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Abstract
Over the past two decades evidence has accumulated which suggests that
the basic defect responsible for the proteinuria of the Steroid Responsive
Nephrotic Syndrome (SRNS) is a loss or reduction of the fixed negative
charge present on all layers of the glomerular capillary wall. This thesis
describes a program of work which was undertaken to confirm the
presence of abnormal charge on cells and membranes in SRNS, and to
elucidate the mechanisms responsible.
In initial studies, platelets from children w ith SRNS were found to
aggregate spontaneously in vitro. The pattern of aggregation was similar
to that induced by neutralisation of platelet surface negative charge by
polycations such as poly-lysine. This suggested that the abnormal
platelet aggregation in SRNS might be due to a reduction of platelet
negative charge, and that the same process responsible for reducing the
negative charge on the glomerulus m ight also be responsible for
reducing the platelet negative charge. As blood cells are more accessible
for study than renal tissue, it seemed possible that they might be a useful
model with which to study the mechanism responsible for reducing cell
and membrane surface charge in SRNS.
A novel method was developed to measure surface negative charge
on red blood cells and platelets based on the binding of the cationic dye,
Alcian blue 8 GX, to negatively charged groups on cell surfaces. The
method was shown to be specific for charged groups on the cell surface,
as the Alcian blue binding could be com petitively inhibited by
polycations and largely abolished following desialation of the cells by
treatment w ith neuraminidase.
Normal ranges for red blood cell and platelet surface charge were
established in healthy individuals ranging from infancy to old age. The
method was then used to compare red blood cell and platelet surface
charge in healthy children, those with SRNS and those with other renal
'diseases. Surface negative charge on red blood cells and platelets from
children with SRNS was found to be significantly reduced compared to
healthy children and those with other renal diseases. However, the
sialic acid content of the red blood cell membrane was normal,
suggesting that the charged groups were masked or neutralized rather
than quantitatively deficient.
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The following hypothesis was proposed to explain these findings:
The reduction of glomerular capillary w a ll negative charge which is
believed to underlie the proteinuria of SRNS , and the reduction o f
p la te let and red blood cell negative charge m ight be due to the presence
of a substance which binds to and reduces the negative charge on cells
and membrane.s
In order to confirm the existence of the proposed charge neutralizing
substance, a method for detection of charge neutralizing substances was
devised based on inhibition of the binding of the cationic dye Alcian
blue to the anionic glycosaminoglycan (GAG) heparin. The method was
shown to detect highly cationic proteins such as protamine and poly- 1 lysine but not less highly charged proteins or heparin binding proteins
such as lysozym e, beta thromboglobulin, or platelet Factor IV.
Using this method, cationic fractions of plasma and urine from
SRNS ch ild ren prepared by DEAE Sephacel ion exch ange
chromatography were found to contain a charge neutralizing factor
which was not detected in similar fractions of normal plasma and urine.
Fractionation of SRNS or normal plasma and urine by heparin
sepharose chrom atography confirm ed the presence of a charge
neutralizing factor in SRNS but not in normal plasm a or urine.
Proteolytic digestion of the fractions containing the charge neutralizing
factor abolished its activity, establishing that it is a protein.
A procedure was devised to partially purify the charge neutralizing
protein from SRNS plasma or urine. After initial dialysis and (for
urine) concentration by ultrafiltration and lyophilization, SRNS urine
or plasma was batch absorbed at pH 9 to QAE Sephadex.

The active

charge neutralizing factor appeared in the unabsorbed fraction and was
then processed on a QAE Sephadex column, again eluting in the
unbound fraction. The activity was further purified by gel filtration on
Sephadex G-150 and finally by fast pressurized liquid chromatography
(FPLC) on the cation binding medium Mono-S. from which it eluted as a
single peak. The partially purified charge neutralizing protein was
injected into rabbits and an antibody prepared which inhibited the
activity of the protein.
Although further studies are required to confirm a pathogenic role
for this highly cationic protein in SRNS, it is likely that this protein
would bind to and neutralize the charge of the glomerular capillary wall,
and thus be responsible for the abnormal charge selectivity of SRNS. In
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view of the precipitation of relapses of SRNS by infection and allergic
stim uli and the beneficial effects of im m unosuppressive treatment, a
likely origin for the protein is some cell of the immune system.

The

basic defect in SRNS may be uncontrolled or excessive release of a highly
cationic protein from some immunologically active cell.
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CHAPTER I
THE STEROID RESPONSIVE NEPHROTIC SYNDROME
A. Historical Review
The association of proteinuria with oedem a was first made by
Domenico Cotugno in 1775 I. Some years later, William Charles Wells
reported the existence of a heat coagulable substance in the urine of an
oedematous patient, and intuitively suggested that the substance was
blood s e r u m . ^ In 1813, Blackall published his observations on the
nature and cure of dropsy and noted the association of dropsy and
a lb u m in u ria .^ He also noted that "the urinary organs are often free
from any appearance of unsound structure , not withstanding the great
fault in their secretion ".

This suggested that the cause of the proteinuria

was abnormal "secretion" by the kidney despite apparently normal
structure - a prescient observation which antedated by over a century
the evolution of the term minimal change disease.
The writing of Richarge Bright in the first half of the nineteenth
century added considerably to the understanding of renal disease in
general, and the relationship between proteinuria and oedema. Bright
and his friend and colleague John Bostock described in 1827 the clinical
and chem ical feature of the nephrotic syndrom e, and made the
connection between a reduction in albumin concentration in the blood,
and its loss from the body in the urine. Although Bright's work focused
m ainly on diseases associated with structural rather than functional
derangement of the kidneys, his recognition that malfunction of the
kidney was the primary cause of 'dropsy 7 paved the w ay for modern
nephrology (4).
In 1906, Friedrich Muller proposed the term n ep h ro sis to apply to
renal conditions characterized by lesions supposed to be degenerative in
origin, as opposed to those due to inflammation .5 Two years later,
Munk observed that the renal histological changes in patients with
oedem a and albuminuria consisted principally of infiltration of the
tubules by birefractile lipoid substances and introduced the term "lipoid
nephrosis " to describe this appearance.^
The term lip o id nephrosis was widely used both in Europe and the
United States, and a debate developed in the literature as to whether the
underlying defect was in the kidney or the result of a more generalised
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metabolic defect. However, it gradually became apparent that lipoid
nephrosis was not a useful term as birefractile bodies in the urine and
tubules, initially thought to be pathognomonic, were found in many
severely proteinuric disorders.
In the 1950's understanding of the cause of proteinuria w as
considerably advanced by physiological studies undertaken by Coursajet
and others, which firmly established that the proteinuria was due to the
passage of normal proteins across the glom erulus rather than the
filtration of abnormal plasma proteins.^ The advent of renal biopsy
techniques and improvements in light and electron microscopy in the
1950's led to a rapid advance in understanding of renal disease. The
nephrotic syndrom e was found to be associated with a variety of
histopathological appearances and disease processes. Among the many
histological patterns, that of normal glomerular architecture (rather
inelegantly termed "minimal glomerular changes") became established
as an entity distinct from the glomerular disorders associated w ith
inflammatory or proliferative changes.
Following the introduction of ACTH and corticosteroid therapy in
the 1950's the histological pattern of minimal glomerular changes was
soon found to be predictive of steroid response and was also recognized
to be the predominant histological pattern associated with the nephrotic
syndrome in childhood. In keeping with the general tendency to name
diseases by their histopathological features (perhaps a logical system at a
time w h en aetiology and pathogenesis w ere w ith few exceptions
unknown), the disorder began to be called minimal change disease
(MCD). This remains a widely used term for the disorder . 8
B. Current D efinitions
1)
N ephrotic Syndrome: Although earlier use of the term nephrotic
syndrom e im plied the association of oedema, heavy proteinuria, and
hyperlipidaem ia, it is now apparent that hyperlipidaem ia is an
inconsistent feature, being frequently absent in patients seen early in the
course of the disease. Moreover, oedema may be absent in patients
treated effectively with diuretics or salt restriction or those seen early in
relapse.

The current definition therefore, specifies only the association

of
p r o te in u r ia
of
hypoalbuminaemia.8/9

s u ffic ie n t
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m a g n itu d e

to

r esu lt

in

2)
Steroid R esponsive Nephrotic Syndrome: The histopathological
term minimal change disease has been w idely used in recent literature
to describe the childhood nephrotic syndrom e w hich responds to
steroids. H owever, it has become increasingly illogical to define the
disorder by its histological features as renal biopsy is no longer
performed in m ost cases: the pattern of steroid response and the absence
of features predictive of inflammatory glomerulopathies is sufficient to
define the disorder without recourse to biopsy. The term s te r o id
responsive nephrotic syndrome (SRNS) more accurately describes the
important clinical features of the disorder and will be used in this thesis
in preference to minimal change disease. Although the conditions
described by SRNS and MCD are overlapping in most patients, there are
a minority of patients with histological minimal changes who do not
respond to steroids but do respond to cyclophosphamide. Additional
areas of confusion are som e cases w ith focal segm ental glom erulo
sclerosis or m esangial proliferation in whom steroid response is
observed. A combination of the clinical and histopathological features
are necessary to define these patients.9/10/H
C. Epidemiology
The SRNS occurs in children w orldw ide.11,12 Accurate incidence
rates are only available in developed countries w here the annual
incidence is approximately 2 per 1 0 0 , 0 0 0 children under 16 years of a g e . 1 2
Given an average duration of the disorder from 2 to 5 years, the
prevalence is about 13 per 100,000 children under 16 years of age.13
SRNS is considerably more frequent in children than in adults.
Whereas

SRNS accounts for over 80% of cases of primary nephrotic

syndrome in developed countries, less than 30% of adult patients with
primary nephrotic syndrome are steroid responsive.14,15 in developing
countries, SRNS with minimal change histology constitutes a much
lower proportion of primary nephrotic syndrome in childhood.15/16 in
children, the median age of onset is 2.5 years, and 80% are less than 6
years old at the time of d i a g n o s i s . 12,13,17 Boys are affected nearly twice
as commonly as girls, but in adults, the sex ratio is close to

u n ity

.12/14,15

All races are affected, but in the United Kingdom, there appears to be an
unusually high incidence in children of families from the Indian
subcontinent. 1 ^
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D. Genetics
SRNS is familial in approximately 3% of cases.19,20,21 Familial cases
occur almost exclusively in siblings though there are few reported cases
affecting more than one generation.19,20 Although monozygotic twins
are often concordant for the disorder, this is not invariably so.21 The
genetic pattern has been interpreted as ind icatin g p olygen ic
inheritance . 2 1
Histocompatibility antigen studies have documented an increased
incidence of HLA B12 and decreased HLA B7.22,23 However, this has
not been found in all studies.24 A more consistent relationship with
HLA DRW7 has been reported in other studies.24,25
E. Clinical Features
An upper respiratory tract infection or other febrile illness frequently
precedes the onset of oedema, which is usually the first symptom of the
d i s o r d e r . ^^,12,17
Oedema develops insidiously and may be severe in
patients who delay seeking medical attention. Symptoms related to
hypovolaemia are often present, including oliguria, abdominal pain,
listlessness, and diarrhoea.^ 0
H ypovolaem ic shock is one of the most serious complications of
SRNS. It may be precipitated by diuretics, diarrhoea, vomiting or sepsis.
The peripheral circulation is poor with cold clammy extremities, and
hypotension with disordered consciousness may be present. 1 0
Throm bosis is a not
infrequent com plication and is often
precipitated by h y p o v o l a e m i a . 2 6 Major vessel arterial thrombosis or
venous thrombosis may occur resulting in gangrene or infarction of any
affected o r g a n . 2 6 , 2 7
Prior to the introduction of corticosteroid and antibiotic treatment,
infection was a frequent cause of d e a t h . 2 8 Cellulitis developing in the
oedematous subcutaneous tissues, primary peritonitis or septicaemia
were the m ost common presentations. The organisms responsible are
usually Strep, pneumoniae. Haemophilus influenzae, or gram negative
organisms such as E. coli.29
F. Laboratory Findings
1) Proteinuria: Proteinuria is the most important diagnostic finding in
children with SRNS. The rate of secretion of protein often exceeds 50
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m g /k g /2 4 hours, and dipstick readings of 4+ are consistently found.l^
The International Study of Kidney Disease in Childhood (ISKDC)
definition of the nephrotic syndrome includes a urinary protein
excretion rate of greater than 40 m g /h r /m2 surface area in an overnight
collection of urine.17,30
The proteinuria in SRNS is usually highly selective with the
clearance of IgG being less than 10% of the albumin clearance. Although
the selective increase in the clearance of albumin was originally thought
to indicate an increase in glomerular permeability to smaller molecules
31-33 alterations in charge selective filtration are now known to be more
important and will be discussed in detail in subsequent sections. Highly
selective proteinuria with an IgG clearance above 20% of the albumin
clearance is suggestive of steroid resistance and of histological findings
other than minimal c h a n g e s . 3 3
M icroscopy of the urine reveals lipid droplets and waxy casts.
M icroscopic haematuria is present in almost 25% of patients, but
macroscopic haematuria is r a r e . 12,17
Hypoalbuminaemia is invariably present in established cases and is
one of the major features necessary to establish the diagnosis. The
ISKDC adopted a value of less than 25 g /L for the definition of the
nephrotic syndrom e.17,34 However, patients seen very early in relapse
may have a normal plasma albumin concentration. In severe cases, the
plasma albumin may fall below 1 g/L . 12,17 other plasma proteins are
also deranged, with reduction of IgG and increased concentrations of IgM
and fibrinogen.35
2) H yperlipidem ia: Although the presence of hyperlipidemia is not
essential for the diagnosis of SRNS, it is one of the m ost striking
laboratory manifestations of the s y n d r o m e . 3 4 / 3 6 Serum cholesterol and
phospholipids are almost always elevated and tend to rise progressively
with duration and severity of the disorder.36 Total cholesterol, free
cholesterol, and cholesterol esters are all increased.37

Serum

triglycerides are more variable than cholesterol but are also increased in
the majority of cases.38 Lipoproteins are not only elevated but are
abnormal in their relative concentrations. Very low density lipoproteins
and intermediate density lipoproteins are more markedly elevated than
low density lipoproteins, and there is an increased cholesterol content of
the lipoproteins.36,39
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3) H ypercoagulability: The thrombotic tendency of SRNS has been
associated w ith a number of abnormalities of both the cellular and
noncellular components of blood.26,40 Hypovolaemia is associated with
an increased concentration of all blood cells, and elevated packed cell
volume, haemoglobin, and platelet counts are commonly observed in
relapsed patients.
Red cells invariably form rouleaux and aggregation
of red blood cells may occur-41
P latelet su rvival is shortened,42 and sp on tan eou s p la telet
aggregation and increased sensitivity to aggregating agents has been
docum ented in several studies. 4 2 , 4 3 , 4 4
degree of platelet
hyperaggregability correlates with the degree of hypoalbuminaemia and
h y p e r lip id a e m ia .2 6 ,4 3 ,4 4

Plasma fibrinogen is usually elevated, as are Factors II, V , and
V I I I . 2 6 , 4 5 However, Factors IX, XI, and XII are commonly d e c r e a s e d . 2 6
The fibrinolytic system is functionally abnormal w ith reduction in
p la sm in o g en con cen tration , 4 5 , 4 6 and the coagulation inhibitor
antithrombin HI is also diminished 4 6 , 4 7
G. Pathophysiology: The multitude of physiological derangements in
SRNS are probably the consequence of a single defect - the increased
glomerular (and perhaps vascular) permeability to plasma p r o t e i n s . 3 4
The m echanism s responsible for normal and abnormal glomerular
permeability w ill be discussed in detail in Chapter 2, and the disturbance
in SRNS in the rem ainder of the thesis.
In this section, the
pathophysiological consequences of increased glomerular permeability
will be briefly discussed.
1) H ypoalbum inaem ia: Hypoalbuminaemia is a direct consequence of
the urinary loss of albumin and is inversely related to the magnitude of
p r o t e in u r ia .3 4
However, i t has become apparent that urinary losses
alone do not adequately explain the hypoalbum inaem ia, as hepatic
synthesis of albumin in healthy individuals should normally be able to
exceed the urinary losses observed in S R N S . 3 4 , 4 8 jt js likely that
inadequate syn th esis of albumin and increased catabolism also
contribute to the developm ent of hypoalbuminaemia. Several studies
have docum ented increased albumin catabolism (between 1 6 and 4 0 %
above normal) in S R N S , considerably in excess of the losses explicable by
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proteinuria.

3 4 ,4 8 ,4 9 ,5 0

The likely site of albumin catabolism is the

kidney tubule. Proximal tubules are able to reabsorb and degrade filtered
albumin. Clearance studies indicate that the amount of albumin in the
glomerular filtrate greatly exceeds that appearing in the urine, suggesting
tubular reabsorption of filtered a l b u m i n . 3 4 , 4 9 , 5 0 , 5 1
Other sites of
albumin catabolism may include the gastrointestinal tract, but the data
on this are i n c o n c l u s i v e . 3 4 . 5 2
In the face of urinary loss and increased catabolism of albumin, a
com pensatory increase of hepatic album in synthesis o c c u r s . 4 8 , 5 0
However, the rate of albumin synthesis in SRNS is generally well below
the maximum rate of synthesis possible in healthy i n d i v i d u a l s . 4 8 , 5 3
Nutritional deficiency of proteins and amino acids due to poor intake,
(which is comm on on SRNS), together with urinary losses may impair
the normal synthetic capabilities of the l i v e r 5 2 , 5 3 . Thus urinary protein
loss, extravascular catabolism, and decreased synthesis all contribute to
the developm ent of h y p o a l b u m i n a e m i a . 3 4
C onsequences of Hypoalbuminaemia: Albumin is the major plasma
co m p o n en t con trib u tin g to the on co tic p ressu re of b lood .
H ypoalbum inaem ia therefore results in a decrease in the effective
oncotic p ressu re w ith in the intravascular space.
A lth ou gh
concentration of alpha 2 globulins, beta-globulins, and lipoproteins are
increased, these proteins have large molecular w eights and relatively
low plasma concentrations, and do not adequately restore plasma oncotic
p r e s s u r e . 34,54
The reduction in oncotic pressure alters the Starling
2)

equilibrium and favours movement of fluid from the intravascular to
the interstitial compartm ents, leading to oedem a and decreased
circulating blood v o l u m e . 5 5
The retention of salt and water which leads to progressive oedema in
SRNS is multifactorial, but is largely due to hypoalbuminaemia and
dim inished plasm a oncotic p r e s s u r e , 34,54,55 Although blood volum e
has been reported to be normal in supine nephrotic patients, 36 there is
an
p

e x a g g er a te d d eclin e in b lood v o lu m e in the u p righ t
o s i t i o n . 3 4 , 56,57,58
Renal hypoperfusion due to hypovolaemia results

in sodium and water retention, presumably due to increased renin and
aldosterone production. However, plasma aldosterone concentration
has not been show n to be increased. Intrarenal mechanisms, including
renal arteriolar vasoconstriction and interstitial oedema, probably also

c o n tr ib u te

to

red u ced

w a te r

and

e le c t r o ly t e

e x c r e t i o n . 5 9 ,6 0

The

d im in is h e d r e n a l p e r fu s io n m a y b e o f s u ffic ie n t s e v e r ity to r e s u lt in
e le v a t e d u r e a a n d c r e a tin in e c o n c e n tr a tio n s. In s e v e r e ca ses, it m a y
e v e n r e s u lt in a c u te ren a l fa ilu re.^ 1 / 6 2

H y p o v o la e m ia

a lso a ffe c ts

p e r fu s io n o f a ll o th er o rg a n s. G a stro in testin a l d y s fu n c tio n is c o m m o n ,
a n d h y p o v o la e m ic sh o ck m a y

o c c u r .59

3) H yperlipidaem ia: The pathogenesis of hyperlipidaemia in SRNS is
com plex and not yet com pletely understood. There is an inverse
relationship between blood lipids and the plasma albumin concentrat i o n 3 4 , 3 9 ancj infusion of albumin reduces the h y p e r l i p i d a e m i a . 6 3
However, the stimulus for hyperlipidaemia may not be the reduction in
albumin but an indirect consequence of this reduction. A role for
reduced oncotic pressure is suggested by experiments in which volum e
e x p a n sio n w ith c o llo id a l so lu tio n s su ch as dextran or
polyvinylpyrolidone have a comparable lipid lowering effect to that of
a lb u m in .6 3 ,6 4

Increased hepatic synthesis of lipoproteins, triglycerides, and
cholesterol are the major factors responsible for h y p e r l i p i d a e m i a . 3 4 , 6 5 , 6 6
R eduction of lipoprotein catabolism and im paired clearance of
lipoproteins from the blood are also c o n t r i b u t o r y . 3 4 , 6 6 Labelled
lipoproteins injected into nephrotic patients have a decreased rate of
conversion into VLDL and LDL, and clearance of triglycerides is
im p a ir e d .3 4 ,6 5 ,6 6
The vascular enzyme, lipoprotein lipase is important
in the clearance of blood lipids, and reduced activity of this enzyme has
been docum ented in post-heparin blood samples of nephrotic patients
including th ose w ith SRNS.67 The dim inished lipoprotein lipase
activity is probably partly due to inhibition of its activity by SRNS
p la s m a ,6 8
but quantitative reduction in the enzym e may also be
involved. The relationship of these observations to the charge defect in
SRNS w ill be discussed later.
4) Loss of Other Proteins: Urinary loss of several low molecular weight
proteins have additional physiological consequences. Urinary loss of IgG
and IgA, together with increased immunoglobulin catabolism, results in
reduced plasm a IgG and IgA concentrations.^ Furthermore, urinary
loss of Factor B results in defective capacity to opsonize E. co/z.69
Together w ith other defects (see Section K),
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these im m unological

abnormalities contribute to the high incidence of serious infection in
SRNS.
Urinary loss of the coagulation inhibitor antithrombin 111, and
possibly of plasm inogen, contributes to the thrombotic tendency in
SRNS (see previous section) .47
H. Pathology
1) Light Microscopy:

The histopathological findings in SRNS are those

of "minimal change " a term defined by the ISKDC (1978) as "the absence
of any conspicuous glomerular abnormality on light microscopy."! 7
However, this apparently clear definition involves several problematic
judgem ents as to what constitutes normal architecture. The earlier
definitions allow ed for slight mesangial hypercellularity, mesangial
thickening, and capillary wall thickening. The presence of occasional
sclerosed glomeruli without tubular atrophy and dilatation of tubules
were also accepted.H/17 The definition was refined in 1981 to allow only
one or tw o cells per m esangial zone, with three cells indicating
m esangial hypercellularity and four cells, mesangial proliferation.70
The significance of m esangial hypercellularity and whether it is
indicative of a disorder distinct from SRNS is not completely clear.
M esangial hypercellularity has been associated w ith corticosteroid
resistance, but in other studies good responses to corticosteroids were
observed.70,71 This suggests that mesangial hypercellularity may be part
of the spectrum of histological changes associated with SRNS.
The presence of glomerulosclerosis is another area of difficulty in the
definition of minimal change and in prediction of SRNS.

The presence

of totally fibrosed glomeruli particularly in the outer cortical zones,
without associated tubular atrophy is termed focal global sclerosis and
represents a developm ental abnormality commonly seen in young
c h i l d r e n 7 2 . Up to 15% of glomeruli may be globally sclerosed and still be
termed minimal changes, with the clinical course being consistent with
SRNS. In contrast, the finding of focal segmental glomerulosclerosis
and hyalinosis (FSGS), often associated with tubular atrophy, is a more
sinister fin d in g frequently predictive of steroid resistance and
progression to renal f a i l u r e . 72, 73
There is considerable debate as to whether FSGS is indicative of a
disease process distinct from SRNS or whether it is the severe end of the
spectrum produced by the same disorder. It has been suggested that the
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developm ent of FSGS may be a consequence of the nephrotic state,
perhaps mediated by platelet aggregation^ or hyperfiltration.75 This is
supported by the finding of FSGS in renal biopsies performed on
children with longstanding S R N S , 76 by the apparent progression of
histological appearance from minimal changes to FSGS, and by the
reversion of patients w ith FSGS to corticosteroid responsiveness
following cyclophosphamide treatment. 77
2) Im m u no-h istology: U sing immunohistological techniques, neither
im m unoglob ulin s nor com plem ent can be dem onstrated in the
glomeruli of children with S R N S and minimal change h i s t o l o g y . 7 8 , 7 9
Occasionally, IgM deposits are visualized in the m esangial regions,
particularly in steroid dependent cases and those with mild mesangial
proliferation. Although it has been postulated that these cases represent
a separate "mesangial IgM disease," more recent studies have not
discerned any particular clinical association with IgM d e p o s i t s . 8 0
3) Electron Microscopy: Retraction of the epithelial foot processes is
invariably found in SRNS - minimal change disease. This finding was
initially called foot process f u s io n , 81 but it appears to be due to
disordered epithelial structure with withdrawal of the dendritic process
into a more globular mass without actual fusion of adjacent cells. These
changes are not specific for SRNS and are seen in other proteinuric
disorders, as w ell as follow ing protein infusion into a n i m a l s . 8 1 / 8 2 , 8 3
The role of reduced epithelial cell surface charge in initiation of these
changes will be discussed in a subsequent section.
I.

Natural History
Prior to the advent of antibiotics and corticosteroid treatment,

mortality of children with SRNS was high, with approximately twothirds of affected children succumbing to infection, hypovolaemia, and
throm botic com plications.84 The mortality declined rapidly in the
1950's follow ing introduction of ACTH and corticosteroid treatment. In
1961, A rneil reported a 9% two-year mortality in steroid treated
c h i l d r e n . 85
Cornfield and Schwartz found a mortality rate of 15% in
SRNS children followed for at least five

y e a r s .8 6

More recent studies

continue to report a mortality of 2 to 7% with most deaths being due to
infection, hypovolaemia, and t h r o m b o s i s , 8 6 , 87 very small proportion
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of deaths were reported to be due to progression to renal

f a ilu r e .8 6 - 8 9

^

most of these cases, FSGS was found in subsequent renal biopsies.
Whether these cases represent progression from SRNS to FSGS or
whether the sclerosed glomeruli were missed on the initial biopsy is not
known. 1 ?
Whereas mortality has declined dramatically, the disorder continues
to cause significant morbidity. Over two-thirds of children with an
initial episode of SRNS have subsequent relapses,!2,17
many of
these children become frequent relapsers suffering multiple episodes of
SRNS for several years.! 2 These frequently relapsing patients require
repeated courses of high dose corticosteroids and prolonged periods of
lower dosage maintenance corticosteroids, with the attendant side effects
of growth suppression, cushingoid appearance, infection, and cataracts.
Between 5 and 10% of patients are steroid resistant or respond only to
unacceptably high d oses of corticosteroids.
Im m unosuppressive
treatment with cyclophosphamide or chlorambucil is required to induce
or maintain remission in these patients.! 0 / 1 2
W h ile m ost children w ith SRNS cease to relapse as they enter
adulthood, a significant number continue to have active disease into
adult l i f e . 8 9 , 9 0 Seigel et al reported the status of patients 5 to 15 years
after d i a g n o s i s . ^ 9 Forty nine percent of patients were in remission off
treatment, 25% continued to require treatment to maintain remission,
17% continued to have active disease, and 7% died, mostly of nonrenal
causes. More recently, Trompeter et al reported that 5.5% of biopsyproven cases with minimal change histology continued to have relapses
into adult l i f e . 9 0
J.

Treatment

1) Corticosteroids: ACTH was introduced into the management of the
nephrotic syndrom e in
1950,91 follow ed a short w hile later by
cortison e.92 there is now general agreement that corticosteroids are
effective in inducing rem ission in the majority of cases with minimal
change h istology. 10,11,12,28 Prednisone and its active metabolite,
prednisolone, have been m ost w idely used. H igh doses are usually
required to induce remission. The ISKDC regime consists of prednisone
60 m g /m 2 surface area/d ay for four weeks, follow ed by 40 m g /m 2
surface area/day for three days out of seven for a further four weeks.!^
Response usually occurs towards the end of the second w eek of
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treatment, and only a small minority respond after four weeks.

In the

U nited Kingdom, a comm only used regime consists of prednisolone
2 m g /k g /d a y until the urine is protein free for three days, after which the
dose is progressively r e d u c e d . 9 3 if response has not occurred within
four weeks, the child is considered to be steroid resistant.
The first two of three relapses are managed on the same basis as the
original ep iso d e, but children w ith frequent relapses require
maintenance corticosteroids usually given on alternate days in the
low est dose which adequately maintains remission. The dose of steroids
used for treatment of acute relapses and for maintenance of remission is
often associated with significant side effects.93 Weight gain, cushingoid
appearance, and growth suppression are the major problems, and can be
sources of considerable emotional upset to the children and their
fam ilies.
There is also evidence that adrenal suppression may
predispose to frequent relapses.94
2) Im m unosuppressive Agents : The use of nitrogen mustard to treat
children with SRNS was first reported in 1952.95 Cyclophosphamide
was introduced in 1 9 6 3 , and subsequent controlled trials have confirmed
its efficacy in maintaining prolonged r e m i s s i o n . 9 6 , 9 7 An eight week
course of cyclophosphamide at a dosage of 3 m g /k g body w eight/24
hours results in 7 5 % maintained remission for one year and 50% for five
y e a r s .9 7 /9 8 ,9 9

C yclophospham ide given as a single eight w eek course of 3
m g /k g /d a y is usually w ell tolerated, but bone marrow suppression, hair
loss, and increased susceptibility to infection are causes for concern.
Deaths due to overw helm ing infection, particularly m easles and
chicken-pox occasionally occur in both steroid and cyclophosphamide
treated patients . 8 6 The potential of cyclophosphamide to induce long
term effects on gonadal function and im m unological com petence
remain the m ost worrying aspects of its use. Although fertility may not
be impaired by a single eight-week course, repeated or more prolonged
treatment has been associated with azoospermia.^0 0 , 1 0 1
Chlorambucil appears to be as effective as cyclophospham ide in
inducing sustained rem ission, but there are a disturbing number of
reports of malignancy following its a d m i n i s t r a t i o n . 1 0 2
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K. Immunological Studies
1) Clues to an Im m unopathogenesis of SRNS : A number of clinical
observations have suggested that SRNS may have an immunologically
mediated pathogenesis: relapses are often precipitated by infection, and
have been reported to follow allergic insults in clu d in g skin
hyp ersensitivity,!^ pollen sen sitivity,!^ and bee stings.105 There is an
increased incidence of atopy in children with SRNS and their first degree
relatives,!06 and there are well documented cases of seasonal relapses
associated with pollen induced exacerbations of a t o p y . ! 07
The response to corticosteroids and im m unosuppressive agents
(including cyclosporin A) has also suggested an im m unologically
mediated process. Furthermore, rem issions have been induced by
natural measles infection! 08 Qr measles vaccination! 09 and possibly by
m a la r ia .!!0,111

Measles has been known to suppress cell mediated

immunity since 1908, when Von-Pirquet described loss of tuberculin
hypersensitivity during natural measles infection.! 12 Measles is now
know n to p rofou n d ly depress T-cell function w ith im paired
blastogenesis of lym phocytes! 13 and reduced lymphokine production
being consistently demonstrable.! 14
M alaria also ind uces im m u n osu p p ression ,! 15 but affects B-cell
responses predom inantly.! 15,116,117 The nephrotic syndrome with
minimal change histology is associated with Hodgkin's disease,!!** a Tcell malignancy in which cutaneous anergy and defective lymphocyte
responses to phytohaemagglutinin are common.! 18,119
These clinical observations linking imm unological processes with
SRNS were w elded into an hypothesis proposed by Shalhoub in 1974.120
On the b a sis of the th erap eu tic effects of steroid s and
im m unosuppressive agents,
the response to m easles infection;
defective humoral immunity, and the occurrence of the syndrome in
H odgkin’s disease, Shalhoub proposed that "SRNS is due to a systemic
abnormality of T-cell function , resulting in the secretion of a circulating
chemical m ediator

toxic

to an im m unologically

innocent glom erular

basement m embrane."H0 jn the past two decades, a large number of

stu d ie s

have

b een

u n d e rta k en

a tte m p tin g

im m unopathogenetic mechanisms in SRNS.
answers have yet emerged.

to

con firm

H ow ever, no definite

These im m unological studies w ill be

reviewed in the following section.
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2) Im m unoglobulins : Plasma concentrations of IgG and IgA are
decreased during relapse,! 21,122,123 ancj igM concentrations are
e le v a t e d .

123 Although the decrease in IgG and IgA have been attributed

to urinary loss, plasma concentrations of IgG and IgA have also been
found to be reduced in patients in rem ission and that of IgM
elevated . 106,123,124 igp concentrations are raised in one-quarter of
SRNS
rem

ch ild ren , in d ep en d e n t of the state of rela p se or
i s s i o n . 106,123,125 Raised IgE levels are more common in children

with atopic features but have also been reported in SRNS children
without evidence of a t o p y . 106 There have been reports of specific IgG
subclass reduction in SRNS (most notably IgG2 ),1 ^ 6 but this has not been
confirm ed in other studies. 124
D im inished IgG syn thesis by
lymphocytes from SRNS patients has also been r ep o rte d .! 27
3) Complement :

Serum levels of complement components

Clq, and total haemolytic complement are normal in

C3 , C4 ,

S R N S .2 8 ,1 2 1

Low

plasma concentrations of Factor B are probably due to urinary loss and
have been associated with defective opsonization of E. coli by nephrotic
s e r a . 6 9 , 1 2 8 0 3 b in activator le v e ls are also r e d u c e d . ! 2 9
Immunoconglutinin, an autoantibody to hidden antigenic determinants
in C3 and C4 , is detectable during rela p se. 130 Sera from SRNS children
in relapse inhibit the formation of EAC rosettes by normal human
tonsillar B-lymphocytes, suggesting the presence of free or complexed
0 3 b 131 Taken together, the immunoconglutinin and EAC rosette data
suggest low-grade activation of the complement system.
4)

Immune Complexes : There is no evidence that imm une complexes

are deposited in the glomeruli in SRNS. Levinsky et al reported the
detection of circulating immune complexes in the sera of SRNS children
in relapse by a technique dependent of the inhibition of agglutination of
IgG-coated latex particles by IgM antibody to human IgG.132 The
complexes persisted for several weeks after remission and did not bind
C lq . 1 3 2
L i other studies, immune complexes were not detected by Clq
b in d in g

but were confirmed to be present by other
H owever their relationship to relapse appears to be

a s s a y s ,! 3 3

m e t h o d s . 1 3 4 ,1 3 5
in c o n s is t e n t.1 3 4 ,1 3 5
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5) Lymphocytes : The absolute number of T-cells measured by EAC
rosettes has been reported to be normal in several studies,^36,137 bUf- the
percentage of B cells is increased in relapse. 138 Children who relapse
within three months of treatment have an increase in the number of
suppressor T-cells.138 Increased glomerular T-cells, monocytes, and null
cells have been observed in the kidneys of children with SRNS w ith
m esangial proliferative changes. 139 gera fr0m patients with SRNS in
relapse inhibit the blastogenic response of normal lym phocytes in
response to m itogens such as phytohaemagglutinin, conconavalin A,
and Pokeweed mitogen.140,141,142
Mitogenic responses are normal in remission, but lymphocytes from
children w ith S R N S in relapse have im paired m itogenic responses
when incubated in autologous p l a s m a . 1 4 3 , 1 4 4 Although the defect was
originally thought to be specific for S R N S , subsequent studies have
show n defective lym phocyte mitogenic responses in other forms of
nephrotic syndrom e. 1 4 0 , 1 4 4 Moreover, lymphocytes from rats treated
w ith purom ycin to induce nephrotic syndrom e also show defective
phytohaem agglutinin responses, as do lym phocytes from normal rats
when incubated in serum from the nephrotic r a t s . 145 As puromycin
nephrosis is due to a direct toxic effect of the drug on the kidney rather
than an im m unologically mediated d i s o r d e r , 1 4 6 , 1 4 7 ^ seems likely that
the reduced lymphocyte responses are secondary to the nephrotic state
rather than a primary pathogenic defect. Low density lipoproteins (LDL)
and very low density lipoproteins (VLDL) have been shown to inhibit
lym phocyte m itogenic r e s p o n s e s , 1 5 0 , 1 5 1 and VLDL added to sera of
S R N S

patients in remission impairs their lymphocyte

r e s p o n s e s .1 4 8 ,1 4 9

The lym phocyte abnormalities may thus be due to the hyperlipidaemia
of the nephrotic state. Another possible cause of defective lymphocyte
responses in S R N S is the presence of soluble im m une response
su pp ressor substance, a lym phokine released from stim ulated
suppressor T-cells which has been shown to be present in the urine and
serum of children with S R N S . 1 5 2
Lymphocyte sensitization to antigens in the neonatal human renal
cortex was observed in patients with minimal change disease using a test
o f leu k ocyte m igration inh ib ition .133
H ow ever, as with other
lymphocyte abnormalities, the defect was not specific for SRNS and was
not confirmed in all s t u d i e s . 1 5 3 , 1 5 4
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In view of Shalhoub's hypothesis that the alterations in glomerular
permeability are produced by a circulating lymphokine, there has been
considerable interest in permeability inducing factors released from
lym phocytes.155,156 Sobel and Lagrue reported that conconavalin A
stim ulated peripheral blood lym phocytes from patients with SRNS
produced excess amounts of a vascular permeability f a c t o r . 155 j h e factor
was detected by a bioassay, in which leakage of methylene blue from
guinea pig dermal capillaries was observed follow ing subcutaneous
injection of lymphocyte s u p e r n a t a n t s . 155,156 The vascular permeability
factor was subsequently characterized as having an isoelectric point of
6.4, beta mobility on polyacrylamide gel electrophoresis, and a molecular
weight of 12,000.156 However, attempts by other workers to confirm the
increased production of vascular perm eability factors have been
inconsistent. Couser at al and Trompeter et al found no increase in
vascular permeability factor production by SRNS l y m p h o c y t e s , 157,158
whereas Bolton Jones and Simpson confirmed increased

p r o d u c tio n .

159

Mast cells and basophils are potential sources of other permeability
factors, and increased basophil degranulation has been observed in
SRNS. 160 Release of permeability factors from basophils would be an
attractive mechanism linking the increased IgE levels and atopy in
SRNS patients with the glomerular abnormality. However, there is no
direct evidence to support this.
6)

Significance of the Im m unological Findings:

While the clinical

features on which Shalhoub's hypothesis was based continue to support
an imm unopathogenesis for SRNS, the imm unological studies which
have been reported have not su cceed ed in estab lish in g an
im m unological origin for the disorder. M ost of the im m unological
phenomena and abnormalities which have been documented in SRNS
appear to be secondary consequences of the nephrotic state and are not
specific for SRNS. Others have been inconsistently observed and
opposing observations have been m ade by different investigators.
However, the current lack of proof for an im munologically mediated
process does not exclude the possibility of an immunopathogenesis. It
seem s likely that once the mechanisms responsible for the alteration in
glom erular perm eability in SRNS h ave been elu cid ated , an
involvem ent for the immune system in these m echanism s may be
more easily defined.
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CHAPTER 2

Physiology and Pathophysiology of Glomerular Ultrafiltration
A. Introduction
The glomerulus is a highly specialized filtration organ, w hose prime
function is to permit passage of water and electrolytes from the plasma
into the urinary space, whilst restricting the passage of plasma proteins
and macromolecules. During passage through the glomerulus, nearly
one third of the intraglomerular plasma is converted into a filtrate
devoid of all but the smallest plasma proteins.! 61 The transglomerular
passage of plasma water and macromolecules is influenced by a number
of factors: the renal glomerular plasma flow rate; the balance between
hydrostatic and oncotic pressure in the capillaries; the molecular size,
charge and shape of the molecules being filtered; and the intrinsic
structural and biochemical properties of the glomerular capillary wall
(GCW). 162,163,164 w h ile alterations in any of these factors may result
in proteinuria, the defect in the SRNS and m ost primary glomerular
diseases resides in the filtration barrier of the GCW. This chapter will
review the ultrastructural, biochemical and physiological properties of
the normal GCW, and its derangement in proteinuric diseases including
the SRNS.
B. Ultrastructure of the Glomerular Capillary Wall
During passage into the urinary space, the plasma filtrate passes
through the three layers which comprise the GCW: the endothelium,
glomerular basement membrane (GBM) and epithelium (Fig 1).

The

structure and physico-chemical properties of each of these layers has
been intensively investigated in recent y e a r s . 1 6 1 - 1 6 4
The endothelial cells on the luminal surface of the GCW are
flattened, attenuated cells, containing numerous fenestrae, 500-1,000
angstroms in diameter. 163 The fenestrae are circular openings in the
endothelial cell layer, which probably permit intercellular passage of
water and s o l u t e s . 163 a cell surface coat, approximately 1 2 0 angstroms
thick, which takes up cationic stains, covers the endothelial cell surface
and is continuous w ith the lining of the f e n e s t r a e . ^61,163,164 The
endothelial surface layer is rich in heparan sulphate and also contains
sialic acid r e s i d u e s . 163,165,166 These anionic molecules confer a high
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Figure 1

Ultrastructure of the Glomerular Capillary Wall
Electron microscope picture show ing the endothelial cells lining the
capillary lum en (A), the basem ent m em brane (B), and the epithelial cells
with their foot processes lining the urinary space (C).
(Photo courtesy of Professor Risdon)
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surface n e g a tiv e charge
GCW.1^!/! 63,166,167,168

to

the

lu m in al

su rface

of

the

The GBM lies directly beneath the endothelial cells and their
fenestrae.^61,163 ft [s an extracellular matrix, interposed between the
endothelial cell layer and the epithelial cells.! 63

in man ft [s

approximately 300nm w ide, and consists of a central electron-dense
layer, the lamina densa, flanked by electron lucent regions, the lamina
rara interna and externa (Fig 1 ). 161,164 The GBM is believed to be made
up of a network of fibrils that are closely packed in the lamina densa, and
loosely arranged in the laminae rara interna and externa.! 63
Attempts to determine the chemical composition of the GBM were
hindered by the fact that it is extensively cross-linked by disulphide
bonds, and insoluble in physiological solu tion s.! 6 3 However after
reduction and alkylation, the GBM was shown to consist of two main
classes of glycopeptides, a non-polar collagen like component, containing
large amounts of hydroxylysine, hydroxyproline, and glycine residues;
and a more polar, non-collagen com ponent containing asparagine
linked polysacharride units. 1 6 9 , 1 7 0
More recently, im proved gel
electrophoretic and im m unohistochem ical techniques have enabled
several other com ponents to be identified.
Type IV and V
collagen ,! 7 1 , 1 7 2 laminin and e n t a c t i n ! ^ 3 , 1 7 4 have been shown to be
integral components of GBM. Type IV collagen consists of two types of
genetically distinct chains with molecular weights of 1 8 5 , 0 0 0 and 1 7 0 , 0 0 0
daltons, and is largely concentrated in the lamina densa of the GBM.!^5
The triple helical organisation of the collagen is maintained by an "S"
collagen domain in which extensive disulphide bridges are present. The
highly compact mesh work of type IV collagen probably plays an
important role in the size-selective properties of the G C W . ! 6 3 , 1 7 5
The anionic glycosam inoglycans, heparan sulphate, chondroitin
sulphate and hyaluronic acid and their glycoproteins, are important
constituents of the GBM .!^6,177 Their role in the charge selective
properties and hydration of the GBM will be discussed in detail in a later
section.
The outermost layer of the GCW is made up of the epithelial cells,
w ith

their

in terd igitatin g foot processes and in terven in g slit
d i a p h r a g m s . ! 64
The foot processes are covered by a sialic acid rich
glycocalyx, which can be demonstrated by cationic s t a i n s . !65,166,167
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The negative charge conferred by the sialoglycoproteins, together with
intercellular actin filaments, maintain the dynamic geometry of the foot
processes, and keep the slit diaphragms o p e n . 1^8 Neutralization of the
negative charge on the epithelial cells by cationic proteins leads to
retraction of the foot processes, and aggregation of intercellular actin
filaments, to give the appearance of "foot process fusion" which has
been observed in a variety of proteinuric renal diseases including
SRNS . 1 7 9
C. Determinants of Glomerular Ultrafiltration
I) M olecular Size: More than 100 years ago Ludwig proposed that the
GCW, w hich partitions the urinary and blood fluids, m ight be
responsible for the formation of an ultrafiltrate in Bowman's spaced80
This theory w as substantiated when the solute concentrations of the
urinary fluid in Bowman's space was found to be similar to that of
plasma. 181 Subsequent studies, undertaken using a variety of protein or
polysacharride probes, confirmed that the GCW functions basically as a
seive, allow ing free passage of sm all molecules, but progressively
restricting the passage of larger m olecules. 1 6 2 , 1 6 3 , 1 8 2
A c cu ra te
assessm ent of the size-selective properties of the GCW was made
possible by the use as probes, of single macromolecular species, such as
dextran or polyvinylpyrolidone (pyp ). 1 6 3 , 1 8 2 . 1 8 3 By varying the size of
the polymer, w hile chemical structure, molecular shape, and charge
were kept constant, the perm selectivity due to size alone could be
stu d ied in d ep en d en tly of the effects of m olecular shape and
charge. 1 6 2 , 1 8 3 By simultaneously comparing the clearance of a test
molecule (dextran or PVP) which is neither secreted nor reabsorbed by
the renal tubules, and that of a reference solute (such as inulin) which
appears in Bowmans’ space in the same concentration as plasma water,
the degree to which the GCW restricts the test m olecule can be
calculated. 1 8 2 , 1 8 3 The ratio of dextran, clearance to inulin clearance,
referred to as the fractional clearance of dextran is a convenient measure
of permselectivity, varying from 1 when molecules are freely filtered to
when complete restriction of the molecule o c c u r s . ^ ^ , 1 8 3

0

Studies in several mammalian species, comparing the fractional
clearance of different sized sugar polymers have yielded similar results.
When effective radius of the neutral polymer (measured by quantitative
gel chromatography) is plotted against fractional clearance, no restriction
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of filtration is observed until the effective molecular radius exceeds 20A.
With larger molecules, fractional clearance progressively decreases with
increasing size, and approaches zero at radii greater than 42A (Fig
2).184,185,186,187
2)

M olecular Charge: Studies comparing the fractional clearance of
albumin with that of neutral dextran of the same molecular radius (36

angstroms) indicated an important discrepancy in the filtration of the
tw o m olecules.162 Whereas fractional clearance of albumin was less
than 0 .0 1 , 1 8 8 / 1 8 9 ^ ciearance Gf neutral dextran of the same molecular
radius was 0.15.184-186 This indicated that other factors in addition to
molecular size are also involved in permselectivity. As albumin is
anionic at physiological pH, altered permselectivity based on electrical
charge was a possible explanation.
The effect of electrical charge on glom erular filtration of
macromolecules was studied by C h a n g , ! 9 0 B o h r e r , 1 8 5 and Bennetl91
and their colleagues, using the anionic polymer, dextran sulphate (Fig 2 ) .
The fractional clearance of dextran sulphate was found to be reduced
relative to that of neutral dextran over the entire range of molecular size
s t u d ie d .1 9 0 -1 9 1
Differences between neutral and polyanionic dextrans
tended to disappear at effective m olecular radii greater than 4 2
angstrom s, w hen fractional clearance of both forms of dextran
approached zero. Of considerable clinical interest, was the finding that
the fractional clearance of dextran sulphate of the sam e effective
molecular radius as albumin ( 3 6 angstroms), was much lower than that
of neutral dextran of the same radius and closely approached that of
serum albumin. 1 8 2 , 1 8 3 This suggested that the virtual exclusion of
albumin from the urinary space was in part due to its polyanionic nature
and the restricted filtration of negatively charged m o l e c u l e s . 1 6 2 , 1 6 3
In addition to retarding the filtration of circulating polyanions, the
GCW was found to facilitate the filtration of cationic macromolecules
(Fig 2). The fractional clearance of cationic (DEAE) dextran was shown to
be increased above that of either neutral dextran or dextran s u l p h a t e , ! 9 2
and DEAE dextran of the same molecular radius as albumin (36
angstroms) had a fractional clearance greatly exceeding that o f
a lb u m in . 1 8 3 ,1 9 2

A similar reduction in filtration of anionic macromolecules and
enhanced clearance of cationic molecules was observed in studies using

38

Figure

2
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EFFECTIVE MOLECULAR RADIUS (A)

Glomerular Clearance of Dextrans of Varying Size and Charge
The fractional clearance (filtrate to plasma ratio 0) of neutral dextran (D),
polyanionic dextran sulphate (DS), and polycationic DEAE dextran is
show n as a function of the effective molecular radius. For all molecular
sizes less than 40A, the clearance of the anionic dextran is less than that of
neutral dextran, and that of the cationic dextran is greater than either the
neutral or anionic polymer Reproduced from Deen et al (162).

39

neutral, anionic and cationic proteins such as albumin,! 93 ferritin,! 94
and horse raddish peroxidase.!95 These physiological studies firmly
established the importance of molecular charge in determining filtration
of macromolecules across the GCW. Furthermore, they suggested that
the passage o f anionic m acrom olecules might be restricted by
electrostatic hindrance, probably caused by fixed negatively charged
components of the G C W . ! 6 5 , 1 6 8 The site of these fixed negatively
charged components has now been elucidated in studies using charged
histochemical markers; their identity defined by chemical analysis; and
their role in perm selectivity established by enzymatic digestion or
neutralization.
3) Ultrastructural Tracer Studies: During the past two decades attempts
have been made to define the site within the GCW at which restriction
of macromolecular filtration occurs. Early studies were undertaken by
Farquar, W issig, and Palade with native ferritin, a relatively large
m olecule with a molecular radius of 61 angstroms.!96 Ferritin was
found to be restricted at the level of the endothelial fenestrae and lamina
rara interna of the GBM. Similar results were obtained with other
particulate tracers, including colloidal g o ld ,!97 thorotrast,!98 and
aggregated a lb u m in !99.

Based on these studies the "single barrier"

hypothesis was formulated, in which the GBM was considered to be the
exclusive barrier to the passage of m a c r o m o l e c u l e s . ! 9 7 , 2 0 0
The introduction of peroxidatic tracers, how ever, introduced
discrepant results, which necessitated a re-evaluation of this hypothesis.
Horse raddish peroxidase (molecular radius 30 A) readily crossed the
GCW and entered the urinary s p a c e . 2 0 1
Lactoperoxidase and
m yeloperoxidase (molecular radii 38 angstroms and
respectively) were localised mostly under the slit d i a p h

angstroms
r a g m s , 701,202
44

whereas catalase (molecular radius 5 2 angstroms) was distributed across
the G B M . 2 0 3 , 2 0 4 These findings were initially interpreted as indicating
that the G B M restricts the passage of larger molecules, whereas the slit
diaphragms prevent entry of smaller molecules into the urinary space, a
concept which necessitated introduction of the "double barrier "
hypothesis . 2 0 0
While dispute existed as to whether the "single barrier" or "double
barrier" hypothesis correctly accounted for glomerular filtration of
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m acrom olecules, neither hypothesis adequately exp lain ed the
paradoxical restriction of some small molecules such as albumin, while
others of even smaller molecular radius, such as horse raddish
peroxidase freely entered the urinary space.

The single and double

barrier hypotheses had been elaborated at a time when the GCW was
thought to function largely as a size selective filter.

The emerging

evidence from physiological studies indicating the existence of charge
selective glomerular filtration, has allowed the tracer studies to be re
interpreted. When the iso-electric points of the tracers, as well as their
molecular radii were considered it was easily apparent that anionic
tracers were restricted more proximally than neutral tracers, and cationic
tracers p e n e tr a te d m ore e a sily than th o se
o f n eu tra l
charge. 161,162,163,183
Confirmation that molecular charge altered the site on the GCW at
which restriction occurred came from studies of Rennke, Cotran, and
V enkatachalam . 194,205 Ferritins of similar size were prepared with
varying iso-electric points, ranging from 4.5 to 11.5. These markers were
perfused onto the kidney under iso-osmolar and isothermic conditions.
With increasing iso-electric point, the ferritin molecules were found to
penetrate the GCW progressively more easily.
It is now apparent that no one structural component of the GBM can
be identified as the major barrier to filtration, instead all three layers play
a role in restricting different sized and charged m olecules. Anionic
polymers and proteins are restricted at the level of the highly anionic
endothelium and lamina rara externa of the GBM, whereas cationic
macromolecules are restricted more distally. For neutral m olecules
discrimination is more dependent on molecular size and shape, and
restriction of these molecules takes place largely at the GBM.161,163,204
The evidence derived from the fractional clearance studies and
ultrastructural tracer studies firmly established the importance of charge
in restricting the trans glomerular passage of m acrom olecules, and
opened the w ay to an understanding of the biochemical basis of charge
selectivity, and its alteration in disease.
D. Biochemical Basis of Charge Selectivity of Glomerular Filtration
The presence of highly negatively charged components in the GCW
has been known for many years.165,166,168,206 Histochemical studies
using a variety of cationic probes including Alcian
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b lu e ,

207 ruthenium

r e d ,2 0 8

cationized ferritin,208

ancj

p olyeth ylen eim in e209 h acj

demonstrated anionic sites in all layers of the GCW. Particularly high
concentrations of anionic sites were found in the luminal surface of
endothelial cells, the laminae rara interna and externa of the GBM, and
the foot processes of epithelial cells.1 6 1 , 2 0 6 - 2 0 8 Electrostatic interaction
betw een these negatively charged constituents of the GCW, and
circulating anionic plasma constituents , seemed to be the most likely
explanation for the restricted glomerular filtration of polyanions.1 9 4 , 1 9 5
A lthough early studies suggested that sialic acid residues might be
responsible for these negatively charged sites, 1 6 5 , 1 6 6 , 2 0 6 , 2 1 0 ft [s now
apparent that they are largely due to the presence of the anionic
glycosam inoglycans, heparan sulphate, chondroitin sulphate and
hyaluronic a d d . 1 2 6 , 1 7 7 , 2 1 1
Heparan sulphate and chondroitin sulphate consist of disacharde
units of glucuronic acid and glucosamine covalently bound by oglycosidic l i n k a g e . 2 1 2 , 2 1 3 They are not normally found free in the GBM,
but exist in macromolecular form as glycoproteins, composed of four or
five glycosaminoglycan side chains linked to a core p r o t e i n . 1 2 7 , 2 1 3 , 2 1 4
The GBM glycosam inoglycans and their core proteins from several
mammalian species have now been isolated. In all species studied,
heparan sulphate is the predominant, and in some cases the only
glycosam inoglycan detected, com prising 6 0 - 9 0 % of the total
glycosam inoglycans. 1 7 7 , 2 1 4 - 2 1 6 Chondroitin sulphate and hyaluronic
acid are present in much smaller a m o u n t s . 2 1 4 , 2 1 5
The heparan
sulphate glycoprotein of the rat GBM has been characterised.
molecular weight of the intact glycoprotein is
core protein being
2 5 ,0 0 0

1 8 ,0 0 0

d a lt o n s .1 2 6 ,2 1 4

1 5 0 ,0 0 0

The

daltons, that of the

and the heparan sulphate side chains being
The chromatographic behavior of GBM

proteoglycans, and their separation by density gradient, suggest that
heparan sulphate and chondroitin sulphate are attached to different core
proteins.214
Proteoglycan molecules tend to aggregate either laterally or end to
end, to form a meshwork-like gel matrix that is kept highly hydrated by
water m olecules trapped in the interstices of the matrix.217

This

organisation probably influences the diffusion of m acrom olecules
through mammalian connective tissue matrices, largely by electrostatic
interaction, but also by steric h i n d r a n c e . 1 6 3 , 2 1 8 Experiments in synthetic
gel system s have shown that introduction of polyanions into gelatin
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membranes decreases the permeability to albumin, whereas the presence
of polycations enhances the permeability to album in.219,220 7 he
polyanionic glycosam inoglycans within the GCW probably act in a
similar manner to restrict the passage of polyanions by electrostatic
interaction.
The importance of heparan sulphate and chondroitin sulphate, and
possibly other anionic constituents, in restricting the passage of anionic
m acrom olecules across the GBM has been confirm ed both by
neutralisation and enzymatic digestion of the g l y c o s a m i n o g l y c a n s . 2 2 1 , 225 Infusion or perfusion of the kidney with polycations such as
p ro ta m in e su lp h a te , 2 2 3
h e x a d im eth rin e b r o m id e 2 2 4 o r
p o l y e t h y l e n e i m i n e , 2 2 5 thereby neutralising the anionic charge on the
GCW, resulted in increased urinary excretion of protein. Diminished
uptake of cationic stains by the GCW was also observed .225 Although
polycations induced excretion of albumin as well as other proteins, the
greatly enhanced clearance of albumin relative to other proteins
suggested loss of charge selective f i l t r a t i o n . 2 2 5
The im portance of the glycosam inoglycans in charge-selective
filtration w as confirm ed by enzymatic digestion w ith heparitinase,
heparinase or chondroitinase, perfused through the kidney under
p h y sio lo g ica l c o n d itio n s.221,222 Following rem oval of heparan
sulphate, the GCW lost the ability to restrict 125 j bovine serum albumin
from entering the urine.
Furthermore, follow ing heparan sulphate
depletion, the GCW was unable to distinguish betw een cationic and
anionic tracers, 2 2 2 and there was diminished binding of cationic tracers.
Enzymatic rem oval of hyaluronic acid also significantly increased
glomerular permeability to anionic proteins. 2 2 1
Another important function of the anionic glycosaminoglycans and
other negatively charged components of the GCW may be to prevent
adsorption of plasma proteins to the GCW.226 When the negative
charge on the GCW was effectively neutralised by increasing the ionic
strength of the perfusate, anionic proteins such as albumin, ferritin and
insulin were adsorbed to the GCW, "clogging " the filter and reducing
the flo w of w ater and electrolytes across the GCW.
The
glycosaminoglycans may thus reduce adherence and hydrogen bonding
of plasma proteins to the G B M .226
Sialic acid residues also contribute to the fixed anionic sites on the
GCW.

Sialic acid residues are present in high concentrations in the
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surface glycoproteins of the epithelial cells and their foot processes, and
in lower concentrations on other layers of the GCW.1 6 0 , 2 0 6 , 2 1 0
Although the sialoproteins were initially thought to be the major
component of the GCW responsible for charge selective f i l t r a t i o n ^ 2 7 /
their predominant localisation in the epithelial layer suggests that their
role is secondary to that of heparan sulphate, which predominates on
the endothelial surface and lamina rara interna of the GBM, the
proximal sites at which restriction to polyanions occurs.1 6 3 , 1 6 5 , 1 6 8
Removal of sialic acid by neuraminidase digestion or neutralisation by
polycations does however profoundly alter the structure and function of
the GCW. Following neuraminidase treatment, detachment of the
epithelial cells is seen, together with retraction of the epithelial foot
processes, giving the appearance of foot process fusion. 2 2 8 , 2 2 9 Similar
changes are seen following poly cation i n f u s i o n . 1 ^ 8 it therefore appears
that the electro-negativity conferred by the sialo proteins is important in
maintaining the structural integrity of the GCW.
E. M odification of Glomerular permeability in Experimentally Induced
Disease
Increased glomerular permeability to plasma proteins is one of the
major m anifestations of glomerular injury. There has thus been
considerable interest in the mechanisms by which the charge and size
selective properties of the glomerular filter are altered in disease. While
anim al m odels of glomerular injury have been more extensively
investigated than human disease, evidence is emerging in both animal
and human disease, that alterations in the charge selective properties of
the GCW are a major factor in proteinuric renal disorders.
1) Nephrotoxic Serum Nephritis: The pathophysiological mechanisms
o f proteinuria have been best docum ented in the experim entally
in d u ced glom eru lar d isea se, n e p h ro to x ic serum n ep h ritis.
B oh rer,1 9 2 ch a n g,230 Bennett,191 and their colleagues studied the
fractional clearance of neutral dextran, anionic dextran sulphate,and
cationic DEAE dextran, in normal rats and in those with nephrotoxic
serum nephritis.

Fractional clearance of neutral dextran of any given

molecular size was lower in the nephritic rats than in the normal rats,
despite the presence of heavy a l b u m i n u r i a . 2 3 0 This was a surprising
fin d in g, as a w idespread reduction in fractional clearance of
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macromolecules would be expected to be associated with a decrease in
protein excretion, rather than the increase observed in the nephritic
animals.
Bennet at al subsequently demonstrated that the fractional clearance
of anionic dextran sulphate was significantly increased in the nephritic
rats, despite the reduced clearance of neutral dextrans.191 This
suggested that the GCW had lost the ability to selectively retard the
filtration of poly anions. The increased albumin excretion might thus be
explained by the polyanionic nature of albumin. The increase in
fractional clearance of dextran sulphate was associated with a reduction
in glom erular p olyan ion , as detected by cationic p rob es.1 9 1
Furthermore, studies of Kreisberg and Karnowsky show ed that the
reduction of glomerular polyanion in nephrotoxic serum nephritis
preceeded the onset of proteinuria.231
A reduction of glomerular polyanion would be expected to reduce
the filtration of polycations, which normally show enhanced filtration
due to their electrostatic interaction with the negative charge on the
GCW. Bohrer et al showed that the fractional clearance of DEAE dextran
was indeed reduced in nephrotoxic serum nephritis, in association with
reduction of glomerular p o l y a n i o n . ^2. These results confirmed that loss
of glomerular polyanion and thus loss of charge selective restriction to
the filtration of polyanions may be important in the proteinuria of
nephrotoxic serum nephritis.
2)

Purom ycin N ephropathy:

Another animal model of proteinuria

which has been well studied is the nephrotic syndrome induced in rats
by a d m in istra tio n o f the am ino n u c le o sid e p u ro m y cin .
M orphologically, purom ycin nephropathy resembles human minimal
change disease in that the glomerular changes are predominantly those
of foot process " f u s i o n " . 2 3 2 Bohrer et a l , and Olson et a l , studied the
fractional clearance of neutral dextran and dextran sulphate in
puromycin n e p h r o p a t h y . 2 3 3 , 2 3 4 As had been observed in nephrotoxic
serum nephritis, the clearance of neutral dextran was diminished, and
that of anionic dextran sulphate increased in the puromycin treated
animals. Diminished binding of cationic stains to the GCW has also
been observed in this model.210/ 2 3 5
A lthough these stu d ies suggest that an abnorm ality of the
electrostatic barrier to filtration of anionic macromolecules may be an
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important mechanism causing proteinuria, this interpretation has been
questioned in other studies.

The observed loss of GCW polyanion in

both nephrotoxic serum nephritis and puromycin nephropathy, affects
predom inantly the outer layers of the GCW, whereas restriction of
albumin filtration occurs at the level of the endothelial cells and
proximal GBM.
Furthermore, other studies of glomerular polyanion in these models
have yielded variable results, or have been criticised on methodological
g r o u n d s .2 3 6 ,2 3 7
The proposed loss of glomerular polyanion in these
models is often associated with focal detachment of epithelial cells and
endothelial c e l l s . 2 3 1 , 2 3 7 , 2 3 8 The apparent loss of polyanion may thus be
part of a more widespread structural derangement of the GCW, and care
must be taken in assessing the significance of these m odels to human
d is e a s e . 1 6 3

F. Alteration of Glomerular Permeability in SRNS
1) Glom erular Filtration of M acromolecules in SRNS: It was not
surprising that the m ethods which had been used to define the
physiology of normal glomerular filtration and the pathophysiology of
experimental animal nephritis should be applied to hum an disease.
The p ath oph ysiology of proteinuria has been studied in human
glomerular disease using two basic methods: (1 ) protein clearance and
the selectivity index; and (2 ) fractional clearance of sugar polymers.
Important clues to the nature of the disorder of the GCW are evident
from these studies.
2

) Protein Clearance and Selectivity: Prior to the recognition of the

importance of charge in filtration of macromolecules, attempts were
made to define alterations in the sieving properties of the GCW in
disease by comparing the urinary clearance of plasma proteins of
different s i z e . 162,239-242 Proteins ranging from 60-750,000 dal tons were
used, with albumin or transferrin (molecular radius 36 and 38 angstroms
respectively) being used as reference markers. The clearance ratio of the
larger proteins to that of the reference protein was plotted as a function
of molecular w e ig h t, using log - log co-ordinates. In general, an inverse
relationship betw een clearance ratio and m olecular w eight w as
observed, w hich w as interpreted as indicating that the diseased
glom erulus continues to restrict proteins of increasing size from

46

entering the

u r in e .2 3 9 ,2 4 0 ,2 4 1

According to this interpretation, the

glomerular size selective barrier to macromolecular filtration in patients
with the nephrotic syndrome differed from that in normal subjects in
that it contained pores of larger size than normal .162
The slope of the regression line describing the inverse relationship
between protein clearance and molecular size has been used to evaluate
the extent to which pore size is altered in different proteinuric disorders.
Two broad categories of proteinuria were defined by this technique
selective, and non-selective proteinuria. In selective proteinuria, a steep
slope, or initial steep slope followed by a less steep slope indicated that
the membrane has a sharp molecular size cut off, and that the excreted
proteins are com posed alm ost exclusively of albumin and other
relatively small m olecules.

In unselective proteinuria, the slope is

shallow, indicating that larger plasma proteins including IgG, constitute
a substantial proportion of the excreted p r o t e i n s . 2 3 9 , 2 4 2
The method was subsequently modified to use only two proteins ,
rather than five or six, to construct a clearance profile.32 By comparing
the clearance of a single large protein, such as IgG, with that of a smaller
protein (albumin or transferrin) a clearance ratio, know n as the
selectivity index could be calculated. A selectivity index of less than 0.2
indicated highly selective proteinuria, and above
proteinuria.32

0 .2

non-selective

The proteinuria of SRNS was shown to be highly selective,31"33
w hereas other glom erular disorders including focal segm ental
g lo m e r u lo s c le r o s is ,
m e s a n g io c a p illa r y
g lo m e r u lo n e p h r itis ,
membranous nephropathy and other nephritides were associated w ith
poorly selective proteinuria.31-33,242 These results were interpreted as
indicating that the GCW in SRNS has pores of larger diameter than
normal in the smaller range of pore size, but normal pore size in the
larger pore size range.

In contrast the non-minimal change disorders

were thought to have an increased pore size across a wider range of pore
sizes.
While the protein selectivity index continues to have some clinical
use in predicting steroid response, it has become increasingly clear that it
is not useful in evaluating pore size, and that the initial conclusions as
to the pore size in the nephrotic syndrome based on this method were
erroneous.
The evidence that molecular charge, in addition to
molecular size, is an important determinant of glomerular filtration, has
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been discussed previously. The proteins used to establish protein
clearance ratios were not only of different size, but also of differing
charge, a factor which had been ignored in initial interpretations based
on this method. Comparison of the clearance of albumin, a polyanion at
physiological pH, with that of IgG, a polycation at physiological pH ,
would be expected to be considerably influenced by the differing charges
in the two molecules.
The finding of a greatly increased clearance of
albumin, relative to that of IgG, as is found in SRNS,'31-33,242 might be
the result of alterations in either size or charge selective properties of the
GCW.
An additional criticism of the protein clearance and selectivity
method for studying the filtration properties of the GCW is that it did
not take account of tubular reabsorption. The urinary clearance of any
protein is a function not only of its filtration rate, but also of its tubular
reabsorption.

It has been assumed that in conditions associated w ith

heavy proteinuria, the capacity of the renal tubules to reabsorb filtered
proteins is saturated, and that the clearance of the protein thus reflects its
filtration rate. 162 However the assumption that proteins of differing
size and charge have the same rate of tubular reabsorption may be
incorrect.
In order to more precisely define the pathophysiology of glomerular
filtration in SRNS and other glomerular disorders, and to independently
assess the relative contributions of molecular size and molecular charge,
it was necessary to use hom ogeneous m acrom olecules of identical
charge and shape for clearance studies. Polyvinylpyrrolidone and
neutral dextran polymers of varying size were w ell suited for this
purpose.
3) Fractional Clearance Studies
Robson et al studied the glomerular clearance of the polydispersed
neutral polymer polyvinylpyrrolidone (PVP) in children with SRNS and
normal c o n t r o l s . 243 Despite albumin excretion rates in the SRNS
children of 1.2 -11.4 grams per day, the clearance of PVP molecules 25 40 angstroms in size was significantly reduced below that of the normal
children. The differences were more marked for smaller molecules, with
the clearance of PVP molecules 1 5 - 2 0 angstroms in size in normal
children being equal to the inulin clearance, but reduced to 67% of the
inulin clearance in the nephrotic children (Fig 3). The reduced PVP
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Figure 3

100MINIMAL CHANGE NEPHROTIC
SYNDROME

90

GFR 83.4 ± 29.3 ml/min/l.73m
27 PATIENTS

27 STUDIES

80

70

50

40

30

20

20

30

40
Rs (A)

50

60

70

Qearance of PVP of Different Sizes in Children with SRNS.
The shaded area represents the normal range for healthy children. The
values for children with MCNS are depicted as the mean +-SD for each
size of PVP. Clearance of PVP in the nephrotic children is reduced below
that of the controls for all molecules <35 A in size. Data from Robson et al
(243). Reproduced from Barratt TM, Vernier R, Holiday M (eds). Paediatric
Nephrology, 2nd Edition, Williams and Wilkins, 1987.
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clearance in the nephrotic children returned to normal after induction
of remission with s t e r o i d s . 243
Similar results were obtained in adults w ith minimal change
nephropathy in a study by Carrie et al using neutral dextrans as the
m acrom olecular m a r k e r . 244
Despite greatly increased albumin
excretion in the nephrotic patients, the fractional clearance of neutral
dextrans of the same molecular radius as albumin was decreased below
that of the normal controls. Reduced dextran clearance in the nephrotic
patients w as also observed over the entire range of molecular sizes
s t u d i e d . 244
a further study undertaken in adults by Deen et al again
confirmed the reduced dextran clearance in SRNS patients compared to
controls, and established that GCW pore size in SRNS is decreased both
in size and d e n s i t y . 162 T h e conclusions from these studies were
completely at variance to previous concepts of the SRNS. Instead of
GCW pore size being increased for molecules of similar size to that of
albumin, the pore size as measured by clearance of neutral polymers,
was infact decreased. The greatly enhanced transglomerular passage of
albumin, through pores of apparently reduced size and number,
su ggested a primary defect in the electrostatic barrier norm ally
responsible for restricting the passage of polyanions such as albumin.
Further evidence im plicating loss or reduction of GCW negative
charge in the pathogenesis of SRNS was presented in the studies of
Carrie et al and Deen et al, both of which documented reduced uptake of
cationic markers by the GCW in the SRNS patients.1 6 2 , 2 4 4 Similar
reduction in glomerular fixed anionic sites have also been documented
in the congenital nephrotic syndrome and diabetic n e p h r o p a t h y . 2 4 5 , 2 4 6 .
Furthermore in studies undertaken as part of the work described in this
thesis our research group at the Institute of Child Health has
docum ented a reduction in the heparan sulphate content of the
glomerulus in the congenital nephrotic syndrome 2 4 7 .
E) Summary: SRNS - A Disorder of Glomerular Capillary Wall
Negative Charge:
The evidence review ed in this chapter has established that the
normal kidney functions not only as a size selective filter, but also as a
charge selective filter, restricting the passage into the urine of negatively
charged macromolecules to a greater extent than those of neutral or
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positive charge. The chemical basis of the charge selectivity appears to
be an electrostatic interaction between fixed anionic components of the
GCW (heparan sulphate, chondroitin sulphate and sialic acid) and the
negative charge on circulating macromolecules. The restricted filtration
of anionic proteins is particularly important in excluding albumin from
the urine, as neutral macromolecules of the same molecular radius as
albumin enter the urine in considerable quantities.

Experimental

removal or neutralisation of GCW negative charge, either by enzymatic
digestion of the heparan sulphate, or by infusion of polycation, induces
proteinuria selective for albumin, and an inability of the GCW to
distinguish macromolecules on the basis of charge.
Clearance studies in SRNS, using neutral dextran or PVP have
shown a paradoxical reduction in the clearance of neutral polymers of all
molecular radii, despite the greatly enhanced clearance of albumin. The
increased clearance of (anionic) albumin, in the face of reduced clearance
of neutral macromolecules of the same size as albumin, indicates that
the kidney in SRNS has lost the ability to restrict the filtration of anionic
m acrom olecules, while retaining its size selective function.
This
suggests that the basic defect in SRNS may be an abnormality of the
GCW anionic barrier w hich is normally responsible for restricting
p assage of negatively charged m acrom olecules.
Reduction in
glomerular polyanion has been observed using cationic histochemical
markers in SRNS as well as in the congenital nephrotic syndrome and
other proteinuric disorders.
While these studies clearly indicate that loss or reduction in the fixed
negative charge on the GCW, leading to increased filtration of anionic
proteins, may be the pathophysiological mechanism responsible for
proteinuria in SRNS, the reasons for the reduction in GCW negative
charge are unknown.

The remainder of this thesis will describe an

attempt to confirm the presence of reduced membrane negative charge
in SRNS, and to elucidate the mechanisms responsible.
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CHAPTER 3

Patients and General Methods
The studies described in this thesis were conducted between 1980 and
1986 on patients attending the Renal Unit at the H ospital for Sick
Children, Great Ormond Street, London. Controls included medical,
nursing, and laboratory personnel; children with non-renal disorders;
adult patients at The Hammersmith Hospital, Whipps Cross, and St.
Bartholomew's Hospital;

and healthy school children at Hollyroad

School, Chard. To avoid repeating the definitions of the patient groups
studied in each section, a general description of the diagnostic categories
and patient groups is given in this chapter, together with the methods
used for collecting, and categorising the samples collected from patients
and controls. The sources of chemical reagents and equipment utilized
in the study is also described.
Specific details of the numbers of patients and controls used in
various sections of the study will be described in later chapters, together
with the methods employed.
A. Patient Groups
1) Steroid R esp on sive N ephrotic Syndrom e (SRNS): SRNS was
diagnosed using standard clinical criteria in children with a relapsing
nephrotic syndrome responsive to corticosteroids. ^ ! 7 Renal biopsy was
not performed in most cases, the clinical course and steroid response
being sufficient to predict minimal change histology.93 Children with
steroid resistant or steroid dependent nephrotic syndrome, in whom
renal biopsy show ed minimal changes, were included in the SRNS
category.
a) Relapse of SRNS
Patients were considered to be in relapse if their urine contained 3+
protein on testing with albustix for three consecutive days. Although
m ost patients in relapse were hypoalbuminaemic (plasma albumin <
25G/L), patients seen early in relapse often had normal plasma albumin
concentrations, and the presence of hypoalbuminaemia was not required
to establish the diagnosis of relapse.

b) Remission of SRNS
Patients were considered to be in remission when their urine was
protein-free by dipstick testing for at least 2 days.
2)

Focal Segm ental Glomerulosclerosis (FSGS): FSGS was diagnosed in

children w ith steroid resistant or steroid dependent nephrotic syndrome
if the renal biopsy appearances reported by an experienced paediatric
pathologist w ere consistent with this e n t i t y . ! ? , 71,72 D iagnostic
histopathological features included: the presence of focal and segmental
sclerotic lesions affecting a variable proportion of glomeruli, often in the
juxta-medullary cortex; tubular changes with focal thickening of the
basem ent membrane and tubular atrophy; and im m unofluorescent
findings of absent IgA and IgG deposition with only irregular deposition
of IgM in the sclerotic areas. Most of the patients with FSGS had heavy
proteinuria and were persistently hypoalbuminaemic, but a minority
had on ly m ild proteinuria and near normal plasm a album in
concentration at the time they were studied.
3) M esangial Proliferative Glomerulonephritis: Patients with steroid
responsive or steroid resistant nephrotic syndrome were diagnosed as
having m esangial proliferative glomerulonephritis if renal biopsy
showed w ell developed mesangial proliferative lesions, and if other
disorders associated with these histological lesions (Henoch-Schonlein
purpura, IgA nephropathy, post-infectious glomerulonephritis) were
excluded by clinical features and immunofluorescent s t u d i e s . ? ^
4) M esangiocapillary Glomerulonephritis ( membranoproliferative
g lo m e r u lo n e p h r itis): Patients presenting with acute or chronic
nephritis (usually associated with the nephrotic syndrom e) w ere
included in this category if renal biopsy showed increased cellularity of
the mesangium and capillary walls and thickening of capillary walls to
give a " double contoured " appearance. Prominent granular deposits of
C3, IgM and IgG were often seen in the mesangium and capillary
walls.248

5) H e n o c h -S c h o n le in

Purpura N ep h ritis

(HSP):

Patients were

diagnosed as having Henoch Schonlein purpura nephritis if they had
clinical features of HSP (purpuric rash, arthralgia, abdominal pain) and
nephritis. Renal histology in these patients usually showed mesangial
proliferative changes, with or without crescent formation, and granular
deposits of IgA. Many of the patients with Henoch-Schonlein purpura
nephritis included on this study had persistent heavy proteinuria and
hypoalbuminaemia.248
6)

Systemic Lupus Erythematosis (SLE ): Patients in this group included

children and adults with SLE diagnosed on the basis of a multisystem
disorder associated with positive tests for anti nuclear factor, anti DNA
antibodies, and depression of plasma concentration of C3.
7) N on-glom erular Renal Disorders: Patients with a variety of nonglomerular renal disorders were studied. Their diagnoses included
reflux nephropathy, congenital malformations of the urinary tract
(urethral v a lv es, obstructive uropathy, dysplastic kidneys) and
renovascular hypertension.
8)

N on-renal Disorders: Children admitted to the Hospital for Sick
Children, Great Ormond Street, London with a variety of non-renal
diseases were studied. Their diagnoses included asthma, cystic fibrosis,
congenital heart disease, chronic diarrhoea, and protein-losing
enteropathy.
B) Controls
1) Healthy School Children: Healthy school children, aged 11-13 years,
attending H olly Road school, Chard, were studied on several occasions.
These children are follow ed by the Department of Growth and
Developm ent in the Institute of Child Health, as part of a study on
normal growth. Access to this group was made possible by the kind
permission o f Prof. M Preece, and the members of the Chard Study
Group.
2) "Healthy " Children attending Hospital:

Children attending the

Hospital for Sick Children for minor surgical procedure, w ho were
otherwise healthy were included as apparently normal controls.
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3) H ealthy Adults:

Doctors, nurses and laboratory personnel at the

Hospital for Sick Children, and the Institute of Child Health, London
were studied as a control population.
4) Adult Non-renal Hospital Patients
This group included adult patients attending Whipp's Cross Hospital,
or St Bartholomew's Hospital with a variety of disorders excluding renal
disease, diabetes or hyperlipidaemia. The majority of these patients were
attending rheum atology clinics for osteoarthritis.
Sam ples w ere
obtained from the adult patients with the help of Dr. John Lanham,
Consultant Physician at Whipp's Cross and St. Bartholomew's Hospitals
C) Collection and Storage of Samples
1)
Blood: Venous blood was collected from patients and controls
using a 23 gauge butterfly needle for children, and a 21 gauge needle for
adults. The blood was immediately transferred to either a glass tube
without anticoagulant, or a plastic bottle containing one tenth volum e
of 3.8% trisodium citrate.
a) Preparation of Serum: The sample in the glass tube was allowed to
clot at 37°C for one hour, and serum then prepared by centrifugation
at l,000g for 15 min. The serum was stored at -70°C until required.
b) Preparation of Platelet-poor Plasma: The citrated blood sample was
centrifuged at l,000g for 15 min. The supernatant platelet-poor
plasma was collected and stored at -70°C until required.
c) Platelet-rich Plasma: Citrated blood was centrifuged at 150g for 10
minutes and the platelet-rich plasma collected from above the red
cell and buffy coat layers.
2) Urine:
a) Random U rine Sam ples:

Urine was collected from patients and

controls in 50ml plastic bottles without preservative, and stored at 20°C until required.
b) Prolonged Urine Collections: All urine voided over several days was
collected from nephrotic patients in relapse and from controls. Urine
collected after each voiding was pooled in 5 litre plastic bottles, and
immediately frozen at -20°C until required.

D) Routine Laboratory Tests
The follow ing tests, which were required to categorize patients and
controls or monitor the course of the disease, were undertaken in the
hospital routine clinical chemistry laboratories using standard
methods: plasma albumin; plasma urea, electrolytes and creatinine;
serum cholesterol
concentration.

and

triglycerides;

and

urine

album in

E) Materials
1) C h em ica ls:

Alcian blue

8 GX

was a gift from Imperial Chemical

Industries, and was made available for this study by Mrs. Jean Mossman
and Prof. A.D Patrick in the Department of Clinical Chemistry, Institute
of Child Health, London. Heparin (5,000 u /m l ) BP was obtained from
Paynes and Byrne Ltd, London. Protamine sulphate, poly-l-lysine, and
lysozym e were obtained from Sigma Chemicals. Molecular w eight
markers-blue dextran, ovalbumin, IgG, ribonuclease, chymotrypsin and
albumin-were obtained from Pharmacia Biotechnology.
Beta-thromboglobulin, and platelet factor 4 were gifts from Dr. Joan
Dawes at the Medical Research Council Immunoassay U n it, Edinburgh.
All other chemicals were of laboratory grade purity and purchased from
commercial chemical companies.
2) Gel Chromatography Media: The following media were purchased
from Pharmacia Limited: Sephadex G100, Sephadex G 150, Sephacryl S
200 Superfine, DEAE Sephacel, QAE Sephadex A 50, Octyl Sepharose CL4B, Phenyl Sepharose and Mono S cation exchange medium.
3) D ialysis and Concentration: Dialysis membranes were purchased
from Spectropore Limited. Hollow fiber (5,000 molecular weight cut off )
dialyser and concentrator DC2 ,and 10,000 molecular weight cut-off DC10
were obtained from Amicon Limited.
The stirred cell dialyser/concentrator model 4015 was loaned from
Amicon Limited. Haemodialysis filters ( l l |i major ) were obtained from
Gambro Limited. Liophylization was carried out on a multiple Port
High VAC freeze dryer.
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4) C h r o m a to g r a p h y
C o lu m n s
and
E q u ip m e n t: C olu m n
chromatography was carried out in columns obtained from Pharmacia
Limited (C26/100, C24/40) or LKB Limited. Columns were loaded and
eluted using a Pharmacia P-3 variable speed peristaltic pump. Column
runs were monitored for proteins at optical density 280 nm using the
Pharmacia UV-1 monitor and REC-481 single pen recorder.
were collected using an LKB Redirac.

Fractions

5) Fast Pressurized Liquid Chromatography (FPLC ): FPLC was carried
out using the Pharmacia automated LCC-500 system and 1 ml Mono S
and Mono Q ion exchange columns.
6)

Spectrophotom etry:

Optical densities at 280nm for proteins and

678nm for Alcian blue were measured on a Beckman

6

cell, variable

wavelength spectrophotometer.
7) Ionic Strength: Ionic strength was measured on a PYE conductivity
meter.
) Platelet and Red Cell Counting: Platelet and red blood cell counting
was performed on the hospitals ELT8 blood counter, in The Hospital for
Sick Children routine haematology laboratory.

8
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Chapter 4
Platelet Aggregation in SRNS : A Clue to the Pathogenesis
A. Introduction
Consideration of the evidence presented in Chapter II has led to the
conclusion that the primary abnormality in SRNS is likely to be a
reduction in the fixed negative charge normally present on the GCW,
resulting in increased glomerular permeability to anionic proteins.
Despite indirect evidence in support of this conclusion from studies in
animals (Chapter II) and in the congenital nephrotic syndrome 2 4 5 , 2 4 7
no direct proof has emerged that GCW negative charge is reduced in
SRNS, and little is known of the mechanisms responsible for the
proposed reduction of GCW negative charge .
One of the major obstacles to confirming a reduction of GCW
negative charge in SRNS, and to elucidating the m echanism s
responsible, is the difficulty in obtaining adequate amounts of renal
tissue to study. Renal biopsy is now seldom performed on children with
SRNS, as the disorder is usually diagnosed on clinical grounds alone.
When renal biopsy is required to establish the diagnosis in steroid
resistant patients, most of the tissue is used for diagnostic studies, and it
is not ethical to obtain additional cores of tissue purely for research
purposes.
Furthermore, the mortality from SRNS in develop ed
countries is now so low that studies on post-mortem renal tissue are not
practical. An alternative approach to the study of SRNS was therefore
needed, which did not rely on access to large quantities of renal tissue. A
clue to such an approach came serendipitously from a study of platelet
aggregation in glomerular disease, which was undertaken two years
before the major investigation reported in this thesis. Although this
study of platelet aggregation was not undertaken primarily to explore the
glomerular abnormality in SRNS, it is reported in this chapter because
an idea em erged from it which was central to the m ethodology
em ployed in later work, namely, that the surface membranes of nonrenal cells might be affected by the same process which altered the GCW,
and that these cells might therefore be used to study the mechanisms of
reduced membrane negative charge in SRNS.
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B. Background: Platelets in Glomerular Disease
There has been considerable interest in the role of platelets in
glomerular disease, both because of the high incidence of thrombosis in
patients with the nephrotic s y n d r o m e , 27 ancj because platelets are
important mediators of inflammation,749 a n c j m a y p j a y a r o j e [ n
process of glomerular injury in several

d is e a s e s .2 5 0 ,

251,252,253 platelets

are activated by a wide range of stimuli, many of which are present in
glomerular disease.249-253 These include: endothelial damage and
contact with subendothelial tissues;

activation of the coagulation

pathway; vasoactive substances such as adrenalin, serotonin and
thromboxane A2; immune complexes of IgG and IgE subclasses; and
platelet activating factor released from leukocytes.249-253 Following
stimulation by any of these factors, platelets undergo aggregation and
release preform ed and n ew ly syn th esized m ediators in clu d in g
serotonin, thromboxane A2, platelet factor 4, beta-throm boglobulin,
platelet derived growth factor, and a variety of cationic proteins and
proteolytic e n z y m e s . 2 5 4 , 2 5 5 Release of several of these platelet derived
inflammatory mediators has been documented in glomerular disease,
and has been implicated in the process of vascular and glomerular
dam age. 250, 251, 252 Furthermore, studies in both experim ental
animals256
[n man suggest that platelet inhibiting drugs may have a
beneficial effect in glomerular diseases such as membranoproliferative
g lo m e r u lo n e p h r it is ^ ?
ancj
focal segm ental glom erulosclerosis
(FSGS) . 7 4
A pilot study of antiplatelet therapy in patients w ith FSGS w as
conducted at the Hospital for Sick Children, Great Ormond Street,
London, during 1980 and 1982, to assess the affect of aspirin and
dipyridamol on renal function and the nephrotic state. Platelet function
was also studied by platelet aggregometry and indium-labelled platelet
survival, before and during antiplatelet therapy. Platelets from patients
with FSGS were found to aggregate spontaneously w hen subjected to
stirring in the aggregometer, without addition of platelet aggregating
agents. A lthough spontaneous platelet aggregation has been noted
previously in patients with the nephrotic syndrome , 4 7 / 4 ^ ' 4 4 the cause
and significance of the phenom enon are unknown.

A study w as

therefore undertaken to establish:
1) Which glomerular diseases are associated with spontaneous platelet
aggregation.
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2) Whether the spontaneous platelet aggregation is related to the
hyperlipidaemia and hypoalbuminaemia of the nephrotic state.
3) Whether antiplatelet drugs influence the spontaneous aggregation.
C. Patients
Eight groups of patients were studied , and the definitions of these
groups are described in Chapter III.
1) Children w ith SRNS in Relapse:

Eleven children with SRNS were

studied during fifteen relapses.
2) Children w ith SRNS in Remission:

Nine children in remission of

SRNS were studied two weeks to four months after the most recent
relapse.
3) C hildren w ith FSGS:
Ten children with FSGS were studied on
twenty occasions. Nine of these children had heavy proteinuria and
severe persistent nephrotic syndrome, and one had mild proteinuria
and near normal plasma albumin concentration.
4) Children w ith Membranoproliferative Glomerulonephritis (MPGN):
Nine children with MPGN were studied on fifteen occasions. All had
reduced renal function (glomerular filtration rates below 80m l/m 2
surface area per day), and eight of the nine had heavy proteinuria
and hypoalbuminaemia.
5) Children w ith H enoch Schonlein Purpura N ephritis (HSP): Ten
children with HSP were studied on sixteen occasions.
6 ) Children and A dults w ith Systemic Lupus Erythematosis: Three
children and seven adults with SLE were studied on fourteen
occasions.

The adult patients were attending the Hammersmith

Hospital, London.
7) Children w ith other Renal Disorders: Twenty-four children w ith a
variety of non-glomerular renal disorders were studied on twenty-six
occasions.
8 ) Children w ith Non-renal Disorders: Eleven children with a variety
of non-renal disorders were studied on one occasion each. Three of
these children were hypoalbum inaem ic due to gastrointestinal
disease.
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D. M ethods
1) Spontaneous Platelet Aggregation
Platelet aggregation was studied following the method described by
B o r n , 258 using a Payton Dual Channel aggregometer attached to a
Rickadenki Dual Channel recorder. The method is based on the
principle that light transmission through a suspension of platelets is
altered as the platelets aggregate. Platelets are stirred at 37°C in an
aggregometer couvette, and changes in light transmission recorded as
the platelets a g g r e g a t e 2 5 8 in response to stirring or the addition of
aggregating agents.
All studies were conducted within 1 hour of venepuncture, and a
healthy adult control was studied sim ultaneously with each patient.
400ul of platelet-rich plasma containing 150,000 to 250,000 platelets was
placed in a siliconized glass aggregometer cuvette. The aggregometer
w as calibrated using the unstirred platelet-rich plasm a as zero
aggregation, and platelet-poor plasma, from the same patient, as 1 0 0 %
aggregation.
After allowing the unstirred platelet-rich plasma to warm to 37°C for
3 minutes, the stirring motor was switched on, and the platelets were
stirred w ith a m agnetized stirring bar at 800 rev o lu tio n s/m in .
Aggregation in response to stirring alone was recorded for 5 minutes A
sample of platelet-rich plasma was removed before and after stirring and
examined microscopically for platelet aggregates. Spontaneous platelet
aggregation was considered to be present if more than 5% change from
baseline was recorded on the aggregometer, and if microscopy confirmed
the presence of platelet aggregates. Because nephrotic plasma differed
greatly in the degree of lipaemia, the sensitivity settings on the
aggregometer were adjusted for each patient.

For this reason results

were expressed simply as spontaneous aggregation present or absent, as
comparison of the degree if aggregation in different patients on the basis
of the aggregation recording was not accurate.
2) Plasma Album in, Cholesterol and Trylycerides
Plasma albumin, cholesterol and triglycerides were measured on the
sam e sam ple as used for the aggregation studies in the hospital
biochemical laboratories.
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3) Effect of Antiplatelet Drugs
In six children with FSGS, spontaneous platelet aggregation was
studied before and during treatment with aspirin (2 m g /k g /d a y ) and
dipyridamol (lOm g/kg/day).
E. Results
1) S p o n ta n eo u s

P la te le t

A ggregation

in

D iffe r e n t

D isea ses:

Spontaneous platelet aggregation was not observed in any of the nonrenal patients or in the adult controls, but was present in many of the
patients w ith glomerular diseases. An example of the aggregation
observed is shown in Fig 4, and the numbers of patients in each group
showing the phenomenon is shown in Table 1.
Table I
SPONTANEOUS PLATELET AGGREGATION (SPA) IN DIFFERENT DISEASES
No. of
Studies

No. of
Patients
Studied

No. with
SPA

No. without
SPA

11
9

15
9

8
0

7
9

Focal Glomerulosclerosis

10

20

16

4

Henoch-Schonlein
Purpura

10

16

12

4

Systemic Lupus
Erythematosis

10

14

3

11

9

15

15

0

Other renal disorders

24

26

1

25

Non-renal

11

11

0

11

Steroid Responsive
Nephrotic Syndrome

Relapse
Remission

Membranoproliferative
Glomerulonephritis
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Figure 4

SPO N TA N EO U S PLATELET AGGREGATION

CONTROL

SRNS P A T IE N T

CONTROL* 4um ADP

T I M E (PAPER SPEED 2 0 m m / s e c )

___ ^

Spontaneous Platelet Aggregation in SRNS
Aggregometer tracing showing the platelet aggregation observed in a
patient with SRNS in response to stirring of platelet-rich plasma in the
aggregometer couvette. The response of platelets from a normal control
to 4iam ADP is shown to indicate full aggregation. The control response to
stirriing alone is also shown.
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The spontaneous platelet aggregation observed in most patients was 52 0 % of full aggregation, but occasionally very marked aggregation was
seen, in som e cases equaling the aggregation response achieved by
aggregating agents such as ADP or adrenalin (Fig 4)
Spontaneous platelet aggregation was not observed in patients w ith
SRNS in remission, but was found in 50% of patients in relapse, and in
an even higher proportion of the patients with FSGS (80%), MPGN
(100% ), and FISP (75%).

Only 3 of 14 studies on patients with SLE

showed spontanous platelet aggregation. Only one patient in the nonglomerular diseases group showed spontaneous platelet aggregation, a
five year old boy with dysplastic kidneys and heavy proteinuria. The
three children with hypoalbuminaemia due to gastrointestinal disease
did not have spontaneous aggregation.
2) R e la tio n s h ip

of

S p o n ta n e o u s

P la te le t

A g g r e g a tio n

to

Hypoalbuminaemia and Hyperlipidaemia.
The m ean plasm a album in concentration in the patients w ith
spontaneous platelet aggregation was 14.4 + 7.2 (SD)g/L, significantly
lower than that in the patients without spontaneous platelet aggregation
(30.8 + 9.3(SD) g/L; p<0.0001, Student's t-test) (Fig 5). The mean serum
cholesterol in the patients with spontaneous platelet aggregation (12.7 +
6.2(SD) m m ol/L ) was significantly higher than that in the patients
w ithout spontaneous platelet aggregation (8.1 +. 3.4(SD) m m ol/L ;
p<0.0001 Student's t-tests) (Fig 5).
Similarly the mean serum
triglycerides in the patients with spontaneous aggregation (8.5 + 6.9(SD)
m m ol/L ) was significantly higher than in patients w ith spontaneous
platelet aggregation (2.6 + 1.8(SD) mmol/L; p<0.0024; p<0.001, Students ttests) (Fig 5).

The plasma albumin in patients w ith and w ithout

spontaneous platelet aggregation was also analysed separately in each of
the groups stu d ied (Fig 6 ). In patients w ith SRNS and FSGS,
spontaneous platelet aggregation was only present in patients w ith
markedly reduced plasma albumin concentrations. H owever som e
patients with MPGN and HSP had spontaneous platelet aggregation with
normal or near normal plasma albumin concentrations. Spontaneous
aggreg a tio n w as not seen in the non-renal patients w ith
hypoalbum inaem ia.
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Fi gure 5
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Plasma albumin, cholesterol and triglyceride concentrations in children
w ith (+) and without (-) spontaneous platelet aggregation. Upper figure
shows the data from individual patients and the lower figure the means +
SD
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Figure 6

SPONTANEOUS PLATELET AGGREGATION
•

•

••
•

•

••
•
•••
•
••

••

40
0

•

•

30

jPlasm a
lA lb u m in
G/L

•
•
•
• •
•

•

o

•

•

o

•

oo

o
o
o

o
oo

0.

•

•o
•

o*

o
o

0

0®0
oo
oo

OOOQ
ooo

10

m

•

•
•

••

•
•
•

o

o

0
o

oo

o
oo
o

o

••

o

••

20

••

•

•

••

•
•

••

o

o

o

o

o
o

O GOO

SRNS

o
o

FGS

MCGN

-HSP

SLE

O t h e r Renal

Relationship betw een spontaneous platelet aggregation and plasma
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lupus erythematosis; MCGN = Membrano-proliferative glomerulo nephritis. The presence of spontaneous aggregation is indicated by open
circles. Absent aggregation is indicated by the dosed circles
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3) Effect of Antiplatelet Drugs
All six patients w ith FSGS who were treated with aspirin and
dipyridamol continued to have spontaneous platelet aggregation while
on treatment, and the severity of the spontaneous aggregation was not
influenced by the treatment.
F. Discussion
This study has documented that "spontaneous'* in vitro aggregation
of platelets is a common phenomenon in patients with SRNS in relapse,
as well as in other glomerular disorders. Patients with a variety of nonglomerular renal diseases and those with non-renal disorders did not
have spontaneous platelet aggregation. Patients w ith spontaneous
p latelet aggregation had sign ifican tly low er plasm a album in
concentrations, and significantly higher cholesterol and triglyceride
concentrations than patients w ithout spontaneous aggregation.
H ow ever spontaneous platelet aggregation was observed in som e
patients w ith normal plasma albumin and lipid concentrations. The
r e la tio n sh ip
b e tw e e n
the sp o n ta n e o u s
a g g r e g a tio n
and
hypoalbum inaem ia differed in the various clinical groups studied.
Whereas patients with SRNS and FSGS only show ed spontaneous
aggregation w hen they were hypoalbuminaemic, patients w ith MCGN
and HSP had spontaneous aggregation with normal plasma albumin
concentrations. Dipyridamol and aspirin did not affect the spontaneous
platelet aggregation in a small number of patients treated with these
drugs.
Abnormal platelet function has been documented in glomerular
diseases in several previous s t u d i e s . 4 2 , 4 3 , 4 4 , 2 5 9 Bang et al reported that
platelets from children with the nephrotic syndrome show ed increased
aggregation in response to ADP and collagen.4^ Increased platelet
sensitivity to aggregating agents, and spontaneous platelet aggregation ,
were confirmed in subsequent studies of both children and adults with
the nephrotic syndrom e . 4 ^ / 4 4
platelet hyperaggregability was
associated with shortened platelet survival , 4 2 , 7 4 increased arachidonic
add metabolism by p l a t e l e t s ^ , 260 and increased plasma levels of platelet
derived factors such as beta-thromboglobulin.261

Shortened platelet

survival and increased plasma concentrations of platelet derived factors
has also been docum ented in other glomerular disorders including
FSGS74, M P G N 2 5 7 / and SLE nephritis251.
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Most attempts to explain the abnormal platelet behaviour in the
nephrotic syndrom e have focused on the hypoalbum inaem ia and
hyperlipidaemia of the nephrotic state. Bang et al originally suggested
that the abnormality w as due to urinary loss of anionic plasm a
con stitu en ts w h ich norm ally in h ib it p latelet a g g reg a tio n .4 3
Subsequently Remuzzi et al reported that the platelet hyperagregability
was related to hypoalbuminaemia, and could be corrected by increasing
the plasm a album in con cen tration .44 They p ostu lated that
hypoalbum inaemia increased the free arachidonic acid available to
initiate p latelet aggregation.44 Increased platelet m etabolism of
arachidonic add has been reported in other studies ,42,260 and albumin
appears to inhibit the platelet hyperaggregability.44,262
In addition to hypoalbum inaem ia, hyperlipidaem ia has been
suggested as a cause of the platelet hyperaggregability, Andrassy et al
reported a correlation betw een platelet aggregation and plasm a
cholesterol concentrations in nephrotic p a t i e n t s 2 5 9 . Patients with
familial type 1 1 hyperlipoproteinemia have increased platelet sensitivity
to aggregating a g e n t s , 2 6 3 probably due to altered platelet membrane lipid
co m p o sitio n

in

the

h y p e r c h o le s te r o la e m

p resen ce of h yp erlip op rotein aem ia and
ia .2 6 3 ,2 6 4
Levels of platelet hyperaggregability in

the nephrotic syndrome appear to be comparable to those seen in
patients with h y p e r l i p i d a e m i a . 259,263
Although these studies suggest that the platelet hypersensitivity to
aggregating agents and spontaneous aggregation m ight be sim ply a
consequence o f the hypoalbuminaemia and hyperlipidaem ia of the
nephrotic state, several facts indicate that this may be an over simplistic
explanation. The observation that patients with MPGN and HSP showed
spontaneous platelet aggregation despite normal plasm a albumin
concentrations suggests that different mechanisms may be operative in
various diseases. We have previously reported that spontaneous platelet
aggregation occurs in Kawasaki disease and polyarteritis n o d o s a , 265
neither

of

w h ich

are

com m on ly

hypoalbuminaemia and hyperlipidaemia.

a sso cia ted

w ith

m arked

A ddition of plasma from

patients w ith these disorders to normal platelets induced platelet
aggregation, indicating that a plasma factor w as responsible.

On

fractionation of Kawasaki or polyarteritis plasma, the aggregating activity
was found to be of high molecular weight, and its activity was lost
following fractionation at low pH, features suggesting that it might be an
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immune complex. Moreover, there was a significant correlation between
the concentration of IgG immune complexes and the platelet aggregating
a c t iv ity .2 6 5
jgQ ancj igp immune complexes, which bind to platelet Fc
receptors are know n to aggregate

p la te le ts 2 5 5 ,2 6 6 ,2 6 7 .

complexes are frequently present in MPGN and

H S P .2 5 1

Immune

Parbtani and

Cam eron, noted in MPGN and other nephritides a significant
correlation between the presence of immune complexes detected by the
platelet aggregating titre test of Pentinnen and Mylylla, and the release of
platelet s e r o t o n i n . 2 5 1 , 2 6 6 immune complexes may thus be responsible
for the spontaneous platelet aggregation in at least some disorders.
Despite good evidence that hypoalbuminaemia and hyperlipidaemia
increase platelet sensitivity to aggregating agents and increase platelet
arachidonic acid m etab olism ,4 2 ,4 3 ,2 6 0 ,2 6 3 ,2 6 4 treatment w ith
dipyridam ol and aspirin did not prevent spontaneous aggregation.
Aspirin in a dose of 2 m g /k g /d a y should have adequately blocked platelet
cyclo-oxygenase activity. The persistence of spontaneous aggregation
despite administration of aspirin suggests that the phenomenon must be
caused by factors other than increased arachidonic acid metabolism and
thromboxane A2 production. While this study did not identify an
alternative explanation for spontaneous platelet aggregation, it casts
doubt on the hypothesis that spontaneous aggregation is simply due to
hypoalbuminaemia and hyperlipidaemia.
G. Alteration in Cell Membrane Surface N egative Charge : A Possible
Explanation for Spontaneous Platelet Aggregation
A characteristic property of many mammalin cells and membranes is
their negative surface charge. The surfaces of p l a t e l e t s 2 6 8 and other
blood

c e lls 2 6 9

negatively charged, largely due to the presence of sialic

acid residues in the glycoproteins and glycolipids of the cell membrane.
Although the presence of this negative charge on blood cells has been
known for m any years, there has been increasing interest recently in the
physiological role of the charged groups. The surface negative charge is
probably important in regulating cell - cell interaction, as electrostatic
repulsion between similarly charged blood cells, and between these cells
and the vascular endothelium , may help to prevent adherence and
aggregation of cells with each other, and with the endothelium.270 Loss
or reduction in platelet negative charge, following enzymatic removal of
sialic acid, results in profound alterations in platelet behaviour, with
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spontaneous platelet aggregation^^ increased sensitivity to aggregating
agents 2 7 2 , 2 7 3 an<^ shortened platelet s u r v i v a l . 2 7 2
Furthermore,
neutralization of the negative charge by polycations such as polylysine,
induces aggregation of platelets, which can be inhibited by polyanions
such as h e p a r i n . 2 7 4
The spontaneous platelet aggregation observed in the nephrotic
patients, as well as the hypersensitivity to aggregating agents, is similar
to the abnormality induced by removal of platelet sialic acid by
neuram inidase, 2 7 1 or neutralization of the platelet negative charge by
p o ly c a tio n s 2 7 4 .
ft [s f t i U S possible that loss or reduction in platelet
negative charge may play a role in the abnormal platelet aggregation
observed in the nephrotic syndrome. If a reduction in platelet surface
charge was indeed the cause of the spontaneous platelet aggregation, it
would also be possible that the same process responsible for reducing
glomerular capillary w all negative charge might have caused the
reduction in negative charge on platelets and other blood cells. If this
were so, then blood cells might provide a useful model for studying the
mechanisms of reduced negative charge in SRNS. The next tw o
chapters describe a method for measuring cell surface charge on blood
cells, and report a study which confirms that surface charge is reduced on
platelets and red blood cells in SRNS.
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CHAPTER 5

A M ethod to Measure Surface Charge on Blood Cells.
A. Introduction
In order to establish whether surface charge on red blood cells
(RBC’s) is reduced in SRNS, a method was required to measure it. The
negative charge on cell membranes has been determined using several
different methods. These include staining of fixed histological sections
with cationic dyes or p r o b e s , 2 0 8 , 2 4 5 , 2 7 4 chemical analysis of anionic
groups in the cell m em brane,! 7 6 , 1 7 7 anci ceu electrophorectic
t e c h n iq u e s 2 7 5 ,2 7 6 .
The histochemical methods have the disadvantage
of requiring fixation of the cells, which may alter the structure and
arrangement of charged groups on the cell surface. The results may thus
not reflect the situation in vivo. Similarly, chemical analysis of cell
membrane anionic constituents, such as sialic acid, provides no
information on the arrangement of charged groups in the membrane,
and w ould not detect the presence of factors which mask or neutralize
charged groups on the cell surface. The electrophoretic techniques (in
which migration of cells in an electrolyte solution, in response to an
electrical charge is measured) are perhaps most likely to reflect the invivo situation, but require sophisticated equipment and may be difficult
to undertake on large numbers of patients.
A method w as therefore required, which could be undertaken on
unfixed cells, under physiological conditions of pH and ionic strength.
The method should also provide quantitative information and be easily
applied to large numbers of patients.
Alcian blue 8 GX is a copper containing cationic dye which has been
used extensively for histochem ical staining of negatively charged
g r o u p s ,^ 0 7 ,2 7 7
ancj for detection of anionic substances such as
glycosaminoglycans in body fluids and

t is s u e s .2 7 8 , 2 7 9 , 2 8 0

Depending

on the pH and ionic strength, Alcian blue binds to a variety of protein or
polysacharide constituents of cell and membranes. Studies by Scott and
his c o - w o r k e r s , 2 7 8 ancj W h i t e m a n 2 7 9 , 2 8 0 / have defined conditions in
w h ich

A lcian

blu e

sp ecifica lly

binds

to

the

h igh ly

anionic

glycosaminoglycans, with little binding to weaker polyanions: At pH 5 . 8
in the presence of MgCl2 ions, Alcian blue exhibits highly specific
binding to glycosaminoglycans, resulting in the formation of insoluble

complexes, and allow ing separation of the glycosam inoglycan-Alcian
blue complexes from other constituents of plasma and urine.
It seemed likely, that under conditions closely approximating those
optimal for the glycosaminoglycan-Alcian blue interaction, Alcian blue
w ould bind to sialic acid residues on RBC or platelet membranes, and
that the charge on the cells could be measured by quantification of the
amount of Alcian blue bound. Experiments were therefore undertaken
to define the conditions for Alcian blue binding to cells, and to evaluate
the use of Alcian blue binding as a measure of cell surface charge.
B. Materials and Methods
Details of the sources of reagents, collection and separation of blood
samples are given in chapter III. The conditions employed for studying
Alcian blue binding to platelets and RBC's are given in this section.
1) Buffers and Reagents:
a) Alcian Blue 8 GX: Alcian blue was made up as a 1% aqueous
solution. Undissolved particles were removed by filtration prior to use.
b) 2M M gCl 2 : Stock solution of 2M MgCl2 was m ade up and the
molarity checked by atomic absorption using a 1 :2 , 0 0 0 dilution.
c) Isotonic G lucose-Phosphate Buffered Saline pH 7-4 (GPBS): All
w ashing of cells and testing of Alcian blue binding to cells was
perform ed in glucose-phosphate buffered saline ( GPBS) pH 7.4
(containing 8.1g NaCl, 0.219g NaH 2 P0 4 2 H 2 0 and 2.0g glucose per litre).
d) Alcian Blue Working Solution (ABWS): Unless otherwise stated, all
experim ents w ere performed using Alcian blue m ade up in the
follow ing solution:
0.5ml 1% Alcian blue
0.25ml 2 M M gC l 2
19.25 ml GPBS pH 7.4
This ABWS contains 250ug/m l Alcian blue and 25mM MgCl2 - In
experiments requiring different concentration of Alcian blue or Mg CI2 ,
the relative amounts of the three reagents were varied.
2) Preparation of RBCs and Platelets
Citrated blood collected into a plastic bottle (see Chapter III) was
centrifuged at 140g for lOmin and the platelet rich plasm a (PRP)
removed.

The PRP w as layered onto a gradient of 10% and 25%

metrizamide, and centrifuged at 400g for 20 min.
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The platelets were

recovered from the interface of the 10% and 25% metrizamide, and
resuspended in 1ml GPBS. The remaining platelet-depleted plasma was
centrifuged at l , 0 0 0 g for 1 0 min, and the buffy coat and residual plasma
layer removed. The RBC were aspirated from below the buffy coat and
resuspended in twice their volume of GPBS. The cells were w ashed
twice in GPBS, and finally resuspended in GPBS. The cells were then
counted, and the volumes adjusted to give 1.2x10^ RBC/mL and 4x10^
platelets/m l.
Q Binding of Alcian Blue to RBC and Platelets:
1) Principle of the Method.

The principle of the method to measure

cell surface charge by the binding of Alcian blue is shown diagramatically
in Fig 7. A known number of RBC's or platelets suspended in 0.5ml
GPBS is m ixed with an equal volume of Alcian blue solution of pre
d eterm in ed concentration and con tain in g a kn ow n M gC l 2
concentration. Identical volumes of cell-free GPBS are also mixed with
the sam e Alcian blue solution as a blank control. The mixture is
incubated at 37°C for a defined period of time, and the cells are then
rem oved by centrifugation at l,000g for 5 min. The optical density (OD)
at 650nm of the supernatant is recorded and compared with that of the
blank control. The OD at 650nm of Alcian blue is linearly related to its
concentration. The amount of Alcian blue bound to the cells, and
rem oved from solution by centrifugation can therefore be calculated
from the difference between the OD of the blank and that of the test
supernatant, thus :
amount of alcian blue bound= concentration of Alcian blue x OD of blank -OD of test sample
OD of blank

the results are expressed as ng Alcian blue bound /lO^ cells by dividing
the results by the appropiate number of cells.
2

) Tim e Course of the Reaction:

To define the time course of the

binding of Alcian blue to RBC's, 0.5 ml volumes of RBC's in GPBS (1 .2 x
10

^/m l) were added to a series of tubes containing an equal volum e of

ABWS (final Alcian blue concentration 125 u g/m l) and incubated for
periods of time from 5-60 min. The amount of Alcian blue bound was
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Figure 7
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Measurement of cell surface charge by A ldan blue binding: Principle of
the_method.
1.
OD of the Alcian blue solution at 650nm is determined;
2.
A known number of cells are added; Incubation allows Alcian blue
binding to the cells to occur;
3.
Cells are centrifuged; OD of supernatants determined.
Amount of Alcian blue bound to the cells calculated from difference
in OD between initial solution and that remaining after
centrifugation of the cells.
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determined at 5 min intervals. As shown in Fig. 8 Alcian blue binding
increased rapidly during the first 15 min of incubation and was maximal
by 30 min. All subsequent experiments were therefore performed using
30 min incubation.
3) Effect of Cell Number:
0.125x

1 0 ^ to

4.0 x

10^

Increasing concentrations of RBC’s from

in 0.5ml GPBS were added to 0.5 ml ABWS and the

change in OD (AOD) relative to that of the blank at each concentration of
RBC then determined. As shown in Fig. 9, there was a progressive
increase in A O D (indicating increasing Alcian blue binding) w ith
increasing cell number. The increase was only linear at very low cell
numbers, and became less linear at high cell numbers presumably due to
a decrease in the free Alcian blue concentration.
Concentrations of 0.6 x lO^ml RBC and 4.0 x lO^/m l platelets were
selected for all subsequent experiments as being convenient numbers for
accurate counting on the ELT8 counter, and cell numbers at w hich
minor variations due to counting and diluting of the cells w ould not
greatly affect the results.
4) Effect of A lcian Blue Concentration: To determine the effect of
Alcian blue concentration on its binding to cells, 0.5 ml volum es of
Alcian blue solution in concentrations ranging from 10 to 2 , 0 0 0 u g /m l
(containing 50 m M ol/L MgCl2 ) were added to 0.5 ml GPBS containing
1.2 x 1 0 ^ RBCs or 4.0 x 10^ platelets, and the amount of Alcian blue
bound at each concentration determined. The amount of Alcian blue
bound to the RBC, plotted against the residual (free) Alcian blue
concentration sh ow ed a sigm oid curve, reaching a plateaux, at
concentrations above 600ug/m l (Fig. 10), indicating saturation of binding
sites above this concentration of Alcian blue. The binding to platelets
showed a similar concentration dependent saturable binding curve (Fig.
11).

An Alcian blue concentration of 125 u g /m l was selected for

subsequent binding studies as being in the mid region of the binding
curve.
5) Specificity of Alcian Blue Binding for Charged Groups:
a) N eu ra m in id a se Treatm ent: In order to establish whether the
binding of Alcian blue to platelets and RBCs was specific to negatively
charged sialic acid residues on the cell surface, or non-specifically to
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Figure 8

ALCIAN BLUE BINDING TO RBC
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Time Course of Binding of Alcian Blue to Red Blood Cells.
0.5ml of a suspension containing 1.2 x 1 0 ^ / ml RBCs were added to 0.5ml
of a solution of Alcian blue and the amount of Alcian blue bound
determined at 5 minute intervals. Most of the binding occurred in the
first 15 minutes, and binding was complete by 30 minutes. Each point
represents the mean of duplicate determinations of optical density at
650nm.
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Figure 9

ALCIAN BLUE BINDING TO RBC
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Effect of Cell Number on the Binding of Alcian Blue to Red Blood Cells.
Increasing concentrations of RBCs in 0.5ml GPBS were added to 0.5ml
ABWS and the change in OD at each concentration of RBC determined.
Results from 5 different individuals' red cells are shown. Each point is the
mean of duplicate determinations. Symbols represent the results from
individual subjects.

77

Figure 1Q

ALCIAN BLUE BINDING TO RED BLOOD CELLS
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Effect of Alcian Blue Concentration on Alcian Blue Binding to Red Blood
Cells
Increasing concentrations of Alcian blue were added to a fixed number of
RBCs (1.2 x 1C)9) in a final volum e of 1ml. The Alcian blue bound is
plotted against the free Alcian blue at each concentration tested. Binding
to the RBCs increased progressively with increasing concentration of
Alcian Blue until a plateau was reached above 600ug/m l (closed circles).
Desialation of the red blood cells with neuraminidase reduced the Alcian
blue binding to less than 20% of the untreated cells (open Circles).
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Figure 11

ALCIAN BLUE BINDING TO PLATELETS
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Effect of Alcian Blue Concentration on the Binding of Alcian Blue to
Platelets
Increasing concentrations of Alcian blue were added to a fixed number of
platelets (4 x 10^/m l) in a final volume of lml. The Alcian blue bound is
plotted against the log of the free Alcian blue concentration (open
squares). Desialation of the cells with neuraminidase reduced the binding
considerably (closed squares).
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other cell constituents, cells were desialated by treatment w ith
neuraminidase. The Alcian blue binding to neuraminidase treated cells
was then compared with that to untreated cells.
W ashed RBCs or platelets were incubated with neuram inidase
(lm g /m l final concentration) in GPBS at 37°C for 1 hour. The cells were
then washed, resuspended in fresh buffer, and the binding of Alcian blue
in varying concentrations determined as described in the previous
section. As shown in Fig. 10 and 11, neuraminidase treatment reduced
the Alcian blue binding to RBCs by approximately 80%, and that to
platelets by 60%.
b) Com petitive Inhibition by Polycations: In order to confirm that the
binding of Alcian blue to cells was mediated by electrostatic binding
rather than by charge - independent forces, experim ents were
undertaken to interfere with the binding w ith other polycations.
Protamine sulphate and poly-l-lysine are highly cationic polymers which
would be expected to bind to anionic cells surfaces, and interfere with
change - dependent binding of AB to cells.
Increasing concentrations of protamine sulphate or poly-l-lysine
were added to 500ul volum es of GPBS containing 1.2 x 10^/ ml RBCs.
An equal volum e of ABWS was then added, and the Alcian blue
binding to the RBC at each concentration of the polycations determined.
With increasing concentration of either polycation, there was a dose
dependent inhibition of Alcian blue binding to the RBCs (Fig. 12).
6)

Effect of M g d 2 ions:
M gCl2 had been included in the ABWS on the basis of the studies of

Scott and Whiteman, which demonstrated that MgCl2 optim ized the
specificity of the binding of Alcian blue to GAGs, reducing non-specific
binding to weaker polyanionic proteins or polysacharides in plasma or
u r in e .2 7 8 - 2 7 9
in order to confirm whether MgCl2 ions also influenced
the interaction of Alcian blue with sialic acid residues or cell surfaces,
the Alcian blue binding to RBCs was measured in the presence of
varyin g concentrations of M gCl 2 (0, 12.5, and 25 mM) These
experim ents were perform ed on both neuram inidase treated and
untreated cells under the same conditions as described above. As shown
in Fig 13, the binding of Alcian blue was maximal in MgCl2 free
solution, and was progressively inhibited by increasing MgCl2
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Figure 12

COMPETITIVE INHIBITION OF ALCIAN BLUE BINDING BY POLYCATIONS
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Competitive Inhibition of Alcian Blue Binding by Unrelated Polvcations
Increasing concentrations of protamine sulphate (open circles) or poly-llysine (closed circles) progressively inhibited the binding of Alcian blue to
normal RBCs. The arrow indicates binding to RBC in the absence of
competitor.

Figure 13
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Effect of Mg±± on the binding of Aldan Blue to Red Blood Cells.
The binding of Alcian blue to RBCs was determined in the presence of
increasing concentrations of MgCl2 (0-50mM). With increasing
concentration of MgCl2 there was a progressive reduction in the amount
of Alcian blue bound. Neuraminidase treatment completely abolished
Alcian blue binding to RBCs at all concentrations of MgCl2 , but some
binding did occur in the absence of MgCl2 -
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concentration.

H owever in MgCl2 free solution there was significant

Alcian blue binding to neuraminidase treated cells.

M gCl 2 in all

concentrations tested abolished binding to neuraminidase treated cells.
This suggests that alcian blue binds to weakly anionic, non-sialic acid
groups in M gCl2 free solution. The presence of MgCl2 , w hile reducing
the total amount of Alcian blue bound, increases the specificity of the
binding for sialic acid residues and prevents non-specific binding to
weaker anionic groups. MgCl2 was therefore included in all subsequent
experiments.
D) D iscu ssion : Alcian Blue Binding as a Measure of Cell Surface Charge.
The experiments described in this chapter have demonstrated that
Alcian blue exhibits a concentration dependent, saturable binding to
RBCs and platelets. The binding is greatly reduced by desialation of the
cells following neuraminidase treatment, and is competitively inhibited
by polycations such as protamine sulphate or poly-l-lysine, suggesting
that the binding is specific for negatively charged sialic acid groups on
the cell surface. MgCl2 blocks the binding of Alcian blue to desialated
cells in concentrations between 12.5 and 50 mM, but binding to nondesialated cells is not prevented by these concentrations. MgCl2 thus
appears to reduce non-specific binding of Alcian blue to weak anionic
groups on the cell surface, and to increase the specificity of the binding to
sialic add residues.
Alcian blue binding to RBCs and platelets thus appears to be a specific
but simple method for measuring cell surface charge. The method is
suitable for use on large numbers of patients, and requires only standard
laboratory equipment. The application of this method to the study of
cell surface charge in the normal population and children with SRNS is
described in the next chapter.
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E)

Subsequent Experience with the Use of Alcian Blue to measure Cell
Surface Charge.

Following the publication of the method described in this chapter to
measure red cell surface charge (290) a number of research groups in several
countries were quick to use the method to study children and adults with a
number of different forms of renal disease. Boulton Jones et al (290a) applied
our m ethod to the study of patients with a variety of different forms of
nephropathy. His studies confirmed a reduction in red cell surface charge in
patients with heavy proteinurea and suggested a relationship between the
reduced red cell charge and that on the glomerulus. The numerical values for
Alcian Blue binding to red cells in Boulton Jones' studies were higher than
those obtained in our studies, but this may have been accounted for by his
omission of magnesium chloride to the Alcian Blue solution.

Shortly after the publication of Boulton Jones studies confirming the use of
our m ethod and our findings, two letters appeared in the Lancet from
different groups criticising the methodology and findings. Feehally et al (290b)
was unable to confirm the reduction of Alcian Blue binding to red cells from
patients with the nephrotic syndrome. In addition Sewell et al (290c) criticised
the method on the basis of difficulties they had in maintaining a constant
optical density of their Alcian Blue solution.

Sewell found a high rate of

spontaneous precipitation formation in the Alcian Blue solution resulting in
variable optical densities and marked variation in the binding to cells.

In

addition they suggested that the binding may take place to cells on the basis of
properties other than charge. A similar concern about the specificity of Alcian
Blue binding for charge sites was raised by Ghiggeri et al (290d) who found
hydrophobic binding of Alcian Blue to soluble proteins and erythrocyte
membrane proteins. A number of other research groups who were attempting
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to utilise the method also found optical densities of any specific weight for
volum e concentration of Alcian Blue to differ from those which w e had
published.

In order to assess the validity of these criticisms, a number of experiments
were conducted using Alcian Blue from different suppliers.

All the initial

work conducted using Alcian Blue in the renal laboratories at the Institute of
Child Health had been undertaken using a single batch of Alcian Blue which
had been given to Professor Patrick and Dr Paul Whitman in the Enzyme
Laboratory at the Institute of Child Health by Imperial Chemical Industries
(ICI) several years previously. ICI had subsequently discontinued manufacture
of the product. On testing the optical densities of Alcian Blue solutions from a
range of different suppliers it became apparent that the different batches
differed markedly in their purity, and had a marked variation in their optical
densities.

Furthermore some batches underwent spontaneous precipitation

on standing at room temperature as had been noted by Sewell.

Alcian Blue is not a single homogeneous chemical substance, but is a rather
crude dye which may contain up to 50% of non-Alcian Blue constituents. We
found that the batches supplied by BDH, Sigma, and the original batch from
ICI were stable under the conditions described earlier. In a letter to the Lancet
(290e) w e reported that using Alcian Blue from BDH or ICI under carefully
defined conditions no problem with spontaneous precipitation was observed.
Following reconstitution of the dye in phosphate-buffered saline there is
always a small amount of insoluble material, which is easily removed by
filtration. The optical density of the filtrate is then stable for at least 48 hrs at
4°C and for over 2 hours at room temperature. A maximal deviations of 1.5%
in the optical density of filtered Alcian Blue solution incubated at 37°C for 2
hours was observed (290e). Because a blank is included in every experiment
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this minor change in optical density during incubation would not affect the
results.

Sewell et al suggest that albumin or other non-cellular debris may

remain in the supernatant after red cells have been washed three times and
cause additional dye precipitation. However when buffy coat and platelets are
removed and red cells are washed three times in phosphate-buffered saline
the fall in optical density of Alcian Blue added to the supernatant of the third
wash and incubated for half an hour at 37°C was less than 2 % (290e). Failure
to remove buffy coat and platelets or the use of stored buffers which may have
contaminants clearly has an adverse effect on the results.

Despite the few letters criticising the method, subsequent published experience
has confirmed the validity of the method in measuring cell surface charge in a
number of conditions. Lauwerys et al (290f) used the method to study red cell
surface charge in patients with diabetes mellitus.

They found a significant

inverse correlation between the degree of albuminurea and red cell surface
charge. In another study on diabetes mellitus Gambaro et al used the Alcian
Blue binding method to study red cell surface charge in patients with diabetes
mellitus. (290g) They observed a significant reduction in Alcian Blue binding
to erythrocytes of diabetic patients compared with normal controls.

No

difference in the sialic acid content of the diabetic red cells was observed.

Bernard et al (290h) applied the Alcian Blue binding method to the study of
cadmium induced nephropathy.

They found a significant reduction in the

Alcian Blue binding to red cells follow ing cadmium treatment.

In a

subsequent paper entitled "validity of the Alcian Blue binding test as an
indicator of red blood cell and glomerular membrane negative charge" (290i)
Bernard et al reviewed the published work using the Alcian Blue binding
method and included new data from their studies on experimental cadmium
treatment to induce nephropathy in rats. They were able to demonstrate a
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significant reduction in both red cell and glomerular negative charge using the
Alcian Blue binding method, and they found a negative correlation between
the Alcian Blue binding to red cells and the albuminurea. Direct evidence of
parallelism between red cell charge and glomerular charge was found by a
significant correlation between the Alcian Blue binding to red cells from
cadmium treated animals, and that to isolated glomerulae from the same
animals.

Bernard et al conclude "the Alcian binding test if carried out

according to a well defined protocol, is a reliable method for assessing directly
or indirectly (i.e. on the basis of red cells) the charge selectivity of glomerular
filter".

Despite the early criticism of the method which were entirely explicable by
either unsatisfactory batches of Alcian Blue, or a failure to adhere to the
published method, there is now a growing literature on the usefulness of this
assay, and its validity in studying the surface charge in a variety of different
diseases.

Following the completion of the work presented in this thesis, a

study was undertaken by Dr Jones working in Professor Barratt's laboratories
in the Department of Nephrology at the Institute of Child Health. He carried
out a double-blind study to validate the initial observation of reduced red cell
charge using the Alcian Blue binding method in children with the nephrotic
syndrome.

This study, which was conducted with coded samples from

patients and controls, again confirmed the reduction in red cell surface charge
reported in this thesis and in the 1985 Lancet publication (Professor T M
Barratt Personal Communication).

Finally the criticism that Alcian Blue may

also bind to red cells on the basis of hydrophobic properties has already been
adequately addressed in this thesis.

As shown in fig

12

the Alcian Blue

binding to red cells is competitively inhibited by poly-l-lysine, and as shown in
fig 13 neuraminidase treatment of the red cells to remove sialic acid reduced
Alcian Blue binding red cells by two thirds. In the presence of 12.5mmol/l of
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magnesium binding of Alcian Blue to desialated red cells was completely
abolished.

The reduction in Alcian Blue binding follow ing neuraminidase

treatment and its inhibition by divalent cations suggests that the binding is on
the basis of ionic interactions rather than on hydrophobicity.
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CHAPTER 6

Red Blood Cell and Platelet Surface Charge in the Normal
Population and in SRNS
A. Introduction
In order to evaluate changes in cell surface charge in SRNS, it was
first necessary to establish a normal range for cell surface charge (as
measured by Alcian blue binding) in the healthy population.
It was
also necessary to docum ent any age related changes in Alcian blue
binding to RBCs and platelets.

A study was therefore undertaken to

establish normal ranges for RBC and platelet surface charge, and to
compare RBC and platelet surface charge in children with SRNS with
that of normal controls and other hospital patients.

B. Subjects
Six groups of patients and controls were studied. The definitions of the
patient groups are described in chapter 3.
1) H ealthy children. RBCs were obtained from 38 healthy children
aged 9-14 years
2) Healthy adults. Blood was taken for RBC and platelet charge studies
from 61 healthy laboratory and medical personnel aged 2 0 - 62 years
of whom 32 were men and 29 were women.
3) Hospital in-patients. Samples were obtained from 33 adults aged 16 87 years, who were admitted to St. Bartholomew's Hospital, London
and 37 children aged 5-15 years admitted to the Hospital for Sick
Children. The children were admitted for minor surgical or dental
procedures and the adults for a variety of m edical conditions
excluding diabetes, the nephrotic syndrome, and hyperlipidaemia.
4) Children w ith SRNS: 17 children aged 3-15 years with SRNS were
studied during 26 relapses. The first available blood sample after
onset of relapse w as used for the study. Most patients were
hypoalbuminaemic at the time of study, but on 8 occasions patients
were studied in early relapse before plasma albumin had fallen .
5) Children w ith FSGS: 6 Children with steroid resistant nephrotic
syndrome and persistent hypoalbuminaemia were studied, in whom
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biopsy showed FSGS. Two of these patients were studied on two
separate admissions.
6)

Children w ith other renal diseases: Fourteen children with a variety
of renal diseases not associated with the nephrotic syndrome were
studied. Their diagnoses were IgA nephropathy, chronic renal
failure due to renal dysplasia or reflux nephropathy, and acute
glom erulonephritis.

G Methods.
1) C ell Surface Charge: Surface charge on RBCs and platelets was
measured by Alcian blue binding as described in Chapter V, using
final Alcian blue and MgCl2 concentrations of 125|ig/m l and 12.5 '
mM/1 respectively.
2) Sialic Acid: The sialic acid content of the RBC membrane was
measured after digestion with neuraminidase. 1 ml packed, washed
RBCs were incubated with an equal volum e of GPBS containing 2
u n its/m l neuraminidase at 37°C for 1 hour. After removal of the
cells by centrifugation, the concentration of N-acetyl neuraminic acid
in the supernatant was measured using the method of Skoza and
Mohos.281 Results were expressed as ng sialic a cid /10^ RBCs.
3) Statistics: The data relating cell surface charge to age were analysed
using the Statistical Package for the Social S c i e n c e s ^ 8 2 / and Statview
(Brain Power Inc., California). Correlations and regressions were
calculated by standard least squares employing log transformation in
the case of age. Comparison of means of SRNS children and controls
were made by Students unpaired t-test.

D. Results.
1) Age-related changes in RBC and platelet surface charge: The changes
in RBC surface charge with age in healthy volunteers and hospital
in-patients controls is shown in Fig 14. There w as a significant
negative correlation betw een RBC surface charge and age,
represented by the regression line:
RBC charge = 92.5-6.48 log age ( r = -0.58, p<0.001). The decline in
RBC surface charge was still significant when the data from the
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Figure 14
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healthy individuals were analysed separately from the hospital in
patients.
The surface charge on platelets showed a similar though less
pronounced decline w ith increasing age corresponding to the formula
Alcian Blue Bound = 231-0.56 age. (p<0.01) (Fig. 15).
2)
Surface charge in SRNS: The mean Alcian blue binding in the
SRNS patients was 62.5 + 8.2 ng(SD)/10^ RBCs; significantly lower than
that in the normal children: 78.5+7.3(SD)ng/10^ RBCs (p<0.001), or the
children with other renal diseases: 77+ 9ng/10^ RBCs (p<0.001) (Fig 16).
Patients studied early in relapse, before the plasma albumin concentration
had declined, had a reduced RBC surface charge ( Fig 17), and there was no
correlation between RBC surface charge and plasma albumin.
Alcian blue binding to platelets of SRNS patients was compared
with that of healthy young adults aged 18-30 years, as the volume of blood
required for platelet charge studies precluded the use of children as
controls. The mean Alcian blue binding to the SRNS platelets was 161+22 (S D )n g /1 0 6 cells, significantly lower than that of the normal control
platelets: 222+30 (SD) ng/lO ^ cells p<0.01 ( Fig. 18).
3)
RBC Sialic Acid Content: There was no significant difference
between the sialic acid content of RBCs from children with SRNS and that
of normal childrens' RBCs. (Fig. 19)
E.

Discussion.
These results have shown that cell surface charge on both RBCs
and platelets declines w ith increasing age in healthy individuals. The
surface charge on RBCs from children with SRNS is significantly reduced
compared to that of normal children and children with other renal
disorders, and is also lower than that of adult controls. Although platelet
surface charge was not studied in healthy children due to the volumes of

blood required, a more modest decline in platelet charge with increasing
age was observed over the limited age range studied. The surface charge
on platelets from children with SRNS was significantly reduced compared
to adult controls. If the age related changes in platelet surface charge
extend into childhood ( as is the case with RBC charge ) the platelet charge
reduction observed in the SRNS
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Figure 15
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Figure 19
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patients w ou ld be even more significant in comparision to healthy
children.
As with any phenomenon observed in SRNS, the question arises as
to whether the reduced platelet and RBC negative charge is due to the
primary pathogenic process, or merely a result of the derangement of
plasma proteins and lipids in the nephrotic state. The finding that RBC
surface charge is already reduced in patients studied early in relapse, before
plasma albumin concentration has fallen , suggests that the decline in
Alcian blue binding is a primary event, occuring before severe nephrosis
is present.
The reduction of RBC and platelet surface charge during ageing , and
in the SRNS, m ay contribute to the haematological abnormalities of
SRNS and of the elderly. As discussed in chapter V, the negative charge
on blood cells is im portant in regulating cellular interactions, as
electrostatic repulsion between cells and the vessel w all may help to
prevent intravascular aggregation of cells and their adherence to the
e n d o t h e liu m 2 7 0 .
jh e spontaneous aggregation of p l a t e l e t s ^ , 4 3 , 4 4 a n c [
observed in SRNS, as well as the increased aggregation of platelets
observed with advancing age283 may thus be due to reduction in surface

R B C

s

4 1

charge.
This is supported by the increased aggregation induced
experimentally by neutralization of platelet charge by p o l y c a t i o n s 2 7 4 or by
desialation of platelets with n e u r a m i n i d a s e . 2 7 1 , 2 7 2 Reduction of platelet
and RBC negative charge may therefore be a factor in the thrombotic
tendency of SRNS.
The finding of reduced negative charge on RBC and platelets in
SRNS, together with the evidence indicating that the proteinuria may be a
consequence of a reduction in glomerular capillary wall negative charge,
su ggest that the SRNS m ay be a generalized disorder of cell and
membrane negative charge , rather than a disorder confined to the kidney
alone. If a generalised reduction of membrane charge does occur in SRNS,
a central question is its cause . Possibilities include defective synthesis of
anionic m embrane constituents, their removal by som e destructive
process, or their neutralization by a positively charged macromolecule or
other membrane binding factor.
Despite the reduction of Alcian blue binding to SRNS, RBCs and
platelets, the sialic acid content of the cell membranes did not differ from
that in healthy controls. As sialic acid is largely responsible for the
negative charge on RBCs , this indicates that the anionic groups are
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Figure 20
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Postulated M echanism for D im inished Alcian Blue B inding to Red Blood
Cells and Platelets in SRNS.
Sialic acid groups are p resent on the cells in norm al num ber (show n as
lines on the cell surface). An adherent factor, bound to the cell m em brane
sufficiently tightly to resist displacement by Alcian blue, prevents access of
the Alcian blue to the negatively charged groups on the cell surfaces.

present in normal amounts, but are unavailable for binding to Alcian
blue. As show n diagramatically in Fig 20 the data indicates that the
charged groups are masked or neutralized, rather than absent.
F.

Hypothesis: Neutralization of Surface Negative Charge by a Cationic
Substance.
It seem s likely that the same process which is responsible for

neutralizing the negative charge on platelets and RBCs in SRNS is also
responsible for neutralizing the negative charge on the GCW. The
following hypothesis is therefore proposed:
The reduction of GCW negative charge which is believed to underlie
the proteinuria of SRNS, and the reduction of platelet and RBC negative
charge, m ight be due to a cationic factor, which is released into the
system ic circulation, and w h ich binds to and neutralizes negatively
charged groups on cells and membranes.
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Chapter 7
A Method to Detect Charge -neutralizing Factors.
A. Principle of the Method.
In order to confirm the hypothesis that the SRNS is due to the
presence of a cationic factor which neutralizes the negative charge on the
GCW and other membranes, a method to detect the proposed factor was
required. As initially the only predicted property of the chargeneutralizing factor was that it would bind to and neutralize the negative
charge on cells and membranes, use was made of this property for its
detection. The anionic glycosaminoglycans heparin, heparan sulphate ,
chondroitin sulphate, and dermatan sulphate are among the m ost
anionic constituents of biological m e m b r a n e s , 2 1 2 , 2 1 3 an(j a r e aiso
present in plasma and

u r in e .2 7 9 ,2 8 4 ,2 8 5

Most methods for detection of

GAGs utilize their negative charge and involve precipitation of GAGs
from solution by cationic dyes or d e t e r g e n t s . 2 7 9 , 2 8 5 , 2 8 6 Use was made
of the method of W h i t e m a n 2 7 9 , 2 8 0 , 2 8 7 [n which the cationic dye Alcian
blue 8 GX is used to precipitate GAGs from plasma and urine, (see
chapter 5 ) On mixing alcian blue with GAGs in solution, a precipitate is
formed which at pH 5 . 8 in the presence of magnesium chloride is highly
specific for GAGs. The Alcian blue in the precipitate can be quantified
after solubilization in SDS, by measurement of the optical density at 6 7 8
nm. The concentration of GAG's in the original solution is then
calculated by reference to the Alcian blue precipitate formed using a
standard GAG solution. Although this method is largely unaffected by
normal plasma or urine p r o t e i n s , 2 7 9 , 2 8 7 ^ seemed likely that highly
cationic proteins such as protamine or polylysine , which bind to GAGs
w ith high affinity , w ould resist displacement by Alcian blue.

The

presence of protamine or protamine-like cationic factors (including
those postulated in SRNS) might, therefore, be inferred by their ability to
inhibit the binding of Alcian blue to GAGs.
B. Method:
To confirm that highly cationic proteins could be detected by their ability
to inhibit Alcian blue-GAG interactions, experiments were undertaken
using heparin, as a well defined and readily available GAG. Varying
concentrations of the highly cationic proteins protamine sulphate and
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polylysine were tested for their ability to inhibit the precipitation of
heparin by Alcian blue. Other less cationic or heparin binding proteins
such as lysozym e, platelet factor 4 and beta-thromboglobulin were also
tested as controls. Standard solutions of heparin containing 20 units in
250 ul distilled water were mixed with an equal volum e of solution
containing increasing concentrations (0-4 m g/m l) of the material to be
tested. After incubation at room temperature for 30 min, 100 ul were
removed and added to 2 ml Alcian blue solution (0.05% w / v Alcian blue
8 GX in 50 mM sodium acetate buffer pH 5.8 containing 50 mM MgCl2 ).
The mixture was incubated at room temperature for 3 hours, and the
precipitate recovered by centrifugation at 2,000 g for 15 min. The
precipitate was w ashed once in 2 ml ethanol and again centrifuged.
After decanting the ethanol , the precipitate was dissolved in

1

ml 7.5%

(w /v ) sodium dodecyl sulphate (SDS) and the optical density (OD) at 678
nm recorded. The percentage inhibition of Alcian blue binding to
heparin by the test substance, henceforth referred to as the heparin
neutralizing activity, was calculated as :
% Heparin Neutralization = 1-QD of Alcian blue+heparin standard+test substance x 100
(heparin neutralizing activity )

OD

Alcian blue + heparin standard

C Results.
In the presence of the highly cationic proteins, protamine sulphate or
polylysine, there w as a concentration dependent inhibition of the
precipitation of heparin by Alcian blue (Figure 21). Heparin neutralizing
activity was detected in concentrations of protamine as low as 0 . 0 0 2
m g/m l, and was maximal in concentrations above 1 m g/m l. In contrast
to this potent effect of protamine and polylysine, platelet factor 4, beta
thromboglobulin and lysozym e had little heparin neutralizing activity .
Even in concentrations above 1 m g/m l, they produced less than 20%
inhibition of Alcian blue precipitation by heparin (Fig. 21).
D.
Discussion.
The highly cationic proteins, protamine sulphate and polylysine have
been shown to inhibit the binding of Alcian blue to heparin, even in
concentrations as low as 0.002 m g/m l. Other heparin binding or weaker
cationic proteins had little effect on the heparin-Alcian blue interaction.
The m ethod therefore appeared to be suitable for detection of the
postulated cationic, protamine-like factor(s) in SRNS. However, a
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Increasing concentrations of protamine sulphate (open circles) or poly-1lysine (open triangles) in 250ul water were added to an equal volume of
solution containing 20 units of heparin. After incubation at room
temperature for 30 minutes, lOOul were removed and added to 2ml 0.05%
A lcian blue 8 GX in 50mM sodium acetate buffer pH 5.8 containing 50mM
Mg£12. After recovery of the heparin-Alcian blue precipitate and
solubilisation of the precipitate in SDS following the method of
Whiiteman(276/277)/ the optical density of the Alcian Blue at 678nm was
recorded. Heparin neutralising activity was calculated as:
(X - OD of heparin standard + Aldan blue + test substance) x 100
OD of heparin standard + Alcian blue
The precipitation o f heparin by Alcian blue was progressively inhibited by
increasing concentrations of protamine sulphate or poly-l-lysine,
indicating potent heparin neutralising activity. Weaker cationic or
heparin binding proteins- lysozyme (open square), beta-thromboglobulin
(solid triangle), or platelet factor 4 (solid square) - had minimal heparin
neutralising activity even in high concentrations.
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number of problems required consideration in the use of this method to
detect charge neutraling factors in plasma or urine from children with
SRNS:
1) A lthough protamine

or polylysine can be readily detected by

inhibition of the GAG-Alcian blue interaction w hen tested in
chem ically defined solutions, unknown polycations in complex
solutions such as plasma or urine might not be detected as readily.
W hiteman had demonstrated that proteins present in urine or
plasma fron healthy individuals did not interfere w ith precipitation
of GAGs by Alcian b l u e 2 7 9 , 2 8 0 , 2 8 7
f t is possible that the altered
concentrations of proteins or lipids present in SRNS might interfere
with the method.
2) Plasma and urine contain considerable quantities of endogenous
GAGs. These might interfere with the method, either by competing
with heparin for the polycation, or by precipitating with Alcian blue,
thereby masking the presence of heparin neutralizing activity.
3) Any highly cationic factor released into the system ic circulation
would rapidly bind to anionic surfaces on endothelial cells, and blood
cells or to anionic plasma constituents. It w ould therefore only
appear free in the circulation once other anionic sites were saturated.
The factor might therefore be present in plasma and urine in very
low concentrations, complexed to GAGs and other endogenous
p o ly a n io n s, m akin g its d etection in u n con cen trated or
unfractionated plasma or urine difficult.
4) The concentrations of electrolytes and small ions m ight vary
considerably in urine from patients. The interaction of GAGs and
polycations is affected by electrolye concentration, a phenom enon
referred to as the critical electrolyte concentration e f f e c t . ^ 8 T he
electrolyte concentration would therefore have to be controlled prior
to use of the method on urine .
To overcome these problems, and apply the method to detection of
charge neutralizing factors in SRNS plasma and urine , the following
strategy was adopted:
1. The charge-neutralizing factor w ould be sought in concentrated
fractions prepared from large initial volumes of plasma and urine.
2. Initial ion-exchange chromatography w ould be u sed to separate
anionic and cationic constituents of plasma and urine, and to
separate most of the endogenous GAG's from the cationic fraction.
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3. As a control, plasma and urine from healthy individuals would be
fractionated and tested under the same conditions as used for the
SRNS samples.
4. All fractions would be adjusted to the same pH and ionic strength
prior to testing for heparin neutralizing activity, by dialysis against
0.01M ammonium acetate buffer pH 7.0 ( hereafter referred to as test
buffer.)
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Chapter 8
D etection of Charge N eutralizing Factors in Fractions of
Plasma and Urine from Children with SRNS prepared by Ion
Exchange Chromatography on DEAE Sephacel and Heparin
Sepharose, and by Hydrophobic Interaction Chromatography
on Octyl Sepharose.
A. Ion Exchange chromatography on DEAE Sephacel
1) Introduction
The anion exchange media DEAE Sephacel was selected for initial
fractionation of plasma and urine from SRNS patients and controls. At
pH 7.7 in lo w ionic strength buffers ,anionic plasma and urine
constituents, including G A G s , 2 8 8 bind to DEAE Sephacel, whereas
cationic substances pass unbound through the column.
2)

Methods
a) DEAE Sephacel Ion Exchange Chromatography

All fractionation and concentration procedures were carried out at 0-4°C
to prevent digestion of proteins by endogenous proteases.
Plasma: Plasma from SRNS patients in relapse or healthy adult controls
w as clotted by addition of Ca CI2 and the fibrin rem oved by
centrifugation. The pooled defibrinated plasma (80ml) from SRNS
children or adult controls was dialyzed against 0.01 M potassium
phosphate buffer pH 7.7 and applied to a column of DEAE-Sephacel (2.6 x
60 cm) equilibrated in the same buffer.

The column was washed

extensively w ith buffer and the bound fractions then eluted with a
linear gradient of 0 to 1 M NaCl in the same buffer. The column was
loaded at a flow rate of 40 m l/hour, and 15 min fractions were collected.
Column runs were monitored for proteins at an optical density of 280
nm using a Pharmacia UV-1 monitor. Collected fractions were pooled
in groups of 10, and concentrated either by dialysis in Visking tubing
against polyethylene glycol ( molecular weight [mw] 6 , 0 0 0 daltons) or by
lyophilization. After reconstitution to 5 ml volume and dialysis against
test buffer; fractions were tested for heparin neutralizing activity.
Heparin neutralizing activity was considered to be present if above 10%
neutralization was detected in duplicate tests.
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Urine: Pooled urine ( initial volume 3 litres ) from SRNS children in
relapse or adult controls was dialysed against distilled water using an
Amicon DC10 hollow fiber dialyser with a 5,000 dalton molecular weight
cut off. The urine was concentrated to 1 litre volum e by positive
pressure ultrafiltration on the same membrane, and then lyophilized.
The urine w as then reconstituted in 100 ml 0.01 M potassium phosphate
buffer pH 7.7 and chromatographed on DEAE Sephacel under the same
conditions as described for plasma . The collected fractions were pooled
in groups of ten, concentrated to 5 ml volume, dialyzed against test
buffer and tested for heparin neutralizing activity, as described in chapter
7.
b) Agarose G el Electrophoresis.
To confirm the effectiveness of the ion exchange chromatography in
separating anionic and cationic plasma constituents, 30ul of each pool of
ten fractions was electrophoresed on a 1% agarose in 0.01 M sodium
barbital buffer pH 8.4, using the standard method of L a u r e l l . 2 8 9 The
proteins were visualized by staining with coomassi blue.
3) Results
Column profiles obtained by fractionation of plasma and urine on
DEAE Sephacel are shown in figure 22. Heparin neutralizing activity was
not present in fractions of normal plasma (Fig 22 A), whereas heparin
neutralizing activity was present in the cationic fractions of SRNS
plasma w hich passed unbound through the column. (Fig 22 B) The
heparin neutralizing activity did not elute as a discrete peak, but was
present as a diffuse zone overlapping the initial protein peak.
Heparin neutralizing activity was also present in the fractions of
SRNS urine passing unbound through the column (Fig
not detected in any fractions of normal urine.

22

C ) but was

The results were

reproducible on duplicate column runs using plasma or urine pooled
from different patients.
Agarose gel electrophoresis of the fractions from the DEAE Sephacel
column confirm ed the separation of plasma and urine into cationic
fractions passsing unbound through the column, and anionic fractions
eluting with the NaCl gradient. (Fig 22D)
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Figure 22A
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Ion Exchange Chromatography on DEAE Sephacel of Normal Plasma.
80ml plasma was dialyzed against 0.01 M potassium phosphate buffer pH
7.7 and applied at 40m l/hr to a 2.6 x 60cm column of DEAE Sephacel. The
unbound fractions were eluted with the same buffer, and the bound
fractions then eluted with a 0 - 1 M NaCl gradient in the same buffer.
Heparin neutralising activity (hatched area) was not detected in fractions
of normal plasma. Protein concentration (OD 280nm) is indicated by large
circles, and conductivity (uSi) by the small circles.
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Figure 22B
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Ion Exchange C hrom atography on DEAE Sephacel of SRNS plasm a.
M ethod as for 22A. H eparin neutralising activity was detected as a broad
b an d in the u n b o u n d fractions. Protein concentration (OD 280nm)
indicated by large circles, and conductivity (uSi) by the sm all circles.
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Figure 22C
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Exchange C hrom atography on DEAE sephacel o f SRNS u r i n e .
M ethod as in 22A. H eparin neutralising activity was present as a broad
ban d in the u n b o u n d fractions. Protein concentration (OD 280 nm)
indicated by large circles, and conductivity (uSi) by the sm all circles.
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Agarose gel electrophoresis of fractions from SRNS plasm a.
Fractions separated on DEAE sephacel Stained w ith coomassie blue. The
cationic proteins in the unbound fractions (0-70) are clearly separated from
the anionic proteins which are eluted with the NaCl gradient, (fractions
71-170). NS = norm al serum control.
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4) Discussion
Cationic fractions of SRNS plasma and urine , prepared by ion
exchange chromatography on DEAE Sephacel have been show n to
contain factor(s) which inhibit the interaction of Alcian blue and
heparin. The heparin neutralizing activity mimics the effect of the
highly cationic proteins polylysine or protamine sulphate , and was not
detected in fractions of normal plasma or urine fractionated under the
same conditions.
The presence of the heparin neutralizing activity in both plasma and
urine from SRNS patients suggests that the activity is not simply due to
the proteinuria. Furthermore , the absence of the activity in even highly
concentrated fractions of normal plasma and urine suggests that it is
either due to a substance not normally present in plasma or urine , or a
normally present constituent in grossly increased concentration.
The find in g of the heparin neutralizing activity in all fractions
preceeding the NaCl gradient, rather than as a discrete peak, may be due
to its existence in polydispersed form, perhaps as a range of complexes
or aggregates of differing charge. In view of the affinity of the factor for
heparin it is likely that it w ould also bind to endogenous GAGs ,and
form a range of GAG-cationic factor complexes of varying charge.
Alternatively the activity could be due to several distinct substances.
The results support the hypothesis that the SRNS may be due to the
presence of a cationic factor which neutralizes the negative charge on
cells and membranes . H owever , the non-discrete elution of the
activity, and the large quantities of proteins present in the fractions
containing the activity suggest that the factor might be difficult to isolate
in pure form.
B. Chromatography on Heparin Sepharose .
1) Rationale
In view of the probable cationic nature of the substance responsible
for the heparin neutralizing activity , it seemed likely that it could be
extracted from solution by binding to cation exchange media. The
commercially available medium, Heparin Sepharose , was selected for
initial attem pts to im m obilize the charge neutralizing factor on a
column, w hile allowing most of the anionic proteins and GAGs to pass
unbound through the column. Heparin sepharose is not only a cation-
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exchange m edium , but also has specific affinity for several substances
which have heparin binding properties. As the charge neutralizing
factor appeared to bind to heparin, any specific affinity for heparin in
addition to electrostatic attraction w ould favour its attachment to
heparin sepharose. Furthermore many substances which interact with
GAGs have differing affinities for heparan sulphate, chondroitin
sulphate and Dermatan sulphate depending on the degree of sulphation
of the GAG.278-280
A s heparin is more highly sulphated than
endogenous GAG's ( heparan sulphate and chondroitin sulphate ) it
seemed likely that the charge neutralizing factor might dissociate from a
complex w ith the endogenous GAGs , and bind preferentially to the
im m obilized heparin.
) Method: a) Heparin Sepharose Chromatography.
Plasm a: Pooled, defibrinated plasma (80 ml) from SRNS children in
relapse or controls was dialyzed against 0.1 M acetic acid and the pH
adjusted to 7.0 by addition of NH 4 OH. The ionic strength was adjusted

2

to 10 uSi by dilution with deionized water and the plasma was then
applied at 40 m l/h our to a column of heparin Sepharose (80 x 2.6 cm)
previously equilibrated with the same buffer. The column was washed
with the start buffer and then eluted with a gradient of 0 to 3 M NaCl in
the same ammonium acetate buffer. Ten ml fractions were collected,
pooled in groups of ten, dialyzed to remove N a C l, and then lyophilized.
The residue w as then reconstituted in test buffer and the heparin
neutralizing activity determined.
Urine: (3 litres initial volume) was pooled from SRNS patients in
relapse or controls, dialyzed in the amicon DC 10 hollow fiber dialyzer,
concentrated by ultrafiltration on the same membrane and lyophilized.
The residue was dissolved in 0.1 M acetic acid and the pH adjusted to 7
by addition of N H 4 OH. After adjusting the ionic strength to 10 uSi by
dilution with deionized water, the urine was fractionated on a heparin
Sepharose column under the same conditions as described for plasma.
h. Sequential Heparin Sepharose Chromatography:
Fractions of SRNS urine, which were bound to heparin Sepharose
and eluted with the NaCl gradient, were pooled, dialyzed against 0.1 M
acetic acid ammonium acetate buffer pH 7.0 and after adjusting the ionic
strength to 10 uSi, re-applied to the heparin Sepharose column under
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the same conditions as used previously . The bound fractions were
eluted stepw ise with increasing concentrations of NaCl ( 35, 75, and 150
uSi) in the same pH 7.0 buffer. The fractions eluting in each step were
pooled, dialyzed to remove N a C l, lyophilized and reconstituted in 5 ml
test buffer before assay for heparin neutralizing activity.
3) Results:

Fractionation of normal or SRNS plasma on heparin

Sepharose is shown in Figure 23. Heparin neutralizing activity was not
detected in fractions of normal control plasma ( Figure 23A) , but was
found in the fractions of SRNS plasma which were bound to the column
and eluted with the NaCl gradient ( Figure 23B ).
Heparin neutralizing activity was not detected in any fraction of
normal control urine fractionated on heparin Sepharose ( Figure 24A),
whereas several of the bound fractions of SRNS urine contained heparin
neutralizing activity ( Figure 24B ). Similar results were obtained on
repeated colum n runs using plasma or urine pooled from different
patients.
As was observed on DEAE Sephacel the heparin neutralizing activity
did not elute from heparin Sepharose as a discrete peak but was found in
several zones eluting at ionic strengths between 10 uSi and 60 uSi. In
order to exclude column overload as the cause of this non-discrete
elution, the bound fractions were rechromatographed on the same
column using stepwise elution. As shown in Figure 25, several peaks of
heparin neutralizing activity were again obtained , eluting at ionic
strengths between 35 uSi and 150 uSi.
4) Discussion:
The detection of heparin neutralizing activity in fractions of SRNS
urine, and plasma which were bound to heparin sepharose , but not in
similar fractions of normal urine and plasma, provides further evidence
that a cationic charge neutralizing substance is present in the SRNS.
However , as w as observed on fractionation of SRNS plasma or urine on
DEAE sephacel, the heparin neutralizing activity did not elute as a
discrete band , but instead appeared to bind to heparin sepharose with a
range of affinities , and eluted at both low and high ionic strength.
Rechromatography of the bound fractions failed to produce a more
hom ogeneous elution pattern, excluding column overload as a cause of
the non-discrete elution. Explanations for the varying affinity of the
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Figure 23 A
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Heparin Sepharose Chromatography of Normal Plasma
Norm al plasma (80ml) previously equilibrated with ammonium acetate
buffer pH 7.0 (ionic strength 10 uSi) was applied to an 80 x 2.6cm colum n
of heparin Sepharose equilibrated in the same buffer. The bound fractions
w ere eluted w ith a 0-3 M NaCl gradient in the same buffer. Ten m l
fractions were collected. Heparin neutralising activity (hatched area) w as
<10% in all fractions. Protein concentration (OD 280nm) is indicated by
the large circles, and conductivity (uSi) by the small circles.
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H eparin Sepharose C hrom atography of SRNS plasm a
M ethod as in 23A. H e p arin neutralising activity (h atch ed area) w as
present in fractions eluting w ith the NaCl gradient. Protein concentration
(OD 280 nm) indicated by the large circles, conductivity (uSi by the sm all
circles).
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Heparin Sepharose Chromatography of Normal Urine.
Concentrates from 5 litres of normal urine were equilibrated w ith
ammonium acetate buffer pH 7.0 (ionic strength 10/uSi) and applied to an
80 x 2.6cm column of heparin Sepharose equilibrated in the same buffer.
The column w as eluted w ith a 0 - 3 M NaCl gradient in the same pH 7.0
buffer. Ten ml fractions were collected. Heparin neutralising activity was
not detected in any fraction. Protein concentration (OD 280nm) is
indicated by the large circles, and conductivity (uSi) by the small circles).
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H ep arin Sepharose C hrom atography of SRNS urine.
M ethod as in 24A. H e p arin neutralising activity (h atch ed area) w as
present in fractions eluting with the NaCl gradient. Protein concentration
(OD 280 nm) is indicated by the large circles and conductivity (uSi) by the
sm all circles.
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Figure .25
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R epeat C hrom atography of SRNS Urine on H eparin Sepharose.
The fractions of SRNS u rin e eluting from h eparin sepharose w ith the
NaCl gradient (fractions 15-150 in Figure 24B), were pooled, dialyzed, and
after re-eq u ilib ratio n w ith am m onium acetate buffer p H 7.0 (ionic
stren g th 10 uSi), re-applied to the heparin Sepharose colum n un d er the
sam e conditions as described in Figure 24A. Bound fractions w ere eluted
stepw ise w ith NaCl of increasing ionic strengths (35 uSi, 70 uSi, and 150
uSi). H eparin neutralising activity (hatched area) was detected in fractions
eluting betw een 10 and 150 uSi ionic strength. Protein concentration (OD
280nm) is indicated by open circles.
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heparin neutralizing activity for heparin sepharose include the
possibility that the activity is due to several different substances; that the
activity is due to polymers or aggregates of a single substance which
differ in size and charge ; and the possibility that the substance
responsible forms complexes of varying charge with GAG or other
anionic constituents. In an attempt to reduce complex formation or
aggregation of the factor, fractionation under conditions which might
dissociate GAG-cation complexes was attempted.
C) Hydrophobic Interaction Chromatography.
1. Rationale
High concentrations of NaCl or other electolytes are effective in
dissociating many substances which are complexed by electrostatic
interaction.

Fractionation of the heparin neutralizing activity in the

presence of high concentrations of NaCl therefore seemed a possible
method for obtaining it in uncomplexed form. Hydrophobic interaction
chromatography, in which substances are separated by hydrophobicity
rather than charge or size was undertaken , as this method can be
performed in high salt buffers which minimize electrostatic interaction.
The com m ericially available m edium O ctyl sepharose CL-4B w as
selected for initial experiments.
2. M ethod
Fractions of SRNS plasma or urine , or normal plasma or urine ,
which had bound to heparin sepharose and contained the heparin
neutralizing activity were dialysed against 4 M NaCl in 0.1 M
Ammonium acetate buffer pH 7.4, and applied at 40 m l/h r to a column
of octyl sepharose ( 2.6 x 40 cm) previously equilibrated with the same
buffer. The column was washed with 300ml of 4 M NaC l/am m onium
acetate buffer, and then eluted stepwise w ith 300ml volum es of the
following buffers:
1) 0.1 M ammonium acetate pH 7.4
2) 25%Ethylene glycol/ 75% 0.1 M ammonium acetate buffer pH 7.4
3) 50%Ethylene glycol/ 50% 0.1 M ammonium acetate buffer pH 7.4
4) 75%Ethylene glycol/ 25% 0.1 M ammonium acetate buffer pH 7.4
The fractions eluting in each step were pooled, dialysed extensively
against 0.01 M acetic acid and lyophilized . The lyophilized powder was

115

redisolved in test buffer, dialyzed against the same buffer and tested for
heparin neutralizing activity.
3. Results.
Table 2 shows the heparin neutralizing activity of fractions of SRNS
plasma and urine eluting from Octyl sepharose . Heparin neutralizing
activity was not present in the unbound fraction, but was present in the
fraction eluting at low ionic strength, as well as in the fractions eluting at
all three ethylene glycol concentrations. Heparin neutralizing activity
was not detected in any fraction of normal plasma or urine prepared
under the same conditions.

Table

2

FRACTIONATION OF SRNS PLASMA AND URINE
ON OCTYL SEPHAROSE
Fraction

%Heparin Neutralising Activity
Plasma
U rine

4m N aC l/0.1m Ammonium Acetate

2

0

40

31

25% Ethylene G lycol/ 0.1M Ammonium
Acetate

15

18

50% Ethylene G lycol/ 0.1M Ammonium
Acetate

25

28

75% Ethylene Glycol / 0.1M Ammonium
Acetate

46

34

0.1M Ammonium

Acetate

Fractions of SRNS plasma and urine prepared by Heparin Sepharose
Chromatography (as described in Fig 23 and 24) were fractionated on octyle
sepharose as described above. After extensive dialysis and concentration
to a volum e of 5ml, the fractions were tested for Heparin neutralising
activity.
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4). Discussion.
The heparin-neutralizing activity w as found to bind to octyl
sepharose w hen applied to this medium in a 4 M NaCl containing
buffer. The bound activity was then eluted with low ionic strength
buffer, and increasing concentrations of ethylene glycol. These findings
indicate that the factor is hydrophobic, or has hydrophobic regions.
W hile h yd rop h ob ic interaction chrom atography d id p rovid e
information on the hydrophobicity of the factor, a disappointing finding
was that the activity did not elute from the column under one set of
conditions , but was found in the low ionic strength fraction, as well as
the ethylene glycol containing fractions.
An additional problem with the use of this fractionation technique
was that ethylene glycol was found to interfere w ith the heparinneutralizing assay. Very extensive dialysis of the samples was therefore
required to ensure that all traces of ethylene glycol had been removed,
and this resulted in considerable time delay in between fractionation and
assay of the samples.
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CHAPTER 9

Partial Purification and Characterisation of the Heparin Neutralizing
Factor
A)

Initial Problems
The fractionation of SRNS plasma and urine on DEAE sephacel,

Heparin sepharose and Octyl sepharose, described in the previous
chapters, had provided som e inform ation on the properties and
behaviour of the cationic heparin neutralizing activity. H ow ever a
number of problems in the purfication and characterisation of the factor(s)
responsible had also become apparent:
1.
The heparin neutralizing activity appeared to be present in plasma
and urine in very low concentrations ( as estimated very crudely by
comparison with quantities of protamine which would have equivalent
heparin neutralizing activity). Furthermore the activity was mixed with
large quantities of other proteins (approximately 60 g/1 in plasma and 30
g/1 in SRNS urine), as well as lipids and polysacharides. Large volumes of
plasm a and urine w ould therefore be required to obtain sufficient
quantities of the cationic factor to process in several fractionation steps,
and procedures had to be found to remove the large quantities of albumin,
IgG, and other contaminating proteins.
2.
The initial fractionation attempts had used relatively large volum es
of plasma (80ml) and urine (3L) as starting material in each column run.
These volum es of plasma had been obtained from a large number of
patients seen over a period of several months.

Only small volumes of

blood can be obtained from SRNS children in relapse, for both ethical and
practical

reason s.

They

are

often

sm all

children,

and

are

haemoconcentrated and hypovolaemic. The use of plasma as the starting
material for a purification process ( which seemed likely to require several
steps and attempts at different separation procedures ) was therefore
limited by the quantities of plasma available.
3.
Urine is a more easily obtained source of the heparin neutralizing
activity than plasma.

Urine was therefore used for initial purfication

attempts, plasma being used only once the fractionation conditions had
been established . Although collection of urine from children is easier to
undertake than collection of plasma, the storage , dialysis and concentrage
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of large volum es of urine presented a number of practical problems which
required solution.
4.
Urine and plasma contain endogenous proteases. All fractionation
and handling of the urine and plasma was therefore conducted in the cold
at 0-4 0C to avoid proteolysis.
5.

The failure of the heparin neutralizing activity to elute as a discrete

peak from any of the three media so far studied suggested that the
substance responsible for the activity readily formed aggregates or
com plexes of differing size and charge w ith plasm a and urine
constituents. This would be the expected behaviour of any highly cationic
protamine-like substance. The activity w ould be particularily likely to
bind to endogenous GAGs or anionic glycoproteins, and might also bind
to columns and dialysis membranes. Conditions had to be found to
m inim ize complex formation and aggregation and to reduce binding of
the factor to dialysis membranes and plastics. Numerous methods to
overcome these problems were evaluated. Initial efforts were made to
separate the heparin neutralizing activity from contaminating proteins
using am m onium sulphate precipitation, iso-electric precipitation,
ethanol fractionation and Alcian blue precipitation these were not
sucessful and are not described further. In the following sections only
those procedures which proved useful in a purification process are
described.

B)

Collection, D ialysis and Concentration of Urine .

1.

Collection.
To obtain large volum es of urine from SRNS children in relapse ,

parents of the affected children were asked to test urine frequently for
proteinuria, and to begin collecting all voided urine as soon as 3+
proteinuria was detected on two consecutive days, indicating relapse.
Most children in relapse were not admitted to hospital but were managed
as outpatients. Urine was collected into plastic bottles (1 or 5 litre) and
frozen as soon as possible . The parents then brought the frozen urine to
the hospital at the next clinic visit . Urine collections were continued
untill proteinuria resolved.
Prior to dialysis and concentration the urine was thawed at 4 °C ,
filtered through coarse filter paper to remove precipitated solutes and
debris, and pooled in batches of

1 0 -2 0

litres.
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2.

Dialysis and Concentration
Several different methods were used for processing of these large
volumes of urine before a satisfactory method was found:
a)

Dialysis and Ultrafiltration on the Amicon DC10 H ollow Fiber
Dialysis and Concentration system.
The Amicon DC10 hollow fiber dialysis system was used in the initial

fractionation experiments described in the preceeding chapters. However ,
while the system was adequate for processing small volum es of urine ( 3-4
litres), concentration of larger volumes was very slow . Frequent changes
of dialysate and urine were required and the system was ultimately
abandoned as being too slow and laborious.
b)

Ultrafiltration and Dialysis with an Amicon Dual Cartridge H ollow
Fiber Concentrator with 10000 Molecular weight cut off.

This system was obtained on loan from Amicon Ltd for a peroid of
assesment . As with the DC10 concentrator , dialysis and concentration
were very slow, 3-4 days being required to process 20 litres. Furthermore
the recovery of heparin neutralizing activity from fractions prepared
using this system was low, suggesting considerable losses.
d)

Ultrafiltration and Dialysis on an Amicon stirred Flat Bed Filter .
A 1 litre capacity stirred flat bed dialyser was obtained on loan from

Amicon Ltd. It was effective in concentrating small volum es of urine (up
to

1

litre) , but w as felt to be too slow for use with the

20

litre volumes of

urine for which it was required.
e)

Gambro Haemodialysis Membranes.
The com m ercially available dialysis and concentration system s

which had so far been assesed seemed unsuitable for processing large
volumes. Although process-scale equipment was available from Amicon,
the price of the apparatus was prohibitive.
Patients requiring haem odialysis are routinely dialysed and
ultrafiltered with flat bed dialysers which enable many litres of blood to be
dialysed over a peroid of hours with high ultrafiltration rates, and very
efficient clearance of low molecular weight substances. It seemed likely
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that the haem odialysis system in clinical use w ould be suitable for
processing large volum es of urine and was therefore adapted for
laboratory use. (Fig 26)
Urine was pum ped through a Gambro Major l l u artifical kidney
using a W atson Marlow Pump at flow Rates of 100-160 m l/m in. The
urine was returned to a 5 litre reservoir , surrounded by crushed ice in a
polystyrene outer jacket to maintain the urine at 0°C. A screw clamp was
applied to the plastic tubing of the return line, and adjusted to provide
sufficient back-pressure to obtain ultrafiltration at a rate of 400-500 m l/hr.
This system was found to be extremely efficient, and 20 litres could
be concentrated to a volume of 1-2 litres in less than 48 hours. Following
concentration of the urine , the membrane was connected to a deionised
water supply, and dialysis performed with counter-current flow until the
conductivity of the urine was less than 0.5 uSi. 4-6 hours were usually
sufficient for dialysis .
The dialysed and concentrated urine was then lyophylized using a
High Vac Freeze Drying system. The dried urine was kept at -70°C until
required for further studies.

O
1.

Ion Exchange Chromatography on QAE Sephadex A50.
Rationale
On theoretical grounds, the binding of highly cationic substances to
GAGs and other anionic constituents should be reduced at extremes of pH.
At high pH, the cationic factors would be close to their iso-electric point
and their affinity for anionic substances therefore reduced, and conversely
at low pH the polyanions w ould be near their iso-electric point and thus
dissociate from a complex with poly cations. It seem ed likely that by
undertaking anion exchange chromatography at high pH ( pH+-9 ), the
cationic charge neutralizing activity would dissociate from a complex with
endogenous,GAG's and w ould also fail to bind to anion binding m edia .
In contrast GAG's , albumin , and most plasma or urine constituents
w ould be highly anionic at this pH and w ould bind firmly to anion
binding media. Anion exchange at high pH might therefore be a useful
first step in separating the heparin neutralizing activity from most of the
contaminating proteins and sugars.
QAE Sephadex A50 was selected for use, as it is a strong anion
exchange medium which can be used at high pH.
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Figure 26

C on c en tr ation and d i a l y s i s of Urine

Deionised w ater
source

Kidney
Screw clip

\U rin e

Filtrate

Dialysate waste

C rushed ice
Polystyrene

Collection

Concentration of urine using the Gambro haem odialysis membrane.
U rine is pum ped from the reservoir kept in crushed ice, through the
Gam bro artificial kidney. Back pressure is regulated by m eans of a screw
clip to produce a filtrate flow rate of 400-500ml/hr. For dialysis deionised
w ater is passed through the kideney countercurrent to the flow of urine.
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in

Jacket

2.

M ethod

a)

Batch Absorption.

Lyophilized ,dialysed urine (5 to 10 litres starting volum e ) from
SRNS patients or controls was dissolved in 0 . 1 M acetic acid with the pH
adjusted to 9.0 by addition of N H 4 OH. The urine was then diluted with
distilled water to ionic strength 3 uSi and mixed overnight with 1 litre of
sw ollen QAE Sephadex A50 beads previously equilibrated in the same
buffer. The beads were then poured into a Buchner funnel and the
unbound fraction eluted by washing the beads with 5 litres of the same pH
9 buffer.

The bound fractions were then eluted stepw ise with 5 litre

volum es of ammonium acetate buffer PH 8 , then PH7, and finally PH 7
containing 2 M NaCl. The fractions eluting in each step were lyophilized,
reconstituted in 1 0 ml test buffer, dialyzed against the same buffer , and
tested for heparin neutralizing activity.
Pooled, defibrinated plasma ( 100 ml) from SRNS children or
controls was dialysed against ammonium acetate buffer pH 9.0 ( ionic
strength 3 uSi) and batch chromatographed on QAE Sephadex under the
same conditions as described for urine.
b)
Column Chromatography:
Material eluting at pH 9.0 from the QAE Sephadex batch absorption
step was dialyzed against the same pH 9.0 ammonium acetate buffer and
then applied to a column ( 2.6 x 90 cm ) of QAE Sephadex A50 previously
equilibrated w ith the same buffer. The column was washed with pH 9.0
buffer until the unbound fraction had eluted , and then successively with
ammonium acetate buffer pH 8.0 and pH 7.0 and then pH 7 buffer
containing 2 M NaCl . The fraction eluting in each step was lyophilized ,
dialyzed against test buffer, and tested for heparin neutralizing activity.
3.

Results.
Heparin neutralizing activity was not detected in any fraction of

normal urine or plasma prepared by batch chromatography on QAE
Sephadex. In contrast, heparin neutralizing activity was present in the
unbound pH 9 fraction of both SRNS urine and plasma, and a smaller
amount of activity was also detected in the fraction eluting at pH 8 . (Table
3)
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Table 3

BATCH FRACTIONATION OF PLASMA AND URINE ON QAE SEPHADEX

Fraction

Heparin Neutralizing Activity %

Normal plasma Normal Urine

SRNS plasma

SRNS urine

pH 9 Filtrate

7

0

37

33

pH 9 Wash

2

0

58

49

pH 8

3

3

12

15

pH 7

0

0

0

7

pH 7 / 2 M N a d

0

0

0

0

100ml plasma or a concentrate from 10L urine from normal adults or
children with SRNS in relapse was Batch absorbed to QAE sephadex as
described above. The eluted fractions were dialysed, concentrated to 10ml
in test buffer and then tested for Heparin Neutralising activity.
The batch chromatography effectively separated most of the plasma
and urine proteins (which bound to the QAE Sephadex), from the pH 9
fraction containing the heparin neutralizing activity. The initial plasma
and urine applied to the QAE Sephadex was visibly yellow and viscous,
whereas the pH 9 fraction was a virtually clear solution, and even when
concentrated to 1 0 ml volume for testing, was less viscous than the
orignal urine or plasma.
The unbound pH 9.0 fraction of SRNS plasma or urine was then
rechromatographed on a QAE Sephadex A50 column (Figure 27).

The

heparin neutralizing activity was detected in fractions passing unbound
through the column at pH 9.0, and some additional activity was recovered
w hen the column was washed with pH 8.0 buffer. The majority of the
proteins bound firmly to the column, and were only eluted with the 2 M
NaCl wash. Heparin neutralizing activity was not detected in this major
protein peak. The results were reproducible on repeated column runs.
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Figure 27
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Ion Exchange C hrom atography of SRNS Urine on QAE Sephadex A50,
T h e p H 9 fraction p repared by initial batch absorption of the concentrate

from 10 litres SRNS urine, was re-applied to a 2.6 x 90cm column of QAE
Sephadex A50, p reviously equilibrated in the sam e p H 9.0 am m onium
acetate buffer (ionic strength 3 uSi). The colum n w as eluted w ith the
sam e pH 9.0 b u ffer and then w ith pH 8.0 am m onium acetate buffer.
H ep arin n eu tralising activity (hatched area) was detected in the fraction
eluting at pH 9.0. A sm aller am ount of activity was also present in the p H
8.0 fraction. P rotein concentration (OD 280nm) is indicated by open circles.
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4.

Discussion.
Initial batch fractionation of SRNS plasma and urine on QAE

Sephadex was found to be a simple , rapid and effective m ethod of
separating m ost of the plasma and urine proteins ( which bound to the
QAE sephadex) from the heparin neutralizing activity which was present
in the unbound pH 9 fraction.

Column chromatography of the active

fraction obtained by the batching proceedure rem oved additional
contaminating proteins.

The batching proceedure greatly reduced the

volum e and protein content of the active fraction, enabling subsequent
colum n fractionation to be carried out on relatively small columns with
acceptably short running times. The combined batching and column
fractionation on QAE Sephadex was therefore adopted as the initial step in
the purification process.
D)

Gel Filtration On Sephadex G150 and G100

1.

Rationale
The fractionation procedures described in the previous sections had
m ade use of the charge and hydrophobic properties of the heparin
neutralizing factor as the basis for separation. It seemed likely that a sizedependent procedure at this stage w ou ld be useful in separating the
activity from low molecular weight cationic peptides and proteins which
m ight comprise a large part of the contaminating proteins in the urine
already fractionated on QAE Sephadex. Furthermore, information on the
molecular w eight of the factor was required for its characterisation. Two
major difficulties were presented by the use of Gel filtration.
i)

Experience with other cationic and hydrophobic proteins ( such as

platelet derived growth factor ) suggested that the factor might bind to the
column , or form aggregates with other proteins or itself , resulting in
either failure to elute, or elution from the column with a falsely high
molecular weight.
ii) R esidual com plexes

of the charge neutralizing factor w ith

endogenous GAGs might result in the activity eluting with a range of
different apparent molecular weights.
In order to overcome these problems all gel-filtration experiments
were conducted in dissociating conditions, using I N acetic acid pH 3.5
containing 2 M NaCl, as the buffer system.
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2.

Methods: Sephadex G100 and G150 Fractionation.
Sephadex G100 and G150 were swollen in IN acetic acid / 2 M NaCl

pH 3.5 and packed according to the manufacturers instructions in 2.5 x 90
cm columns. The columns were calibrated using blue dextran 2,000; IgG (
m w 150,000 daltons); bovine serum albumin (mw 63,000 daltons) and
Ribonuclease a (mw 13,700 daltons) as molecular weight markers.
Five ml volum es of the concentrated fractions (plasma or urine )
eluting at pH 9 from the QAE Sephadex column, which contained the
heparin neutralizing activity , were dialyzed against 1 N acetic acid pH 3.5
containing 2 M NaCl, and chromatographed on either the Sephadex G100
or Sephadex G150 column, previously equilibrated in the same buffer.
The columns ( 2.6 x 90 cm ) were loaded and eluted at a flow rate of 1 2
m l/h o u r and 15 min fractions were collected . Proteins peaks were
pooled, dialyzed against 0.01 M acetic acid buffer pH 3.5 to remove NaCl,
and lyophized . The fractions were reconstituted in test buffer and the
heparin neutralizing activity determined.
3.

Results.

When the active heparin neutralizing fractions ( plasma or urine)
from the QAE Sephadex column step were fractionated on Sephadex G100,
the heparin neutralizing activity eluted overlapping the blue dextran and
IgG peaks (Fig 28). Similarly on fractionation through Sephadex G150, the
activity eluted between the blue dextran and IgG peaks (Fig 29). Heparin
neutralizing activity was not detected in the lower molecular w eight
peaks, which contained most of the proteins.
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Gel Filtration of SRNS Urine Fractions on Sephadex G100
Three ml of concentrated pH9 fraction obtained from the QAE Sephadex
colum n fractionation of SRNS urine was dialysed against acetic acid pH3.5
containing 2M N aC l and applied to a 2.6 x 90 cm column of Sephadex G100
equilibrated w ith the sam e buffer. The colum n was loaded and eluted at
1 2 m l/h r an d 15 m in u te fractions were collected. H ep arin n eutralising
activity w as d e te cted in the void volum e (hatched area). The arrow s
indicate the e lu tio n p osition of the m olecular w eight m arkers. Blue
Dextran (A) IgG (mW 150,000) (B), bovine serum album in (mW 67,000)
(C). Ribnucleae A(MW13,700) (D)Protein concentration (OD 280 nm) is
show n by the circles.

128

Figure 29
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150

G el Filtration of SRNS U rine Fractions on Sephadex G150
T hree ml of th e concentrated pH 9 fraction obtained from the QAE
Sephadex colum n fractionation was dialysed against 1 N acetic acid p H 3.5
containing 2 M N aCl and applied to a 2.6 x 90cm column of Sephadex G150
equilibrated w ith the sam e buffer. The colum n was loaded an d eluted at
12 m l/h r , and 15 m inute fractions were collected. H eparin neu tralisin g
activity (hatched area) was detected in fraction 32-60. The arrow s indicate
the elution position of the m olecular w eight m arkers. Blue D extran (A),
IgG (m w 150,000) (B), bovine serum album in (m w 67,000) (C), a n d
ribonuclease A (m w 13,700) (D). Protein profile (OD 280 nm) is show n by
circles.
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4.

Discussion.
Further fractionation of the QAE Sephadex pH 9 fractions on

Sephadex G100 did not successfully separate the heparin neutralizing
activity from the major protein peaks, although some separation from
low er m olecular w eigh t proteins was achieved.

Sephadex G150

fractionation was more sucessful, and enabled the activity to be separated
from a large proportion of the lower molecular weight proteins.
On both Sephadex G100 and G150, the heparin neutralizing activity
eluted overlapping the blue dextran and IgG peaks. The apparently high
molecular w eight of the heparin neutralizing factor may however be the
result of the formation of aggregates or complexes despite the dissociating
conditions em ployed rather than a true reflection of molecular size. The
sephadex G150 gel filtration step did, however result in further separation
of the activity from contaminating proteins, and was used in the
subsequent purification sequences.
E)

Fast Protein Liquid Chromatography ( FPLC ) on Mono-S.

1.

Rationale.
The heparin neutralizing activity had been shown to pass unbound
through QAE Sephadex at pH 9, suggesting that it is highly cationic with
an iso-electric point above pH 9. It therefore seem ed likely that the
activity w ould be very highly charged at low pH, and would exhibit high
affinity binding for cation binding media. Low pH fractionation would
also reduce the charge on endogenous GAG's, favouring dissociation of
the activity from complexes with GAG's , and thus improving binding of
the heparin neutralizing factor to cation exchange media.
The FPLC cation binding medium Mono S was selected for assesment
as it is a strong cation exchange medium which can be used at low pH.
The fast running times, good resolution , and high recoveries obtained
with FPLC fractionation also suggested it would be a useful technique.
2.

M ethod
Two ml fractions containing heparin neutralizing activity from

either the QAE Sephadex column step or the Sephadex G150 gel filtration
step were dialyzed against 100 mM sodium citrate buffer pH 3.5, diluted to
1 0 ml in the same buffer, and loaded using a 1 0 ml superloop applicator
onto a 1 ml column of Mono-S beads. The column was washed with 20
ml of the same buffer, and then eluted with a linear gradient of 0 to 1 0 0 %
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sodium citrate buffer pH 3.5 containing 2 M NaCl . Two ml fractions were
collected , dialyzed agianst test buffer, and the heparin neutralizing
activity determined.
3.

Results.
When fractions containing heparin neutralizing activity from either

the QAE Sephadex column step or the G150 gel filtration step were
fractionated on the FPLC Mono-S column ( Fig 30).

A single peak of

heparin neutralizing activity was detected in fractions eluting at 60 to 75%
of the NaCl gradient. The results were reproducible in repeated column
runs using material from either the Sephadex G150 or the QAE Sephadex
step. SDS Polyacrylamide gel electrophoresis of the active fraction , and
silver staining of the protein show ed 4 bands of protein ranging in
molecular w eight from approximately 2 0 0 ^ 0 0 to 5 OOO jn the active fraction.
(Fig.31) After reduction of disulphide bonds with 2% Dithiothreitol, the
high molecular weight bands visible on the SDS gel was replaced by two
smaller molecular weight bands of approximately 40^00 and 1 0 ^ 0 0 MW.
This suggests that the Heparin neutralizing factor m ay form high
molecular w eight complexes, which can be split into smaller submits
under reducing conditions.
4.

Discussion.
The heparin neutralizing activity has been shown to bind with high

affinity to the cation exchange FPLC column Mono-S at pH 3.5.

The

activity elutes as a single peak at a high salt concentration ( 1.5 M),
indicating a strong affinity for the cation exchange medium at this pH.
The activity eluted reproducibly in the same fractions on repeated column
runs, and appeared to be well separated from most of the contaminating
proteins. Although the active fraction still contained 3 or 4 protein bands
on SDS polyacrylamide gel electrophoresis, FPLC on Mono-S appeared to
be a useful step in the purfication of the activity . The single peak of
activity and the presence of only a few proteins in the active fraction
suggested that complete purification could be possibly achieved with one
additional step.
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Fast Protein L iq u id C hrom atography of SRNS U rine Fractions on M ono-S.
Tw o ml co n cen trated fractions containing h eparin n eu tra lisin g activity
from the QAE S ephadex colum n step w ere dialy sed a g ain st lOOmM
so d iu m citrate b uffer p H 3.5, diluted to 10ml in the sam e buffer, and
ap p lied using a 10ml superloop applicator to a 1ml colum n of M ono-S
equilibrated in th e sam e buffer. The colum n was w ashed w ith 20 m l of
the same buffer and then eluted w ith a gradient of 0 - 2 M N aC l in the
sam e buffer. T w o ml fractions were collected, dialysed a n d tested for
heparin n eutralising activity. H eparin neutralising activity (hatched area)
w as detected in fractions 20 and 21. The solid line indicates the OD 280 nm
tracin g from th e colum n recorder. Circles indicate p e rc en t of N aC l
gradient.
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Figure 31.
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MW MARKERS

SDS ALONE

19
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21

22 23

SDS + DTT

SDS Polyacrylamide gel electrophoresis of the active peak obtained from
the mono"S FPLC step. Several protein bands are still visible at this stage
ran g in g from >150,000 to <5,000 daltons in m olecular w eight. In the
presence of DTT, the high m olecular w eight bands are replaced by tw o
sm aller m olecular w eight bands of approxim ately 40,000 a n d < 10,000
daltons. A num ber of additional low m olecular w eight bands can be seen
running ahead of the buffer front.
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F)

Pronase D igestion of the Heparin Neutralizing Activity.
In order to establish whether the heparin neutralizing substance was

a protein, active fractions prepared from SRNS urine or plasma by QAE
Sephadex ion exchange chromatography were subjected to proteolytic
digestion with pronase. 500 ul of the active fraction were incubated at
37°C for 1 hour with an equal volume of test buffer containing pronase (1
m g /m l final concentration) or with test buffer alone.
The heparin neutralizing activity of the pronase-treated and
untreated fractions w as determ ined . As a control, the heparin
neutralizing activity of a known polycation ( protamine sulphate ) was
also measured before and after digestion with pronase.
As shown in Table 4, the heparin neutralizing activity of protamine
was either abolished or greatly diminished after incubation with pronase,
depending on the concentration of the cationic protein. The heparin
neutralizing activity of the fractions of SRNS plasma and urine was also
reduced or abolished by pronase digestion, suggesting that the activity is
due to a protein.
Table 4
HEPARIN NEUTRALIZING ACTIVITY AFTER PRONASE DIGESTION
% Heparin Neutralizing Activity
Fraction

Without Pronase

With Pronase

SRNS Urine pH 9.0 QAE
Sephadex Fraction

33

0

SRNS Plasma pH 9.0 QAE
Sephadex Fraction

42

9

SRNS Urine pH 8.0 QAE
Sephadex Fraction

15

0

Protamine Sulphate (lm g /m l)

80

52

Protamine Sulphate (0 . 1 m g/m l)

58

0

G)

Reproducibility
The number of experiments undertaken with each of the separation

techniques and the results are sum m arised in Table 5. H eparin
neutralising activity was detected in

12
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of

12

fractionations undertaken

using SRNS plasma and 22 of 27 fractions using SRNS urine. Heparin
neutralising activity was not detected in any of 1 0 fractionations
undertaken with normal plasma, nor in 1 1 with normal urine.

Table 5

Fractionation
m ethod

Summary of Fractionation Runs

R un
no.

Nephrotic plasma

+

-

Normal plasma

-

-

3

Nephrotic urine

+

-

4

Normal urine

-

-

5

Nephrotic plasma

+

-

6

Nephrotic urine

+

-

7

Normal plasma

-

-

8

Nephrotic urine

-

+

9

Normal urine

-

-

10

Nephrotic plasma

-

+

11

Normal plasma

-

-

12

Nephrotic urine

-

+

13

Nephrotic urine

-

+

14

Nephrotic urine

-

+

15

Nephrotic urine

-

-

16

Normal urine

-

-

17

Nephrotic plasma

-

+

18

Normal plasma

-

-

19

Nephrotic plasma

-

+

20

Nephrotic urine

-

+

21

Normal urine

_

.

DEAE Sephacel ion-exchange 1
chromatography pH 7.7
2

Heparin sepharose
chromatography
pH 7.0 gradient elution

Repeat
heparin sepharose
chromatography pH 7.0
stepwise elution

Starting
material

Heparin neutralizing
activity
Effluent
Eluate
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Table 5 Cont.

Fractionation
m ethod

Hydrophobic interaction
chromatography on
octyl sepharose . Samples
applied in 4M NaCL eluted
with 0-75% ethylene glycol
in 0.1m ammonium acetate
buffer pH 7.0

Heparin neutralizing
activity
Effluent
Eluate

Run
no.

Starting
material

22

Nephrotic urine

-

-

23

Normal urine

-

-

24

Nephrotic urine

-

+

25

Normal plasma

-

-

26

Nephrotic plasma

-

+

27

Normal urine

-

-

28

Nephrotic urine

-

+
+
Small amount
of activity
eluting at pH 8.0
-

Ion exchange chromatography 29
QAE sephadex pH 9.0
Batch absorption elution
by decreasing pH
30

Nephrotic plasma

+

Normal plasma

-

31

Nephrotic urine

+

32

Normal urine

-

+
Small amount of
activity at pH 8.0
-

33

Normal urine

-

-

34

Nephrotic urine

+

-

35

Nephrotic urine

+

-

36

Normal plasma

-

-

37

Normal urine

-

-

38

Nephrotic plasma

+

Ion exchange
QAE Sephadex pH 9.0
Column chroatography

Small amount of
activity at pH 8.0
+
Moderate activity
at pH 8.0
-

39

Nephrotic urine

+

40

Nephrotic urine

-

41

Nephrotic urine

+

+

42

Nephrotic urine

+

Activity at pH 8.
-

43

Nephrotic plasma

+

+
Activity at pH 8.0
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Table 5 Cont.

Fractionation
m ethod

Gel filtration
Sephadex G100

Gel filtration
Sephadex G150

FPLC on MonoS
pH 3.5

Heparin neutralizing
activity
Effluent
Eluate

Run
no.

Starting
material

44

Nephrotic urine

+

45

Nephrotic plasma
(from 38)

Activity eluting with
void volume

46

Normal plasma
(from 36)

No activity detected

47

Nephrotic urine
(from 39)

Activity eluting with
void volume

48

Normal plasma
(from 36)

49

Normal urine
(from 37)

-

50

Nephrotic plasma
(from 43)

Activity overlapping
void volume

51

Nephrotic urine
(from 41)

Activity overlapping
void volume

52

Nephrotic urine
(from 44)

Activity overlapping
void volume

53

Nephrotic plasma
(from 36)

+

54

Nephrotic urine
(from 31)

+

55

Nephrotic urine
(from 60)

+

56

Nephrotic plasma
(from 43)

+

57

Normal plasma
(from 48)

58

Nephrotic urine
(from 34)

+

59

Nephrotic urine
(from 39)

+

60

Normal urine
(from 49)

11 3
'l 7H

-

Table 5 Cont.

Fractionation
m ethod

H)

Run
no.

Starting
material

61

Nephrotic urine
(from44)

Heparin neutralizing
activity
Effluent
Eluate
+

Discussion: Partial Purification of the Heparin Neutralizing Factor.

The sequence of ion exchange and gel filtration chromatographic
procedures outlined in this chapter ( Fig 32 ) have enabled the heparin
neutralizing protein to be partially purified, only 4 or 5 protein bands
being present on a silver stained SDS polyacrylamide gel after the FPLC
step. The initial batch separation on QAE Sephadex greatly reduced the
contaminating proteins by binding most of the albumin and other normal
plasma proteins. The removal of several grams of albumin and other
proteins enabled the activity to be fractionated on a column of QAE
Sephadex. Gel filtration on Sephadex G150 of the active material from the
QAE Sephadex colum n removed additional low m olecular w eigh t
proteins and peptides. The final ion exchange chromatography on the
cation exchange FPLC column, Mono-S, resolved the activity into a single
peak eluting at high salt concentration.
As the heparin neutralizing

protein cannot be detected in

unfractionated plasma and urine ( due to the presence of endogenous
GAGs ) the percentage recovery of active material in this fractionation
process cannot be calculated . Furthermore as the protein responsible for
the activity has not been identified , the percentage concentration of the
heparin neutralizing activity achieved by this process is not yet known.
At least one further fractionation step w ill be required to complete
the purification of the protein. This has not yet been attempted as very
small quantities of active material are available from the FPLC step.
Subsequent attempts to complete the purification will requite additional
active material , which could be obtained either by pooling the active
fraction from several batches of SRNS urine, or perhaps by using a
preparative FPLC column for the Mono-S step, which w ould permit
processing of larger quantities of protein.
Several different procedures could be used to com plete the
purification of the protein. Re-application of the active fraction to the
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Eig32
Sequence for Partial Purification of the Heparin Neutralizing Factor
10 - 20 L SRNS Urine or 100ml Plasma

I

Concentrate and dialyze on Gambro Filter

I
l
I
I
i
I
I
I

Lyophylize

Redissolve in pH 9 buffer

Batch absorb on QAE Sephadex

Lyophylize active pH 9 wash

Redissolve in pH 9 buffer

Apply to QAE Sephadex Column

Lyophylize Active Peak

Redissolve in IN acetic add / 2M NaCl

\
\

Apply to Sephadex G150 column

Dialyze and lyophylize active peak
1

Redissolve in dtric add pH 3.5

I

Apply to Mono - S - FPLC

l

Recover active fraction
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Mono-S colum n under different pH conditions may produce better
separation of the activity from contaminating proteins. Alternatively
chrom atofocusing using the FPLC Mono-P column, or reverse phase
chromatography may be suitable procedures.
The procedures utilized so far have enabled the heparin neutralizing
protein to be characterized as being highly cationic, with a pH probably
exceeding 9, and with some hydrophobicity. For reasons discussed
previously, estimates as to its molecular weight cannot be reliably made
from gel chromatography, and complete purification of the protein will be
necessary to establish its size.
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CHAPTER 10

Production of Antibodies to the Heparin Neutralizing Factor.

A) Introduction
A ntibodies to the heparin neutralizing protein w ould be usefull
reagents for its detection in body fluids or on histological sections.
Ideally production of such antibodies should be undertaken using the
com pletely purified protein. However , it seemed likely that useful
information might still be obtained using antibodies raised against the
partially purified protein.
B) M ethods
1) Production of Antibody
Two heparin neutralizing fractions obtained by different separation
procedures were used as immunogens:
a) The active pH 9 fraction from the QAE Sephadex colum n
chromatography of SRNS urine
b) The active fraction obtained after initial chromatography of SRNS
urine on heparin sepharose , follow ed by hydrophobic interaction
chromatography on Octyl sepharose. ( the fraction eluting in the low
ionic strength buffer was used.)
Each of these fractions was filtered through a m illipore filter,
dialyzed against isotonic phosphate buffered saline, and mixed with an
equal volum e of incom plete freunds adjuvant. The mixture was
emulsified by repeated injection through a 23 gauge needle using a glass
syringe.
One m l of the emulsion was injected subcutaneously into adult
rabbits (a. into rabbit 701, b. into rabbit 702) using four different sites. 500
ul of the same mixture were injected 1,3, and 4 weeks after the initial
injection. The rabbits were bled

6

weeks after the first injection, 40 ml of

blood being drawn from each animal.
2) Separation of the IgG Fraction
Serum (20 ml) from each of the rabbits was dialyzed against 0.05 M
Tris HC1 buffer pH 8.1, and applied at a flow rate of 40 m l/hour to a
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DEAE Sephacel column (2.4 x 40 cms) previously equilibrated with the
same buffer. The column was then washed with the same 0.05 M buffer,
and 15 m inute fractions were collected . The initial peak, containing
mostly IgG , eluted before commencing the salt gradient,, and albumin
and most other proteins were retained on the column, and were only
recovered w hen the column was washed with 2 M NaCl. The fractions
containing the initial protein peak were pooled, lyophilized, and after
reconstitution in 5 ml distilled water, dialysed against isotonic
phosphate buffered saline.
3) Im m uno-electrophoresis
The presence of antibodies in the IgG fractions directed against the
m aterial u sed for im m u n ization w as a ssesed by im m unoelectrophoresis. lOOul of each of the partially purified heparin
neutralizing fractions, or normal serum were electrophoresed in a 1 %
agar gel in barbitone buffered saline pH 8.4 at 10m amps for 1 hour.
Wells were cut parallel to the direction of electrophesis and filled with
the rabbit antiserum. The gels were incubated at 4°C overnight and then
stained with Coomassie blue.
4) Inhibition of the Heparin Neutralizing Activity by Antibody.
Antibodies in the IgG fraction from the immunized rabbits , which
inhibited the heparin neutralizing activity were detected as follows. 25
ul of the active fraction eluting from the QAE Sephadex at pH 9, was
mixed with increasing concentrations (0-30 ul) of the antiserum IgG
fraction.

The volume of the mixture was kept constant at 55 ul by

addition of PBS. After 30 min incubation at 37°C, 5 ul of heparin ( 1: 64
dilution of 5,000 u /m l ) were added. After a further 30 min incubation,
the Alcian blue precipitable heparin was m easured as described
previously. An affinity purified anti-human albumin antibody was used
as a control.
5) Im m unoprecipitation.
Protein A sepharose beads were washed extensively with pH 7.4
isotonic PBS, and then suspended in 1 ml of the same buffer to form a
slurry. 45 ul of the IgG fraction from the rabbit immunized with the
active heparin neutralizing fraction from QAE sephadex (fraction a ) was
mixed with 30 ul of the active fraction . PBS, without IgG was used as a
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control. After incubating the mixture for 30 min at 37°C, 80 ul of the
suspension of protein A sepharose beads w ere added. After m ixing at
37 °C for 20 m in, the beads were rem oved by centrifugation . The
heparin neutralizing activity of the supernatant was then determ ined as
described above.

C) Results
On im m unoelectrophoresis of the partially purified IgG from the
im m unized rabbits against norm al serum , or the fractions used for
im m unization, precipitin bands were seen in the IgG and album in
regions. N o definite bands were seen in the more cationic regions.
The IgG fraction from the rabbits im m unized with either fraction (a)
or (b) inhibited the heparin neutralizing activity (Fig 33). The inhibition
was concentration d e p e n d a n t, and did not occur using an irrelevant anti
hum an antibody (anti-albumin).
Im m u n o p recip itatio n of the h eparin neu tralizin g activity w ith
antiserum and p ro tein A sepharose beads also reduced the h ep arin
neutralizing activity .

D) Discussion: Production of antibodies to the Cationic Protein
Antisera have been raised against two different fractions containing
hep arin n eu tralizin g activity and the IgG partially p uirfied . Both
antisera contain antibodies against IgG an d album in, as w ould be
expected from the crude nature of the immunogenic fractions. The IgG
rich antisera in h ib it the heparin neutralizing activity, and inhibition
w as n o t o b se rv ed u sin g irrelev an t an tih u m an

antibodies (an ti

album in). The antisera also rem oved the heparin neutralizing activity
w hen im m unoprecipitation was carried out w ith protein A Sepharose.
The results indicate that the protein(s) responsible for the h eparin
neutralizing activity are imm unogenic , and suggest that antibodies m ay
be u sefu ll re a g e n ts b oth for p u rificatio n of th e p ro te in , a n d
investigation of its biology and role in the pathogenesis of SRNS.
A lthough the u se of antibodies has not yet been further investigated
they m ay be useful in the following areas:
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Eigure 33

INHIBITION OF HEPARIN NEUTRALISATION BY
ANTIBODY
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Inhibition of Heparin Neutralising Activity by Rabbit A ntibody to the
Cationic Fractions
Increasing volum es of the IgG fraction from rabbits im m unised with
cationic fractions of SRNS urine obtained by repeated Heparin Sepharose
Chromatography and hydrophobic interaction chromatography (702) or by
QAE Sephadex ion exchange chromatography (701) were added to an
active heparin neutralising fraction of SRNS urine and the Heparin
neutralising activity determined. Rabbit anti-human albumin was used as
a control antibody. Both antibodies against the cationic fractions of SRNS
urine inhibited the heparin neutralising activity in a dose dependent
manner. The anti-albumin had only minimal inhibitory activity.

144

1) Detection o f the cationic heparin neutralizing protein on the
glomerular capillary wall.
The present antisera to the protein also contain anti-albumin and
anti IgG antibodies. Although purfied antibody to the cationic heparin
neutralizing protein would be better for immunofluorescent detection of
the protein on the glom eruli, it may be possible to adsorb the
contaminating antibodies to normal serum proteins by incubation of the
antisera with normal renal tissue or by imm unoprecipitation w ith
albumin and IgG.

Alternatively, any weakly bound serum proteins

attached to the glomerular capillary wall could be eluted by washing the
tissue with high strength buffers. The tightly bound cationic heparin
neutralizing protein would probably resist such treatment and could
then be detected using the crude antisera.
2) Detection of the Heparin Neutralizing Activity in body fluids.
The current method for detection of heparin neutralizing activity is
insensitive and can easily be interfered w ith by contaminating GAG's .
Antibodies to the purfied protein would enable it to be detected by more
sensitive and specific immunological techniques.
3) Determination of the Cell of Origin.
Antibodies m ay be useful for investigating the cell of origin of the
heparin neutralizing protein . Immunofluorescent detection of the
protein on cells, or in cell supernants m ay indicate what cell type is
responsible for synthesizing and secreting the protein.
4) Purification of the Protein u sin g Polyclonal A ntibodies

or

Monoclonal Antibody Techniques.
In view of the difficulties in purifying the heparin neutralizing
protein to homogeneity using standard chromatographic procedures, an
alternative approach using immunological techniques may be useful.
The partially purified protein could be used to im munize mice. The
presence on antibodies which inhibit the heparin neutralizing activity
could be detected by the method described in this chapter . Monoclonal
antibodies to the protein could be produced using this detection system
to screen for antibody producing clones. Monoclonal antibodies to the
protein could be used to purify and characterise protein by
im m unoprecipitation, by affinity colum n fractionation, and by
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identification of the protein on SDS Polyacrylamide gels using western
blots . Monoclonal antibodies would also be useful in identifying the
protein on histological sections, in body fluids, and in studying its role in
diseases other than SRNS.
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CHAPTER 11

The Significance of the Cationic Charge Neutralizing Factor(s)
and Reduced Cell Surface Charge in SRNS and other diseases.

A)
N eutralization of Cell and Membrane N egative Charge by the
Cationic Factor: A cause of Proteinuria in SRNS.
The evidence implicating loss of glomerular capillary wall negative
charge in the pathogenesis of the SRNS has been reviewed in Chapter 2.
The observation that surface negative charge on red blood cells and
platelets is also reduced in SRNS, despite the normal concentrations of
sialic acid on the cell membranes, (Chapter 6 and reference 290)
suggested that a common mechanism underlies the abnormal surface
charge of both blood cells and the glomerular capillary wall. It was
therefore postulated that both phonomena might be due to the presence
of a cationic factor, which binds to and neutralizes the surface charge on
red blood cells, platelets, and the glomerular capillary wall (Chapter 6 ) .
In order to detect this postulated factor and to isolate it from blood or
urine, a chemical assay based on inhibition of binding of the cationic dye
Alcian blue 8 GX to the anionic GAG heparin was developed ( Chapter 7).
The m ethod w as show n to detect highly cationic proteins such as
protamine and polylysine, but not weaker heparin binding proteins such
as platelet factor IV, beta thromboglobulin, or lysozym e. The method
would, therefore, be expected to detect protamine-like factors which bind
to heparin sufficiently tightly to resist displacement by Alcian blue.
Using this method to detect charge neutralizing proteins, plasma and
urine from children with SRNS was found to contain a factor which
mimics the effect of protamine in reducing the binding of Alcian blue to
heparin ( Chapter 8 ). This factor was not detected in plasma or urine of
healthy controls. The factor appears to be a protein, as its actvity is lost
follow ing digestion with pronase. The heparin neutralizing protein
passes unbound through the anion exchange medium DEAE Sephacel at
pH 7.7, and does not bind to QAE Sephadex at pH 9.0, suggesting that it
has an iso-electric point above pH 9.0. The protein binds with high
affinity to the cation binding ion-exchange medium Mono-S at pH 3.0,
confirming its highly cationic nature . As would be expected from its
binding to heparin, the factor also binds to heparin Sepharose at pH 7.0.
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On gel filtration of the heparin neutralizing factor on either
Sephadex G100 or Sephadex G150 in dissociating conditions, the activity
eluted with the void volume. Other highly cationic or heparin binding
proteins such as platelet derived growth factor and platelet factor IV are
known to form aggregates or complexes with other proteins and to elute
from gel fitration columns with falsely elevated apparent molecular
sizes.

It is, thus , not clear whether the apparently high molecular

weight of the heparin neutralizing factor is a true reflection of its size, or
the result of aggregation or complex formation despite the use of
dissociating conditions.
The sequence of fractionation procedures which has been developed :
QAE Sephadex batch ion-exchange, QAE Sephadex column ion-exchange
chromatography, gel fitration on Sephadex G150, and finally FPLC on
Mono-S has enabled the heparin neutralizing activity to be obtained in
partially purfied form , separated from several hundred grams of protein
in the original plasma or urine. Although the activity elutes as a single
peak from the Mono-S FPLC step, several protein bands are still visible
at this stage on SDS Polyacrylamide gel elecrophoresis . Further steps are
thus required to complete the purification of the protein. Attempts to
com plete the purification have so far been hindered by the small
quantities of active material available after the FPLC step. However it
should be possible to increase the amounts of active material sufficiently
to enable the purification to be completed, either by pooling, the active
fractions from several FPLC runs, or by using a preparative Mono-S
colum n to which larger amounts of protein could be applied.

An

additional fractionation step using either reverse phase chromatography,
or chrom atofocusing on the Mono-P FPLC column should enable
complete purification to be achieved.
Although it is possible that the cationic protein(s) w e have detected in
plasm a and urine of children with SRNS are present as a secondary
consequence of the heavy proteinuria, several lines of evidence suggest
that the protein may be pathogenic rather than simply a consequence of
the derangement of plasma and urinary proteins of the SRNS. Infusion
of protamine or other highly cationic proteins into the kidney of
e x p e r im e n ta l
a lb u m

an im als
in d u c es p r o tein u r ia
s e le c tiv e
for
i n , 2 2 3 , 2 2 4 , 2 2 5 , 2 9 1 as w en as diminished uptake of cationic dyes on

the glomerular capillary

w a ll2 2 3 ,2 2 5 #
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Furthermore , infusion of

protamine into the systemic circulation of anephric rats produces a
generalized increase in capillary p e r m e a b i l i t y 2 9 2 > Cationic proteins such
as polylysine have also been shown to bind to platelets and red blood
cells, and to induce platelet aggregation and diminished binding of
cationic markers to cell m e m b r a n e s , 274 similar to that observed in
S R N S .4 2 ,4 4

therefore seems likely that a highly cationic protein such

as we have detected in S R N S plasma , which binds to heparin and resists
displacement by Alcian blue , would also bind to the heparan sulphate
on the glomerular capillary wall, and thus reduce the surface negative
charge responsible for restricting the filtration of albumin and other
anionic proteins.
Confirmation of a pathogenic role for the heparin
neutralizing protein m ust await completion of its purfication and
demonstration that it is deposited on the glomerular capillary wall.
To confirm that the heparin neutralizing protein is deposited on the
glomerular capillary w all and other cell membranes, an antibody
directed against the protein is required, which could be used for its
detection on h isto lo g ica l section s by im m u n oflou resen ce or
immunoperoxidase labelling techniques . Crude antisera have been
raised in rabbits by injection of the partially purified protein ( Chapter
10). IgG fractions of these antisera have been shown to inhibit the
heparin neutralizing activity, and to remove it from solution by
immunoprecipitation with protein A Sepharose. These crude antisera
probably have too much cross reactivity with normal serum proteins to
be used for immunofluorescent detection of the cationic protein on
renal histological sections . However, they have confirmed that the
protein is immunogenic , and this suggests that detection of the protein
by immunological means should be possible , either after adsorption of
contaminating antibodies to normal serum proteins in the existing
antisera, or by production of more specific antibodies ( either Mono- or
Polyclonal) using the purfied protein as the immunogen.

B) Role of the charge neutralizing factor in the thrombotic tendency of
SRNS:
The presence of a cationic charge neutralizing protein may not only
cause the proteinuria of SRNS by neutralizing glomerular capillary wall
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negative charge , but may also play a role in the pathogenesis of the two
other major clinical features of SRNS: thrombosis and hyperlipidaemia.
The thrombotic tendency of S R N S has been associated with a variety
of abnormalities of platelets, the coagulant pathw ays, and the
anticoagulant and fibrinolytic systems (Chapter I ) . 26,42-47 th e presence
of a protamine like cationic protein may offer an explanation for several
of these abnormalities . As discussed in chapter VI, the negative surface
charge on platelets , RBC’s and the endothelium is important in
preventing aggregation and adherence of cells to the e n d o t h e l i u m . 2 7 0
Neutralization of the surface negative charge by an adherent cationic
protein would reduce the electrostatic repulsion between the cells and
the vessel wall, and facilitate intravascular aggregation and adherence of
cells to the endothelium. The presence of a cationic charge neutralizing
protein may thus contribute to the spontaneous platelet aggregation,4244 shortened platelet s u r v iv a l^ and the platelet hyperaggregability

documented in

SR N S293.

The role of the endogenous GAGs, heparin, heparan sulphate,
chondroitin sulphate and dermatan sulphate in preventing thrombosis
has been in c re a sin g ly reco g n ized 2 1 2 , 2 1 3 .
The anionic
glycosaminoglycans, particularly heparin, greatly accelerate the activity
of the serine protease inhibitor anti-thrombin 1 1 1 , which binds to and
inactivates thrombin, factors lXa, XIa, X Ila, and also plasmin and
kallikrein. Heparin induces a conformational change in anti-thrombin
1 1 1 which accelerates its activity approximately 2 , 0 0 0 t i m e s . 2 9 4 Heparin,
heparan sulphate and dermatan sulphate also enhance the activity of
heparin co- factor 1 1 , another plasma glycoprotein which inhibits
t h r o m b i n . 2 9 4 , 2 9 5 , 2 9 6 The importance of anti-thrombin 1 1 1 and heparin
co factor

11

in preventing thrombosis has been established by the

association of thrombo-embolic disease with inherited deficiencies of
either of these thrombin i n h i b i t o r s . 2 9 7 , 2 9 8 . The endogenous GAG’s thus
appear to be important in activation and localization of the thrombin
inhibitors on the endothelial s u r f a c e 2 9 9 ancj m a y aiso exert an
anticoagulant effect on

endothelial surfaces by other ill-defined

m e c h a n is m s - 2 9 9 ,3 0 0

The presence in SRNS of a cationic protamine-like protein , which
binds to and neutralizes the endogenous GAG’s , w ould be expected to
reduce their binding to anti thrombin

111

and Heparin Co factor 11, and

thus inhibit the GAG induced activation of the thrombin inhibitors.
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Evidence that this may indeed occur in SRNS was obtained from a study
of the anticoagulant effect of heparin in SRNS plasma , which was
conducted as part of the work described in this thesis, in collaboration
with Dr. Christiane Vermylen: when heparin was added to SRNS
plasma in vitro, significantly more heparin was required to prolong the
partial thromboplastin time, than was required in plasma from normal
children.301 The results were not explicable by reduced concentrations
o f anti-throm bin 1 1 1 , heparin co-factor 1 1 or h istid in e-rich
glycoprotein.301 Although the exact cause of the abnormality has not
been determined , the presence in SRNS plasma of a protamine-like
cationic protein may be contributory . Increased heparin requirements to
achieve anticoagulation have also been observed in vivo in children
with SRNS. 302
O Possible role of the charge neutralizing factor in the hyperlipidaemia
of SRNS:
The hyperlipidaem ia of SRNS is usually attributed to over
production of lipids and lipoproteins as a secondary response to
h y p o a l b u m i n a e m i a 6 4 / 6 6
( Chapter 1 ). However diminished plasma
clearance of lipoproteins has also been docum ented.67,303,304 The
enzym e lipoprotein lipase plays a central role in clearance of
lipoproteins from the circulation . Lipoprotein lipase is not normally
present in the circulating blood, but is bound to the vascular
endothelium by attachment to heparan sulphate and other G A G s . 2 1 2,305
Heparan sulphate appears to stimulate the activity of the enzym e,
whereas protamine inhibits it288,305,306. Lipoprotein lipase can be
displaced from the endothelial surface by administration of heparin ,
and can then be detected in the peripheral circulation as a heparin lipoprotein lipase c o m p l e x . 3 0 5 , 3 0 6
Several studies have docum ented decreased lipoprotein lipase
activity in plasma of patients with SRNS obtained after injection of
h e p a r in .6 7 , 3 0 3 , 3 0 4
The reduced activity could be due either to
quantitative deficiency of the enzym e on the endothelial surface, or
inhibition of its activity by factors in SRNS plasma. In a study conducted
in collaboration with Dr. Christiane Vermylen and Dr. David Muller at
the Institute of Child Health, w e found that plasma from children with
SRNS inhibited the activity of lipoprotein lipase. The inhibitory activity
w as not due to the presence of lipids or h y p o a l b u m i n a e m i a . 3 0 7
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Although the exact cause of the reduced lipoprotein lipase activity in
SRNS has not yet been established , the presence of a cationic protein
may explain both a quantitative reduction of lipoprotein lipase on the
endothelium , and inhibition of its activity. N eutralization of the
endothelial GAG's by the cationic protein w ould reduce the available
binding sites for attachment of lipoprotein lipase, resulting in
quantitative

d eficien cy

of

the

enzym e

on

the

en d oth eliu m .

Furthermore a protamine like cationic factor would inhibit the enzymes
activity either directly , or by binding to heparan sulphate and reducing
the GAG induced stimulation of a c t i v i t y 3 0 7 .
It is of interest that Staprans et al , studying the lipoprotein lipase
activating GAG's in SRNS urine, noted that GAG's in SRNS urine were
complexed to a protein which caused abnormal electrophoretic mobility
and abnormal chromatographic behaviour of the G A G ' s . 2 8 8 It is
possible that the protein in the GAG-protein complex documented by
these workers is the same cationic heparin binding protein we have
detected.
D) Origin of the factor
If the charge -neutralizing protein w e have detected and partially
purified is indeed responsible for the neutralization of glomerular
capillary wall negative charge, and thus the proteinuria of the SRNS , a
key question is its origin and the reason for its presence in the circulating
blood. Several cells of the immune system are known to contain highly
cationic proteins , which are released during activation. These proteins
in clu d e n eu trop h il cationic p rotein s,3 0 8 ,3 0 9 eosinophil basic
proteins,309,310 macrophage cationic proteins,311 and platelet cationic
proteins.3H
These proteins are known to have a variety of biological
a ctiv ities3 1 3 and m ay increase vascular perm eability,309,312,314
neutralize heparin,312 induce histamine release,309,311,312 stimulate
chem otaxis,314
Mil bacteria.315 Neutrophil and platelet derived
cationic proteins have also been shown to bind to the glomerular
polyanion,316,317,318 and may reduce the fixed negative charge on the
glomerular capillary wall.317,318,319,320
The SRNS is often precipated by upper respiratory tract infections or
allergic in s u l t s .! 0 3 -1 0 7
M oreover, the response to steroids,
immunosuppressive drugs and natural measles suggest that the disorder
m ay have an im m une mediated pathogenesisl^O (Chapter I). It is
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therefore, possible that the charge neutralizing cationic protein is
released from som e cell of the im m une system during im m une
activation.
Similar mechanisms have been proposed in experimentally
induced acute serum sickness,317 and in the nephrotic syndrome of
systemic lupus erythematosis, in which Camussi et al docum ented
deposition of neutrophil and platelet cationic proteins on the
glomerular capillary wall and depletion of neutrophil cationic proteins
in the peripheral blood n e u t r o p h i l s . 3 1 8 The basic defect in SRNS may
thus be an excessive or uncontrolled release of cationic proteins from
som e cellular com ponent of the im m une or acute phase response
system. The effect of steroids and immunosuppression may be to reduce
the release of these proteins.
E) Relevance to other disorders
Finally the observations documented in this thesis may be relevant
to many other diseases other than SRNS. Reduction of cell and
membrane surface negative charge, either by removal of charged groups
or by their neutralization by adherent macromolecules, may be a
com m on p ath op h ysiological event in disorders associated w ith
abnormal platelet -vessel wall interactions such as atherosclerosis,
diabetes and thrombo-embolism. The methods for measurement of cell
surface charge by alcian blue binding may be applicable to these other
disorders, and several studies in other diseases using the Alcian blue
binding method reported in this thesis have now been p u b l i s h e d 3 2 1 , 3 2 2 .
Although the role of capillary wall negative charge in restricting
albumin and other plasma proteins to the intravascular space has been
studied m ostly in the kidney, electrostatic repulsion between the anionic
groups on the endothelium and those on plasma proteins are important
in maintenance of vascular permeability in other vascular beds. Loss of
capillary wall negative charge may be an important mechanism leading
to increased vascular permeability in disorders other than those of the
glom erulus. Release of cationic inflammatory mediators or GAG
degrading enzym es which reduce capillary wall negative charge and
increase vascular permeability may be involved in the pathogenesis of
systemic disorders associated with a "capillary leak", such as endotoxic
shock, adult respiratory distress syndrom e, the viral haemorrhagic
fevers, and staphylococcal toxic shock syndrome. Moreover the cationic
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protein present in the SRNS may be a mediator of increased vascular
permeability in these other disorders.
Documentation of the role of capillary wall negative charge, and its
neutralization in inflammatory disorders , may offer new areas for
therapeutic intervention. In SRNS , and in other disorders where
release of cationic mediators , and loss of negative charge, leads to
increases vascular permeability, administration of polyanions such as
GAG's, or anionic dextrans, which may neutralize the cationic factors,
may improve vascular permeability. Further studies in these areas
should both advance understanding of the mechanisms of vascular
permeability , and lead to new forms of therapy.
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