-9.00
335 305 1250

—

7.44 6.79 1.25

1

15 13

8

4.6 3.8 6.6

34.6 25.8 8.2

1540 1090 825

1.12 1.36 1.30

;

9.0

1.34
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3.1.3. DEXIRAN STUDIES

Selectivity values

Selectivity values were estimated on 21 patients, with both trace

proteinuria and significant proteinuria, and with several different types

of renal disease. Values ranged from 1.17 - 2.65, mean 1.79. Results are

given in Table 28, which also gives the total protein excretion, creatinine

clearance and diagnosis.

Results of the four very carefully controlled infusion experiments

are given in Table 29. In every subject the creatinine clearance was higher

immediately post-infusion than pre-infusion. In subjects 1 and 4 the value

for the final collection period had fallen to near the pre-infusion value.

In subject 2 the creatinine clearance fell during the second collection

period and rose again over the final collection period, but the values

were very low and the differences were probably not significant. In subject

3 the creatinine clearance rose over the second collection and rose again

markedly over the final collection period. This last rise was undoubtedly
vt&S

due to the
i-ouX effect of the-
diuretic frusemide which was given.

Dextran selectivity values also showed variations over the collec¬

tion periods. In subject 3 there was a steady rise, from first to second

to third value; the difference between the first and third values vas 10.47..

In subjects 2 and 4 the second values were slightly higher than the third,

but the third values were 12.5% and 16.1% respectively higher than the

first value. In subject 1 the selectivity fell and then rose again; the

third value was 5.2% lower than the first. Since the error of the method

is about + 10% these variations are probably not significant. However, in

the 4 subjects, the mean variation in dextran selectivity over all the

collection periods was 4- 8.2%. No significant change in protein selectivity



TABLE 30.

Dextran selectivity over a lower molecular weight range

Indices of dextran selectivity (D) were calculated from the slope of the line

relating relative clearance to molecular weight on a log-log scale, between the
1st and 3rd serum protein peaks on G 200. The slope of this line, for a further
10 tubes towards a lower molecular weight range, was then estimated and a

corresponding value of D calculated. lue percentage change in slope is given.

Subject
Slope 1st - 3rd
protein peaks

x 100

Corresponding
D

Slope for
further 10
tubes x 100

Corresponding
D

]

7, change
in slope

1 5.92 1.30 4.20 0.92 29

2 7.29 1.82 5.37 1.34 26

8.90 2.11 3.27 0.79 63

3 8.00 1.84 6.27 1.44 22

4 9.82 2.46 8.78 2.20 10

5 9.07 2.18 5.09 1.22 43

6 9.31 2.34
—_—

5.25 1.31 44



Fig,31.Correlationofdextrariandimmunodiffusionproteinindicesofselectivity. Thelinerepresentstheexpectedcorrelationandisthecalculatedregressionlinefromimmunodiffusionandgel filtrationproteinstudies.

c

ominimallesionglomerulonephritis,•membranousglomerulonephritis,Aamyloiddisease,Alupusnephritis, Bproliferativeglomerulonephritis,Qmixedmembranousandproliferativeglomerulonephritis,Xminimalproteinuria. -k
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was noted.

Hie slopes of the dextran log-log plots of relative clearance against

molecular weight were also calculated over a lower molecular weight range,

in some of the cases where the urine dextran had not been concentrated.

The results are shown in Table 30. In every case there was a significant

reduction in slope, the changes ranging from 10 - 63%.

The dextran clearance was compared to the creatinine clearance in

5 experiments. At the third (4S) protein peak on Sephadex the dextran

clearance averaged 13% of the creatinine clearance, 9-10 tubes and 14 -

15 tubes later (elution volumes of a further 18 - 20 ml. and 28 - 30 ml.

respectively) the values were 39% and 59% of the creatinine clearance

respectively.

Correlation of dextran and protein indices of selectivity

Dextran indices of selectivity were compared with protein indices

obtained by both immunodiffusion and gel filtration in 21 patients.

Fig. 31 shows dextran indices of selectivity plotted against protein

indices estimated by immunodiffusion, and Fig. 32 shows dextran indices

plotted against protein indices estimated by gel filtration. The diagnosis

is also indicated. There is no correlation between dextran and protein

indices of selectivity. Although the dextran selectivity values were within

the range of protein selectivity values, they were generally significantly

higher. This was particularly marked in the group of patients with

proteinuria under 1 gm./day (Fig. 31). This included 3 patients with acute

ischaemic renal failure, 1 with acute proliferative glomerulonephritis and

1 with multiple myeloma. Protein indices of selectivity by gel filtration

were not estimated in these patients.

Patients with minimal lesion glomerulonephritis and membranous



Fig, 32. Correlation of dextran and gel filtration protein indices of selectivity.

The line represents the expected correlation.

O minimal lesion glomerulonephritis, © membranous glomerulonephritis,

A amyloid disease, A lupus nephritis, a proliferative glomerulonephritis,

a mixed membranous and proliferative glomerulonephritis.

A
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glomerulonephritis had a better correlation between the dextran and protein

values than patients with proliferative glomerulonephritis, in whom the

correlation was very poor. It is of interest that the patient (2) with

minimal lesion glomerulonephritis had a high selectivity value both during

the disease and on recovery, although a slight increase in dextran

selectivity occurred on recovery. Only two patients with amyloid disease

were studied, and one had a better correlation than the other. The one

patient with mixed membranous and proliferative glomerulonephritis had a

poor correlation, but the one patient with lupus nephritis had a very good

correlation.

Overall the correlation coefficients for Fig. 31 (excluding the

minimal proteinuria cases) and Fig. 32 were r^^ m + 0.402 and r^ = + 0.502
respectively.
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3.2. STUDIES ON PROTEIN SELECTIVITY IN RENAL DISEASE

As the protein methods of estimating selectivity correlate so well,

the index obtained by the main method in this study, the iranunodlffusion

method, was used to consider selectivity in relation to various factors.

The values for all the patients were considered together in a study of the

variation of selectivity values, selectivity in relation to steroid treat¬

ment, age, sex, renal function, and total protein excretion. The results

of the effect on selectivity of changing plasma protein patterns, by

infusion of albumin,are also presented in this section. Finally, selectivity

was considered in relation to diagnosis and detailed studies of the ultra-

structural glomerular changes.
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3.2,1. VARIA. ION OF SELECTIVITY VALUES

Variation in selectivity values was studied while proteinuria persis¬

ted. Changes in selectivity, occurring in both selective and unselective

patients, when proteinuria was reduced to trace and normal levels were also

studied.

Variations in selectivity over short time intervals

The errors involved in the estimation of selectivity by immunodif¬

fusion were assessed and discussed in the previous chapter (2.3.1). As

many of the patients were studied over long time intervals, it was felt

important to assess the day to day, or physiological variation, so that the

significance of changes in selectivity over longer time intervals of months,

or years, could be recognised. The physiological variation in selectivity

was therefore estimated from a series of two or more selectivity values,

which were determined on samples obtained on different days within one week.

The selectivity values in this series ranged from 0.82 - 3.52.

From a total of 150 estimations, on 49 patients, over 69 weeks, it

was found that tha variation in selectivity values ranged from 0 - 17% with

a mean of 5.9%, S.D. + 3.8%. A maximum value for the physiological varia¬

tion in selectivity was therefore taken as + 13.5% (mean + 2 S.D.).

Variation in selectivity over long time intervals during proteinuria

The variation in selectivity values was investigated in 30 patients

who were followed up for a minimum pe -iod of one year. During the time

studied there was no change in treatment. However in some cases there were

significant changes in creatinine clearance and protein excretion, particu¬

larly in the steroid responsive patients.

Mean selectivity values were calculated over 6 month intervals. The

variation was expressed as the % change of the value in the preceeding six



Fig. 33. Variation in selectivity values.
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months, so that one value of variation was obtained from patients studied

for 1 year, 2 values from patients studied for 18 months, etc. A total of

77 values of variation were obtained from the 30 patients. The mean value

was - 0.3%, range + 55.8 to - 36.5%. The values of over 20% were generally

obtained where only one estimation of selectivity was made during a six

month period, which suggests that, in part, this represented cumulative

physiological :nd methodological errors, in addition to any genuine change

in selectivity. The mean values of variation/patient/six months ranged

from + 14.3 to - 15.4%, mean - 1.5%. The majority (93%) of the values were

within the estimated physiological variation of + 13.5%. Fig. 33 shows the

estimations of variations/six month/patient plotted against the mean selec¬

tivity value over the time studied. It can be seen that there is no

correlation between the direction of variation and selectivity. Eleven

patients had a mean increase in selectivity and 17 a mean decrease.

The cumulative variations over periods of over 2 years were studied

in 17 patients. The values ranged from + 33.3% to - 19.6%, mean + 2.7% and

in only 3 patients was the value over 20%.

The relationship of steroid treatment and variation was also consid¬

ered. Fig. 33 indicates which patients were receiving steroids ard whether

they had a complete or partial response (3.2.2). Twenty patients were

receiving treatment with steroids, 9 of these had a mean increase in selec¬

tivity, and 9 had a mean decrease. Ten patients had no steroid treatment,

2 of these had a mean increase in selectivity and 8 had a mean decrease in

selectivity. Expressing these results another way, 37% of the patients had

a mean increase in selectivity and of these 827. were receiving steroids. A

mean decrease in selectivity was shown by 57% of the patients, and of these

53% were receiving steroids.



TABLE 31.

Changesin selectivity when proteinuria was reduced to trace and
normal levels

Selectivity values were estimated pre- and post- steroid treatment and when
proteinuria was being abolished, as indicated by the albumin serum:urine ratio
(Alb S:U) or the total urinary protein (UP). The relative clearances of the
individual proteins are also shown: transferrin (S), Y-globulin (Y), a.-macro-
f lobulin (a.,) and (J-lipoprotein (|3).
* Subjects 14 and 15 had no steroid treatment and proteinuria subsided spontaneously.

Selectivity value

Subject Pre-
treatment

Post-
treatment

Proteinuria

going
Alb
S:U

UP

mg./24 hr.
S Y a2 P

1 2.81 2.73 3.15
2.29

224
320

4480

114
100

18
42

0.06
0.45

2 2.41 2.47 2.36
2.21

320
2000

83
72

7.7
36

0.32
0.47

?

3 2.02
- 5000

4

1

1.37 3000 11 120 71 4.6
r

*

5
2.26

3500
640 125 31 0.05 |

~i

6 2.43 256 160 50 0.39
■

7 3.01 2.67 2.92 256 80 25 0.09

8 1.84 2.50 2.85 640 143 13 0.13

9 2.68 2.59 1.89
1.39
1.71
1.78

192
320
470
700

10200 63

75
125
100
87

19
50
29
50

0.96
4.0
1.6
1.4

10 2.75 2.67 560 310

11 2.56 3.25 2.34
1.76
1.30

1160
6000
13700
17900

17

120
63
62

30
63
62

0.42
1.3
3.8

12 1.43 6100 85 52 3.5 2.0

13 2.91 3.15 1540
25500

37

14* 2.26 1.94 448 170 88 25 0.94

15* 1.56

1
1.72
1.28

460
6400

107
143

29
1

1.8
5.7 -
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In those patients who were steroid responsive the proteinuria

decreased over a period of weeks or sometimes months. During this time,

while proteinuria persisted, the variation in selectivity was studied and

no significant differences between responsive and non-responsive patients

were found. Of the 5 patients who were responding to steroid treatment

(Fig* 33), 2 had a mean increase, but 2 had a mean decrease in selectivity.

One patient not being treated with steroids, however, had a significant rise

in selectivity associated with a partial spontaneous recovery (3.2.2).

Selectivity when proteinuria is reduced to trace and normal levels by

steroid treatment

In a few patients with selective proteinuria who responded fully to

steroid treatment, it was possible to estimate selectivity values at trace

and normal levels of proteinuria. Table 31 gives values of selectivity pre-

and post-treatment and when proteinuria had reduced to trace and normal

levels. In some cases only the total protein and/or serum:urine albumin

level was estimated.

Changes in selectivity values occurred, but at varying values of the

serura:urine albumin ratio. In one subject (9) there was a marked reduction

in selectivity when the ratio was 320, but in the same patient the change

was significantly less when the ratio was 700. In another patient (2) no

significant change occurred at a ratio of 2000. However, in most instances

significant changes were not detected until the albumin serura:urine ratio

was over 400, the criterion of proteinuria for this study.

In 4 patients low indices of selectivity were found at albumin

serum:urine levels of 3000 and over; values ranged from 1.30 - 1.43.

These were within the range of values found for normal individuals (3.3).

In 9 patients the albumin serunnurine levels fell to values ranging from



CABLE 32.

Selectivity values in postural proteinuria

Indices of selectivity (-k) were estimated (a) during proteinuria and (b)
when proteinuria was reduced to trace or normal values as indicated by
the albumin serum:urine ratio (Alb S:U). The relative clearances of the
individual proteins are also shown: transferrin (S), Y-globulin (T),
a2~macroglobulin (a2> and p-lipoprotein (p).

Subject -k Alb S:U S Y
a2 P

1 a 1.06 26 93 21 7.4 -

b 1.19 640 100 62 5.6 1.8

2a 1.38 112 58 58 6.5 0.54

b 0.95 5250 110 56 8.5 4.3

3 a 0.75 112 35 30 11 -

b 1.48 768 150 75 3.6 -

4 a 1.26 160 72 50 2.9 1.4

b 1.27 640 72 36 9.3 0.70

5 a 1.01 16 100 57 10 3.0

b 0.73 2130 67 52 15 -
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2000 - 25,000; these are also within normal limits (3.3). However, in 2

patients with a long-term response, the urinary protein, although undetec¬

table by the biuret method, was of trace levels as indicated by albumin

serumrurine ra.;ios of 640 and 256.

Selectivity when proteinuria is reduced to trace and normal levels

spontaneously

Two patients who received no steroid treatment are also included in

Table 31. Patient 14 had a focal proliferative glomerulonephritis and

Patient 15 had acute proliferative glomerulonephritis. Both fully recovered.

Selectivity values in each case showed a reduction when the proteinuria was

reduced, with a value of 1.28 for Patient 15, when the albumin serum:urine

ratio was 6400. This was within the range of values found in normal

individuals (3.3).

Selectivity values were also estimated during proteinuria, and at

trace and normal levels of protein excretion, in 5 patienti with postural

proteinuria. Table 32 gives values of selectivity at two different levels

of protein excretion (a and b) for each patient, together with the

relative clearances of the individual proteins. Thet was no significant

difference in clearances of any of the proteins between series (a) and (b).

P-Lipoprotein was detected in 3 of the (a) and 3 of the (b) samples.

Albumin serum:urine ratios and selectivity values during proteinuria (a)

ranged from 16 - 160 and 0.75 - 1.38 respectively. When proteinuria was

reduced to trace or normal levels, values ranged from 640 - 5250 and 0.73 -

1.48 respectively. Mean selectivity values for (a) and (b) were 1.09 and

1.12 respectively.

The selectivity of the proteinuria in acute ischaemic renal failure

was repeatedly estimated from the onset of the illness to death or recovery



TABLE 33.

Selectivity values in acute ischaemic renal failure

Indices of selectivity (-k) were estimated at 3 degrees of proteinuria as
indicated by the albumin serumrurine ratios (Alb :U) of (a) < 200,
(b) 200 - 1000, (c)>1000. The relative clearances of the individual
proteins are also shown: transferrin (S), T-globulin (Y), a_-macrogl;bulin
(a2) and p-lipoprotein (p).

Subject Alb S:U S Y a2 P
No. of
deter¬
minations

-k Blood
ufeo-

rng, //oon%t.

1 a 68 96 54 20 9.6 12 0.66 XTh

b 520 80 59 3.1 <"0.5 3 1.44 WS

c 2250 108 76 3.5 < 1.0 4 1.45 IS

2 a 28 54 40 5.6 0.8 3 1.10

b 460 80 58 14 <0.5 3 0.79 I

c 2340 121 69 6.8 < 1.0 5 1.17 38

3 a 72 75 32 10 1.3 2 1.13 214

b 400 86 74 15 4.9 2 0.87 42

c 1790 98 68 15 4.4 5 0.89 48

4 a 100 82 60 18 5.1 3 0.80 24 I

b 600 83 60 17 1.5 6 1.08 214.

c 1540 118 68 15 5.3 5 0.86 n
iL J

i

5 a 130 89 50 34 2.2 6 0.40 2A1

b 450 121 59 15 <1.0 3 0.82 11 0

6 a 96 69 49 12 1.5 2 1.08 2|4

b 380 118 61 27 4.3 3 0.84 211

1



Fig. 34. Selectivity during the course of the illness in acute ischaemic

renal failure.

The serum:urine albumin ratio showed a marked rise, while the blood urea fell.
The urine volume rose to reach a maximum in the diuretic phase. Clearances
of the individual proteins showed no systematic change, and the values
corresponded to an unselective proteinuria.

TIME IN DAYS
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in 6 patients* Table 33 gives the selectivity values for each patient at

3 different levels of protein excretion, as defined by albumin serum:urine

ratios of (1) < 200, (2) 200 - 1000, and (3) > 1000. The number of

determination -, and the blood urea are also given. Clearances of Y"-globulin

rose slightly as the proteinuria reduced to normal values, p-Lipoprotein

was always detected in the early phases of the illness, but in three cases

it was not detected when the urinary protein concentration fell on recovery.

Values of selectivity did not change systematically or significantly with

recovery and the return of the degree of proteinuria towards normal values

(3.3). Mean values and ranges for the different degrees of proteinuria were

(1) <200, -k « 0.86, range « 0.40 - 1,13; (2) 200 - 1000, -k • 0.97,

range = 0.79 - 1.44; (3)> 1000, -k » 1.09, range = 0.86 - 1.45. Fig. 34

shows the individual protein clearances, serumrurine albumin ratio, blood

urea and urine volume for patient 1 during the course of the illness.

Summary

The variation in selectivity values within one week was estimated to

have a maximum value of + 13.5%. Variation over longer time intervals of

one or two years, whether or not the patient was being treated with steroids

and while proteinuria persisted, was not found to be significantly different

from the value of + 13.5%. When proteinuria was reduced,however, to trace

or normal levels by steroid treatment or spontaneously, the index of

selectivity fell, from the highly selective values associated with the

ability to abolish proteinuria (3.2.2), to values approaching those of

normal subjects. The changes became significant at varying levels of

protein excretion between albumin serum:urine ratios of 200 and 2000.

Selectivity values in postural proteinuria and acute ischaemic renal

failure, however, did not significantly change as the proteinuria returned
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to normal levels* In these patients the proteinuria remained unselectlve

at both abnormal and normal levels of protein excretion.



Fig. 35. Selectivity values pro- and post-steroid treatment.

The dotbei line* resets. IT>e e.£"l Imated- plvysioloaicfiX va-Oalcon.
4± 13-5%
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3.2.2. SELECTIVITY AND STEROID TREATMENT

A proportion of the patients received steroid treatment and this

group included patients with almost every type of renal disease in this

study, exclud ng amyloid disease, postural proteinuria and acute ischaemic

renal failure. The effect on selectivity values of commencing steroid

treatment, and the relationship of selectivity values and response were

considered. Re: . r of studies of variations in selectivity, while the

patient was receiving steroids and when proteinuria diminished to trace and

normal values, as a result of steroid treatment, have already been presented.

Effect of commencing steroid treatment on selectivity values

Indices of selectivity were estimated before and after steroid

treatment in 26 patients. In almost every case two or three values were

estimated, over the weeks during which the patient was investigated and

assessed, before commencing steroid treatment. A minimum of 2 estimations

of selectivity, after steroid treatment was commenced, wa; made over the

following 6 months, or while proteinuria persisted, whichever was shorter.

Since selectivity values did not change significantly while the patient was

receiving steroids and proteinuria persisted, a mean value of electivity

over the period studied was taken for each patient. Fig. 35 shows mean pre-

and post-steroid selectivity values plotted against each other. The majority

of values showed no significant change, and were within, or almost within,

the estimated physiological variation. This was true of most of the

patients who responded to the treatment, as well as those who did not

respond. (Criteria of response are outlined below). However, in three

patients, who fully responded to steroids, there was a marked rise in

selectivity values after treatment.
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Correlation of selectivity values and steroid response

The relationship of selectivity values and steroid responsiveness

was investigated in 48 patients. Each patient was studied during steroid

treatment for three months, or while proteinuria persisted, whichever was

shorter. A control group of 19 patients, who were not treated with

steroids, was also studied for a minimum period of three months for each

patient. Since selectivity values did not change significantly while the

patient was receiving steroids and proteinuria persisted, a mean value of

selectivity during the period studied was taken for each patient. A

complete response was defined by abolition of proteinuria, with the

urinary protein concentration falling to less than 30 mg.% and a rise to

normal values in the creatinine clearance, if it was reduced. Partial

response was defined by a reduction in proteinuria by 70% and a rise in the

creatinine clearance, if reduced, to normal values, or to a value at least

50% higher than the original value. Patients who did not fall into either

of these categories were considered as having no response. Fig. 36 shows

selectivity values plotted agrinst response for the patients receiving

steroids and the control group. The results are very striking. Of the 48

patients receiving steroids, 19 (40%) had a complete or partial response

and of these, 18 (95%) had selectivity values of over 1.9. Seven patients

(15%) had a partial response, of these 6 (80%) had selectivity values of

over 1.9 and 12 (25%) had a complete response, of these 12 (100%) had

selectivity values of over 2.0. Of the whole group of steroid treated

patients, 23 patients (48%) had selectivity values of over 1.9 and of these

18 (78%) partially or wholly responded. Twenty-five patients (52%) had

selectivity values of under 1.9, and of these 1 (4%) partially responded.

In the control group 2 patients (11%) responded, and both had selectivity
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values of over 2.1. Of the 7 control patients with selectivity values of

over 1.9, 2 (29%) responded.

Although patients with minimal lesion glomerulonephritis had the

most selective type of proteinuria (3.2.4),the selective steroid-responsive

patients were not confined to this disease group, toe patient with

proliferative glomerulonephritis and 2 patients with lupus nephritis fully

responded, toe patient with proliferative glomerulonephritis, 1 patient

with lupus nephritis and 1 patient with mixed membranous and proliferative

glomerulonephritis partially responded. In the control group the patient

who fully responded and the patient who partially responded both had

proliferative glomerulonephritis.

In both the steroid treated and control groups there was a large

overall rise in selectivity in a patient who had a partial response. The

control patient had a mean positive variation in selectivity/six months of

14.3% over 18 months, and the steroid treated patient had a mean positive

variation in selectivity/six months of 6.7% over 18 months. The increases

in selectivity to values of over 2.0 shown in Fig. 36 were due to an

accumulation of the positive variations.

Selectivity values showed no significant change when steroid treat¬

ment was commenced and while proteinuria persisted, with the exception of

three responsive patients, in whom the selectivity rose. Responsiveness to

steroid treatment and spontaneously subsiding proteinuria both correlated

extremely well with selectivity. There was a high recovery rate at

selectivity values of over 1.9. Recovery was very much more frequent in

the steroid treatment group.



Fig. 37. Correlation of selectivity values with age and sex.

Each dot represents the mean selectivity value of one patient.
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3.2.3. SELECTIVITY IN RELATION TO OTHER PARAMETERS

Mean values for the whole group of patients were considered together

in relation to age, sex, renal function, and total protein excretion.

Results of selectivity studies following infusions of albumin are also

given here.

Age and Sex

Mean indices of selectivity were compared to the age of the patient

in 107 cases. This group included those patients with histological

evidence of glomerular disease, but excluded patients with postural

proteinuria and acute ischaemic renal failure.

Fig. 37 shows the selectivity values plotted against age. Although

some of the children had a selective proteinuria, there was an obvious

positive correlation, with a tendency for the more selective proteinuria

to be associated with the older patient. The correlation coefficient «*

+ 0.549, p < 0.001.

Of the 130 patients studied, 56 were female and 74 were male. No

significant difference in selectivity values was found. For females the

mean value was 1.79, S.D. + 0.67, coefficient of variation 37%, standard

error of the mean 3.9%, and for males the mean value was 1.72, S.D. + 0.57,

coefficient of variation 33%, standard error of the mean 5.2%. Fig. 37 also

shows the sex of the patient in relation to selectivity.

Total protein excretion

Mean indices of selectivity were compared to the total protein

excretion in 100 patients. In every case the urinary protein concentration

was over 30 mg.% and only patients with histological evidence of glomerular

disease were included, those with postural proteinuria and acute ischaemic

renal failure being excluded.



Fig. 38, Correlation of selectivity values with total protein excretion.

Each dot represents the mean selectivity value and the mean value of total
protein excretion of one patient. UP = total protein excretion in g./24 hr.
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Fig. 39, Correlation of selectivity values with creatinine clearance.

Each dot represents the mean selectivity value and the mean value of
creatinine clearance of one patient. Cr CI = creatinine clearance
in ml./min. CorfeloXt'on coefficient t,oS» + 0-5o3, p<O.Ol .
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Fig, 38 shows mean selectivity values plotted against mean total

protein excretion. There is no obvious correlation and the correlation

coefficient r= + 0,239, p < 0.05, When values for the different types

of renal diseases were studied there was still no obvious correlation.

Selective patients with minimal lesion glomerulonephritis often excreted

as much, or more, protein as an unselective patient with any other type of

renal disease.

Renal function

Mean indices of selectivity were compared to the glomerular

filtration rate, as measured by the creatinine clearance, in 105 patients*

This group included those patients with histological evidence of glomerular

disease, but excluded patients with postural proteinuria and acute ischaemic

renal failure.

Fig, 39 show the selectivity values plotted against mean values of

creatinine clearance. There was a degree of positive correlation, with a

tendency for good renal function to be associated with high selectivity.

However there was a group of petlents with selectivity values of the order

of 2,0 with very low creatinine clearances of under 30 ml./min. Patients

in this category had either proliferative glomerulonephritis, or amyloid

disease. Amongst the patients with selectivity values under 1,6 there was

a substantial proportion with creatinine clearances of over 80 ml./min.

This group of patients often had proliferative glomerulonephritis and one

case had ex«*cise haematuria.

This indicated that some types of renal disease had a closer

correlation between selectivity values and renal function than others.

Patients with minimal lesion glomerulonephritis all had good renal function

associated with their high selectivity values, and patients with chronic



TABLE34.
Albumininfusionexperiments

Valuesofselectivity(-k)wereestimatedbefore,duringandafterinfusionofalbumin.Detailsaregivenofthe samplestaken,urineprotein(UP),creatinineclearance(CrCI),serumprotein,albuminserum:urineratio(AlbS:U) andtherelativeclearancesoftheindividualproteins:transferrin(S),Y-globulin(Y),a9-macroglobulinand P-lipoprotein(|3).
Subject

Infusion

3

Serum

Urine

Urine

I

P

—-—i
CrCI

Serumprotein
Alb

samples

samples

vol.

mg.7.

mg/min.
cnl.A°'n '

Total

7.Alb

S:U

S

Y

a2

P

-k

1

Meanpre- infusion

|

0.87

value Control

10.30

10.30- 10.30

2500

26

7.2

51

512

125

i

8316

tm

0-22.

100&Albuini 10.30-11.00
n

11.00

7.8

65

11.00- 11.40

160

29

224

100

50

3.9

1.4

1.27

11.40

7.8

65

12.00

11.40-

220

35

320

120

43

3.2

1.21.34

12.40

12.20- 1.00

190

32

7.8

55

448

100

50

9.3

4.0

0.94

4.30

1.00- 8.00

1150

27

7.7

54

■

512

88

58

13

0.84

2

Meanpre- infusion values

30

2.16

Control 50g Albumin 2.30-4.30
!

7.00- 2.30

512

'

1350

4.55

25

1.5

150

30

0.41

0.07

2.21

2.30

3.92Q

2.30- 3.30

31

2300

11.9

41

1.25

125

36

0.87

0.33

1.77

3.30

■

4.2

31

3.30- 4.30

26

1650

7.15

33

1.5

150

37

0.50

0.21

1.96

4.30

4.3

41



Frusemide

5.30

4.30- 5.30

14065015.2
T

Mean,pre- infusion values Control 50g Albumin 3.00-5.00

7.00- 3.00

475

3403.37

2.40

3.00- 5.00

83

5.00

5.00- 6.40

79

400 320

2.77 2.55

6.40 8.40

Eg;83360208
21

30

19

0.20

0.09

2.01

4.153
11 15 15 18 13

4.0 4.0

43 48

3.9 4.4

12 12

10060

4.5

120

604.0

12

85504.0
59

14

14050

4.6

1.7 2.0 1.5 1.6

1.24 1.23 1.23 1.23 1.27

43

I
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renal failure all had poor renal function associated with their low

selectivity values. Patients with membranous glomerulonephritis and diabetic

glom< rulosclerosis also had a good correlation between selectivity and renal

function, with the higher selectivity values generally being associated with

good renal function and vice versa. However patients with proliferative

glomerulonephritis had a very poor correlation, with some high selectivity

values being associated with poor renal function and vice versa. Patients

with amyloid disease also had little correlation, renal function generally

being poor, but selectivity values high.

Selectivity on infusion of albumin

Selectivity values were estimated in three patients, before, during

and after infusion of serum albumin. One patient (1) was in the diuretic

phase of acute ischaemic renal failure and two had significant glomerular

disease. Of the latter, one had lupus nephritis (2) and a selective

proteinuria, the other had proliferative glomerulonephritis (3) and an

unselective proteinuria.

Results are shown in Table 34 which also gives details of the urine

and serum samples taken, urine protein concentrations, creatinine clearance

and serum proteins. In every subject the serum albumin concentration rose

by at least 12%. In subject 1 both the urine protein concentration, as

indicated by the albumin serum:urine ratio, and the creatinine clearance

also rose. The selectivity value rose by 63%, from 0.82 to 1.34. The

maximum values for serum albumin, urine protein concentration, creatinine

clearance and selectivity all occurred at the same time, at the beginning

of, or during, the second urine collection period.

In subject 2 the urine protein concentration and creatinine clear¬

ance rose, but the selectivity value fell by 20% from 2.21 to 1.77.
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Maximum values of urine protein concentration and creatinine clearance

coincided with the minimum selectivity value, although the maximum serum

albumin concentration occurred slightly later*

In subject 3 the creatinine clearance rose, but the urine protein

concentration fell slightly from the control value. However, the urinary

protein concentration was higher during the first collection period after

commencing the infusion, than the last collection period. There was no

significant change in selectivity values.



TABLE 35.

Protein selectivity in relation to diagnosis

Diagnosis No, of cases Mean selectivity Range of values

Minimal lesion

g1omeru1onephritis
12 2.91 2.34 - 3.82

Amyloid disease 7 2.33 1.68 - 3.03

Diabetic

glomerulosclerosis
9 1.89 1.30 - 2.68

Lupus nephritis 10 1.84 1.17 - 2.40

Membranous

glomerulonephritis
11 1.64 1.04 - 2.15

Proliferative

glomerulonephritis
37 1.62 0.76 - 2.78

Mixed membranous and prolif¬
erative glomerulonephritis

5 1.56 1.40 - 1.70

Chronic renal failure 7 1.28 1.00 - 1.69

Postural proteinuria 5 1.11 0.75 - 1.38

Acute ischaemic renal
failure

10 0.90 0.40 - 1.20

Miscellaneous: Toxaemia of

pregnancy

K depleted hypertensives

Post-partum renal disease
Renal vein thrombosis

Exercise haematuria

Pyelonephritis

Multiple myeloma
Proteinuria of unknown

origin

3 1.33 1.13 - 1.50

3 2.18 2.16 - 2.20

2 1.43 1.02 - 1.83

2 1.87 1.79 - 1.95

1 0.90

1 1.43

1 1.44

4 1.79 1.54 - 2.10

Preliminary series in
pregnancy - no biopsy
Toxaemia 7 1.69 0.86 - 3.15

Accidental haemorrhage 7 1.14 0.82 - 1.65
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3,2.4. SELECTIVITY IN RELATION TO DIAGNOSIS

Selectivity values were compared with the specific diagnosis in all

of th 130 patients. The selectivity is considered here simply in relation

to the type of renal disease; selectivity in relation to the degree and

extent of the ultrastructural glomerular lesion will be considered later

(3.2.5). The variation in selectivity values over 1 year periods was found

to be within the physiological variation and in patients who were studied

over longer time intervals of 2 years the cumulative variation was not

generally greater than 20%. In addition, when steroid treatment was

commenced there was generally no significant change in selectivity values

for as long as proteinuria persisted. Therefore it was considered valid to

take a mean value of selectivity for each patient.

Ranges and mean values of selectivity for the different types of

renal diseases studied are given in Table 35, and Fig. 40 shows the data

diagrammatically. Host of the different types of renal disease had a wide

range of selectivity values, although the mean group values showed signifi¬

cant differences and ranged from 0.90 - 2.91. Patients with minimal lesion

glomerulonephritis had by far the most selective proteinuria of all, although

some patients with amyloid disease, proliferative glomerulonephritis, lupus

nephritis and diabetic glomerulosclerosis had selectivity values within the

minimal lesion range. Patients with amyloid disease had, with one exception,

selectivity values of over 2.0. Patients with lupus nephritis and diabetes

both had a range of selectivity values, but the mean values were above the

mean for all the patients studied (1.74). Proteinuria in proliferative

glomerulonephritis had an enormous range of selectivity values, overlapping

with all the different disease groups, from the least to the most selective.
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Patients with mixed membranous and proliferative glomerulonephritis, and

membranous glomerulonephritis also had a range of values with group means

which were slightly more unselective than the overall mean of 1.74. The

values in membranous glomerulonephritis were quite different from those in

minimal lesion glomerulonephritis. Patients with chronic renal failure,

postural proteinuria and acute ischaemic renal failure all had very unselec¬

tive proteinuria, particularly those with acute ischaemic renal failure.

In the miscellaneous group of patients, those with potassium

depletion and hypertension were found to have a selective proteinuria,

those with multiple myeloma, pyelonephritis, and exercise haematuria to

have an unselective proteinuria, and those with proteinuria of unknown origin

or renal vein thrombosis to have proteinuria of intermediate selectivity.

Two patients with post-partum renal disease were found to have different

selectivity valu, s, one intermediate and one unsel ctive.

The preliminary study of proteinuria in pregnancy indicated that the

proteinuria of toxaemia was more selective than the proteinuria following

accidental haemorrhage. However, the 3 patients with toxaemia, included in

the miscellaneous group, who all had a biopsy, had a less selective

proteinuria than those of the initial series.

Although each type of renal disease had a range of selectivity values

the patterns were sometimes very different - for example, minimal lesion

glomerulonephritis had a completely different range from that of mixed

membranous and proliferative glomerulonephritis, membranous glomerulonephritis,

chronic renal failure, postural proteinuria and acute ischaemic renal

failure. Postural proteinuria and acute ischaemic renal failure also had a

quite different range of selectivity values from that of amyloid disease.

Studentfe ttests were carried out to establish the significance of these



TABLE 36.

Student's t tests on selectivity values in different renal

diseases

t Tests were carried out to establish the significance of the different

selectivity values found in the following renal diseases: minimal lesion

glomerulonephritis (Min), amyloid disease (Am), diabetic glomerulosclerosis (D),
lupus nephritis (L), membranous glomerulonephritis (M), proliferative glomerulo¬

nephritis (Pr), mixed membranous and proliferative glomerulonephritis (Mix),
chronic renal failure (C), postural proteinuria (P) and acute ischaemic renal
failure (Ac).

(a) Values of t when selectivity values in two renal diseases were compared
are shown in the bottom left-hand half of the table and the significance (p)
is shown in the top right-hand half.

Min Am D L M Pr Mix C P Ac

Min

'"-'I

0.01 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005 0.0005

Am 2.82 0.025 0.0125 0.0025 0.0005 0.0025 0.0005 0.0005 0.0005

D 5.21 2.15 0.80 0.10 0.05 0.10 0.0025 0.0025 0.0005

L 5.94 2.55 0.27
v.

0.15
' ' 1"

0.10 0.10 0.0025 0.0025 0.0005

M 7.41 3.79 1.44 1.23 0.90 0.70 0.025 0.005 0.0005

Pr 9.00 4.08 1.72 1.48 0.14 0.80 0.025 0.01 0.0005

Mix 9.26 4.20 1.74 1.59 0.48 0.31 0.025 0.0025 0.0005

C 8.73 5.86 3.43 3.36 2.28
L—

2.98

2.03 2.33 0.30 0.0025

P 8.42 6.11 3.87 3.89 2.61 4.16 1.23 0.10

Ac 12.60 9.15 6.43 6.51 5.39 5.09 5.71 3.58 1.58

t



(b) Summary of the significance of the differences in selectivity
values.

Disease
Significantly different

from
Probably significantly

different from
Not significantly
different from

Min D,L,M,Pr,Mix,C,P,Ac Am m

Am M,Pr,Mix,C,P,Ac Min, D, L m

D Min, C, P, Ac Am L, M, Pr, Mix

L Min, C, P, Ac Am D, M, Pr, Mix
, : !

M Min, Am, P, Ac
„ „ ... , ,,

c
.

D, L, Pr, Mix

Pr Min, Am, Ac

■ - -

C, P D, L, M, Mix

Mix Min, Am, P, Ac c D, L, M, Pr

C Min, Am, D, L, Ac M, Pr, Mix P

P Min, Am, D, L, M, Mix Pr Ac

Ac Min,Am, D,L,M,Pr,Mix,C m P



- 106 -

differences. The results are shown in Table 36a and summarised in Table

36 b. Selectivity values in minimal lesion glomerulonephritis, amyloid

disease, chronic renal failure, postural proteinuria, and acute ischaemic

renal failure were all statistically significantly different from those of

other diseases, but values in membranous glomerulonephritis, diabetic

glomerulosclerosis, proliferative glomerulonephritis, and mixed membranous

and proliferative glomerulonephritis were not significantly different from

one another.



Fig. 41. Minimal lesion glomerulonephritis

In most cases the basement membrane remains normal. There is complete
loss of epithelial cell pedicels.

Magnification x 9,600.

The following abbreviations are used in the above
and in all subsequent electron microscopic photographs:-

BM basement membrane

E epithelial cell
CS capillary space

EN endothelial cell

P pedicels
D deposit
W white blood cells
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3.2.5. SELECTIVITY AND GLOMERULAR PLTRASTRUCTURE

Selectivity and glomerular ultrastructure were studied in 119

patients. Renal biopsy tissue from the majority of the patients was

examined by electron, as well as light microscopy. Selectivity values for

the different types of renal disease have already been considered (Fig. 40

and Table 35). In this section a brief description of the microscopic

findings is g.ven for each type of renal disease, and,where possible, the

degree of damage is correlated with individual selectivity values.

Minimal lesion glomerulonephritis

Selectivity values ranged from 2.34 - 3.82, mean 2.91.

In general, biopsies in these individuals showed no significant light

microscopy lesion, although occasionally a very slight degree of endothelial

cell proliferation was noted. Electron microscopy of the glomeruli showed

the same basic changes (Fig. 41). A minor degree of endothelial cell

proliferation was noted in some cases. The epithelium showed the most

marked changes, with loss of pedicel structure producing a continuous layer

of epithelial cytoplasm over the external aspect of the basement membrane.

Folli bodies and localised ballooning of epithelial cytoplaw., were also seen.

The basement membrane was relatively normal, although a focal folding and

tortuosity was sometimes noticed. In two patients a definite slight increase

in basement membrane thickness was noted, when the initial biopsy specimen

was compared to a biopsy specimen taken some months later. In these two

patients selectivity values were 3.20 and 2.54. Where biopsies were available

before and after treatment, steroid therapy resulted in a reappearance of

normal epithelial pedicel structure.

With the exception of the patients with the thickened basement

membrane, glomerular changes in all the patients were very similar and



Fig. 42. Amyloid disease.

Epithelial pedicel structure is lost. The basement membrane is grossly
distorted by deposition of amyloid material. At higher magnification
this has a distinctive fibrillar appearance.

Magnification x 7a000.
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therefore no comparison was made of the individual glomerular changes with

individual selectivity values.

Amyloid disease

Selectivity values ranged from 1.68 - 3.03, mean 2.33.

Glomeruli affected by amyloidosis showed a homogeneousdeposition of

hyaline material, initially in the region of the basement membrane. This

had progressec" in some Instances to obliteration of the capillary loops.

On electron microscopy (Fig. 42) the appearances were entirely characteris¬

tic and showed the amyloid deposits had a distinctly fibrillar structure,

and thicken ;d the basement membrane in an irregular fashion.

The patient who had by far the lowest selectivity value of 1.68 had

no renal biopsy, so unfortunately in this case it was impossible to compare

the glomerular appearances with those of all the other patients with much

higher selectivity values.

Diabetic glomerulosclerosis

Selectivity values ranged from 1.30 - 2.68, mean 1.89.

On light microscopy the basic 'diffuse' lesion usually showed a

generalised capillary wall thickening, which was most marked in the axial

regions, although one patient shovred no significant abnormality. Capill¬

aries were often dilated. Diabetic nodules, which formed or progression of

the disease process, were rounded or ovoid hyaline, eosinophilic, laminated

structures, situated at the periphery of the glomerulus. On electron

microscopy the diffuse lesion showed a uniform increase in the thickness of

the basement membrane, leading to axial basement membrane accumulation.

The nodules appeared as an agglomeration of small masses of basement

membrane.

The glomerular appearances were classified according to the severity



Fig. 43. Correlation of selectivity values and glomerular changes.
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Fig. 44. Lupus nephritis.

Pedicels, in this case, are well preserved. The basement membrane
appears normal. There is a large osmiophilic deposit in a sub-
endothelial position.

Magnification X 15,000.
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of the disease process into those showing no significant changes, moderate

diffuse changes and advanced nodular changes. When plotted against

selectivity values there was a correlation (Fig. 43), with lower selectivity

values associated with an increasing degree of glomerular damage.

Lupus nephritis

Selectivity values ranged from 1.17 - 1.84.

A considerable variety of changes could be seen on light microscopy

in this condition. Commonly the appearances were of a focal glomerulo¬

nephritis, occasionally associated with peripheral patches of glomerular

necrosis and foci of fibrinoid change in capillary walls. On electron

microscopy (Fig. 44) the main features were those of a proliferative

glomerulonephritis, with variable smearing of epithelial cell foot processes.

The presence of osmiophilic deposits between the basement membrane

and endothelial cells is often regarded as characteristic of this syndrome.

This feature has, however, also been observed in cases where a diagnosis of

DLE was not supported by other findings, and in the present series with

lupus nephritis, only 2 of the 9 patients examined by electron microscopy

showed such deposits. Selectivity values in these cases were 1.34 and 1.77.

In two other patients with selectivity values of 1.17 and 1.87 the basement membrane

showed thickening or a dark material, which inay have been an early form of

deposit. The mean selectivity value for patients with basement membrane

changes was therefore 1.54, and for the remainder was 2.16, the ranges of

values being 1.17 - 1.87 and 1.99 - 2.40 respectively (Fig. 43).

Membranous glomerulonephritis

Selectivity values ranged from 1.04 - 2.15, mean 1.64.

Glomeruli on light microscopy showed significant changes. Capillary

walls were diffusely thickened. Endothelial cells appeared enlarged and



Fig, 45„ Membranous glomerulonephritis.

There is marked loss of pedicel structure. The endothelium appears normal.
The basement membrane area is grossly thickened and contains both light
and dark vacuolated areas.

Magnification x 7,000.
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there was only minor endothelial swelling and proliferation. On electron

microscopy the changes seen in glomeruli varied according to the stage of

the disease. In almost every case there was complete smearing of the

epithelial cell foot processes, and only minor endothelial cell swelling.

The basement membrane showed the most characteristic changes, with

accumulations of hyperosmiophilic material between the basement membrane

and epithelial cells, irregularity and corrugation on the epithelial side,

and the development of vacuoles within the abnormal osmiophilic material

and the membrane proper. As the condition progressed focal profusion of

epithelial, and to a lesser extent endothelial, cell cytoplasm into the

abnormal basement membrane was seen. In the later stages islands of cyto¬

plasm occurred within the basement membrane. Advanced changes were

associated with capillary narrowing, causing complete obliteration of the

capillary lumen. Fig. 45 shows part of a glomerulus at an intermediate

stage of the disease.

The glomerular appearances were classified according to the stage of

the disease process, into those showing "early","intermediate" and "late"

changes. When plotted against selectivity values there was a significant

correlation (Fig. 43), with lower selectivity values associated with an

increasing degree of glomerular damage.

Proliferative glomerulonephritis

Selectivity values ranged from 0.76 - 2.78, mean 1.62.

The most striking feature of the condition, before progression

occurred, was the increase in glomerular cells, almost always of the endo¬

thelial type. This proliferation was focal or diffuse and in some cases

glomeruli appeared to be enlarged and hyperlobulated. Further changes such

as crescent formation and adhesion to Bowman's capsule were sometimes



Fig. 46. Proliferative glomerulonephritis.

There is an increased number of endothelial cells within the capillary
loopj which also contains a white blood cell. Epithelial cell pedicels
show moderate.smearing. The basement membrane is relatively normal,
but shows some proliferation round the middle endothelial cell.

Magnification x 5,300.



Fig, 47, Mixed membranous and proliferative glomerulonephritis

Normal pedicel structure is lost. The basement membrane is unevenly
thickened by the deposition of osmiophilic material within its
substance.

Magnification approx. x 1,500.
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superimposed. When the lesion was progressive this was commonly expressed

by a fibrillar increase in basement membrane material, leading to capillary

wall thickening. These appearances were confirmed on electron microscopy

(Fig. 46). In progressive cases branching and duplication of apparently

normal basement membrane material was seen. In addition a few cases showed

the presence of granular deposits on either the epithelial or endothelial

aspects of the basement membrane. The significance of these is not clearly

established, but they are regarded by some workers as being involved in an

immunological process.

Glomerular abnormalities were classified according to whether they

showed pure or progressive and diffuse or focal changes. The results are

plotted against selectivity in Fig. 43, which also shows the selectivity

values of patients in whom areas of focal necrosis were seen, and in whom

epithelial and endothelial basement membrane deposits were seen. There was

no obvious correlation of selectivity with any oi the glomerular changes.

Mixed membranous and proliferative glomerulonephritis

Selectivity values ranged from 1.40 - 1.70, mean 1.56.

Glomeruli on light microscopy showed enlargement and hyperlobulation,

with endothelial cell proliferation; the distribution of proliferation

varied from diffuse to focal in individual glomeruli. Marked, but focal,

capillary wall thickening was seen, sometimes progressing to hyaline

obliteration of the structure in that region. On electron microscopy (Fig.

47) the most striking feature was the dark basement membrane material, which

was suggestive of early osmiophilic deposits.

The number of patients in this group was too small to relate indivi¬

dual selectivity values to ultrastructural appearances.



Fig, 48. Acute ischaemic renal failure

Fibrillar material is seen within the capillary loop. Although it is
not possible to demonstrate the periodicity of fibrin, it is assumed
that this material indicates incipient thrombosis.

Magnification x 29,000
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Chronic glomerulonephritis

Selectivity values ranged from 1.00 - 1.69, mean 1.28.

The appearances could, in some cases, be related to the type of

glomerulonephritis originally present, but in all cases the glomerular

changes were sufficient to obliterate most of the organized structure.

Partial or complete hyalinisation was sometimes seen, or alternatively

destruction was caused by progressive capillary wall thickening. Renal

biopsy tissue was not examined by electron microscopy in these cases.

Glomerular changes did not show sufficient differences for a

comparison of selectivity and ultrastructural changes to be carried out.

Postural proteinuria

Selectivity values ranged from 0.75 - 1.38, mean 1.11.

Light microscopy revealed no significant abnormality. On electron

microscopy some abnormal features were found in all cases. The epithelial

cells showed focal areas of foot process fusion, ranging from simple

broadening of pedicels to the presence of a continuous epithelial layer

applied to the basement membrane. Patchy, irregular, "ballooning" of

epithelial cell cytoplasm was also seen. Small dark bodies resembling Folli

bodies were noted in the glomerular space, in close association with the

epithelial cells. Hie basement membrane was normal in appearance and

thickness and the endothelial cells showed no significant changes.

Glomerular changes were very similar in all the patients with postural

proteinuria and therefore no comparison of selectivity and ultrastructural

changes was carried out.

Acute ischaemic renal failure

Selectivity values ranged from 0.66 - 1.20, mean 0.90.

Light microscopy revealed no significant glomerular abnormality,



Fig,, 49. Toxaemia of pregnancy

Pedicel structure is well preserved. Endothelial cells are swollen,
giving rise to narrowing of the capillary lumen. A dense deposit is
seen in a sub-endothelial position.
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although tubular necrosis was present in all cases. On electron microscopy

some glomeruli were normal in appearance, but in others a heavy granular

deposit within the capillary was seen (Fig. 48). This material was seen in

2 patients to have an organized structure in places, resembling fibrin.

Excessive aggregates of platelets were also occasionally seen. The endo¬

thelium, basement membrane and epithelium were consistent with normal

appearances.

Glomerular changes were very similar in all the patients with acute

ischaemic renal failure and therefore no comparison of selectivity and

ultrastructural changes was carried out.

Miscellaneous

The three patients with toxaemia had selectivity values ranging from

1.13 - 1.50, mean 1.33. On light microscopy endothelial cell enlargement

was striking, and in parts the basement membrane showed a patchy fibrillar

appearance. On electron microscopy (Fig. 49), the endothelium appeared

swollen, with areas suggestive of sub-endothelial osmiophilic deposits* The

pedicel structure and basement membrane were normal.

The two patients with renal vein thrombosis had selectivity values of

1.95 and 1.75 and light microscopy showed changes of focal glomerulitis. On

electron microscopy mild proliferative changes were seen in the more selec¬

tive patient, and the other showed changes characteristic of early membranous

g1omeru1onephritis.

Two of the three patients with potassium depletion and hypertension

had a renal biopsy. Selectivity values in this group ranged from 2.16 - 2.20,

mean 2.18. On light microscopy slight proliferation of endothelial cells

was seen. Statis in capillary loops was the only abnormality seen on electron

microscopy.
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The patient with myelomatosis had a selectivity value of 1.44. The

glomeruli appeared fairly normal, with some enlargement of cells. The

patient with pyelonephritis had a selectivity value of 1.43 and the glomeruli

showed varying degrees of hyaline replacement of their structure. Entirely

normal glomeruli were found in the patient with exercise haematuria,

selectivity value 0.90.

The two patients with post-partum renal disease had selectivity

values of 1.02 and 1.83. The glomerular changes were striking and on light

microscopy proliferation of cells and thickening of capillary walls was

noted. On electron microscopy there was complete epithelial smearing and

a prominent and unusual lesion between the basement membrane and endothelial

cells.

Four patients had proteinuria of unknown origin. In two patients a

thickened basement membrane was seen on electron microscopy; the selectivity

values were 1.54 and 1.80. In one patient with a selectivity value of 1.70

some hypertensive changes were seen, but the appearances were otherwise

normal. In the fourth patient some statis in capillary loops and folding

of the basement was seen, but the appearances were otherwise normal; the

selectivity value was 2.10.

Summary

High selectivity values were associated with minimal glomerular dam¬

age in minimal lesion glomerulonephritis, but with marked glomerular changes

in amyloid disease. In diabetic glomerulosclerosis, lupus nephritis and

membranous glomerulonephritis mean selectivity values were intermediate and

glomerular changes were significant. The degree of damage correlated with

the selectivity in these diseases, a low selectivity value being associated

with an increasing degree of glomerular damage. In proliferative glomerulo-
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nephritis there was a very wide range of selectivity values, and obvious

variations in the degree and type of lesion, but no correlation between the

two was found. In mixed membranous and proliferative glomerulonephritis

the mean selectivity value was lower than in proliferative or membranous

glomerulonephritis and significant basement membrane changes were seen.

Chronic renal failure showed obliteration of glomerular structure and low

selectivity values. Very low selectivity values, but minimal glomerular

damage, similar to that seen in minimal lesion glomerulonephritis, were

found in postural proteinuria. Almost normal glomeruli were seen in acute

ischaemic renal failure, and selectivity values in this disease were the

lowest of the whole group of patients studied.



TABLE 37.

Protein indices of selectivity by immunodiffusion in

normal subjects

Indices of selectivity (-k), albumin serum:urine ratios (Alb S:U) and relative
clearances of individual proteins (transferrin (S), "f-globulin 00, cc^-macro-
globulin (a2> and p -lipoprotein (p) ) in 10 normal subjects.

Subject Alb S:U S Y
a2 P -k

1 5120 143 125 14 <7 0.09

2 10750 50 120 <4 mm > 1.28

3 2560 100 84 27 13 0.59

4 8750 100 117 6.3 < 3 1.18

5 8830 67 166 2.3
■

<3 1.56

6 3250 59 150 9.0 <2 0.96

7 3200 72 42 4.2 <1 1.28

8 10900 112 140 2.9 - 1.54

9 6160 100 100 16 <2 0.78

10 1600 112 69 5.0 <1 1.29

Mean
I

6610 92 111 8.7 1.14



Fig. 50. Determination of selectivity of normal proteinuria by gel filtration.

The shaded areas represent fractions which were examined by Immunoelectrophoresis,
(see Fig. 51)

• -—« normal serum (S)

Tube number (2ml. fractions)
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3.3. VALUES OF SELECTIVITY IN NORMAL SUBJECTS

Immunodiffusion

Selectivity values were estimated on 10 normal healthy subjects by

immunodiffusion. The results are shown in Table 37, together with the

relative clearances of the individual proteins and the serum:urine albumin

ratios. The clearances of^-globulin were much higher than in cases of

proteinuria and in 7 of the 10 subjects were higher than the albumin clearance.

(3-Lipoprotein was only detected in one urine. Indices of selectivity ranged

from 0.78 - 1.56, mean 1.14 and albumin serum:urine ratios ranged from 1600 -

10900, mean 6610.

Gel filtration

Selectivity values were estimated on 2 normal healthy subjects by gel

filtration. In addition a third estimation was made using a normal urine

pool and a normal serum pool.

Selectivity values for the two individuals were + 0.49 and - 0.11.

Albumin serum:urine ratios were 7200 and 2100 respectively. The correlation

coeffi lent for the log-log plots of renal clearance against molecular weight

were r =+0.919 and r =-0.256 respectively • The urine pool had a selectivity

value of - 0.17, correlation coefficient r =-0.242. The urines all had a

similar elution pattern on G 200 and Fig. 50 shows the elution pattern of

the sera and urine pools and the plot of log 100 urine against tube
3erum

number. The urine had large first and third peaks and a considerable

proportion of protein eluting after the third peak.

Immunoelectrophoretlc examination of gel filtration elution patterns
#■

The elution patterns of the 3 urines, on which selectivity values

were obtained by gel filtration, were examined by immunoelectrophoresis.



Fig. 51. Immunoelectrophoretic examination of normal urine proteins after
gel filtration.

The fractions examined correspond to the fractions shown in Fig. 50. Each
urine fraction (U) was compared immunoelectrophoretically to normal serum (S).

Fraction U1
U

Fraction U3
U

Fraction U5

U

Fraction U7

U



TABLE 38.

Dextran indices of selectivity in normal subjects.

Dextran indices of selectivity (D), creatinine clearance (Cr CI) and
total urine protein (UP) in 6 normal subjec s.

* Subject 2 had one kidney.

Subject D Cr CI
roi. /rn'io

UP

mg./24 hr.

1 2.98 - 21

2 2.76 37* 87

3 2.50

4 2.38 S3 14

5 3.65 92 15

6 3.19 100 45

Mean 2.91
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The results were similar. Fig. 50 shows the fractions that were examined

from the normal urine pool and Fig. 51 shows the immunoelectrophoretic

separations of some of them.

Few of the serum components were identified in the urine, despite the

fact that large amounts of protein were eluting over the serum protein range.

In one case T^-globulin and a2-macrogl ibulin were found in the first urine
peak, and in all the urines a long a2f3-line and an additional (3-line were
also found in the first peak. At the second serum peak^-globulin and a

faint albumin peak were visible in the urine, together with a long a-(3-line.

At the third serum peak ^"-globulin and a strong albumin line were seen and

in addition some unidentified a2~ and (3-lines were visible. The urine
proteins continued to be eluted towards lower molecular weights than the

serum protein, but the only components that were found were an c^-line and
T-globulin.

Dextran indices of selectivity

Dextran indices of selectivity were estimated on 6 subjects with

normal renal function, although most of them were hospital patients. The

results are shown in Table 38, together with their creatinine clearances

and total urine proteins. The selectivity values were all very high and

ranged from 2.38 - 3.65, mean 2.91.

Correlation of selectivity values

Selectivity values by immunodiffusion were low, with a mean of 1.14.

Using gel filtration the proteinuria was found to be very much more

unselective, and even negative values were obtained in 2 out of 3 samples.

There was therefore a lack of correlation between the methods, since

immunodiffusion indicated an unselective proteinuria, but gel filtration

suggested that there was no selectivity at all. The factor of 0.67, which
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related immunodiffusion and gel filtration values in proteinuria would give

a mean gel filtration in normal proteinuria, calculated from the immuno¬

diffusion value, of 0.77.

Immunoelectrophoretic examination of the urine elution patterns on

G 200 in all 3 cases indicated that not many identifiable proteins derived

from the serum were being estimated in the urine. There were,however,several

unidentified components, which reacted with anti-human serum to form precipitin

arcs in a^- and p-regions.
The values of protein selectivity obtained by immunodiffusion were

uniformly low,whereas those of dextran selectivity were uniformly high.

There was therefore no correlation between the different methods of estimating

selectivity.



4. DISCUSSION
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4.1 Discussion of results

4.1.1 Protein selectivity

4.1.2 Renal permeability to other macromolecules

4.1.3 Selectivity, diagnosis and glomerular ultrastructure

4.2 General discussion

4.2.1 Implications of selectivity studies

4.2.2 Value of selectivity estimations

The results are discussed in two sections. In the first the results

of the selectivity studies and the relationship of selectivity and glomerular

ultrastructure are discussed, and the second contains a general discussion

of the value and implications of estimations of selectivity, particularly

in renal disease.
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4.1. DISCUSSION OF RESULTS

4.1.1. PROTEIN SELECTIVITY

Values of protein selectivity in health and disease

Estimation of relative clearances of individual proteins of different

molecular size was first reported by Blainey et al. (I960), using an immuno¬

diffusion method. The same technique was used in this study, and the linear

relationship between relative clearance of protein and molecular weight on a

log-log scale has been confirmed. Results have been expressed as indices of

selectivity (-k), or the slope of the line relating relative clearance of

protein to molecular weight on a log-log plot. The accuracy and limitations

of the method have been investigated, and although the method is expensive,

because of the cost of antisera, it was found to be reproducible and

suitable for a large series of estimations.

Immunoelectrophoresis has also been shown to be a useful qualitative

method of assessing the selectivity of proteinuria. The good correlation

with the immunodiffusion method demonstrated that different selectivity

patterns can readily be distinguished by immunoelectrophoresis, provided both

the number and molecular weight of the proteins identified were considered.

The alternative method which was developed, for estimating indices of

selectivity (A) by gel filtration on Sephadex G 200, also proved to be of

value. The method is simpler than the iranunodiffusion one and is less

expensive in terms of materials. It is, however, more time-consuming and

slightly less accurate.

Gel filtration and immunodiffusion are methods which differ

considerably in principle. Both have inherent limitations. Selectivity by

immunodiffusion is estimated from the relative clearances of five individual
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serum proteins. Although only proteins derived from the serum are measured,

the method .s unable to distinguish protein fragments with antigenic

activity from the parent protein molecules. Gel filtration, on the other

hand, measures relative clearances of mixtures of proteins of known grada¬

tion in molecular size, but no distinction can be drawn between protein of

serum origin aid protein from the urinary tract.

An attempt was made by Hardwicke (1965), to correlate the relative

clearances of individual proteins obtained by immunodiffusion with their

relative clearances by gel filtration. Hardwicke did not, however, indicate

how individual protein clearances were determined using Sephadex G 200; it

would seem for the purposes of the calculations that he assumed that each

individual protein was eluted at a single tube. The basis for his choice

of tube number is not clear from his paper. Since any protein elutes from

Sephadex over a number of tubes, and since a single tube contains a mixture

of proteins, the validity of gel filtration as a method for determining the

clearance of an individual protein is dubious.

In this study, although the units of A and -k are not the same, they

are both based on the linear relationship between relative renal clearance

of protein and molecular weight on a log-log plot. The index of selectivity

by immunodiffusion, -k, is the change in renal clearance of protein per unit

change in molecular weight, whereas the index of selectivity by gel

filtration, A, is the total change in renal clearance of protein over a

fixed range of molecular weight. It is therefore valid to compare A and -k.

The excellent correlation between results obtained by the two methods

in proteinuria indicates that the limitations of the techniques are only

theoretical, and that both immunodiffusion and gel filtration are measuring

proteins of serum origin, which are not degraded to smaller molecular weight
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fragments. This was experimentally confirmed by immunoelectrophoretic

examination of serum and urine elution patterns obtained on gel filtration.

Selectivity of proteinuria therefore can be assumed to be a meaningful

estimate of renal permeability.

In renal disease with proteinuria, estimates of renal permeability

in a population of 130 patients had a normal type of distribution, with

values ranging from an almost total lack of selectivity to a high degree of

selectivity (-k = 0.40 - 3.82, A = 0.40 - 2.51). Recently Joachim et al.

(1964), using immunodiffusion, have investigated 48 patients with several

different types of renal disease with similar results (-k » 1.00 - 3.08).

Hardwicke (1965) has described the use of gel filtration to assess renal

permeability to protein in 10 patients. His results are not directly

comparable, as he used the slope of the line relating 100 urine/serum

to tube number as his index of selectivity. However, multiplication of the

slopes by the average number of tubes used in this calculation gives similar

values for A ranging from 0.7 to 2.4.

When the degree of proteinuria is slight, selectivity must be inter¬

preted more cautiously in terms of renal permeability, since the limitations

discussed above become of practical significance, particularly when gel

filtration is employed. In proteinuria of under 1 g./day, indices of

selectivity obtained by gel filtration showed a poor correlation with values

obtained by immunodiffusion. The anomalously low gel filtration values are

most likely to be due to the presence of a relatively large contribution of

urinary tract protein (Grant, 1957, 1959) to the total urinary protein; other

possible sources are discussed later (4.2.1). Gel filtration is therefore

of limited value in the estimation of selectivity where the urine protein is

under 1 g./day.
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Indices of selectivity obtained by immunodiffusion sometimes showed

changes when the proteinuria was very slight. However, in the patients

with postural proteinuria and acute ischaemlc renal failure, in whom the

selectivity was low, there was no significant change in value when the

proteinuria fell to trace and normal levels in the course of clinical

recovery. Any change in the mechanism or origin of the proteinuria was

presumably masked by the similarity of the selectivity patterns in these

diseases and in health. Changes in selectivity values were seen only in

selective patients, in whom the selectivity fell towards the unselective

values found in normal subjects. Significant reductions in selectivity

values occurred approximately at albumin serum:urine ratios of over 400.

The ratio of 400 approximates to a total urine protein of 200 mg., assuming

the serum albumin concentration to be 4.0 g.%, the urine volume to be one

litre and the urine protein to contain 30% albumin. The criteria of

proteinuria for this study, which was taken as an albumin serum:urine ratio

of over 400 or a total urine protein of over 200 mg., was therefore a

reasonable one. The immunodiffusion method, as an estimate of renal permeab¬

ility, is certainly valid up to albumin serum:urine ratios of 200, and

appreciable reductions in selectivity were not introduced up to ratios of

400.

In normal subjects, the low indices of selectivity obtained by immuno¬

diffusion indicate the normal kidney could be unselective in the excretion

of protein molecules. However, since selectivity values are significantly

reduced in selective patients who completely recover,the mechanism of normal

proteinuria must be different from that of proteinuria in renal disease.

The origin of normal proteinuria is discussed more fully later (4.2.1).

Rowe and Soothill (1961a) also showed that normal proteinuria was unselective,
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although they found lower clearances of a^-macroglobulin and no urinary
^-lipoprotein. The clearances of T-globulin, in both this series and that

of Rowe and Soothill, were higher in normal subjects than in patients with

proteinuria of a comparable selectivity. This wan probably due to the low

molecular weight T-globulins, known to be present in normal urine (Franklin

and Kunkel, 1957; Comillot et al., 1963; Fahey, 1963), cross reacting with

the anti-7S T-globulin. Low molecular weight Y-globulin reacting with

anti-7S T-globulin and eluting after the albumin on gel filtration was

detected in normal urine in this study, supporting this view.

The lack of correlation of selectivity values obtained by gel

filtration and immunodiffusion in normal subjects suggested that, as with

proteinuria of under 1 g./day, urinary tract protein makes a significant

contribution to the total urine protein. This was confirmed by immuno-

electrophoretic examination of the normal urine elution pattern from Sephadex,

when only a few identifiable serum components and a few unidentified cx9- and

(3-globulins, which reacted with anti-human serum, were found. Normal

selectivity values obtained by gel filtration could not therefore be

interpreted in terms of renal permeability.

Studies on protein selectivity in renal disease

Squire, Hardwicke and Soothill (1962) have commented that when

proteinuria persists selectivity values are remarkably constant. Although

variations in selectivity values in renal disease were found over periods

of 1 year, these were almost all within the estimated physiological varia¬

tion, and this stability of the selectivity persisted, even when renal

function and, in particular, urine protein levels were rapidly changing, either

spontaneously or as a result of steroid treatment. Vere and Walduck (1966),

using electrophoretic and gel filtration techniques, and Joachim et al. (1964)
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have also recently shown that there is no significant change in renal

permeabii t" to protein during steroid induced remission of the nephrotic

syndrome. In addition, the commencement of steroid treatment was found in

this study to have no significant effect on selectivity values, with the

exception of three responsive selective patients, in whom values significantly

increased.

Marked clinical and histological deterioration in patients with

chronic renal disease usually occurs over periods of years. In this study

the data was not sufficient to draw any conclusions as to long term stability

of selectivity values. Patients studied for up to 2 years rarely had

decreases in selectivity values of over 20%. It may, however, be of some

significance that more patients had a mean decrease than a mean increase in

selectivity/six months, and also that a higher proportion of patients with

a mean increase were being treated with steroids.

Responsiveness to steroids and ACTH has been investigated by Lauson

et al. (1954) and McCrory, Rapaport and Fleisher (1959), by measuring albumin

clearances in relation to G.F.R.,with promising results. In this study,

however, the relationship between steroid response and selectivity was very

much more striking. This association of a highly selective proteinuria

with response to steroid treatment was first suggested by Blainey et al.

(1960), and has recently also been confirmed by Joachim et al. (1964) and

Vere and Walduck (1966). It has been suggested that patients with minimal

lesion glomerulonephritis respond best to steroids (Vernier et al., 1958).

Although in this study patients with this disease had the most selective

type of proteinuria, there were other types of renal disease with overlapping

ranges of selectivity values. It was of great interest that some of these

highly selective patients with proliferative glomerulonephritis and lupus
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nephritis were also found to respond to steroids.

Although spontaneous abolition of proteinuria in the present control

group of patients was infrequent, it was significant that the two patients

who partially and fully responded also had selective proteinuria and

suffered from mixed membranous and proliferative glomerulonephritis and

proliferative glomerulonephritis.

Children with the nephrotic syndrome often have a minimal lesion

glomerulonephritis and a selective proteinuria (Cameron and White, 1965),

and Cameron (1966) found the selectivity fell with increasing age. Few

children were included in this study, however, and amongst the adult popula¬

tion with renal disease there was a significant positive correlation between

selectivity and age. The association of high selectivi y values with

increasing age may be a result of the association of high selectivity values

with less severe glomerular damage (3.2.5), and hence better prognosis.

There was no correlation between sex of the patient and selectivity values.

Joachim et al. (1964) found no correlation between total protein

excretion and selectivity, but a significant correlation between renal

function and selectivity. In this study selectivity was also found to have

no correlation with total protein excretion. There was, however, only a

degree of correlation between selectivity and renal function; this was

largely accounted for by a complete lack of correlation in patients with

proliferative glomerulonephritis, and amyloid disease.

Selectivity on infusion of albumin

In theory, if there is a competitive process for tubular reabsorption

of protein, similar to the reabsorption of amino acids, then the relative

concentrations of protein in the urine are the same as their relative

concentrations in glomerular filtrate. The reabsorption is in proportion



Fig. 52..Diagrammatic representation of competitive tubular reabsorbtion of protein.

Arbitrary units are shown. Tubular reabsorbtion is assumed to be competitive and
working at a maximum of 0.5 units. It is indicated by the shaded areas.
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to the amount of each protein present. If the plasma concentration of

albumin is increased, a correspondingly increased amount of albumin will be

filtered by the glomerulus. Although the plasma:glomerular filtrate ratio

remains the same, the actual amount of albumin in the glomerular filtrate

is increased. In proteinuria, tubular reabsorption is at a maximum and if

it remains competitive the amount of albumin reabsorbed will be increased,

and the amount of globulin reabsorbed will therefore be decreased. The

result is that the amounts of both albumin and the globulins in the urine

are increased. The relative urinetplasma ratios, however, remain the same.

The situation is shown diagrammatically in Fig. 52. In these circumstances

the selectivity pattern should also remain the same.

If individual proteins have different reabsorption rystems, then

increasing the albumin in the glomerular filtrate would simply increase the

albumin in the urine, with no effect on the globulin excretion. The

selectivity valua in this case would rise.

The present study was carried out on a small number of patients.

However, in the two patients with major proteinuria no rise in selectivity

was observed and there was no change in selectivity in one unselective patient.

The reduction in selectivity in the selective patient is more difficult to

interpret, but it could not have been caused by a non-competitive tubular

reabsorption mechanism. It could theoretically have resulted from an increase

in glomerular permeability, following the albumin infusion. Malmendier,

Roster and Lambert (i960) have demonstrated increased albumin clea cnces on

expansion of plasma volume, and they concluded that this was due to an

increase in the size of the glomerular pores. Alternatively, saturation of

a new nephron population could produce this effect, but the new glomeruli

would require to have a less selective permeability.
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The rise in selectivity in the patient with acute ischaemic renal

failure may have been due to a different tubular reabsorptive mechanism,

as the main histological lesion in this disease is tubular necrosis.

Alternatively, the large amount of albumin infused in thi experiment could

have saturated the tubular reabsorption in some normal nephrons. If the

normal glomerulus is highly selective, as indicated by the dextran studies,

then this would result in a ris of selectivity. The origin of the

proteinuria in acute ischaemic renal failure is discussed later (4.1.3).
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4.1.2. RENAL PERMEABILITY TO OTHER MACROMOLECULES

Other individual proteins

The correlation of the relative clearances of ceruloplasmin, ru
globulin and a^-lipoprotein with selectivity values gives additional
confirmation of the linear log-log relationship of renal clearance of

protein and molecular weight. Although ^.globulin ia immunologically
related to 7S- Tglobulin (Hereman&, Heremans and Schultze, 1959), the degree

of cross reaction may not be appreciable, and there is no reason to doubt

the validity of the globulin clearances. Clearances of orosoiaucoid

probably also correlate with selectivity; this has been confirmed by Joachim

et al. (1964).

Two out of eleven proteins were found to deviate from the linear

relationship, namely prealbumin and fibrinogen, although clearances of both

proteins trere of the expected order of magnitude. Prealbumin has the most

rapid electrophoretic mobility of all the plasma proteins; this is related

to its high tryptophan content. In addition, it has a carbohydrate content

which is very diff6ren.t from the average of all plasma proteins (Winzler,

1960). Little is known about the mechanism of glomerular transport of

plasma proteins, but it is possible that the unusual chemical composition

of prealbumin could result in a different rate of glomerular clearance.

Alternatively a different tubular reabsorptive mechanism could be responsible.

In addition prealbumin binds thyroxine (Tata, 1959), and could therefore be

a significantly larger molecule than the pure protein.

Fibrinogen is an exception to the general relatively spherical shape

of plasma proteins. Viscosity data indicate that it is a long thin molecule,

about 475 A long and 60 A wide (Hall and Slayter, 1959). It is therefore

not surprising that the clearances are slightly lower than expected, since



- 130 -

the effective area which the molecule can occupy is significantly greater

than that of a more spherical molecule of the same molecular weight. In

addition to the unusual shape, fibrinogen clearances are also difficult to

interpret in view of the formation of degradation products, which can react

antigenically (Nilehn and Hilsson, 1964). It has been suggested that

fibrinogen can deposit on the basement membrane (Vassalli, Morris and

McCluskey, 1963; Vassalli, Simon and Rouiller, 1963); this may also play a

part in contributing to the low clearance values.

Enzymes

The urinary concentrations of three of the four enzymes studied were

higher than normal, and had a correlation with total urinary protein,

suggesting an abnormal renal permeability. However only one enzyme, lactic

dehydrogenase, showed any degree of correlation with selectivity va ues.

The enzymes not present in kidney tissue had relatively higher

clearances than those present in kidney tissue. Any contribution of renal

lactic dehydrogenase or glutamic oxaloacetic transaminase to the urinary

level was therefore not demonstrated by the comparison. Although multiple

forms of glutamic oxaloacetic transaminase (Martinez-Carrion et al., 1965),

pepsinogen (Hanley, Boyer and Naughton, 1966), amylase (Norby, 1964), and

lactic dehydrogenase (Appella and Markert, 1961) have been described, there

is no evidence that these represent different molecular weights.

Levels of some urinary enzymes in renal disease have been studied by

several workers (Kemp and Laursen, 1960; Coltori et al., 1963; Szasz et al.,

1965) and found to be elevated, but there has only been one paper relating

the clearance of an enzyme to the clearance of albumin (Crockson, 1961).

Crockson found the clearance of lactic dehydrogenase to correlate with the

albumin clearance. In the present study lactic dehydrogenase clearances
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correlated with selectivity in 10 of 14 cases. It is of interest that in

three patients, in whom there was no correlation, the proteinuria was very

unselective. Since the unselectivity was associated with severe renal

damage, it is possible that in these cases renal lactic dehydrogenase V7as

contributing to the high clearance values.

Enzymes are present in serum and urine in minute amounts when com¬

pared to the serum proteins and they are relatively labile compounds.

Although, being proteins, they should theoretically have a similar renal

transport mechanism to that of the serum proteins, their specialised

structure and function may preclude this. Tubular secretion, lack of

tubular reabsorption, or contributions from sources other than the kidney

may be responsible for the high clearance values.

Dextrans

Although the dextran selectivity values were within the range of

protein selectivity values they were, with a few exceptions, significantly

higher. This difference is unlikely to be methodological; the errors and

limitations of the methods have been fully assessed and discussed (2.4.2).

Preliminary studies on renal permeability to polyvinylpyrollidone (PVP), in

7 patients with renal disease, have been carried out by Hulme and Hardwicke

(1966). The results are not directly comparable, as the molecular weight

range studied was lower than in this series. However, it is of interest

to note that although the permeability to PVP and protein was similar, in

6 of the 7 cases the PVP slope was higher, that is, the "PVP selectivity"

was higher.

Dextran molecules are longer and thinner than plasma protein

molecules (Gronwall, 1957). However, a comparison of the normal renal

permeability to dextran and protein (over molecular weight range under
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70,000) suggests that there i.6 little difference in the renal handling of

these macromolecules (Hardwicke and Soothill, 1961). Moreover, since

Sephadex is a more accurate measure of molecular radius than molecular weight

(Ackers, 1964), by estimating both protein and dextran selectivities by the

use of gel filtration the molecular size distribution is being similarly

assessed, and indices of selectivity are therefore directly comparable.

Dextran in vivo has been reported to undergo chemical changes.
14

Administration of C dextran results in production of expired labelled C02
and excreted labelled glucose (Cargill and Bruner, 1951; Gray, Sitteri and

Pulaski, 1951), but further work has indicated that the metabolism only occurs

after dextran has been taken up by the tissues (Terry et al., 1953; Gray,

1953). Although, theoretically, the breakdown of the dextran molecules in

vivo could result in a higher selectivity value, the short time intervals

involved in the present experiments make this very unlikely.

The enzyme probably responsible for the metabolism of dextran in vivo

is present in the kidney (Rosenfeld and Lukomskaya, 1957; Rosenfeld and

Saienko, 1964), and could therefore be excreted in the urine. However,

significant changes in dextran selectivity were not observed until the urine

had been stored for 2 months, moreover the dextran splitting enzyme has a

pH optimum of 4.8. Therefore high selectivity values were unlikely to be

due to degradation of dextran.

There are no significant glomerular changes after administration of

dextran (James and Ashworth, 1961) and although tubular changes have been

described (Zettergren, 1962; Maunsbach, Madden and Latta, 1962) there is no

evidence to show that the renal ultrastructure is significantly affected.

Renal function has been reported to change in glomerulonephritis after

administration of dextran, with a rise in glomerular filtration rate of
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20 ml./min. (Klutsch, Heidland and Kammerer, 1965). A slight rise in

creatinine clearance was also noted in the present experiments, and the

dextran selectivity values showed a minimal rise. This was probably a

result of the expansion of the plasma volume, which has been noted to cause

an increase in albumin clearance (James, Gordeilo and Metcalf, 1956;

Malmendier et al., I960). Both these groups concluded the glomerular

permeability was increased. However in two patients protein selectivity

was estimated before and during administration of dextran and there was no

significant difference in the values. It therefore seems unlikely that

alterations in renal function or structure were entirely responsible for

the high dextran selectivity values.

The possibility remains that some aspect of the difference in tubular

treatment of proteins and dextrans is responsible for the differences in

selectivity values. Preferential tubular reabsorption of certain proteins

is probably not responsible. Although there is some histological evidence

that dextran is reabsorbed by the tubules (James and Ashworth, 1961),

experimental work on dogs has demonstrated that tubular interference is

insignificant and escapes detection by common clearance techniques (Brewer,

1951; Wallenius, 1954). Since there is evidence that normal, as well as

functionally abnormal, glomeruli filter raacromolecules (1.2.), every

glomerulus capable of filtration can presumably filter dextran. The dextran

in the urine therefore represents unchanged the contribution of the

filtrates from all the functioning glomeruli. Proteins, on the other hand,

are subject to tubular reabsorption and the protein in the filtrate of a

normal glomerulus is almost entirely reabsorbed. Only the protein in the

filtrate of a functionally abnormal glomerulus is sufficient to swamp the

tubular reabsorptive mechanism. Protein in the urine therefore represents
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the contribution of the filtrates only from abnormal glomeruli. It follows

that selectivity values of dextran 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 homogeneous, and all the glomeruli are

similarly abnormal in function, then protein and dextran selectivity

values should theoretically agree. If the renal lesion is patchy, however,

with some glomeruli more affected than others, then it is reasonable to

assume the permeability will also vary. In this situation dextran and

protein selectivity values might not agree. Although in the case of dextran

selectivity values the contribution of the more abnormal glomerulus will be

greater, the selectivity obtained will nevertheless reflect every glomerulus

capable of filtration, and an overall picture of glomerular permeability

will be obtained. As far as proteins are concerned, the tubular reabsorp-

tion will magnify the contribution of the glomerulus filtering the greatest

amount of protein, and will eliminate the contribution of the glomerulus

filtering an amount below the tubular reabsorptive maximum. This will

result in a protein selectivity value which reflects, presumably, the more

abnormal glomeruli. Protein selectivities will therefore be lower than

dextran selectivities in these cases. A comparison of the values of dextran

and protein selectivity would, on this hypothesis, indicate the degree of

homogeneity of the renal lesion.

When the results are examined in this light it would seem, from the

small amount of data obtained, that patients with minimal lesion glomerulo¬

nephritis and membranous glomerulonephritis should have the most homogeneous

glomerular lesion, and that patients with proliferative glomerulonephritis

may have differing degrees of inhomogeneity. This will be discussed later
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(4.1.3). The very high dextran selectivity values obtained in normal

subjects could also indicate a high degree of inhomogeneity, although

doubts about the protein results have already been expressed. At all

events, the overall permeability of the normal glomeruli is obviously highly

selective. The patients with minimal proteinuria, including those with

acute ischaemic renal failure, myelomatosis and the patient who recovered

from minimal lesion glomerulonephritis also had very high dextran select-

ivities, and therefore, overall, a highly selective renal permeability, which

again could theoretically be interpreted as a lack of homogeneity. It is

of interest to note that the PVP and protein results of Hardwicke and Hulme

(1966) are most similar in minimal lesion glomerulonephritis, and show

greatest disparity in proliferative glomerulonephritis and myelomatosis.

The dextran results will be discussed further in the section dealing with

glomerular ultrastructure (4.1.3).

The change in the slope of dextran selectivity towards lower

molecular weights may represent a genuine change in permeability. An

alternative, and more likely, explanation is that it was due to the poorer

resolution on Sephadex and the more rapidly changing plasma and urine

patterns at the lower molecular weights. Values of dextran clearance in

relation to the creatinine clearance were similar to those of Hulme and

Hardwicke (1966),
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4.1.3. SELECTIVITY, DIAGNOSIS. AND GLOMERULAR ULTRASTRUCTURE

Diagnosis

Although selectivity values cannoc accurately distinguish between

different forms of renal disease, certain ranges of values have been shown

to be specific for certain diseases. However, the suggestion made by Blainey

et al. (I960) that membranous glomerulonephritis was more selective than
the

proliferative glomerulonephritis, and that/diseases could be distinguished

on this basis, has not been confirmed. Subsequently Hardwicke and Soothill

(1961) have mentioned that in some cases of proliferative glomerulonephritis

they found a highly selective pattern. In this discussion, Rardwicke also

mentions variable salectivities in amyloid disease and diabetic glomerulo¬

sclerosis and low selectivities in lupus nephritis. In the present study,

patients with amyloid disease were almost all selective and patients with

lupus nephritis and diabetic glomerulosclerosis generally had high or

intermediate values. Joachim et al. (1964) also found high selectivity

values in amyloid disease, but their patients with lupus nephritis had very

variable values and their patients with membranous glomerulonephritis were,

on the whole, more selective than these of the present series. This may,

however, be due to differences in histological classification; electron

microscopy was not used by Joachim et al. and it is interesting to note

that the distribution between membranous glomerulonephritis and proliferative

glomerulonephritis was very different from that in this study. Differences

in classification may also account for the results of Hitzig, Aurricchio

and Benninger (1965), which were not entirely in agreement with those of

the present study. These authors classified selectivity in;o three types,

but found considerable overlap, particularly between minimal lesion glomer¬

ulonephritis and membranous glomerulonephritis. Of the 48 patients studied,
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however, diagnosis was supplemented fay biopsy or autopsy specimens in

only 27 cases. From the experience of the present series electron

microscopic examination is essential to the histological diagnosis of

minimal lesion glomerulonephritis.

Patients with postural proteinuria and the one patient with exerci.se

proteinuria were found to have an unselective pattern, which confirms the

work of Rowe and Soothill (1961b). No other studies of selectivity values

have been recorded in the literature, with the exception of the study of

children by Cameron and White (1965). These authors found very high

selectivity values associated with minimal lesion glomerulonephritis, as

found in both adults and children in the present study.

The correlation of selectivity and diagnosis is important, since it

demonstrates selectivity could be of value in differential diagnosis. The

opinion, held by many, that minimal lesion glomerulonephritis is a mild

form of membranous glomerulonephritis will be questioned later, but the

present selectivity studies have demonstrated that the renal permeability

in these diseases is quite different. The present series also shows that a

high selectivity value may be confirmatory for amyloid disease, and a low

selectivity value for acute ischaemic renal failure and postural proteinuria.

Of the remaining disease groups that were studied, a value of -k of over 2.0

was rarely seen in membranous glomerulonephritis and never in mixed

membranous and proliferative glomerulonephritis, while values of -k of under

1.30 were only seen in membranous glomerulonephritis, proliferative glomer¬

ulonephritis and rarely in lupus nephritis.

Data on patients in the miscellaneous group is as yet inadequate for

diagnostic use, but it indicates that a high selectivity is associated with

potassium depletion and hypertension, an intermediate selectivity with

renal vein thrombosis and a low selectivity with toxaemia of pregnancy.
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The comparison of selectivity values in toxaemia of pregnancy with those of

accidental haemorrhage was carried out in view of doubt about the inter¬

relationship of these diseases (Paterson, 1966). However further studies

with renal biopsy are required before any significant conclusions can be

drawn.

Glomerular ultrastructure

The structure of the glomerular capillaries in proteinuria has been

considered by many workers, and it has been concluded that no single specific

lesion is responsible for proteinuria, although some defect in the basement

membrane is probably of prime importance (Spiro, 1959; Churg et al., 1962).

Some studies have been carried out in an attempt to relate ultrastructural

and functional changes (Galan and Maso, 1957; Muehreke et al., 1957; Movat,

Steiner and Slater, 1961; Drummond et al., 1966), but only three studies

relating to the ultrastructural appearances to renal permeability have been

published (Blainey et al., 1960; Joachim et al., 1964; Hitzig et al., 1965).

No selectivity studies involving electron as well as light microscopy have

been described.

In the present study a variety of glomerular abnormalities were seen.

A general consideration of the entire group of patients showed an interesting

spectrum, with increasing glomerular damage associated with an increasing

lack of selectivity. Cameron and White (1965) have suggested that there is

a natural upper limit to selectivity values, and that this limit is

approached in minimal lesion glomerulonephritis, where glomerular changes

are very slight. If selectivity is assumed to reflect glomerular permeability,

this would suggest that normal glomeruli are highly selective and that only

as the degree of glomerular damage increases can the selectivity value

decrease. Although the correlation of degree of glomerular damage and
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selectivity has been demonstrated by Joacl im et al. (1964) and in the

present study, the protein selectivity in subjects with normal or almost

normal glomeruli was very low. However, the dextran selectivity was very

high and since dextran selectivity is theoretically a more reliable index

of glomerular permeability, particularly at low levels of protein excretion,

this provides strong evidence of a highly selective normal glomerulus.

Normal glomerular permeability will be discussed more fully later (4.2.1).

On this hypothesis, the index of selectivity, during oigrificant proteinuria,

becomes a poten ially valuable estimate of the degree of glomerular damage.

In addition to the overall correlation of selectivity and glomerular

ultrastructure, the significance of the changes in the main filtration

barrier, the basement membrane, was well demonstrated in this study. In

membranous glomerulonephritis the progression of the disease and the loss

of selectivity were both associated primarily with basement membrane changes.

Dark material, or osmiophilic deposits in the basement membrane were

associated with only the lowest selectivity values of lupus nephritis. A

similar dark basement membrane material was also associated with the low

selectivity values of mixed membranous and proliferative glomerulonephritis,

and basement membrane deposits were seen in toxaemia of pregnancy, where

selectivity was also low. The glomerular changes of toxaemia are also

interesting in view of the striking endothelial changes and normal pedicel

structure, the reverse of the situation normally seen.

No basement membrane changes could be seen in minimal lesion glomerulo¬

nephritis, with the exception of two patients in whom a slight thickening

was noted. Selectivity values in these two patients however were not

significantly different from those of the rest of the group. The dextran

selectivity estimated in a patient during proteinuria, and when proteinuria
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was abolished by steroid therapy, demonstrated that glomerular permeability

in minimal lesion glomerulonephritis is similar to that of normal subjects;

although the slight rise in dextran selectivity on recovery suggested the

permeability may be marginally increased during the disease. This apparent

increase in glomerular permeability could be due to an invisible basement

membrane lesion, but the possibility of a lack of tubular reabsorption can

not be excluded. A combination of altered glomerular permeability and lack

of tubular reabsorption has been considered by some workers to be the origin

of proteinuria (1.2). In minimal lesion glomerulonephritis, where glomerular

changes are minimal and are possibly the result rather than the cause of

proteinuria, lack of tubular reabsorption could be a major factor. In

addition, it cannot be excluded as a contributory factor in any disease with

significant glomerular involvement.

The presumed relationship of minimal lesion and membranous glomerulo¬

nephritis has been mentioned earlier. However, ultrastructural studies have

demonstrated a distinct difference between the diseases, and no patient in

this series with minimal lesion glomerulonephritis has been observed to

progress to membranous glomerulonephritis. A histological similarity between

some cases of mild proliferative glomerulonephritis and minimal lesion

glomerulonephritis, however, has been noted. The selectivity results entirely

support this view.

Although selectivity can generally be considered in terms of ultra-

structure, in some cases the results must be interpreted with more caution.

The high degree of selectivity in amyloid disease was associated with gross

basement membrane changes. It is possible that the fibrillar structure in

this disease can act as a highly selective filter, in spite of the effect

on renal function; in these cases the creatinine clearance was often
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markedly reduced. In proliferative glomerulonephritis the selectivity

values were difficult to interpret in terms of ultrastructure, as there was

no obvious correlation between the two. Possibly some additional factor

or factors, at the sub-electron microscopical level, are affecting the

glomerular permeability. Alternatively the inhomogeneity of the renal

lesion, which was noted in some biopsy tissue in these cases, could be

relevant.

The significance of the dextran results has already been discussed

(4.1.2) and it is of great interest that in proliferative glomerulonephritis,

in addition to the lack of correlation between protein selectivity and

ultrastructure, there was also a lack of correlation between protein and

dextran selectivity. In proliferative glomerulonephritis renal function

also bore a poor correlation to protein selectivity. These findings can

all be interpreted in terms of inhomogeneity of the renal lesion. On the

other hand, the ultrastructural studies suggested that membranous and

minimal lesion glomerulonephritis had a much more homogeneous type of

lesion, and this was confirmed by the correlation of protein selectivity

values with both the ultrastructure and dextran selectivity. Further dextran

studies are required however before there is adequate support for this

concept.

The selectivity values in chronic renal failure suggest that the

lower limit of selectivity, when glomeruli become grossly diseased, is a

value of -k of about 1.0. Patients with advanced membranous glomerulonephritis

and the patient with pyelonephritis both had a low selectivity associated

with gross glomerular changes. However, in the patients with postural

proteinuria and acute ischaemic renal failure the paradoxical situation of

even lower selectivity values and very minimal glomerular damagewas found.
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The mechanism and origin of proteinuria in these diseases is uncertain, but

a consideration of ultrastructure and selectivity may prove helpful in

interpretation.

The histological similarity of biopsy tissue from patients with

postural proteinuria and minimal lesion glomerulonephritis might suggest

that the origins and mechanisms of the proteinuria were similar. However,

the very different selectivity values demonstrate that the renal, if not

glomerular, permeability is very different. Studies on postural protein¬

uria have indicated that the condition may progress to continuous protein¬

uria, and be associated with a significant renal lesion (Robinson et al.,

1961 a and b; King, 1959), but in these series patients were not subjected

to renal biopsy when they were first seen. Postural proteinuria had been

suggested to be the result of increased transfer of plasma proteins through

the glomerulus (Slater, O'Doherty and Wolfe, 1960), and if the normal kidney

has a few 'leaky' glomeruli this mechanism is a possibility. A lack of

tubular reabsorption in this situation could also be a factor. Lowgren (1955),

however, considers that postural proteinuria is post-renal, and is derived

from the renal lymphatic system. The mechanism of postural proteinuria is

therefore uncertain. However, it is possible that it does not arise from a

significant glomerular abnormality, and dextran studies in these cases may

confirm this view.

In acute ischaemic renal failure the main histological lesion is seen

in the tubules, and impaired tubular reabsorption could theoretically give

rise to significant proteinuria. The aminoaciduria in acute tubular

necrosis has been thought to be due to lack of tubular reabsorption (Emslie-

Smith et al., 1956), and the concept is further supported by the work of

Goodman and Baxter (1956), which demonstrated decreased tubular reabsorption
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of protein and proteinuria in rats with minimal glomerular damage and

marked tubular necrosis, induced by uranyl acetate. In view of the marked

tubular changes, a leak of plasma protein directly into the tubular lumen

is also theoretically possible and would give rise to a proteinuria of zero

selectivity. Assuming normal glomerular permeab lity to be selective, a

combination of impaired tubular reabsorption of protein, filtered normally,

and a leak of plasma protein could result in a proteinuria of an unselective

pattern. The rise in selectivity demonstrated after infusion of albumin

supports this view. Alternatively, a very patchy renal lesion with a few

grossly damaged glomeruli (which could also be the situation in normal

proteinuria (4.2.1)), combined with lack of tubular reabsorption could

produce the same results. The dextran results in these cases confirmed

that the glomerular permeability is overall of a normal highly selective

pattern.

Lack of tubular reabsorption in patients with potassium depletion and

hypertension may also be the cause of the proteinuria. An increase in

proteinuria in potassium depleted rats has been demonstrated, and was thought

to be due to a decrease in tubular reabsorption of protein (Morrison and

Gardner, 1963). If this mechanism operated in potassium depleted patients,

who have high selectivity values, a selective normal glomerulus is again

implied.

Of the remaining patients in the miscellaneous group, those with

multiple myeloma, exercise haematuria and proteinuria of unknown origin had

selectivity values which were difficult to interpret in terms of ultra-

structure, although,significantly, basement membrane changes were seen in

two patients with proteinuria of unknown origin. In exercise haematuria

the possibility of mechanisms similar to those in postural proteinuria must
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be considered. Patients with multiple myeloma present an interesting

problem, since a gross quantity of small molecular weight Bence-Jones

protein is excreted and this might be expected to swamp the normal tubular

reabsorption. In the one patient studied the amount of serum protein

excreted was surprisingly low, indicating that tr: Bence-Jones protein may,

to a certain extent, have a separate tubular reabsorptive mechanism. In

view of the almost normal glomerular appearance, the pattern of the result¬

ing proteinuria derived from the serum proteins might be predicted as

selective. Although protein selectivity was low, the dextran selectivity

was high, confirming the glomerular permeability was selective and that the

origin of the proteinuria was perhaps again due to a 'leak* of plasma

protein.

The two patients with renal vein thrombosis had glomerular appearances

similar to those seen in proliferative glomerulonephritis and membranous

glomerulonephritis, and selectivity values compatible with this. The two

patients with post-parturn renal disease showed unusual glomerular changes,

which have never been described before, and are difficult to relate to

selectivity values.
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4.2. GENERAL DISCUSSION.

4.2.1. IMPLICATIONS OF SELECTIVITY STUDIES

Proteinuria can theoretically arise in a number of ways. It has

been assumed, when discussing the results, that protein selectivity is a

measure of renal permeability. However, if this is the case certain

criteria must be satisfied.

(1) Permeability can be assessed by measurement of the ratio of the

concentration of a substance on either side of a hypothetical renal

membrane.

(2) The urine proteins are derived unchanged, directly and solely by renal

transport from the serum.

(3) Renal tissue, the urinary tract and the urine have no metabolic effect

on the serum proteins.

(4) Concentration of the urine proteins and their assay procedures have

no physical or chemical effects, which would change the apparent

concentration, or molecular weight of the protein.

(5) The molecular weights of the proteins correspond to their effective

molecular size.

(6) The relationship of logarithm of renal clearance of protein and

logarithm of molecular weight of protein is consistently linear.

The permeability of a membrane (1) should theoretically be defined

in terms of volume, or mass, of substance passing through unit area, in unit

time, under the influence of unit hydrostatic, or unit osmotic pressure

(Landis, 1946). The situation is further complicated in the kidney by the

complexity of the filtration and reabsorption mechanism. However if the

kidney can be assumed, for the purposes of assessing selectivity, to be a
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single membrane, then the ratio of the concentration of protein on either

side of the membrane is an acceptable simplification of permeability.

In renal disease criterion (2) is almost certainly satisfied.

However,the evidence is circumstantial since the serum origin has never been

confirmed directly. Excessive catabolisra of serum proteins has been repor¬

ted to occur, although not invariably, in renal disease (Gitlin, Janeway

and Farr, 1956; Kaitz, 1959; Anderson, 1962; Nussle and Royer, 1963), and

higher levels of amino acids have been found in the renal vein than in

arterial blood (Eliasch et al., 1955). However, there is no evidence that

circulating fragments of serum proteins contribute significantly to the

urine proteins, with the possible exception of the proteinuria of cadmium

poisoning (Squire, Hardwicke and Soothilf, 1962). In addition to the evidence

presented in the introduction (1.2), the identity of serum and urine proteins

from nephrotic patients was confirmed in the present study, by the correlation

of results of immunological and gel filtration experiments.

The identity of serum and urine proteins also contributes to satisfy

criterion (3) and King and Boyce (1963), in a discussion of the source and

metabolism of serum derived proteins in the urine, also provide support for

this point. There are suggestions that renal tissue contains active proteo¬

lytic enzymes (Harms et al., 1962) and that the kidney is a site of albumin

catabolism (Eliasch et al., 1955; Hughes, 1957), but these effects are

probably of little significance in the proteinuria of renal disease.

In a recent paper, Miyasato and Pollak (1966) have stated that they

found a loss or decrease of high molecular weight protein as a result of

concentration procedures; this concerns point (4). The principal concen¬

tration procedure for urinary proteins in this study was carefully checked

in several ways, and no significant loss or change in properties of the
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proteins was found. Although p-lipoprotein could not always be detected

in the urine, there was no evidence to suggest that the concentration

procedure adopted was responsible for its absence. Results using ultra¬

filtration agreed with those using polyethylene glycol, and many other

workers have found both these methods to be relit: le (Grant, 1957; Berggard,

1961a, 1961b; Howe, Groom and Carter, 1964). Hie assay procedures in this

study were reliable; immunological methods of estimating protein are

generally assumed to reflect the total amount of protein present, and gel

filtration has not been observed to have any polymerising or degradative

effects on protein.

Sephadex G 200 separates protein on the basis of molecular radius

rather than molecular weight, so the ques.ion of (5) is only relevant for

the immunodiffusion studies. Oncley, Scatchard and Brown (1947) have

demonstrated that, with the exception of ^-globulin, serum proteins approx¬

imate to a spherical shape and, although the structure and amino-acid

composition of proteins may vary, the relationship between molecular weight

and molecular size generally holds good (Sobotka, 1955).

The linear relationship of logarithm of renal clearance of protein

and logarithm of molecular weight of protein, point (6),has recently been

questioned by Barcelo and Pollak (1966). However,in this study quite

different results were obtained. The relationship always approximated to

a linear one, whether it was measured immunologically or by gel filtration,

and the degree of linearity was consistently highly significant statistically.

This is in agreement with the work of Blainey et al. (I960) and Joachim et

al., (1964) and Hitzig et al. (1965). Occasionally a slight 'dog-leg'

profile was found when the "^-globulin clearance was consistently high or

low, but this was rare and may have been due to the unusual shape of this
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molecule. The molecular weight of transferrin has been more recently

estimated as 68,000 (Charlwood, 1963), which may account for the high

transferrin clearances of o 'er 100%, which were sometimes observed. Only

two out of eleven proteins, measured immunologically, and some enzymes

were found to deviate from linearity, and with good theoretical reasons.

The above reasoning suggests that selectivity of proteinuria in

renal disease can be accepted as an accurate index of renal permeability.

Howe 'er, if selectivity is to be accepted as an index of glomerular perm¬

eability further assumptions must be made:-

(7) The glomerulus is the source of the proteinuria.

(8) Tubular reabsorption of protein is competitive.

(9) very glomerulus is involved in making a contribution to the

proteinuria.

The evidence to support (7) has been presented in the introduction

and significant glomerular changes, with some exceptions, were seen in

association with proteinuria in this study. Although lack of tubular

reabsorption has been cited as a factor in some forms of renal disease, this

does not invalidate the glomerulus as the source of the proteinuria.

Competitive tubular reabsorption of protein, point (8), in protein¬

uria was demonstrated by Hardwicke and Squire (1955); the present study has

given no indication that this is not the case. Selectivity studies in

themselves lend support to the concept, since the stability of the values

when total protein excretion changes suggests a competitive type of tubular

reabsorption.

It is possible to comment on point (9) from histological evidence.

Renal biopsy, as well as autopsy material, have shown that some types of

renal lesions are more homogeneous than others. The studies using dextran
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also strongly suggested that this is the case, and the fact that histo¬

logical predictions of homogeneity correlate with dextran findings adds

support to the concept. The interpretations of the protein selectivity

studies in this situation have already been discussed.

It is therefore suggested that during proteinuria an index of glom¬

erular permeability can be obtained from selectivity studies, although

protein studies may reflect only the more abnormal glomeruli. More dextran

studies are required, but it is suggested that the results reflect the

permeability of all the glomeruli, and that comparison of the dextran and

protein results may give an indication of the degree of imhomogeneity of the

glomerular lesion.

In normal subjects and patients with trace or normal amounts of

protein in the urine, selectivity studies must be interpreted with more

caution. Gel filtration results have demonstrated that condition (2) is

certainly not always satisfied, and in addition the validity of (3) and (5)

may also be in doubt. An increased amount of protein in the urine, which is

not of serum origin, is also found in other conditions (Boyce, Garvey and

Norfleet, 1955; Di Ferrante, 1957), The source of the additional proteins

in the urine is thought to be the urinary tract (Grant, 1957, 1959), but a

convincing demonstration of their origin has not been carried out. Other

possible sources include the kidney and the genital system. Uromucoid is

raised in pyelonephritis, but not acute cystitis (Boyce and King, I960),

suggesting it is renal in origin, but there is no evidence of its presence

in renal tissue (Boyce, King and Fielden, 1961). Analyses of non-dialysable

solids in male and female urine have been reported to be similar (Boyce et

al., 195f ). However, Anderson and Maclagan (1955) found a significantly

higher amount of mucoprotein in male urine than in female urine, suggesting
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that a significant contribution from the genital system should not be

excluded.

Although immunodiffusion can be used to estimate selectivity at

lower levels of proteinuria than gel filtration, the validity of this

method also becomes doubtful in normal subjects, since the source of the

unselective normal pattern is uncertain. The kidney or urinary tract could

contribute proteins to the urine which are immunologically similar to serum

proteins. Alternatively, the proteins may genuirely be derived from the

serum, either by selective filtration of degraded proteins, unselective

filtration of unchanged proteins or by leakage of protein from the tubules.

However, tubular leakage is unlikely, and degradation of protein may not be

significant. The fact that the normal'V-globulin clearances correlate less

well with molecular weight than the clearances of other proteins suggests

that "YLglobulin may be the only significantly degraded serum molecule in

normal urine. Although few unchanged serum proteins were detected in normal

urine using gel filtration and immunoelectrophoretic techniques, they may

have been masked by the large amounts of foreign protein present.

The possibility remains that normal glomerular filtration is the source

of the unselective proteinuria and if selectivity reflects glomerular permeab¬

ility criteria (8) and (9) must be examined. Little is known about the normal

tubular reabsorptive mechanism (8). By analogy with renal disease it may be

assumed competitive, but the possibility exists that the competitive

mechanism may only be displayed during disease. The dextran selectivity

suggests that overall the normal glomerulus is highly selective. Therefore

if the urinary proteins are derived unchanged, by normal glomerular filtra¬

tion and competitive reabsorption, very few glomeruli can be involved (9).

No glomeruli of a degree of abnormality compatible with the lack of selectivity
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of normal proteinuria have ever been seen in normal renal tissue, but the

statistical chances of this happening are small.

In summary, the source of the proteins of serum origin in normal urine

therefore remains uncertain, although theoretically they could be derived in

a number of ways, in particular from a few 'leaky' glomeruli. Protein studies

therefore are of little value in estimation of overall normal glomerular

permeability. Dextran studies,however, indicate a highly selective mechanism.

Glomerular permeability has been described in terms of 'pore size'

(Hardwicke and Soothill, 1961; Ozawa and Yamuchi, 1963). These pores can

only be regarded as functional pores, since breaks or pathways in the base~

ment membrane have never been described by any electron microscopist. They

provide a useful concept, however, for interpretation of the mechanism of

glomerular permeability. In renal disease the size of the glomerular pores

can be thought of as relating to both the ultrastructural changes and the

selectivity of the proteinuria. Numerous small pores, associated with little

glomerular damage and perhaps similar in size to normal pores, would give

rise to a selective proteinuria, as in minimal lesion glomerulonephritis.

Enlarged pores, associated with gross glomerular damage, would give rise to

an unselective proteinuria, as in advanced membranous glomerulonephritis or

chronic renal failure, the degree of lack of selectivity being a reflection

of the increasing pore size. A change in the number, rather than the

characteristics, of the pores contributing to the proteinuria could fully

account for the stability of selectivity, which has been observed while

proteinuria is diminishing. The question of different populations in pore

size has been raised by Mayerson et al. (I960). The data obtained by

Gregoire et al. (1958), following albumin infusions, suggest that at least

two populations are present in nephrosis, and if the clearance plots are
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considered as curves rather than two straight lines, then a gradation of

nephrons contributing to the proteinuria must be postulated. The dextran

results in this study also indicated an inhomogeneity of the renal lesion,

which would correspond to a distribution of pore sizes.

The comparison of selectivity and ultrastructure has indicated that

the basement membrane is of prime importance in controlling glomerular

permeability; the size of the functional pores can therefore be related to

the degree of disorder of the basement membrane. This was well demonstrated

in membranous glomerulonephritis. However, selectivity, while correlating

overall with ultrastructure, demonstrated that in some diseases additional

factors are controlling glomerular permeability. The variation in pore size,

suggested by the dextran results, particularly in proliferative glomerulo¬

nephritis, may be one such factor. The type of renal damage, rather than

the degree and extent, may be another; this was well demonstrated in amyloid

disease. The etiology of the disease process has not been considered in

this study, but could also be a factor, and it may be significant that

glomerular ultrastructure and selectivity correlated well in diseases with

a single etiology, lupus nephritis and diabetic glomerulosclerosis.

Deposition of Y-globulin on the basement membrane has been suggested to

relate to an immunological response and hence to etiology (Freedman, Peters

and Kark, 1960; Michael et al., 1964; Okuda et al., 1965). However, signifi¬

cant deficiencies of Y-globulin in the urine were not demonstrated by the

clearance techniques in any of the renal diseases studied.

The lack of tubular reabsorption as a contributory factor in

proteinuria has been discussed and concluded to be of possible relevance,

particularly in diseases where there was no significant abnormality in the

glomerulus. This included patients with minimal lesion glomerulonephritis,
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potassium depletion, acute ischaemic renal failure and to a lesser extent

postural proteinuria, exercise proteinuria, and multiple myeloma. The

origin of the minimal proteinuria in acute ischaemic renal failure,

postural proteinuria, exercise proteinuria, and multiple myeloma raises

particular problems in view of the unselective pattern and apparently normal

pore size. The possible mechanism, including abnormal tubular function and

a markedly inhoraogeneous renal lesion (perhaps analogous to normal

glomerular permeability) have already been discussed.

Glomerular permeability to macromolecules which are smaller than the

serum proteins has not been investigated in this study. In normal subjects,

experiments using dextran and polyvinyl pyrollidone have demonstrated high
o

selectivities to molecules with effective radii between 25 and 60 A

(Arturson and Wallenius, 1964b; Hulme and Hardwicke, 1966). In renal disease,

however, although the permeability is increased at high molecular weights,

there is impaired permeability at lower molecular weights (Ozawa and Yamuchi,

1963; Hulme and 'lardwicke, 1966). Linearity of the relationship between

renal clearance and molecular weight on a log-log scale has been assumed, and

approximated to, in all the present selectivity studies, but it is unlikely to

be strictly valid. An examination of the relationship over a very wide range

of molecular size might reveal a curvilinear pattern, corresponding to a normal

or log-normal distribution of pore size. Such a distribution would be shifted

to higher values in renal disease with glomerular impairment.

A generalised increase in capillary permeability in the nephrotic

syndrome may be questioned, in view of the marked oedema formation. The

protein distribution in oedema fluid has been noted to be similar to that

of the urine in renal disease (Freeman and Joekes, 1957). Becker (1964)

has demonstrated higher salivary concen rations of some plasma proteins in
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patients with the nephrotic syndrome than in normal subjects. Similar

losses of protein at several sites may account, in part, for the excessive

catabolism of protein that has been noted in some patients with the

nephrotic syndrome.
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4.2.2. VALUE OF SELECTIVITY DETERMINATION

Indices of protein selectivity in renal disease have been shown to

be, on the whole, extremely stable in spite of large variations in protein

excretion and renal function. Selectivity, with certain qualifications,

can reflect glomerular permeability and the constancy of the values therefore

makes the estimation particularly valuable, since glomerular permeability

can be assessed regardless of the clinical or biochemical condition of the

patient.

Indices of protein selectivity are of potential value in differential

diagnosis. Specific glomerular changes are not always confined to one

disease group, and therefore selectivity cannot be expected to correlate

perfectly with diagnosis. However, the results have indicated that selectivity

estimations can have a valuable contribution; for example in distinguishing

minimal lesion glomerulonephritis from membranous glomerulonephritis, or

postural proteinuria from some other type of renal disease with glomerular

involvement.

Glomerular ultrastructure has also been shown to correlate with

protein selectivity. In some cases the selectivity can assess the degree of

disorder of the basement membrane, while in others the overall severity of

the disease is reflected. This in turn relates to the prognosis, as a poor

prognosis is always associated with gross glomerular damage and therefore

with an unselective proteinuria.

The greatest practical value of selectivity estimations lies almost

certainly in the ability to prec ict responsiveness to steroid treatment. Of

the patients with selectivity values of over 1.9 who were given steroids,

78% responded to the treatment, and this included patients with several



- 156

different types of renal disease. On the other hand, only 4% of the patients

with selectivity values of under 1.9 who were treated with steroids responded.

At present, indices of selectivity are becoming a valuable adjunct

to the histological and ultrastructural studies of the renal lesion. In

cases where a renal biopsy, for some reason, is unobtainable or unsuccessful,

the selectivity of the proteinuria can provide valuable information. The

degree of ultrastructural abnormality, prognosis, in some cases diagnosis,

and above all, responsiveness to steroid therapy may be predicted. Indices

of dextran selectivity may also be of value in assessing the degree of

homogeneity of the renal lesion, and in cases of minimal proteinuria the

dextran selectivity will give a more reliable estimate of the glomerular

permeability.

The potential value of selectivity determinations suggests an estimate

should be part of the assessment of every patient presenting with proteinuria.

At present methods of estimating selectivity are somewhat tedious for routine

purposes. A modification of the immunological method, using only two

proteins may be practicable and sufficiently accurate. The best choice of

proteins would be albumin or transferrin and o^-macroglobulin. (3-Lipoprotein
was not always detected in the urine and clearances of T-globulin were some¬

times found to deviate slightly from the linear relationship; the suggested

method of Cameron and Blandford (1966) would therefore not be suitable on

the basis of the present study. Alternatively, estimation of selectivity by

thin layer gel filtration on Sephadex G 200 (Morris, 1964) may be feasible.

More estimations of dextran selectivity are required before the

value of this approach can be fully assessed. The recent method, enabling

dextran to be labelled with radioactive iodine (Ricketts, 1966), could be

useful in simplifying selectivity estimations. Smaller doses of dextran
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could be given, avoiding any plasma expansion. It would be possible to

investigate glomerular permeability over a much wider molecular weight

range by this technique. It would also be interesting to compare dextran

and polyvinyl pyrollidone clearances.

Further studies on permeability and ultrastructure are required before

the mechanism of glomerular filtration of macromolecules is fully understood.

Studies combining clearance estimations with a direct view of the transport

at the ultrastructural level might prove valuable. A high molecular weight

labelled compound, which could be seen on electron microscopy, such as

Imferon (Ricketts et al., 1965) would be suitable. The degree of glomerular

disorganisation might also be reflected by abnormal amounts in the urine of

some basement membrane-type material; for example carbohydrates or hydroxy-

proline (Dische et al., 1965). In addition, more estimations of selectivity,

to proteins and to other macromolecules, may reveal further information

concerning the glomerular permeability to macroraolecules.



SUMMARY
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Renal permeability to macromolecules has been studied in 130

patients and some normal subjects. The conclusions can be summarised as

follovs:-

1. The linear relationship between renal clearance and molecular v/eight

of protein on a log-log scale, which was first reported by Blainey et

al. (i960} has been confirmed. The slope of the line has been used as

an index of "selectivity".

2. Indices of protein selectivity were determined by an immunodiffusion

method. Clearances of individual proteins, of known molecular weight,

were estimated by measuring the amount of precipitation after serum and

urine had been allowed to react with specific antisera. Eleven proteins

were tested and nine were found to be suitable for estimating selectivity;

values were generally calculated from the clearances of five proteins.

Immunoelectrophoresis was also used to determine selectivity in some

cases, by comparing both the number and molecular weights of the

proteins identified in serum and in urine.

3. A method has been developed for estimating selectivity, by determining

the molecular size distribution of serum and urine proteins by gel

filtration on Sephadex G 200.

4. The errors of the immunodiffusion and gel filtration methods were

assessed. Coefficients of variation for the estimation of selectivity

were 47. and 7% respectively. Gel filtration was of doubtful value when

the proteinuria was under 1 g./day. Immunodiffusion as a method of

estimating selectivity was a more reliable method in minor proteinuria,

but was of doubtful value when the proteinuria was under 200 mg./day.
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5. Results of the immunological and gel filtration studies correlated

well in proteinuria. Since the principles on which inrounological and

gel filtration methods are based are quite different, the correlation

indicated that selectivity is a meaningful estimate of abnormal renal

permeability.

6. Renal permeability in disease was found to range from a high degree of

selectivity to an almost total lack of selectivity. The indices of

protein selectivity were found to be extremely stable over periods of

one to two years, in spite of clinical and biochemical variations.

Values correlated to a limited extent with renal function and age, but

there was no correlation with total protein excretion. Selectivity

valuer showed no significant decrease on infusion of albumin, suggesting

confirmation of a competitive tubular reabsorptive mechanism for protein.

7. Renal permeability was not affected by commencement of steroid treatment,

nor were there significant changes in selectivity while patients were

responding to steroid treatment and proteinuria was diminishing.

Selectivity had a striking correlation with the ability to respond to

steroid treatment; high values of selectivity were found in 95% of the

responsive patients.

8. Renal permeability was examined in relation to diagnosis. Significant

differences were found between the selectivity values of some different

renal diseases, in particular between the high values of minimal lesion

glomerulonephritis and every other type of renal disease, including

membranous glomerulonephritis. Patients with amyloid disease also had

significantly high selectivity values, and patients with postural

proteinuria and acute ischaemic renal failure had significantly low

values.
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9. Renal permeability was examined in relation to ultrastructure. An

association was found between both the degree and type of renal lesion

and the selectivity value. In most cases increasing glomerular damage

was associated with lower selectivity values. This was well demonstrated

by most of the renal diseases studied where there was significant

glomerular involvement, and was also seen in individual patients with

membranous glomerulonephritis, diabetic glomerulosclerosis and lupus

nephritis. The significance of basement membrane changes in causing

alterations in renal permeability was noted. Exceptions to the overall

correlation between glomerular damage and selectivity were found in

amyloid disease, proliferative glomerulonephritis, postural proteinuria

and acute ischaemic renal failure, suggesting the type of renal lesion

is also of importance in controlling renal permeability.

10. Renal permeability to some enzymes and to dextran was also studied.

Enzyme clearances had no correlation with protein selectivity. A method

was developed for estimating dextran selectivity, which gave comparable

results, over the same molecular weight range, as the protein studies.

Indices of dextran selectivity, however, were found in most cases to be

significantly higher than indices of protein selectivity. This finding

was discussed and it was concluded to reflect an inhomogeneity of the

renal lesion. This may be particularly relevant in minimal proteinuria.

11. In normal subjects indices of protein selectivity were low, but for

theoretical and experimental reasons were not considered to give an

accurate reflection of normal renal permeability. High dextran selec¬

tivity values indicated the normal kidney to be extremely selective in

the excretion of macromolecules.
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The selectivity studies were interpreted in terms of glomerular

permeability and, following from this, the mechanism of proteinuria in

health and disease was discussed. An assessment was made of the value

and applications of selectivity estimations in clinical medicine.
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APPENDIX 1. MATERIALS

Material Details Supplied bv

Inimunodiffusion studies

Agar

Antisera

Difco Bacto-Agar
i

Difco Laboratories, Detroit,
Michigan.

Beringwerke AG,
Marburg-Lahn.

Hoechst 'Pharmaceuticals,
Portland House, Stag Place,
London, S.W.I.

Hyland Laboratories Baxter Laboratories,
London Road Trading Estate,
High Wycombe, Bucks.

Neuraminidase crystalline from
Vibrio Cholera

Sigma.
'

Petri
dishes

Jener glass Andermann and Co. Ltd.,
87-95 Tooley Street,
London, S.E.I.

Template for Ouchterlony
plates

Messrs. Peter Brasshouse,
Spring Hill, Birmingham, 18.

Enzyme studies

nadh2 as the sodium salt B.D.H.

Dried plasma for pepsin substrate Prepared by Blood Transfusion
Service, Royal Infirmary,
Edinburgh.

Glutamic
oxaloacetic
+"r&r\Sarnim£>&e-

estimated by a
reagent kit,
no. 41(^-50

Sigma

Lintners
starch

for amylase
estimations

1

B.D.H.

Dextran studies

Dextran for ir

Intradex

Intraflodex

Dextraven

Rheomacrodex

i fusion:

6% dextran in 0.9% NaCl

107* dextran in 5% NaCl

6% dextran in 0.97. NaCl

10% dextran in 5% NaCl

Glaxo Laboratories, Greenford
it ii ii

Benger Laboratories, Cheshire

Pharmacia, Sinclair House,
The Avenue, London, W.13.

•Zipettes' for dispensing
solutions

Jencons, Hemel Hempstead, Herts.
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Material Details Supplied by

Miscellaneous

Albumin for infusion Prepared by the Blood Transfusion
Service, Royal Infirmary,
Edinburgh, by the Kohn ethanol
fractionation method.

Bovine serum

albumin
crystalline for
raicrobiuret standards

B.D.H.

Albustix reagent strips Ames Company, Stoke Poges, Bucks.
1KB

equipment
Ultrafilter-6300A
Radi-Rac fraction
collector-3400B
Immunoelectrophoresis
apparatus-6800A

LKB-Producter AB, Stockholm.

Polyethylene
glycol,
Carbowax 20M

Union Carbide, 8 Grafton Street,
London, W.l.

Sephadex G 200 Pharmacia, Sinclair House,
The Avenue, London, W.13.
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APPENDIX 2. STATISTICAL FORMULAE

from Moroney (1963).

Reproducibi1ity

From N determinations on one sample

standard deviation of mean (SD) » J&y-y)2N

From pairs of determinations on N different samples

standard deviation of mean (SD) «* / £d2
J 2N

Coefficient of variation (CV) = SD x 1( > y

y

Standard error of the mean «* SD

fT

Regression lines by the method of least squares

y ~ mx + c

Slope (m) » £xy - fx £ y

N

£x2 - (£x)2
N

Intercept (c) - fx 2 xy -

(€x)2 - N £ x*"

Correlation coefficient (r) » Zxy - ^*£y
N

y ~ mean value

y ■ individual
values

= difference
in values between
each pair of
observations

[fx - (£x)2] [STy2
N

Uy)2}
N

Standard error of estimate of y (SE) = A - 5> (1 - r )
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Student's t test

t = Difference of means

Standard error of difference

sample variance (s) - / SJS -2
N " X

x " sample raean

x = individual valtas

Best estimate of standard error for the difference of the means of two samples
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APPENDIX 3. PUBLICATIONS

Statement in terms of Ph.D. Regulation 13 of the University of Edinburgh.

Part of the work embodied in this thesis has been published as follows

Pamela R. MacLean and J. S. Robson (1966).

Unselective proteinuria in acute ischaemic renal failure.

Clin. Sci. 30, 91.

Pamela R. Maclean and J. J. B. Petrie (1966).

A comparison of gel filtration and immunodiffusion in the determination of

selectivity of proteinuria.

Clinica chim. Acta, 14, 367.

V. A. Ruckley, M. K. MacDonald, P. R. Mac can and J. S. Robson (1966).

Glomerular ultrastructure and function in postural proteinuria.

Nephron, in press.
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