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Senior Editor's Preface 

This volume widens the topic span of the book series. It focuses 
on experimental and clinical pathology. It complements Vol. 11 
(Cancer-Cell Organel les) and pays some attention to the matrix (notably 
collagen) as well as the cell. It also touches on pharmacological 
and nutritional abnormalities. Especial attention has been paid 
to proteolysis - a notable 'growth-area'. 

After a somewhat unproductive decade, prospects for elucidating 
the cellular basis of pathological changes do seem to be improving, 
as exemplified in this book. Certain kindred books (not methodology
oriented) purport to survey cell pathology but are dominated by 
normal-cell observations, e.g. on membranes, of potential rather 
than present-day applicability to cell-pathology studies. This 
holds to some extent for the present book too. Yet its carefully 
chosen title is reckoned unlikely to raise false expectations, whilst 
open to criticism because Disease does not self-evidently embrace 
cell toxicology. At least the title is an improvement on that of 
the Forum which led to the book, as is amplified on p.xiv ('Forum 
Co-Organizer's Foreword'). As in the past, the aim of long-term 
usefulness without the shortcomings of typical 'Proceedings' was 
an incentive to optimizing the sequence of articles and to thorough 
edi ting and indexing. Certain special topics are colla ted in a Sub-Index. 

Appreciation is expressed to authors for 'finding time' to 
produce publication texts, even if delayed or requiring much editorial 
rectification - which earned gratifying compliments from some authors. 
Al terations to authors' texts were mainly for the sake of clarity, 
consistency or crispness, or of adherence to conventions mentioned 
below. No attempt was made to standardise terminology in respect 
of proteinases/proteases/peptidases (see art. #E-6), desirable though 
this might have been. Nor was action taken on two pet aversions, 
with no easy remedy, which are now aired (comments invited!).- Where 
a reaction mixture is kept for a set time at 0°, 'incubate' seems 
an unhappy term; likewise the term 'staining' where, in contexts 
such as electron microscopy, visualization does not involve a stain. 

Some authors who 'grew up' with subcellular discoveries (e.g. 
lysosomes, mid-1950's) and innovations (e.g. zonal rotors, mid-1960's) 
seemed to assume that younger readers would be equally knowledgeable 
and wary. For such readers, whose possible unfamiliarity with vital 
concepts such as enzyme latency warranted some editorial re-phrasings, 
there are some useful basic sources (besides Methods in Enzymology I 
e.g. Vol. 3lA), including: Subcellular Components (ed. G.D. Birnie; 
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2nd edn.; Butterworth}, Density Gradient Centrifugation (R. Hinton & 
M. Dobrota, in the North-Holland/Elsevier Laboroatory Techrriques series) 
and Centrifugation (ed. D. Rickwood; IRL Press). E. Reid's advocacy 
(in 1972) of 'differential pelleting' (counterpart: 'differential 
banding') as a clearer term than 'differential centrifugation' has 
gained adherents. Early 'B' volumes (up to Vol. 11) in the present 
series, as listed opposite the title page, also offer guidance on 
separating cells and subcellular elements, and on their characteri
zation. The latter, often skimped, relies largely on judicious 
assays for markers, as amplified in a Forum-derived 'manifesto' 
by Morre et al. (1979; Eur. J. Cell Biol. 20, 195-199) aimed at the 
community of editors and referees as well as authors. 

Acknowledgements. - The Forum had the benefit of planning help 
from Honorary Advisers including both Co-Editors and Drs. W.H. Evans 
and T.J. Peters, and of support awards from Beechams Pharmaceuticals, 
Ciba-Geigy (Advanced Drug Delivery Research, Horsham) and the Cancer 
Research Campaign. Two academic participants had company support 
(LKB, Bromma; Nyegaard, Oslo). Certain publishers readily gave 
permission to reproduce published material, as acknowledged in 
individual articles. The cover 'logo' was adapted from a diagram 
in Membranes and their Cellular Functions (2nd edn., ed. J.B. Finean, 
R. Coleman & R.H. Michell; Blackwell, Oxford). 

Conventions and abbreviations.- For density (d) values, the unit 
(g/mI) is not usually stated. For mol. wts., commonly derived by 
comparison with reference proteins on gels, expression in Dal tons 
was felt less appropriate than Mr (or kMr , analogous to kDa). All 
temperatures (O) are in degrees Celsius. Units such as M (molar) 
have been favoured, although not conforming to SI practices. 
Abbreviations accepted by the BiochemicalJournal without definition 
need no explanation here - e.g. EDTA, Tris and, for absorbance, 
A (not O.D.). Other abbreviations have been defined in the articles 
concerned, but some warrant collation here: 

Ab, antibody (MAb = monoclonal) 
BSA, bovine serum albumin 
ELISA, enzyme-linked immuno-

absorbent assay 
e.m., electron microscopy/ 

micrograph 
e.r., endoplasmic reticulum 
FFE, free-flow electrophoresis 
HPLC, high-pressure liquid 

chromatography 

Guildford Academic Associates 
72 The Chase, Guildford 
Surrey GU2 5UL, U.K. 

i.p., intraperitoneal 
i.v., intravenous 
LL, lipid-lowering (hypolipidaemic) 
PAGE, polyacrylamide gel 

electrophoresis 
p.m., plasma membrane 
RIA, radioimmunoassay 
s.a., specific activity 
s.c., subcutaneous 
SDS, sodium dodecyl sulphate 

ERIC REID 

15 May 1987 
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Forum Co-Organizer's Foreword 

"In all organs of the body whose functions have been investigated 
by physiologists, it has been found that difference of function is 
invariably associated with a difference of structure, so that inter
dependence of function and structure has become an axiom. We are 
therefore justified in founding theories concerning the physiological 
function of an organ on a purely anatomical study of its structure, 
although the complete establishment of such theories must ultimately 
be afforded by physiological investigations" [statement by Starling 
as cited by G.C. Huber (1909/10) Harvey Lects. 5, 100-149]. 

With the increased use of animal models and tissue culture 
techniques in combination with the highly sensitive and advanced 
analytical methodology to study human diseases, it has long been 
felt that a subcellular approach to organelle changes was needed 
to reveal mechanisms leading to ce 11 ular derangements. The 10th 
International Subcellular Methodology Forum, 'Investigation of 
Cellular Derangements'* (Guildford, U.K.; 1-4 September 1986) which 
gave rise to this book was planned with no attempts made to be 
comprehensive. The Forum was planned to encourage the 'old' Forum 
tradi tion of vigorous debates made possible only by the presence 
of the very special array of cellular and subcellular experts attending. 

It is believed that the book emphasizes the bridging role and 
also shows the applicability of the subcellular approach to the study 
of the processes involved in disease. 

Medical Department A 
Haukeland Sykehus 
University of Bergen 
Bergen, Nopway 
(during sabbatical stay with 
Dr. J.K. McDonald - cf. #E-6) 

KNUT-JAN ANDERSEN 

* In view of dictionary definitions of 'derange' (e.g. 'throw into 
confusion or out of gear', 'to make insane'). mild misgivings about 
the aptness of the term 'Derangements' were expressed to Eric Reid 
(Chief Organizer), who later sought other opinions, notably from 
Peter Campbell, and who comments in the Senior Editor's Preface on 
the aptness of the different title chosen for this Forum-based book. 
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INVESTIGATION OF ISCHAEMIC EFFECTS ON SUBCELLULAR 
STRUCTURES BY CENTRIFUGATION METHODS 
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Both differential centrifugation* and isopycnic centrifugation 
are both useful for investigating membrane pathology. Two abn01'l7/al 
situations may be manifest after differential centrifugation of a 
homogenate originating from a pathological organ: an increase in 
the % of marker enzymes recovered in the unsedimentable fraction 
or a change in distribution curve after incomplete sedimentation. 
On the other hand, the distribution after isopycnic centrifugation 
of organelles derived from a pathological organ can be perturbed 
in two main ways. - The pathological process can cause an increase 
of the particle pe1'l7/eability to the molecule used to make the gradient, 
resulting in a density change, or there may be a modification in 
the particle content causing an increase or decrease of its density. 
These general considerations are illustrated below by examples, 
originating from our laboratol'Y and confined to lysosomes and mitochon
dria, on rat liver subjected to permanent or transitory ischaemia. 

Amongst methods used to investigate alterations in subcellular 
membranes during a pathological process, centrifugation methods are 
of some help, either analytical or preparative and either differential 
(particle behaviour depending mainly on size) or isopycnic. To study 
pathological changes in membrane composition or certain physical 
properties, it is in general necessary to obtain purified organelles, 
commonly by preparative centrifugation. On the other hand, analytical 
centrifugation (which does not furnish purified organelles in bulk) 
can nevertheless give interesting information on the physicochemical 

*Editor's note: Where sedimentation is complete, the term 'differen
tial pelleting' may be apt [Reid, E. (1972) SubcelZ. Biochem. 1,217]. 
Some 'basics' in the MS. have been curtailed ~onsult standard sources). 
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properties of organelles and therefore on their alteration due to 
injury of some sort. 

Two abnormal situations can arise after differential centri
fugation of a homogenate originating from a pathological organ: an 
increase in % of an enzyme recovered in the unsedimentable fraction 
or a change in its distribution curve after incomplete sedimentation. 
The former may result from a true disruption of particles within 
the cells, caused by the pathological process. It may also originate 
from an alteration of the particle, which may not be sufficient to 
allow the enzyme to escape into the cytosol but makes the organelle 
more susceptible to homogenization and centrifugation procedures. 
Obviously the distinction between these two situations, both leading 
to increased unsedimentable enzyme, is very important; the former 
must be more deleterious to cell function. A change in the sedimen
tation coefficient distribution curve generally occurs if the size 
of the particle is modified, particularly if the particle swells 
- which can likewise lead to its disruption during homogenization. 

In isopycnic centrifugation the distribution of organelles 
originating from the pathological organ can be perturbed as a result 
of two main modifications. The pathological process can cause an 
increase of the particle permeability particularly to the molecule 
used to make the gradient, with a resul ting change in equilibrium 
density. Another possibility is a modification of the particle content 
causing its density- to change, e.g. an accumulation of lipids in 
the particle would decrease its density. 

We now illustrate these general considerations, for lysosomes 
and mitochondria only, by a few examples from work done in our own 
laboratory on rat liver subjected to permanent and transitory ischaemia. 
In brief, the experimental procedure consists in clamping the vascular 
pedicle of the left lobe of the liver with small forceps that are 
removed at selected times if re-establishment of the circulation 
is required. The animals are killed at various times after inducing 
ischaemia or after re-perfusion; the left lobe is excised and processed 
for differential or isopycnic centrifugation. 

DIFFERENTIAL CENTRIFUGATION 

Fig. 1 illustrates how ~-galactosidase (a lysosomal hydrolase) 
distributes after differential centrifugation according to de Duve 
et al. [1]. Normally (top of Fig.) the hydrolase is recovered mainly 
in the pellet fractions designated M and L with a peak of relative 
specific activity (r.s.a.) ~n L. Little is recovered in the soluble 
fraction S. On the left is illustrated the distribution observed 
after 2 h of ischaemia and at different times after restoration of 
blood flow. What is striking is the increase, caused by ischaemia, 
in the proportion of enzyme located in S, indicating that a disruption 
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Fig. 1. Distributions of 
~-galactosidase after 
differential centrifuga
tion, as amplified in the 
text. The times refer to 
re-perfusion, started 
after 2 h of ischaemia 
(pedicle ligature). The 
relative specific activity 
is the ratio 
% of total recovered activity 

% of total recovered proteins 
and the abscissa is the 
relative protein content 
of fractions (cumulatively 
from left to right). The 
chlorpromazine-injected 
rats received, at the time 
of ligature, 2 mg/IOO g 
body wt., s. c. 
From ref. [J}, 
by permission. 
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of lysosome membrane occurred in vivo or in vitro. Note that lysosomes 
which are not disrupted keep the same distribution pattern as normal 
lysosomes; therefore the disruption does not concern specifically 
'big' or 'small' organelles. Some recovery is observed I h after 
re-perfusion. Later, a progressive loss of ~-ga lac tosidase from 
K + L takes place with a parallel increase in S. In similar experi
ments (right) where the rat had been treated with chlorpromazine, 
which according to Chien et al. [2] prevents cell death caused by 
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ischaemia, the distribution patterns after 2 h are similar to those 
in the untreated rat. However, under these conditions the quasi-normal 
distribution re-attained 1 h after re-establishment of the blood 
flow persists thereafter. 

The main conclusion that can be derived from these observations 
is that 2 h of ischaemia causes a release of lysosomal enzymes. 
Such a release does not originate from a disruption of the lysosomal 
membrane within the cell. Indeed, it is difficult to imagine by 
what mechanism the hydro lases present in the cytosol could be associated 
with lysosomes no more than 1 h after the re-flow of blood. A plausible 
explanation for the release of acid hydrolases observed just after 
ischaemia is that it resul ts from a lysosomal membrane disruption 
during homogenization owing to increasing fragility of these organ
elles. However, for the secondary rise of unsedimentable ~-galactosi
dase a true release within the cell cannot be excluded because the 
process is apparently irreversible. Chlorpromazine does not prevent 
the first release of hydrolase, but protects the lysosomes- from 
irreversible alterations after restoration of blood flow [3]. As 
shown by Wattiaux-De Coninck et al. [4], differential centrifugation 
can also be used to investigate the perturbations of heterophagy 
caused by ischaemia; their differential centrifugation resul ts suggest 
that the intracellular traffic of the pinocytosed protein is markedly 
impaired by ischaemia. 

Enzyme latency. - Mention is warranted here of a method which 
is cognate to differential centrifugation in that it provides similar 
information on the state of the organelles, viz. assessment of the 
structure-linked latency of enzymes associated with subcellular 
structures. - The enzyme release is measured not after separation 
of sedimentable structures but directly on the homogenate or the 
granule preparation. Indeed, normally an enzyme that is present in 
intact granules has no access to external substrate and the reaction 
cannot take place, whereas free enzyme has access to substrate. 
Accordingly, under these conditions, the enzyme ac tivi ty depends 
on the proportion of altered granules. In general, measured values 
are similar for the unsedimentable activity and for free activity. 

ISOPYCNIC CENTRIFUGATION 

When a subcellular structure is centrifuged in a density gradient, 
its size, shape and density can change during the centrifugation. 
Advantage can be taken of these changes to analyze some properties 
of the particles and to investigate whether these properties are 
modified as a result of a pathological process such as ischaemia. 

Let us consider mitochondria. They are surrounded by two membranes. 
The outer membrane is freely permeable to molecules such as sucrose 
or metrizamide, whereas the inner membrane is impermeable to such 
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molecules. When mitochondria migrate through a sucrose densi ty
gradient, the inter-membrane space is filled with sucrose solution 
of increasing concentration while the matrix compartment shrinks by 
losing water. Therefore it can be expected that if ischaemia alters 
the permeability of the inner membrane, it will affect the behaviour 
of mitochondria in a density gradient. The same considerations hold 
for lysosomes. 

In Fig. 2 we illustrate the distribution of cytochrome oxidase 
(mitochondria) and cathepsin C (lysosomes) after isopycnic centri
fugation in a Percoll gradient in 0.25 M sucrose medium. The equilib
rium density the particles attain in such a gradient is the one 
that they are endowed with in isoosmotic sucrose. The experiments 
were performed on mitochondrial fractions isolated at different times 
after induction of ischaemia. In the normal rat, mitochondria equilib
rate at a median density of around 1.10; 30 min after ischaemia 
a second small peak becomes apparent in a lower density region. 
The proportion of mitochondria recovered in that region increases 
with the duration of ischaemia, so that after 2 h the cytochrome 
oxidase distribution is totally shifted towards lower-density regions 
of the gradient. 

The effect of ischaemia on cathepsin C distribution is less 
apparent. However, as we have shown, some lysosomes are disrupted 
in the homogenate of the ischaemic liver. It is therefore possible 
that most of the altered lysosomes escape analysis by gradient centri
fugation because they have been disrupted during homogenization. 

What can cause such a distribution change of mitochondria as 
ascertained by cytochrome oxidase distribution? There are two possible 
explanations: ischaemia either brings about an accumulation of low
density substances in the organelles, or induces an increase in permea
bility of the inner membrane to sucrose. Use of the model proposed 
by Beaufay & Berthet [5] can help answer the question. Figs. 3 and 4 
show how, according to these authors, the density of mitochondria 
changes as a function of the molality of the sucrose solution. An 
increase of sucrose space (Fig. 3) causes a decrease in mitochondrial 
densi ty in 0.25 M sucrose. The decrease is less pronounced when 
the sucrose concentration of the medium increases, and indeed when 
it is sufficiently high the converse is observed, the density of 
mitochondria with a high sucrose space exceeding that with a low 
sucrose space. On the contrary (Fig. 4), the density decrease caused 
by an accumulation of low-density substances in the organelles is 
greater at high than at low sucrose concentration. 

Experimentally, the influence of the sucrose concentration of 
the medium on mitochondrial density can be assessed by subj ecting 
the granules to isopycnic centrifugation in a gradient of a macro
molecular substance, glycogen or Percoll, in sucrose medium, and 
alternatively in a sucrose gradient. The equilibrium density that 

{ctd. on. p. 10 
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Fig. 2. Distribution of cytochrome oxidase (A) and cathepsin C (B) 
after isopycnic centrifugation of liver mitochondrial (M+ ~ fractions 
in 0.25 M sucrose with Percoll as gradient material. Lobe ligature 
to produce ischaemic was continued for the time indicated. The 
time interval of the square angular velocity was 24 . 6 rad 2 /n-sec. 

Ordinate ('Frequency'): Q/~Q.~p where Q represents the activity 
found in the fraction, ~Q the total recovered activity, and ~p the 
increment of density from top to bottom of the fraction. 
The short arrows illustrate the density shift caused by ischaemia. 
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the particles exhibit in a Percoll or glycogen gradient is the density 
it is endowed with in the sucrose medium, since the macromolecular 
component does not affect the particle density. By repeated centri
fugation in various sucrose solutions it is possible to infer how 
the density of the particles changes as a function of the sucrose 
concentration of the medium. On the other hand, the maximal equilibrium 
density of the organelle is that which the particle assumes in a 
sucrose gradient. Fig. 5 allows us to compare the cytochrome oxidase 
distributions in a Percoll gradient, containing 0.25 or 0.5 M sucrose, 
and in a sucrose gradient. As expected, the equilibrium density 
of the particles increases with the sucrose concentration of the medium 
and is maximal in a sucrose gradient. 

The effect of ischaemia on the granule density strikingly depends 
on the sucrose distribution of the medium. It is less pronounced in 
0.5 M than in 0.25 M sucrose. In a sucrose gradient, an increase 
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in equilibrium density of the organelles is observed when they originate 
from an ischaemic liver. Such an observation strengthens the hypothesis 
that ischaemia causes an increase in the permeability of the inner 
membrane to sucrose. 

Obviously it is also possible to investigate by isopycnic centri
fugation the fate of the structures when the circulation is re
established. This is exemplified in Fig. 6. We show again the distrib
ution of cytochrome oxidase observed 2 h after ischaemia and in addi tion 
the distribution seen 1 hand 22 h after re-perfusion when animals 
have been injected with nembutal. As previously shown [6], nembutal 
treatment prevents cell death caused by ischaemia. The treatment 
does not prevent the cytochrome oxidase distribution change observed 

Figs. 5 (left) and 6 (right). 
Distribution of cytochrome 
oxidase after isopycnic 
centrifugation of rat-liver 
mitochondrial fractions (as 
used in the experiments of 
Fig. 2; see its legend for 
explanation of the graphs) 
in density gradients con
taining sucrose. The liver 
lobes had been subjected to 
ischaemia for 2 h. 

Fig. 5: Percoll gradients 
with 0.25 M (A) or 0.5 M (8) 
sucrose, or (C) a sucrose 
gradient. Time interval of 
the square angular velocity: 
for Percoll and sucrose 
gradients, respectively 
24.6 and 144 rad 2 /n-sec. 

Fig. 6: Percoll gradient 
with 0.25 M sucrose. The 
ischaemic lobes had been re
perfused for the different 
times stated in the Figure. 
Initial nembutal treatment: 
5 mg/lOO g body wt., s.c. 
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after 2 h of ischaemia. However, when blood is re-supplied there 
is progressive re-attainment of the normal distribution. Such an 
observation suggests that the mitochondrial membrane's change in 
permeability, induced by 2 h of ischaemia, is a reversible phenomenon 
and, accordingly, cannot be blamed for the cell death resulting from 
blood deprivation. 

CONCLUDING COMMENT 

Examples presented in this article show that centrifugation 
experiments can help elucidate the effect on the cell of a pathological 
condition such as ischaemia. We think that deeper insight into 
the behaviour of organelles in pathological cells could be gained 
if centrifugation methods that we have mentioned could be more 
frequently applied to the study of physicochemical and functional 
modifications of subcellular structures. 
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Tissue biopsy samples have routinely been used for diagnostic 
purposes for nearly a century. More recently, such material has 
been employed for biochemical investigations. Studies of organelle 
abnormalities can be quantitatively assessed by marker enzyme analysis 
(e.g. N-acetyl-~-glucosaminidase and acid phosphatase for lysosomes, 
lactate dehydrogenase for cytosol) in combination with subcel lular 
fractionation by density-gradient centrifugation. Thereby hitherto 
unassigned enzymes etc. can be localized. 

Functional studies of biopsy fragments can be performed with 
assessment of protein and enzyme synthesia by cultured tissue 
fragments. Recent studies have developed micro-techniques for investi
gating lipid synthesis and metabolism. Similarly, in vitro studies 
of intestinal fragments can be used to measure the absorptive capacity 
for various nutrients or for assessing mucosal permeability. Selective 
application of this approach to a variety of human tissue disorders 
is discussed. 

Since the work of Virchow, histopathological examination of 
biopsy samples of human organs has been performed increasingly. 
Currently this represents the major definitive technique used in the 
investigation of human disease, and in many instances has even made 
post-mortem examination obsolete. The material is generally placed 
in fixatives and examined by a variety of morphological techniques 
at both the light- and the electron-microscopic level. Fixation 
precludes much biochemical examination of the tissue; but increasingly 
techniques of cell and molecular biology, as well as more classical 
biochemical procedures, are applicable to these mg-sized biopsy 
samples. This review discusses some of the techniques which we have 
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developed to investigate morphological and functional disorders in 
tissue biopsy samples. Because this review is concerned wi th techniques 
and methodology rather than the investigation of a particular disorder, 
the breadth of topics covered is wide. 

SUBCELLULAR FRACTIONATION AND ENZYMIC ANALYSIS OF INFLAMMATORY BOWEL 

The equipment and methods used in these studies have been reviewed 
elsewhere [1].* More recently, these techniques have been applied 
to the study of inflammatory disorders of the large bowel. The major 
non-malignant disorders that afflict this organ in Western society 
are ulcerative colitis - a relapsing inflammatory disease confined 
entirely to the large bowel - and Crohn's disease, a condition of 
increasing incidence which patchily may affect the whole gastro
intestinal (G-I) tract, most typically the terminal ileum, but which 
may cause segmental inflammation of the large bowel. In contrast 
to ulcerative colitis, Crohn's disease may respond only poorly to 
a variety of treatments and frequently recurs after apparently 
successful excision of the affected region of the bowel. Distinction 
between these disorders is thus important for therapeutic and 
prognostic reasons. In many cases histological examination of the 
colonic/rectal biopsies may indicate the nature of the disease. 
In ulcerative colitis the predominant inflammatory cell is the poly
morphonucle1ar leucocyte whereas in Crohn' s disease chronic inflamma
tory cells . such as monocytes and lymphocytes are present in large 
numbers. However, the lesions may be patchy and in many cases the 
distinction between the two disorders is not clear. 

Morphological examination is subjective, and in an attempt to 
quantitate the nature of the inflammation, biochemical markers of 
acute and chronic inflammatory cells were assayed in biopsies from 
patients with the two diseases and control subjects together with 
rectal biopsies from patients with Crohn' s disease apparently not 
affecting the rectum. Increased activities of three inflammatory 
cell markers compared to controls were found in both forms of colitis 
(Table 1). The resul ts did not distinguish between the two forms 
of active disease, and in quiescent disease the activities were within 
the control range. It was concluded that biochemical markers for 
phagocytic cells were not particularly useful in the differential 
diagnosis of inflammatory bowel disease, but rather point to a broad 
overlap between the two conditions [3]. 

Possible involvement of lysosomes or other organelles 

Morphological studies on animals with caragheenin-induced experi
mental ulcerative colitis indicate lysosomal changes in epithelial 
cells of the large bowel together with accumulation of foreign material 

*Noted by Ed.: homogenate (Dounce) in isotonic sucrose/EDTA/ ethanol to 
stabilize catalase; isopycnic centrifugation in mini-size zonal rotor 
(H. Beaufay's design); Triton-X-100 to liberate latent activity. 
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Table 1. Inflammatory cell marker activities in rectal mucosa from 
patients with inflammatory bowel disease and controls. From ref. [2]. 
In this and other Tables, the values are mean ± S.E. for (n) 
biopsies assayed; statistical analysis by Student's t test: 
a, p <0.05; b, p <0.01. 

Sample type 

Controls (15) 

Ulcerative colitis: 
active (11) 
quiescent (L5) 

Crohn's colitis (16) 

Neutpophils 
Vi tamin B12 binding 
capacity, pg/mg 
protein 

88 ±40 

336 ±115b 
120 ±40 

217 ±45b 

NeutpophiZs MYeZomonoa~ 
Myeloperoxidase, Lysozyme, 
mU/mg protein ~g/mg 

protein 

42.9 ±5.1 0.66 ±O.10 

75.6 ±16.lb 2.5 ±1.2b 
50.2 ±6.2 0.35 ±0.15 

68.5 ±12.1 a 2.7 ±1.4 b 

in lysosomes [4]. It is thus possible that this form of inflammatory 
bowel disease in man is due to lysosomal involvement. Organelle 
markers were therefore assayed in the biopsy homogenates, and sub
cellular distribution studies undertaken by sucrose density-gradient 
centrifugation [5]. Table 2 shows these enzyme activities in the 
rectal biopsy homogenates. Both lysosomal enzymes and ~-glucuronidase 
(not shown) show a significant decrease in activity in the biopsies 
from patients with ulcerative colitis, both acute and, less markedly, 
in remission. Acti vi ties in Crohn' s disease are normal. Lac ta te 
and malate dehydrogenase and N a-glucosidase are all within the control 
range for all disease groups (Table 3). 

Assays for the latent N-acetyl-~-glucosaminidase activity, 
expressed as % of total homogenate activity (mean ±S. E.; n obser
vations), show similar values for control and colitic patient tissue: 
50.4 ±5.5 (8) and 50.4 ±6.1 (8), respectively. Subcellular fraction
ation by sucrose density-gradient centrifugation (Fig. 1) confirmed 
that the proportion of soluble and particulate (lysosomal) activity 
in acute ulcerative colitis was similar to that in control tissue 
although the total activity (mU/mg protein) was reduced to half of 

Fig. 1. Subcellular fractionation 
of rectal mucosa from control 
subjects (--) and patients with 
acute ulcerative colitis (-): 
mean distribution of lysosomal 
marker enzyme. Activity at low d's 
is due to soluble (non-latent) enz
yme. ['Frequency': fractional activ
ity t fractional density span (g/ml)]. 
From ref. [5], by permission. 
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Table 2. Organelle marker enzyme activities in rectal mucosa from 
patients with inflammatory bowel disease and controls. The values 
(see ,Table 1 heading) are mU/mg protein. Data from ref. [6]. 

N-Acetyl-~- Acid Lac.tate 
glucosaminidase phosphatase dehydrogenase 

Sample type (lysosomes) (lysosomes) (cytosol) 

Controls (24) 7.00 ±0.84 11.1 ±1.53 74 ±12 

Ulcerative colitis: 
active (16) 3.52 ±0.78a 4.20 ±1.20a 78 ±13 
quiescent (24) 4.80 ±0.84a 7.32 ±1.20 86 ±12 

Crohn's colitis (22) 6.56 ±0.84 9.45 ±1.86 85 ±16 

Table 3. As for Table 2. Data from refs. [2, 6]. 

5'-Nucleoti- N a-Glucosidase Malate dehydrogen-
dase (plasma (endoplasmic ase (mi tochondria/ 

Sample type membrane) reticulum)e cytosol) 

Controls (22) 7.29 ±0.99 0.55 ±0.01 919 ±76 

Ulcerative colitis: 
active (29) 8.70 ±1.48 0.45 ±0.20 606 ±88 
quiescent (21) 8.48 ±0.99 0.48 ±0.11 682 ±98 

Crohn's colitis (21) 15.4 ±2.71a 0.73 ±0.09 792 ±206 

a p <0.05 (both Tables) e Prefix N denotes 'neutral'. 

control values. Reduced activity of this enzyme in rectal biopsies 
from patients with acute colitis (nature unspecified) has been reported 
previously [7-9]. 

The significance of these lysosomal changes is not clear. 
Increased activities of certain lysosomal enzymes are seen in 
conditions associated with intra-lysosomal accumulation of undegrad
able material. If this is accompanied by enhanced lysosomal fragility, 
cell damage occurs; this is clearly not the situation in ulcerative 
colitis and thus the carragheenin model, although showing some 
similarities to the human disorder, clearly has a different patho
genesis and the significance of the lysosomal enzyme deficiency in 
ulcerative colitis remains to be determined. 

INTESTINAL PERMEABILITY IN INFLAMMATORY BOWEL DISEASE 

An important question is whether Crohn's disease, unlike ulcer
ative colitis, affects the small as well as the large bowel even 
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Fig. 2. In vitr'o determination 
of intestinal permeability: 
tissue uptake mean plotted 
against log mol. wt. of the 3 
probes. Control subjects, .; 
coeliac disease in remission, 0; 
coeliac disease in relapse, •• 
From ref. [12], by permission. 
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without apparent clinical involvement of small bowel. In addition, 
the underlying cause of this and other small-bowel disorders remains 
in dispute. A popular hypothesis suggests that many G-I diseases 
represent an abnormal inflammatory response to certain absorbed 
antigens, e.g. gluten in coeliac disease, bacterial products in Crohn's 
disease. It was therefore important to determine the permeability 
of the small-bowel mucosa. Previous methods for determining intestinal 
permeability in man involved oral administration of a range of poly
ethylene glycols (PEG's) or various combinations of non-metabolizable 
sugars, e.g. lactulose or mannitol, and measuring their urinary 
excretion [la, 11]. Results and conclusions from studies with these 
probes were conflicting, and it was claimed that in small-bowel 
disorders permeability was increased to large probes but decreased 
to small - a paradoxical conclusion. Moreover, there was conflict 
as to whether abnormalities in permeability returned to normal 
following successful treatment of the gut disease. 

In order to resolve this paradox, in vitro methods were established 
to determine the integrity of the mucosal permeability barrier in 
small-bowel biopsy specimens. Use of an in vitr'o technique will avoid 
such variables as gastric emptying, G-I transit, mucosal blood flow, 
blood volume and renal excretion of absorbed probes [11]. Biopsy 
fragments, 1-5 mg wet wt., were incubated in oxygenated physiological 
buffer containing three radio-labelled permeability probes, selected 
to cover a range of mol. wts. In addition, probes were selected 
to which the mucosa was normally highly permeable so that small 
increases in permeability could readily be detected. Procedural 
details and results in normal subjects and patients are given elsewhere 
[12]. 

Fig. 2 compares the apparent permeability of normal and coeliac 
mucosa both in relapse and in remission. In all patient groups permea
bility is inversely proportional to log mol. wt., and permeability 
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is clearly increased to a greater degree for the small than for the 
large probes. These results thus accord with recognized physical 
principles. There is an apparently paradoxical result related to 
differences in uptake of the various probes by normal mucosa. Thus 
the small-sized probes, e.g. mannitol, rhamnose and PEG 300, are 
significantly absorbed by normal mucosa (up to 20%), whereas the 
larger probes, e.g. lactulose and PEG 600, resemble the probes used 
in the present study by being only slightly absorbed «5%). In con
trast, damaged mucosa showed increased permeability to all probes, but 
for small probes the changes in mucosal architecture leads to a maj or 
decrease in surface area and thus uptake is reduced to a greater 
extent than would be expected from the mucosal damage. The resolution 
of the paradox is discussed in detail elsewhere [10]. 

The in vitro studies, besides rationalizing the previous results, 
have led to the introduction of 51Cr-EDTA as the definitive method 
for assessing small-bowel permeability in vivo in man. This probe 
has been used widely in a variety of disorders [10, 11, 13-15] and 
clearly exemplifies the value of in vitro studies in man in the develop
ment of clinically valuable in vivo methods. 

IN VITRO METHOD FOR ASSESSING SMALL-BOWEL MUCOSAL FUNCTION 

Current techniques for assessing absorption of various nutrients 
in man involves lengthy, complex and expensive tests on actual patients. 
Methods for assessing nutrient absorption in man are as follows.
(1) Balance studies. 
(2) Isotope studies - whole-body retention; plasma studies; urinary 
and faecal excretion. 
(3) Intestinal perfusion studies. 
(4) In vitro techniques. 

(1) Balance studies involve prolonged in-patient collections 
wi th accurate assessment of dietary intake of the appropriate nutrient. 
They do not provide detailed information on the site, mechanism or 
kinetics of intestinal absorption. In addition, although if carefully 
performed they give an accurate measure of overall absorption, this 
approach does not correct for loss of the nutrient into the gut lumen, 
e.g. biliary and pancreatic secretions, or desquamated epithelial 
cells. Besides, it is an expensive, time-consuming and (for the 
biochemist) unpleasant procedure. To overcome some of these diffi
culties, particularly to avoid careful stool collections and prolonged 
in-patient stays, other techniques have been developed, usually 
involving radioisotopes. 

(2) If a whole-body counter is available, retention techniques can 
be used, suitable for studying absorption of Y-emitting isotopes. 
The techniques are accurate and relatively convenient, although serial 
studies are very time-consuming. It is not possible to assess 
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absorption of such nutrients as carbohydrates, fats and proteins 
by this technique. In addition, this approach provides limited kinetic 
information on the site or nature of the absorptive process. An 
alternative approach is to administer the isotope or test substance 
orally and assay the plasma, urine or faecal levels at various time 
periods. Such techniques are usually more convenient and often can 
be conducted on an out-patient basis. Some are reasonably reliable, 
but additional problems of assaying plasma levels of an orally adminis
tered substance include influences ofG-I transit, plasma distribution 
volumes, tissue uptake and renal function. 

(3) In order to assess intestinal absorption directly, perfusion 
techniques have been introduced in which a segment of intestine, 
isolated by intra-luminal balloons, is perfused with varying concentra
tions of the nutrient. A non-absorbable marker is used to assess 
loss from, or leakage into, the perfused segment. This approach, 
which is almost exclusively a research procedure, is very demanding 
to both the patient and the experimentalist. Information can be 
obtained on the kinetics of nutrient absorption, i.e. Km and v max 
can be calculated. However, absorption is assessed by measuring 
the decrease in nutrient concentration along the perfused segment, 
and at low perfusate concentrations it is difficul t to measure 
absorption rates accurately. Absorption is also very dependent on 
perfusate flow rates, and the isolating balloons cause a varying 
degree of obstruction with consequent disturbance of intestinal 
function. 

(4) In order to overcome these many difficulties, we have developed 
an in vitro technique for assessing intestinal absorption. A fragment of 
jejunal mucosa, collected by a simple biopsy technique, is incubated 
in oxygenated medium for up to 10 min in the presence of the labelled 
nutrient and an extracellular fluid marker. The tissue fragments 
are removed, briefly washed in nutrient medium and counted for radi~ 
activity. Net uptake is determined by correcting for adherent medium 
with extracellular fluid markers [16]. Several different nutrients 
including Ca 2 +, Fe 2 +, Fe 3+, Pi and 3-0-methy1g1ucose have been studied 
by this technique. The technique is clearly suited for a variety 
of substances including amino acids, sugars, vitamins, drugs and 
ions [17-20]. 

Application of the approach to studying calcium absorption 

Ca 2 + absorption has been investigated in normal subjects and 
patients with renal stones. Fig. 3 shows diagrammatically the 
technique used to study '15Ca 2+ absorption in vLtro. The apparatus 
is simply constructed and is readily available. Tissue uptake is 
linear with respect to time and is not energy-requiring. It is, 
however, effectively and specifically inhibited by ruthenium red, 
a selective reagent for calcium pores in the plasma membrane. 
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Fig. 3. In vitJ>o measurement 
of calcium absorption: 
duodenal fragments in oxygen
ated medium containing ~5Ca2+ 
with 57Co-vitamin B12 as an 
extracellular fluid marker. 
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Fig. 4 shows the in vitro uptake of ~5Ca2+ by biopsies from 
control subjects and patients with idiopathic hypercalciuria. In 
both groups the uptake is linearly related to the Ca2+ concentration 
in the medium. However, uptake by the hypercalciuric patients is 
significantly greater than controls at all medium concentrations. 
Patients having renal calculi without hypercalciuria show similar 
uptake to controls [21]. It is suggested that these results reflect 
increased selective permeability of the brush-border membrane to 
Ca2+, possibly due to increased plasma levels of, or tissue sensitivity 
to, 1,25-dihydroxy-vitamin D3 • Subcellular fractionation techniques 
are now being applied to follow the labelled ~5Ca2+across the cell 
and, in particular, to investigate the transfer across the isolated 
brush-border membrane. 

IN VITRO METHODS FOR ASSESSING BIOPSY FUNCTION 

Modern clinical investigational procedures have made it possible 
to biopsy safely virtually all organs and tissues. Although primarily 
intended for diagnostic purposes, portions of the tissue can be readily 
used for all types of biochemical, cellular and molecular analyses 
with the obvious restrictions associated with the limited amount 
of tissue available, heterogeneity of human samples, non-representa
tive sampling, and difficulties in obtaining comparable control tissue. 
Using intestinal biopsies in culture [22], measurements can be made 
of protein [23], DNA [24] and specific enzyme synthesis [25], and 
important differences have been reported in various intestinal 
disorders. Methods have recently been developed for investigating 
disorders of fatty acid metabolism in patients with fatty liver, 
particularly that due to alcohol abuse. 
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Fig. 5. Lipogenesis by liver 
biopsies. Statistical analysis: 
controls vs. mild and moderate 
alcoholic fatty liver: p <0.001; 
controls vs. diabetic fatty 
liver: p >0.01; mild V8. moder
ate alcoholic fatty liver: 
p >0.05. From ref. [27]. 
Courtesy of Oxford University 
Press. 
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The nature and subcellular localization of the accumulated lipid 
is discussed in a companion article (#A-3), but two aspects of fatty 
liver are considered here. The first is the evaluation of the widely 
held view [26] that alcoholic fatty liver is due to enhanced lipogenesis 
consequent upon the increased redox status following hepatic ethanol 
oxidation. Using incorporation of 3H from 3H 2 0 as a measure 
of absolute lipogenesis rates, fragments of needle biopsy specimens 
were incubated with 3H20 in Krebs-bicarbonate buffer containing 
glucose and amino acids. After 2 h the lipid fraction of the tissue 
was isolated, saponift.,d.and the free fatty acids assayed for radioactiv
ity [27]. Lipogenesis rates were calculated according to Jungas 
[28], correcting for the tritium isotope effect. Lipogenesis was 
linear over a 4 h incubation period, and was clearly reduced (Fig. 5) 
in patients with fatty liver. Addition of 50 mmol/l ethanol to the 
incubation medium did not affect the lipogenesis rates in either 
control or fatty liver tissue. It was therefore concluded that lipo
genesis rates were reduced - not increased - in fatty liver. Recent 
studies with animals fed an alcohol-rich diet showed that lipogenesis 
rates decreased after the accumulation of triglyceride (TG) had 
occurred [29]. 

The second aspect relates to the evident need to seek other 
explanations for the accumulation of TG. The metabolism of palmitate 
by human biopsies was studied. Liver biopsy fragments were incubated 
with [1-14C]palmitate in physiological buffer, and CO 2 , ketone body 
and TG formation were measured [30]. The resul ts are summarized 
in Table 4. Overall metabolism was similar in all patient groups, 
but the relative contribution of the three products differed. All 
groups were similar in respect of ketone body formation, which comprised 
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Table 4. Palmitic acid metabolism by human liver biopsies. The values 
are mean ±S.E. pmol metabolized/h/mg wet wt. for (n) biopsies 
assayed; results calculated from data in ref. [30]. For patient 
group compared with controls: a, p <0.05; b, p <0.02; c, p <0.01; 
d, P <0.0025. 

Controls Fatty liver mild Fatty liver severe 
(7) (15) (10) 

Ketone body production 440 ±123 375 ±6l 380 ±74 

Esterification to TG 420 ±8l 570 ±106 580 ±83a 

CO2 production 88.5 ±17.5 60.0 ±1O.9b 53.1 ±13.3d 

Total metabolism 949 ±22l 1010 ±180c 1010 ±170c 

-40% of the metabolized palmitate. This is an important observation, 
as it clearly confirms our previous reports that mitochondrial function 
is not, contrary to popular belief, impaired in alcoholic fatty liver 
[31]. Esterification of palmitate into TG was increased in the fatty 
liver biopsies, significantly so in the biopsies with severe fatty 
change. In contrast, 14C02 production, although responsible for only 
5-10% of the overall palmitate metabolism, is progressively reduced 
in fatty liver of increasing severity. 

The cause of this impaired CO 2 production is not clear. It has 
been observed previously [32], and postulated to be a direct inhibitory 
effect of ethanol on Krebs cycle activity [33]. The present studies, 
where the incubations were carried out in the absence of ethanol, 
clearly show tha( impaired TCA cycle activity still occurs. Similarly 
impaired 14C02 production from palmitate occurs even after one month's 
abstention in patients with alcoholic fatty liver. Addition of malate 
increases 14C02 production in fatty liver biopsies, whereas a small 
reduction occurs with control tissue [30]. It is therefore suggested 
that there is a functional disorder of TCA activity probably due 
to a deficiency of a cycle intermediate. 

These studies clearly highlight the importance of human, rather 
than experimental animal, studies in investigating the pathogenesis 
of alcoholic liver disease. Results to date, including studies 
discussed elsewhere [34], suggest that the initial accumulation of 
TG in alcoholic fatty liver occurs in the Golgi and that there is 
a small but significant shift in free fatty acid metabolism from 
oxidation to esterification to yield TG. However, the mechanisms 
of these changes remain to be determined. Contrary to popular belief, 
lipogenesis is impaired probably as a consequence of the TG accumu
lation. 
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ANALYTICAL SUBCELLULAR STUDIES IN ALCOHOLIC LIVER DISEASE 

T.J. Peters 

MRC Clinical Research Centre 
Harrow, Middlesex HAl 3UJ, U.K. 

Morphological studies have disclosed a variety of organel le 
abnormalities in liver biopsy samples from patients with alcoholic 
liver disease. These include mitochondrial, lysosomal, peroxisomal 
and e. r. * changes; but whether these alterations are adaptive or 
pathological remains to be determined. In addition, lipid accumulation 
is a major feature of alcohol toxicity; but the nature and, in parti
cular, the subcellular localization of the lipid and the mechanism 
of its accumulation are ill-understood. 

Analytical subcellular fractionation, in conjunction with enzymic 
microanalysis, can be used to investigate the significance of the 
organelle changes. For these studies sucrose density-gradient centri
fugation in the Beaufay automatic zonal rotor is ideal. However, 
this rotor is unsatisfactory for studying the localization of lipid. 
Differential flotation methods have been developed for isolating 
macro- and micro-lipid droplets from liver samples of needle-biopsy 
size (10-20 mg). Use of the vertical pocket reorientating rotor 
is particularly useful in the separation of cellular lipid droplets 
and for characterization of the Golgi complex, a major site of TG 
accumulation in alcoholic fatty liver. 

Alcoholism has been described as the syphilis of the 20th century. 
It is estimated that there are at least one-million alcohol-dependent 
people and an equal number of alcohol abusers in the U.K. and the 
vast majority of these will have liver disease of varying severity. 
The liver damage is progressive with increasing duration and severity 
of abuse, as well as with other synergistic factors. There are, 
however, wide variations in individual susceptibility dependent on 
sex, race, age, etc. The initial effects, i.e. cellular hyperplasia 

* Editor's abbreviations: e.r., endoplasmic reticulum; TG, triglycer
ide; PL, phospholipid; p.m., plasma membrane. 
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and fatty liver, are reversible with abstinence, but lesions that 
have progressed to hepatitis, fibrosis, cirrhosis and hepatocarcinoma 
will not, even with abstinence, return to normal. Al though progression 
is related to the accumulated dose of alcohol consumed, only 10-20% 
of even heavy alcohol abusers develop cirrhosis. Thus there remain 
several unanswered questions relating to the pathogenesis of the 
liver injury due to alcohol abuse. 

Morphological studies, including electron microscopy, have 
disclosed diverse abnormalities in hepatocytes in patients with alcoho
lic liver disease of varying severity; but whether these changes are 
pathological or are adaptive responses is uncertain. Thus, hyper
trophied (mega) mitochondria are frequently reported as a character
istic of alcoholic liver disease [1-3) and are assumed to represent 
a pathological change [4). However, ethanol metabolism by the hepato
cyte induces striking cytoplasmic redox changes [5), and conceivably 
the mitochondrial hypertrophy represents an adaptive response. 
UI trastructural changes have been reported in a variety of other 
organelles including lysosomes, peroxisomes and e. r. It is not, 
however, certain whether the alterations are representative or reflect 
a subjective morphological opinion. 

For these reasons a biochemical approach to the study of organelle 
al terations in alcoholic liver disease has been undertaken. The 
strategy has been to assay organelle marker enzymes and to study 
the properties of the organelles, e.g. latent enzyme activities and 
centrifugation behaviour, and to use these resul ts as a basis for 
future studies. The most characteristic lesion of alcoholic liver 
disease is fatty liver, and recently this condition has been studied 
in detail. In particular, the subcellular distribution of the accumu
lated lipid has been investigated in order to determine the initial 
site of lipid accumulation and thus the pathogenesis of the lesion. 

An important technical problem in these studies has been the 
very limited amount of tissue available from a percutaneous needle
biopsy specimen of human liver (10-20 mg). This has meant that micro
methods for subcellular fractionation and enzymic analysis have had 
to be developed [6). Subcellular fractionation has entailed single
step zonal centrifugation techniques, initially with the Beaufay 
zonal rotor [see #A-2, earlier in this vol.- Ed.), but more recently 
wi th a vertical pocket reorientating rotor. Enzyme analysis has 
entailed use of fluorigenic and radiolabelled substrates [7). 

ENZYMIC ANALYSIS OF ALCOHOLIC LIVER DISEASE 

Table 1 shows representative organelle marker enzyme activities 
in biopsy samples from control subjects and patients with varying 
degrees of alcoholic liver disease. Lysosomal, peroxisomal and e.r. 
markers show no significant changes between the various patient groups. 
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Table 1. Enzymic analysis of alcoholic liver disease. Values are 
mUnits/mg protein: mean ±S.E. (with no. of samples). Data from [B-10}. 

N-Acetyl-~- 51-Nucleo- N a-gluco- Glutamate Catalase 
Patient glucosamininidase tidase sidase8 dehyd'ase {peroxi-
group (lysosomes) (p.m. ) (e.r.) (mito'dria) somes) 

Controls 2.03 ±0.28 13.7 ±2.4 0.60 ±0.06 103 ±12 239 ±2 
(37) (37) (37) (11 ) (13) 

Fatty liver 1.99 ±0.31 16.3 ±2.9 0.58 ±0.16 214 ±15b 199 ±29 
(21) (2l) (21) (12) (5) 

Alcoholic 3.07 ±0.94 21.2 ±5.4 0.76 ±0.14 
hepatitis (7) (7) (7) 

Cirrhosis 2.66 ±0.27 22.3 ±3.6a O.63 ±0.06 
(16) (16) (16) 

a b P <0.05, p <0.01, for patient group compared with controls (t-test) 
8 N denotes neutral. 

5 1 -Nucleotidase activity increases with increasing severity of liver 
damage, but the increase becomes significant only with cirrhotic 
liver. Similar conclusions were reached for other p.m. enzymes, 
viz. alkaline phosphatase, leucyl-2-naphthyl-amidase and y-glutamyl 
transferase [9]. In addition, the mitochondrial enzyme glutamate 
dehydrogenase showed increased activity (Table 1), and similar 
conclusions were reached for other matrix marker enzymes [8]. Markers 
for the outer membrane (monoamine oxidase) and inner membrane 
(succinate dehydrogenase, cytochrome c oxidase) showed similar activ
ities in tissue from control and alcoholic fatty liver disease patients. 
Centrifugation studies confirmed these resul ts and showed normal 
mitochondrial integrity in alcoholic liver disease. It is concluded 
that mitochondria are not damaged in alcoholic liver disease, at least 
during the early stages, and that the increased enzyme activities, 
particularly affecting enzymes of the malate shuttle, represent an 
adaptive response to ethanol metabolism, i.e. to the increased redox 
state. Thus mega mitochondria reflect a functional hypertrophy and 
are not diseased pel' se [11]. 

In view of recent interest in lysosomal changes manifested by 
animal models of alcoholic liver disease [12-14], these organelles 
have been studied in greater detail. Assays of several lysosomal 
enzymes have been made in biopsies from various patient groups [9]. 
In addition, measurements of lysosomal integrity were made by assaying 
latent and sedimentable enzyme activities.8 The results are shown 
in Table 2. Apart from a small increase in latent and sedimentable 
N-acetyl-~-glucosaminidase in biopsies f!om patients with fatty liver, 
lysosomal integrity as well as total enzyme activities were normal. 
The increased latent activity in the patients with fatty liver probably 
represents the stabilizing effects of certain lipid~ on lysosomes 

®Cf. R. Wattiaux et al., #A-I, this vol.: 'free I ~ non-sedimentable ac ti vi ty. 



28 T.J. Peters [#A-3 

Table 2. Hepatic lysosomal integrity in alcoholic liver disease. 
Values are % of total activity (& see Table 1 heading). Data flOom [9]. 

N-Acetyl-~-glucosaminidase Acid phosphatase 
Patient group Latent SedimentabZe SedimentabZe 

Controls 64.7 ±1.7 (23) 56.1 ±2.B (9) 50.6 ±2.4 (9) a, 
p <0.01; 

Fatty liver 71.B ±1.7 (13jf 69.4 ±1.0 (B)b 52.7 ±4.5 (7) b, 
Alcoholic 5B.B ±4.4 (10) 3B, 45 (2) P <0.001 
hepatitis 
Cirrhosis 57.5 ±2.6 (11 ) 57.1±5.3 (7) 46.0 ±3.0 (6) 

[15, 16]. In addition, there may be lipid accumulation within lysosomes 
- resulting in so-called lipolysosomes which have been demonstrated 
by centrifugal flotation studies [17]. 

SUBCELLULAR FRACTIONATION IN ALCOHOLIC LIVER DISEASE 

Liver needle-biopsy homogenates were fractionated as described 
previously [7]. Typical resul ts from patients with alcoholic cirrhosis 
are shown in Fig. 1. The p.m. marker enzymes show little change 
in distributions. Similar conclusions were reached for mitochondria 
and peroxisomes (not shown). One lysosomal marker (N-acetyl-~
glucosaminidase) shows a decrease in median density. Acid phosphatase 
shows a small shift, but ~-glucuronidase is unaffected. This probably 
reflects the lipid associated with hepatocyte lysosomes, reducing 
their equilibrium density in the sucrose gradients. As the latent 
or sedimentable activity was unaffected, this increased N-acetyl-~
glucosaminidase recovered in the sample layer does not reflect 
increased cytosolic enzyme released from disrupted lysosomes. Similar 
conclusions were reached for smooth muscle cell lysosomes [16]. 

~-Glucuronidase and, to a lesser extent, acid phosphatase are 
localized in non-hepatocyte cells, notably Kupffer cells which clearly 
do not participate in the cirrhotic process. The other noteworthy 
al teration in gradient distributions of organelle marker enzymes 
was the decrease in median density of neutral a-glucosidase (Fig. 1). 
The enzyme, an integral marker for the e.r., accurately reflects 
the relative proportions of smooth and rough e.r. [lB]. This result 
indicates that there is a relative increase in the proportion of 
smooth e.r. in alcoholic liver disease, a finding consistent with 
morphological studies [19] and in agreement with the enzyme-inducing 
effects of ethanol on the smooth e.r. 

The enzyme and centrifugation studies in alcoholic liver disease 
indicate little if any change in p.m. or peroxisomes. Mitochondria 
show favourable adaptive alterations, and a recent report of clinico
pathological correlations in patients with alcoholic hepatitis shows 
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Fig. 1. Isopycnic centrifugation 
of post-nuclear supernatant from 
control ( ...... ) and cirrhotic (-l-) 
liver biopsies. Results show 
distributions as mean ± S.D. 
where frequency is defined as 
fractional activity divided by 
fractional density span (g/ml). 
For further details see ref. [9]. 
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that patients with so-called mega mitochondria have a less serious 
form of liver disease with a better prognosis and less cirrhosis 
[20], a result entirely consistent with the above conclusions. 
Lysosomes become associated with some of the accumulated lipid, but 
there is no consistent change in their properties. Lysosomal disruption 
is not a feature of uncomplicated alcoholic liver disease. The e.r. 
changes are also probably an adaptive response to the chronic ethanol 
load. No clear pathogenic mechanism for the development of cirrhosis 
has been identified as yet. 

NATURE AND SUBCELLULAR LOCALIZATION OF LIPID IN ALCOHOLIC LIVER DISEASE 

Fatty liver is a characteristic of alcoholic liver disease 
although the degree of fatty change varies widely between patients. 
Because uncomplicated fatty liver is an early but reversible feature 
of alcohol-mediated damage to the liver, this has been the subject 
of considerable study. Table 3 shows the nature of the accumulating 
lipids in alcoholic fatty liver and cirrhosis compared to controls. 
In normal liver -50% of the lipid is PL with a PL:free cholesterol 
ratio of nearly 8. Free fatty acids and TG each contribute -20% 
of the lipid. In fatty liver there is an -lO-fold increase in TG 
which now comprises about two-thirds of the total lipid. The other 
lipid classes are relatively unchanged and thus contribute relatively 
small proportions to the total lipid. The PL:free cholesterol ratio 
is unchanged. 
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Table 3. Major lipid classes in alcoholic liver disease. Values 
are ~mol/mg DNA, mean ±S.E. (with no. of patients, and % lipid is 
tabulated thus, ( .. %). From ref. (21l, by permisswn. 

Free Cholesteryl PhOSPho-IFree fatty Trigly-ITOTAL 
Patient group cholesterol ester lipid, PL acids ceride,1G UPID 

Control (7) 3.0 ±0.6 0.4 ±0.1 23.5 ±3.618 . 7 ±0.8 8.9 ±2.0 m 
(7%) (1%) (52%) I (20%) (20%) ±5.9 

Fatty liver 5.8 ±1.4 1.4 ±0.3b 30.8 ±5.718.6 ±1.8 96.5±22.SbI14\ 
(10) (4%) (1%) (28%) 1(8%) (56%) 1±40 

Cirrhosis 4.4 ±1.4 0.51 +0.11 17.4 ±2.615.0±0.5a 34.8±11.9a/62.1 
(6) (7%) (1%) (28%) I (8%) (56%) 1±15.5 

a, p <0.05; b, p <0.01 (patient compared with control group) 

In cirrhosis the total lipid is increased (Table 3), but in 
view of the wide scatter of results the increase is not statistically 
significant: TG comprises - 50% of the total lipid. The PL: free choles
terol ratio was significantly reduced to 5, clearly causing reduced 
membrane fluidity. The level of free fatty acids was reduced but 
the other lipids were relatively unaffected. 

More detailed lipid analyses including proportions of individual 
PL's and profiles of fatty acids in the individual lipids are reported 
elsewhere [22]. The important finding is that the alterations in 
PL fatty acids, like the PL:cholesterol ratio, indicate a reduced 
membrane fluidity. This conclusion was confirmed by studies of plasma 
PL fatty acids [23, 24] and appears to be a consistent abnormality 
in chronic alcohol toxicity, both in man and in the experimental 
animal. 

Several possible mechanisms for these changes have been suggested. 
Ethanol itself has a direct fluidizing effect on various cell membranes, 
and the apparent decrease in lipid membrane fluidity may represent 
a compensatory effect [25]. There is currently considerable interest 
in the role of free radical-mediated membrane damage in alcohol toxicity 
[26], particularly in the presence of iron excess as frequently 
found in alcoholic liver disease [27] (see M.J. O'Connell et a1., 
#A-9, this vo1.-Ed.). There is a reduction in the proportion of 
polyunsaturated fatty acids that may be due to enhanced lipid peroxi
dation, and there is also the possibility that this reduction is 
a consequence of reduced fatty acid desaturase activities [28-30]. 

The subcellular distribution of the accumulating TG has been 
determined by centrifugation procedures. Firstly, by analogy with 
the separation of plasma lipoprotein classes by differential flotation 
[cf. art. by A. Mallinson & R.H. Hinton in Vol. 3, this series -Ed.], 
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Needle biopsy , 
Gentle homogenisation in 2ml 0.15mol/l NaCI containing NaN3 + Na2EDTA 

[Density 1.006 g/ml) , 
Centrifuge 26,000g for 30 minutes at 20 C - Supernatant [Macro droplets) , 

Infranatant + pellet vigorously rehomogenised , 
Centrifuge 100,000g for 18 hours at 10 C 

I , 
Supernatant IMicro droplets) 

t 
Pellet IMembranes) 
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Scheme 1. Flow diagram for fractionation of liver biopsy homogenates 
by differential centrifugation/flotation. See [21] for more detail. 

Table 4. Distribution of lipid in liver biopsy fractions. Values 
are mg total lipid/mg wet wt. tissue, mean ±S.E. (with no. of 
samples analyzed). Distribution of recovered lipid shown thus, ( .. %). 
For fatty liver compared with controls, p <0.05. From ref. [21}. 

Tissue sample 

Controls (6) 

Fatty liver (6) 

Membranes Macrodroplets Microdroplets 

37,1 ±8.2 (84%) 4.5 ± 1. 7 (9%) 3.3 ±1.2 (7%) 

67.6 ±17.0 (76%) 10.3 ±5.4 (12%) 10.1 ±4.1 (12%) 

liver biopsy samples have been fractionated into macro- and micro-lipid 
droplet fractions and into membrane-bound lipid [31]. This procedure 
is illustrated in Scheme 1. Detailed morphological and biochemical 
analyses of these fractions have been reported. Table 4 shows the 
lipid content of the three fractions isolated from both control and 
fatty liver samples. In normal liver >80% of the lipid is membrane
bound. Surprisingly, even in severe fatty liver, although there 
was a 3- to 4-fo1d increase in lipid in the floating lipid fractions, 
there is a considerable amount of lipid associated with membranes. 
Analyses of these fractions indicate that much of the accumulating 
TG is membrane-bound [31]. 

In order to study further the subcellular localization of the 
accumulating TG, homogenates of liver biopsies were subjected to 
ana1yltica1 subcellular fractionation by sucrose density-gradient 
centrifugation. Initial experiments with the Beaufay automatic zonal 
centrifuge were unsatisfactory, with poor recoveries of TG from the 
gradient due to loss of the floating lipid fractions. This problem 
was overcome with a vertical pocket reorientating rotor [32] as illus
trated in Scheme 2. Analysis of the fractions for TG (Fig. 2) shows 
a distinct peak at d = 1.l3. This corresponds to Go1gi marker enzymes. 
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-9 Fractions! 

U~~~~~~~~~ 
Scheme 2. Flow diagram for fractionation 
of liver biopsy homogenate by sucrose 
density gradient centrifugation in a 
vertical pocket reorientating rotor. 
From ref. {21}, by permission. 

Fig. 2 (right). Isopycnic centrifugation of 
liver biopsy homogenate from patients with 
alcoholic fatty liver. Material at d <1.04 
represents floating TG fraction. From {31}. 
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It is thus concluded that a significant proportion of the accumulating 
lipid in alcoholic fatty liver is membrane- bo\lnd and probably associated 
with the Golgi. This accords with recent results showing impaired VDL 
secretion, an important Golgi function, in experimentally induced fatty 
liver [33, 34]. Other workers have postulated impaired secretory tunction 
of the hepatocyte in alcoholic liver disease [35, 36]. The basis for this 
defect, whether it reflects a cytoskeletal abnormality or perhaps impaired 
Golgi formation of exocyti c vesicles, possibly consequent upon the 
changes in membrane fluidity referred to above, remains to be determined. 
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T"ne study of Mt and ~ 8-oxidation (which diseases or xenobiotics 
may affect) needs proper methodology. This is considered, for liver 
and other samples including biopsies, under the following heads: 
#Substrate preparation (incl. synthesis of acylCn's and acylCoA's). 
#Preparation and use of Mt fractions (incl. 'coupling'; media). 
- Measurement of 8-oxidation by Nt (incl. chain-length aspects; assay 
conditions; polarographic measurement; radiolabelled substrates; 
spectrophotometric assays). 
#Preparation and use of ~ fractions. 
- Isolation of ~ fractions. - Measurement of ~ 8-oxidation (incl. 
photometric assays; radiolabelled substrates). - Assay of ~ B-oxida
tion with isolated fmctions (incZ. media; factors influencing mte; 
FFA vs. acylCoA as substrate; CoA and BSA roles; post-incubation 
gradient-centrifugation ~ patterns). 
#Radio-HPLC analysis of acylCoA metabolic intermediates (incl. 
monitoring; metabolite recovery). 

For ~ the assay recommendations are reinforced by Figs. 

*Refs. list abridged by Editor, and abbreviations introduced: 
Mt, mitochondria(l); Px, perixosome(s)/peroxisomal; de'ase, dehydro

genase (but LDH if lactate); tr'ase, transferase; synthase:: synthetase. 
Cn, carnitine; FA, fatty acid; FFA, free FA; PL, phospholipid(s); 

py, palmitoyl (hence 'palmitoyl-CoA ester' in MS. has become pyCoA); 
BHT, butylated hydroxy toluene ; BSA, bovine serum albumin; DTT, 
dithiothreitol; PCA, perchloric acid; RCR/RCI, respiratory control 
ratio/index; s.a., specific (radio)activity; THF, tetrahydrofuran. 
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Mt and/or Px ~-oxidation (as reviewed:- [1]), whose character
istics somewhat diffe~ are impaired in acquired or genetic diseases, 
and may be altered by drugs and toxins. Acquired disorders can be 
studied using subcellular fractions prepared from animal models, 
or the effects of xenobiotics may be determined in vitro using sub
cellular fractions from normal animals. However, investigations 
of ~-oxidation defects in patients are severely limited by the 
minuteness of the biopsy samples usually available. [See T.J. Peters, 
#A-2 in this vol., for lipid and other studies on biopsies.-Ed.] 

The proper measurement of ~-oxidation is not as simple as often 
supposed. Some techniques applicable to subcellular fractions will 
be described, and the choice of substrate considered - this being 
determined by the fraction and the metabolic problem in question. 
Many substrates of interest are commercially unavailable or prohibi
tively costly, particularly CoA- or Cn-esters of radiolabelled FA's. 
With minimal flair for organic synthesis this problem can be circum
vented. Similarly the selection of subcellular fractions requires 
some thought. Preparative complexity is minimal for Mt fractions 
- although great care has to be taken (during incubation also) if 
respiratory coupling is to be maintained - but is high for isolating 
Px fractions, although eased by the advent of vertical-tube rotors 
and modern density-gradient media. Px fractions can now be prepared 
and used for subsequent incubations within a normal working day. 

SUBSTRATE PREPARATION 

FFA's are frequently used, e.g. with tissue homogenates. However, 
with defined subcellular fractions FFA's are often unsatisfactory 
because it may be both difficult and tedious to define optimal condi
tions for their oxidation and to avoid the acylCoA synthase or Cn-py
tr'ase reactions being rate-limiting. Using acylCoA's or acylCn's 
as substrates, this problem is circumvented. With isolated Mt 
the acylCn's are usually preferable, unless the study concerns effects 
of changes in outer Cn-py-tr'ase activity on ~-oxidation - in which 
case an acylCoA would be preferred. 

Synthesis and preservation of acylcarnitines (acylCn's) 

Conventionally acylCn's are synthesized by use of acyl chlorides 
corresponding to FA's ('FA chlorides'). Many are available commerci
ally; otherwise they can be generated from oxalyl chloride. This 
procedure sometimes works with polyunsaturated FA's [2; cf. below] 
as well as saturated FA's. It has been used too with radiolabelled 
FA's; thus, with- a procedural modification, [16- 1 "C]pyCn of high 
s.a. was prepared [3]. 

For synthesizing Cn esters of polyunsaturated FA's, FA chlorides 
may be too reactive, and a method using the considerably less reactive 
acyl-imidazole has been developed [4] • It invol ves condensing 
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N,N-carbonyldiimidazole with FA in dried benzene for 30 min, and 
reaction with Cn-perchlorate in dry acetonitrile medium. When purifi
cation of unsaturated acylCn' s is attempted by a crystallization 
procedure that works well for saturated acyICn's, an oil is invariably 
obtained; instead, a simple chromatographic procedure with RP-SepPak 
cartridges (Waters Assoc.) may be used [4]. Polyunsaturated acylCn's 
are very susceptible to peroxidation, prevented by including BRT 
(0.005% w/w) in all solvents used. They are best stored at -70 0 as 
methanolic solutions (of defined- concentrations) containing BHT. 
On the day of use, small aliquots are withdrawn, methanol is evaporated 
with a N2 stream, and the residue dissolved in a set volume of water; 
5 or 10 rnM is a convenient working strength. Saturated or Iilono
unsaturated esters can be stored as solids. 

Synthesis of acylCoA's 

The classical approach with use of FA chloride at mildly alkaline 
pH has been improved to obtain l- 14C-labelled fatty acylCoA's of 
high s.a. [5], but typically yields unpredictable results, due probably 
to attack on other functional groups in CoA by the very reactive 
acid chlorides. Gentler acylation of CoA is achievable with FA anhyd
rides [6]: yields are low with long-chain FA's, but excellent (40-60%) 
with short-chain «lO-C) FA's, for which this is the method of choice. 
Most of these FA anhydrides are commercially available, as is diketene 
which serves to prepare acetoacetyl-CoA. AcylCoA's of medium-chain 
FA's have also been prepared from corresponding thioglycollates by 
ester exchange [7]. 

An alternative approach, extensively used, that gives high
quality acylCoA's for all types of FA's utilizes the mixed anhydride 
of FA and ethyl chloroformate [8]. However, yields are poor (10-25%), 
and the customary use of a 10-fold excess of the anhydride is a drawback 
with expensive labelled FA's. This problem was overcome by use of 
N-acylsuccinimide, readily prepared from FA and N-hydroxysuccinimide 
using dicyclohexylcarbodiimide as dehydrating agent [9]. The reagent 
is readily isolated, and may be stored at -20 0 for several months. 
In 10-20% molar excess, reaction uith CoA in a water/THF medium (e.g. 
1:3 by vol.) can give 20-40% yield, provided that care is taken to 
ensure that all CoA is present in reduced form, suitably by pre-incuba
ting it ~vith 50 Ii1M DTT for - 30 min; the DTT is then removed by passage 
through a Sephadex G-lO or G-15 column. This approach has furnished 
14C-labelled py-, erucoyl- and elaidoyl-CoA of sufficient s.a. for 
metabolic work [10, 11]. 

More recently, the above-mentioned acylimidazole approach has 
been used [12], with notable effectiveness reflecting the greater 
reactivity of the CoA -SH compared with the Cn -OR group. Both acyl
imidazole and CoA are each dissolved in water /THF (3: 1) and immediately 
mixed; as for acylCn, acylation (3-4 h usually suffices) is accelerated 
by weakly basic conditions (0.5 M triethylamine present). A yield 
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of 60-80% is readily obtainable, and quantities can be equimolar 
(even 10% molar excess of CoA); hence this procedure suits well for 
labelled FA's. It gives excellent yields with saturated, mono- and 
poly-unsaturated FA's, also with benzoic acid and clofibric acid. 
It is the present-day prime candidate for synthesizing long-chain 
acylCoA's, in terms of yield and convenience. 

Purification of acylCoA' s merely involves precipitation at pH 
<2 (e.g. by HCl) unless the FA is <lO-C. Repeated solvent-extraction 
steps lead to a white solid. Where the FA is <lO-C, any desired 
purification is usually achieved by ion-exchange chromatography and 
desalting with a gel column [13]. 

PREPARATION AND USE OF MITOCHONDRIAL (Mt) FRACTIONS 

Potter-Elvehjem homogenates of liver readily and reproducibly 
furnish Mt fractions by differential centrifugation. Other tissues 
may present difficulties, e.g. because of connective tissue - which 
may be removed initially by forcing the tissue through a hand-press. 
With skeletal or cardiac muscle, initial use (-5 sec only) of an 
Ultra-Turrax homogenizer is very effective. If the tissue contains 
abnormal amounts of lipid, or active PLases, surface-active lysoleci
thins may be formed and impair Mt function, circumventable by including 
at least 10 mg/ml of defatted BSA in the homogenization medium. 
In general, obtaining reputable Mt calls for practice (not neglecting 
purity validation - Ed. *). Removal of contaminating microsomes and 
Px, however, requires centrifugation in a density-gradient, such 
as can be self-generated with Percoll ([14]; cf. H. Pertoft et al., 
in Vol. 8, this series). 

Respiratory coupling.- Mt intactness is conventionally assessed 
by the RCR or RCI, entailing oxygen-electrode recording of the rate 
of oxidation of a suitable substrate (e.g. 10 roM glutamate + 1 roM 
malate). The RCR is the ratio of the rate with ADP present in limiting 
amount (usually -10 roM; state 3) to the final slower rate observed 
when all ADP has been converted to ATP (state 4). Values in the 
range 3-8 are considered acceptable, depending on the tissue. Higher 
values occasionally reported may be partly artefactual. Mt gradually 
become uncoupled when stored (even on ice), and should be used within 
hours of preparation. Best stability is achieved with thick suspensions 
(60-100 mg protein/ml). 

Maintaining respiratory coupling is crucial: Mt must be incuba
ted under conditions that maintain defined energy status, vital for 
satisfactory Mt redox status and hence ~-oxidation rates. This can 
be particularly important for many polyunsaturated FA's whose ~-oxidat
ion needs the NADPH-dependent 2,4-dienoyl-CoA reductase [15]. Even 
slight uncoupling can depress intra-Mt NADPH and hence the oxidation 
rate, e.g. of y-linolenic acid [16]. 
"See lTeface (also for sources of basic guidance on cell fractionation). 
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Media suitable for Mt fractions.- Mt fractions from most tissues 
are typically, although not invariably, prepared with near-isotonic 
sucrose (which supposedly does not enter the Mt matrix) or mannitol, 
buffered with Tris or ·preferably Hepes or Mops and containing a trace 
of EGTA to chelate Ca 2 + released during homogenization: e.g. 300 ~~ 
mannitol, 10 roM Hepes, 0.1 roM EGTA, pH 7.2 [17]. The Mt isolated 
in hypertonic sucrose (0.6-1 M) as in density gradients have hopelessly 
impaired respiratory activity, even if then incubated under conditions 
facilitating reswelling of the matrix. 

Hepatic Mt isolated in sucrose (or mannitol, although disagreement 
exists) from glucagon-injected rats show up to 50% stimulation of 
oxidation of various substrates including FA's - perhaps reflecting 
an increased volume of the matrix compartment. 

The tonicity of the incubation medium is important [18]. For 
incubation of liver Mt, a sucrose compared with a KCl isotonic medium 
gives very inferior respiratory rates - particularly for ~-oxidation 
[9], attributable to dehydration of the matrix; cardiac or skeletal 
muscle Mt hardly show this effect (H.O., unpublished) [but see 19]. When 
the osmolarity in Mt incubations is increased by increasing the sucrose 
concentration, the oxidation rate of pyCn + malate declines quicker 
with increasing osmolarity than for other substrates [18]. 

Measurement of ~-oxidation by Mt 

Chain-length considerations in substrate selection.- In the 
intact cell, pyCoA synthase in the outer Mt membrane, the endoplasmic 
reticulum or the Px membrane converts long-chain FA's to acylCoA's 
whose acyl, if destined for ~-oxidation by Mt, is shifted to L-carnitine 
by Cn-py-tr' ase I on the outer face of the inner membrane. Once 
transported across the membrane by the Cn-acylCn translocator, the 
acyls are shifted to intra-Mt CoA by the Cn-py-tr'ase II on the inner 
surface of the inner membrane. Physiologically the oxidation of 
medium- and short-chain FA's is Cn-independent since they diffuse 
directly into the Mt matrix, where butyryl-CoA synthase converts 
them to acylCoA's [1]. In vitro, however, entry into Mt via the 
Cn-translocator occurs with acylCn's from FA's of all chain lengths, 
including medium-chain FA's resulting from chain-shortening of long
chain FA's in Px (review: [20]). 

Achieving valid assay conditions.- Care is required in measuring 
FA oxidation rates. The Cn-dependence of long-chain FA's and their 
acylCoA's is observable only with a low substrate concentration, 
achieved by including defatted BSA (suitably 2 mg/ml) in all incuba
tions so as to buffer their free concentrations although the free 
levels are uncertain.- BSA has 2 high-affinity and 5 lower-affinity 
sites for palmitate [21], while values are lacking for BSA binding 
of acylCoA's and acylCn's. Unbound substrate is in lower proportion 
to total substrate at low than at high BSA concentrations, and is 
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not a linear function of total substrate + BSA concentrations even 
when these are varied while maintaining a constant molar ratio [22]. 

AcylCn's (10-40 J.1M) will be ~-oxidized directly, while acylCoA' s 
also need added Cn (L, to 0.5 rnM) in the incubations. With long-chain 
FFA's (10-20 J.1M), Cn, CoA-SH (0.1 rnM) and ATP (1 roM) are all needed, 
and the ADP/ATP ratio may require adjustment to get maximal ~-oxidation 
rates. A Mt preparation exhibiting CoA-independent oxidation of 
long-chain FA's is likely to contain a high proportion of damaged 
Mt (and Px) from which CoA-SH is escaping during incubation. For 
short- and medium-chain FA's, ~-oxidation only required ADP (+ phos
phate) to stimulate the flux. 

Polarographic measurements of ~-oxidation.- Direct polarographic 
measurements of ~-oxidation are feasible with liver Mt in state 3 
or state 4 (uncoupled) when the citrate cycle is inoperative (e.g. 
with 5 rnM malonate or 50 J.1M fluorocitrate present): then the resulting 
acetyl-CoA is essentially converted to acetoacetate and, due to 
short-chain acylCoA hydrolase in the matrix, small amounts of acetate. 
In the presence of exogenous Cn, acylCn will also be formed, and 
the oxygen uptake rate is now an unambiguous measure of the flux 
through ~-oxidation [23]. In state 3 some of the NADH formed during 
~-oxidation reduces acetoacetate to 3-hydroxybutyrate, so that the 
~-oxidation rate slightly exceeds that indicated by recorded oxygen 
uptake [24]. If malonate is replaced by 2 rnM malate the citrate 
cycle will operate and so augment the recorded respiratory rate. 
In the presence of fluoroacetate, citrate accumulates. Mt from non
ketogenic tissues, e.g. muscle, may need added malate for ~-oxidation 

to operate [1, 25]. 

Ideally all ~-oxidation products should be measured to get precise 
oxidation rates, but this is rarely feasible. With liver Mt, or 
hepatocytes, ketone-body formation alone is a fair index of ~-oxida
tion. CO 2 formation may represent barely 5% of the degradation 
products [26] and can often be disregarded. 

Useful information may be obtained from the stoichiometry of 
acylCn-dependent pulses of respiration (the acylCn concentration 
being limiting for respiration). Thus, the active metabolite of 
hypoglycin methylenecyclopropylacetyl-CoA, inactivates both short
and medium-chain acylCoA de'ase, but not pyCoA de'ase; with liver 
Mt from poisoned animals both the rate and extent of ~-oxidation 

is decreased, since the oxidation proceeds only as far as butyryl
CoA [27]. 

Use of radiolabelled substrates.- FA's labelled with l"C in 
various positions are often used® as substrates for ~-oxidation by 
Mt. Many authors measure only the l"CO z formed without apparently 
realizing that this is only a minor degradation product (5-20%) in 

® 3H label also serves 
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in vitro preparations from all tissues or in cultured fibroblasts 
[25, 28, 29]. The main degradation products are acid-soluble, e.g. 
short-chain acylCoA's and acylCn's, citrate-cycle intermediates (also: 
with liver, ketone bodies; with isolated hepatocytes, glucose). 
~-Oxidation can therefore be followed merely by measurement of the 
radioactivity in the supernatant obtained by adding ice-cold PCA 
(to 2.5% w/w) to the incubation mixture and centrifuging at 20,000 g 
for 10 min; unchanged long-chain FA and FA's incorporated into complex 
lipids are precipitated. Acid-soluble radioactivity plus 14C02 com
prise the total flux through ~-oxidation. 

PCA precipitation is non-quantitative for FA's below l2-C, for 
which the acylCoA de' ases may be genetically deficient such that 
fibroblasts oxidize the FA's poorly. Only 14C02 can therefore be 
measured in simple experiments with these FA's as substrates. Using 
[ 14C]octanoate, this limitation has been circumvented by finally 
removing unreacted substrate with Lipidex 1000 and measuring the 
remaining acid-soluble radioactivity [29]. 

Spectrophotometric assays.- It is feasible to trap the electrons 
derived from oxidation of all substrates at the level of cytochr'ome c, 
using an electron acceptor which can be chosen to manifest an absorbance 
change when reduced. Thereby, using ferricyanide with isolated Mt 
fractions, a direct-reading ~-oxidation assay was introduced which 
is both sensitive and may be applicable to many tissues as citrate-cycle 
interference is probably minimal; the ferricyanide traps electrons 
flowing to cytochrome c from the acylCoA de' ase reaction [30]. A 
high concentration of oxaloacetate (10 rnM) is present, functioning 
as a sink for NADH generated by the 3-hydroxyacyl-CoA de' ase and 
for acetyl-CoA (by the action of citrate synthase). Therefore the 
rate of ferricyanide reduction is a direct measure of ~-oxidation. 
With skeletal muscle Mt, recent studies (N.J. Watmough, unpublished) 
suggest that the assay also records some flow of electrons to ferri
cyanide from succinate formed from citrate. 

AcylCn's are the substrates usually employed, although acylCoA's 
can be used in the presence of Cn. Allowance must, however, be made 
for the formation of CoA-SH as acylCn is formed from the acylCoA, 
because CoA-SH will spontaneously reduce ferricyanide. Free octanoate 
has also been used as substrate, with 10 rnM ATP present [28]. With 
skeletal muscle Mt the reaction tends to accelerate before reaching 
a steady state. When ~-oxidation is deficient, it may be useful 
to measure also the oxidation of 10 rnM succinate (omit oxaloacetate) 
or of 10 rnM glutamate + 1 mM malate (omit oxalacetate and rotenone), 
thereby verifying that the amount of Mt protein present is adequate. 

The ferricyanide assay procedure has been used to detect an 
impaired rate of ~-oxidation in skeletal muscle Mt from a patient 
with a defect of butyryl-CoA de'ase activity, apparently confined 
to muscle [28]. The assay is more sensitive than polarographic assay, 
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reqU1nng only 50-110 j.lg of protein/assay; but a dual-wavelength 
spectrophotometer is essential for following ferricyanide reduction 
at 425-475 nm in turbid Mt suspensions. Increased sensitivity is 
obtainable by replacing ferricyanide with tetracyano-2,2-bispyridine
iron (III) [not commercially available] whose absorption coefficient 
is -2.6 times that of ferricyanide (D.M. Turnbull et al.; see [28]). 

Cytochrome c (III) can also be used as an exogenous electron 
acceptor at the level of endogenous cytochrome c. Prior swelling 
of the Mt in a hypotonic medium (essentially 50 mM K phosphate, 
5 mM MgC1 2 , pH 7.4; 10 min at 37°) is required, to render the outer 
Mt membrane permeable to exogenous cytochrome c. This approach where 
reduction of cytochrome c is followed at 550 nm has been applied 
to skeletal muscle homogenates oxidizing pyCn [31]; but the extent 
of non-specific reduction is unc lear. There is also uncertainty 
because cytochrome c appears to accept electrons at a rate which 
is only about one-third of the rate observed with ferricyanide as the 
acceptor [see 32]. 

PREPARATION AND USE OF PEROXISOMAL (Px) FRACTIONS 

Isolation of Px fractions 

In differential centrifugation, Px (which comprise <6% of total 
cell protein even after drug-induced proliferation in rats) largely 
co-sediment with Mt and lysosomes. Few laboratories have practised 
Px purification by density-gradient centrifugation, since this has 
necessitated hours of ultracentrifugation or use of a Beaufay rotor 
(not commercially available). The advent of suitable gradient media 
and new rotors has altered this situation. With a vertical-tube 
rotor, Px can now be isolated in a self-generated Percoll gradient 
after ultracentrifugation at speed for 30 min [33], or high-speed 
centrifugation (e.g. Sorvall RC 5B) for 60 min. Success has also 
been claimed with a fixed-angle head (e.g. type Ti 60), although 
invariably with poorer resolution and Px purity [e.g. 34]. 

The Percoll procedure served for study of ~-oxidation by Px 
after high-fat diets [32], in genetically obese mice (see [35]) and 
in riboflavin-deficient rats [35] . Iodinated gradient-media 
(Metrizamide and Nycodenz) have proved eminently suitable for isolating 
very pure Px fractions, comprising -95% Px protein [36, 37]. With 
these media, self-generation of the gradient is not possible and 
an ultracentrifuge is necessary. 

Most work with Px fractions (review: [38]) has involved liver 
or, more rarely, kidney cortex, largely in the rat or mouse although 
Px fractions have also been prepared from liver and kidney of beef, 
sheep and cat [39] and human liver [3]. 
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Measurement of peroxisomal (Px) ~-oxidation 

Photometric assays.- The classical assay where acylCoA-dependent 
NAD+ reduction is followed spectrophotometrically has been applied 
to homogenates of liver, heart and intestinal mucosa (e.g. 40, 41]. 
There can be interference when activity is low and crude homogenates 
are used, due to acyl-CoA oxidase action and to NAD+ reduction resulting 
from the action of ~-hydroxyacyl-CoA de'ase on an intermediate formed 
by this oxidase [see 1]. This problem can be overcome by assaying 
the acylCoA-dependent H202 generation by acyl-CoA oxidase activity 
directly. Thus, this reaction has been coupled to horseradish peroxi
dase and a chromogen, the oxidized (coloured) form of which is measured 
[42]. This assay works well for tissue homogenates [43], with the 
drawback that the reaction remains linear only during the initial 
3-4 min. A fluorimetric acyl-CoA oxidase assay [44] is notably sensi
tive, and suitable for small biopsies. 

Assay with radiolabelled substrates.- With acylCoA's such as 
[l_l'IC]- or [U-1"C]-pyCoA, ~-oxidation is easily followed by the 
increase in acid-soluble (acetyl-CoA) radioactivity [45]. This 
convenient assay is unfortunately of limited use in preparations 
which are heavily contaminated by Kt, e.g. a tissue homogenate. 
It is of course possible to block Kt ~-oxidation with a respiratory 
inhibitor, suitably rotenone or antimycin (not KCN, which can inhibit 
other enzymes, e. g. catalase), but incompletely [30]. Even with 
99% blockage the remaining activity will be enough to cause severe 
errors in estimates of Px activity. The use of antimycin plus myxo
thiazol (which decreases the antimycin-resistant electron flow by 
96%; see [46]) may be invaluable. In general the assay procedure 
can provide meaningful results where, as after hypolipidaemic drugs 
[cf. R.K. Berge, IIA-5 in this vol.] there is a large change in ~-oxidat
ive activity [47]. 

A similar but more precise approach [48] entails measuring the 
ratio of oxidation rates obtained with [l_l"Cj- compared with 
[16- 1 "C]-palmitate in the presence and absence of antimycin A. 
Especially in its presence, the ratio should be high in a tissue 
having a high rate of Px ~-oxidation - which will usually not degrade 
the FA's sufficiently to generate acid-soluble l"C from [16- 1 "C]
palmitate as occurs with Kt ~-oxidation. Use of the latter therefore 
serves to correct for remaining antimycin-sensitive Mt ~-oxidation. 
This approach has been used to get an estimate of Px ~-oxidative 
activity in liver, kidney, heart and skeletal muscle from rat and 
man, following high-fat diets, clofibrate treatment, and in hyper
or hypo-thyroid animals [48]. 

Assay of Px ~-oxidation with isolated fractions 

Media.- In classical studies such as those of C. de Duve, Px 
~-oxidation was assayed after detergent solubilization of membrane-
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enclosed enzymes; but to get a true picture of physiological Px function 
as intact organelles. their integrity before and during assay should 
be safeguarded. Damage to fragile Px was hardly avoidable as long 
as isolation necessitated sucrose density gradients with their high 
osmolarity. especially in view of the transfer into an iso-osmotic 
medium for incubation. The problem has been solved by the advent 
of media such as Percoll (gradients iso-osmotic) and iodinated com
pounds (mildly hyperosmotic). 

It remains to devise assay conditions suitable for maintaining 
Px intactness. With BSA in the incubation to largely bind FA's 
([21]. & see above). membrane damage by FFA's or acylCoA's is avoided. 
Such conditions have been developed. with isotonic KCl medium [11]. 

~-OXidation rates as influenced by substrate and conditions.
Compared with the rate under these conditions. the rate under solubi
lizing conditions and with no BSA present was -3-fold higher (Fig. 1). 
largely attributable to the BSA variable (absent in the detergent
stimulated assay). as evidenced by Fig. 2.- Here. with BSA present 
in both incubations. the rate difference was smaller although still 
manifest. confirming an earlier finding from spectrophotometric assay 
that Px ~-oxidative activity exhibits latency. (The difference in 
substrate between Fig. 1 and Fig. 2 is not pertinent.) 

FFA VB. acylCoA as substrate.- With FFA. conversely to the above 
effect. ~-oxidation is slower with solubilizing than with non-solubil
izing conditions (Fig. 3). Seemingly with FFA the acylCoA synthase 
reaction becomes rate-limiting under solubilizing conditions. although 
not with non-solubilizing conditions where lqC-FA (oleate) is similar 
in rate to that of the acylCoA (Fig. 4). However. the latter is 
oxidized somewhat faster than the FFA in the first 10 min of incubation 
(Fig. 4). probably because the FA activation step is circumvented. 
Taking account of similar findings obtained with palmitate and pyCoA. 
evidently radiolabelled FFA' s are satisfactory substrates for Px 
~-oxidation. particularly where the Px are intact. Their use is 
more convenient and saves the expense of radiolabelled acylCoA's. 

Roles of CoA and BSA.- With acylCoA's the CoA addition requisite 
for optimal rates under solublizing conditions [11] is not needed 
under non-solubilizing conditions. Presumably a CoA pool shown (in 
our laboratory. & see [33]) to be associated with liver Px is diluted 
when Px membrane is solubilized. Since the Px acylCoA is associated 
with the membrane's cytosolic (outer) face [33]. a general CoA
dependence is to be expected using FFA's as substrate. CoA now has 
to be added whether the condi tions are solubilizing or non-solubilizing 
(Fig. 5). FA's must be added as BSA complexes. since commonly used 
organic solvents inhibit Px ~-oxidation (Fig. 6). FFA's incubated 
with isolated Px under non-solubilizing conditions are chain-shortened 
by 2-3 cycles of ~-oxidation [14]. analogous to findings using acyl
COAlS [10. 45]. 
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Fig. 1. Effect of incubation conditions on 
acylCoA ~-oxidation by a Px fraction (from 
liver of rats fed for -If) days on a diet 
containing 0.5% w/w clofibrate; isolated in 
a Percoll gradient [see 11]; 1.5 mg protein 
/assay), with SO ~ (-5000 dpm/nmol) [9,10-
(n)3H]pyCoA in 2 ml of a medium containing: 
0: 130 mM KC1, 10 mM Hepes, 0.1 mM EGTA, 

2 mg defatted BSA/ml, 0.5 mM pyruvate, 1 mM 
NH~Cl, 0.5 mM NAD+, @.I mM NADP+, I mMDTT; 
10 J.lg antimycin and 2 mU LDH/mI; pH 7.2; or 
0, 30 mM K phosphate; NAD+, NADP+, DTT, LDH, 
NH~Cl and antimycin as in 0; 0.2 mM CoA-SH, 
0.005% (v/v) Triton X-IOO; pH 7.5. 
During the incubation (37 0 , shaking water 
bath) 200 J.ll aliquots were added to 200 J.ll 
ice-cold 5% (w/v) PCA and centrifuged; the 
radioactivity in the supernatant was measured. 
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Fig. 2. AcylCoA ~-oxidation 
rates: e, non-solubilizing con
ditions as for 0 in Fig. 1, VB. 
0, solubilizing conditions as 
for ° in Fig. I but with 2 mg 
BSA/ml. Other details as in 
Fig. 1 1 egend, but with [l_I~C]
oleyl-CoA (SO ~, 6700 dpm/nmol) 
and 0.6 mg Px protein. 

40 

Fig. 3. FA ~-oxidation by Px: 0 , 

non-solubilizing conditions, VB. e, 
solubilizing conditions but with 2 mg 
BSA/ml. Other details: Fig. 1 legend. 
Mg-ATP (5 mM) present to aid FA acti
vation by the acylCoA synthase. Subs
trate: [1_1 ~C ] linolenic acid (50 ~, 
4500 dpm/nmol); very similar results 
found with [1_1~C]oleic acid. 
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Fig. 4. ~-Oxidation by Px fractions 
(1.4 mg protein), under non-solubilizing 
conditions, of [l_1'lC ]-oleic acid (e) and 
-oleoyl-CoA (0), each 50 ~ (6500 and 
6700 dpm/nmol respectively). Incubates 
as in Fig. 1 (2 ml voL), with 5 mH Mg
ATP in e, as in Fig. 3 legend. 

Fig. 5, below. Effect of added CoA-SH 
on ~-oxidation by Px fractions (1.1 mg 
protein), under non-solubilizing condi
tions, of [l-1'lC]palmitic acid(50~; 
3400 dpm/nmol). Incubates as in Fig. 4, 
with Mg-ATP. No CoA, 0; 0.2 roM CoA, I).. 
With Triton X-lOO (0.005% v/v): 
no CoA, 0; 0.2 roM CoA, O. 
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Fig. 6. Effects of various 
solvents on p-oxidation by 
Px fractions (180 ~g protein), 
under non-solubilizing conditions, 
of 50 ~ (solid symbols) or 10 ~ 
(open symbols) [1- 1QC]linoleic 
acid (4500 dpm/nmol). MgATP (5 roM) 
present; incubation in 200 ~l, for 
10 min; 200 ~l ice-cold 5% PCA 
added for termination. Details 
otherwise as in Fig. 1 legend. 
Solvents present (concn. as given 
in the Fig.): 
o,e: ethanol; 
0,-: dimethylsulphoxide; 
~,.: dimethylformamide. 
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% (v/v) solvent in incub. medium 

Post-incubation gradient centrifugation.- Percoll gradient runs 
with marker enzyme assays were performed on iso-osmotic KCI incubates 
(Fig. 7). A Px fraction incubated without detergent manifested -10% 
of its catalase as soluble activity (in the 2 fractions at top of 
gradient), and a peak (fraction 7) coinciding with that of uricase activ
ity. With Triton X-100 present in the incubation, the catalase peak 
shifted virtually to the top of the gradient, indicative of catalase 
solubilization, whereas uricase - a particulate activity - shifted 
only marginally. 

RADIO-HPLC ANALYSIS OF ACYL-CoA METABOLIC INTERMEDIATES 

The methods discussed above enable Mt or Px p-oxidation fluxes 
to be determined. However, overall rates may not throw light on 
sites at which drugs or disease may impair p-oxidation. A complementary 
approach with Mt and Px, potentially very useful, is to identify 
and measure all acylCoA intermediates, looking for abnormalities 
in organelles from tissues with impaired function. 

Complete p-oxidation of pyCoA to acetyl-CoA involves a total 
of 28 acylCoA intermediates. Their identification has presented 
an intractable analytical problem. Early attempts, with limited 
success, involved their saponification followed by radio-GC of the 
methylated FFA's (no attempt was made to conserve keto-acids) [3]. 
Since the scale of Mt incubations is small and the GC carrier-gas 
flow rates are 15-30 ml/min giving a brief residence time in the 
radioactivity detector, radiolabelled substrates of high s.a. are 
required to achieve the necessary specificity of detection. Peak 
trapping is a cumbersome and time-consuming alternative. 
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Fig. 7. Effects of incubation conditions on the distribution of 
catalase and uricase in a Percoll gradient. A Px fraction (1.6 mg 
protein) was incubated under non-solubilizing conditions at 37 0 in 
2 ml, as in Fig. 1 legend, in the absence (solid bars; some NIL 
values) and presence (hatched bars) of 0.005% (v/v) Triton X-lOa. 
After 10 min the incubate was placed on Percoll (50% v/v) and 
centrifuged (conditions: ref. [32]). The resulting gradient was 
divided into 11 fractions which were assayed for the enzymes [32]. 

An alternative strategy involves the analysis of intact acylCoA's 
by HPLC. There are reported methods for short- and medium-chain 
acylCoA's [e.g. 49, SOl and, to analyze freeze-clamped liver, for 
long-chain acylCoA's [51]. The only method for resolving both long
and short-chain acylCoA's in one chromatogram [52] involved use of 
tetrabutylammonium phosphate, which is both corrosive and expensive. 
The best method for analyzing acylCoA' s in biological samples uses 
phosphate buffers, as in a modification [53] of a published gradient
elution method [51]: a homologous series of saturated acylCoA's up 
to C-16 was resolved within 30 min, or 50 min with an extended gradient 
that enhances resolution of long-chain CoA' s (A. G. Causey, unpub
lished) . 

Effluent monitoring. - For biological samples, UV monitoring 
is insufficiently selective and sensitive. This problem has been 
overcome [e.g. 49] by using a 14C_ or 3H-labelled FA as substrate and 
on-line radiochemical effluent monitoring. 

Acid-soluble metabolite recovery.- Although 3-methyl-2oxo
pentanoate gave -95% recovery of metabolites [49], recovery is prob
lematical for long-chain acylCoA's (e.g. derived from palmitate cata
bolism), which are not only precipitated by acid but form complexes 
with denatured proteins. In a methodological variant [54] that gives 
good recoveries of acylCoA' s even of long chain-length, the incubation 
(in 1 ml) is quenched by glacial acetic acid (loa Ill) and washed 
with diethyl ether (3x 5 ml); saturated (NH4)2S04 (loa Ill) is added, 
then chloroform/methanol (1:2 by vol.; 6 ml, added slowly). After 
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Fig. 8. HPLC, with radio
monitoring (Zower paneZ), of 
rat-liver Mt incubated with 
120 ~ [U-1qC]palmitate 
(5 ~Ci/~mol), in the presence 
of rotenone (10 ~g) [49] and 
also 5 mN ATP, 1 mM L-Cn and 
0.1 mM CoA-SH; the FA was a 
complex (5:1) with BSA . 
Elution positions of standard 
saturated acylCoA's: 
1, acetyl-; 2, butyryl-; 
3, hexanoyl-; 4, octanoyl-; 
5, decanoyl-; 6, dodecanoyl-; 
7, tetradecanyl-; 8, hexadec
anoyl-. Mt acylCoA peaks: 
A = 1; B, acetoacetyl-; C-F 
are 2,3-enoyl derivatives of 
5-8 respectively . 
Incubate extraction: see 
text. 
HPLC : C-18 column; methanol/ 
phosphate buffer gradient. 
Detection at 280 nm; lower 
trace = radioactivity 
elution profile. 
For details see [53] . 
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20 min, the salt-protein complex is centrifuged down, washed with 
chloroform/methanol (2 ml), re-centrifuged, and the supernatants com
bined. The residue after solvent evaporation at 50° with a slow 
N2 st ream is suspended in 50 mM K phosphate (pH 5.3; 400 ~l), and 
200 III is chromatographed. Recoveries (mean :!:S.E.M.; n = 3) as estab
lished with authentic acylCoA' s were 99 :!:3, 100 :!:34 and 68:!:5% for 
butyryl-CoA, octanoyl-CoA and tetradecanoyl CoA respectively. The 
essentiality of the (NHq)2S0q treatment was evidenced by the lower 
recoveries if it were omitted: 74 :!:2, 12 :!:4 and 8 :!:1% respectively. 
In preliminary studies, liver Mt were incubated with [U-1qC]palmitate 
and the incubates treated and analyzed as above. The accumulation 
of U-1qC-intermediates was satisfactory, especially in the presence 
of rotenone to slow the flux through ~-oxidation. Fig. 8 shows a 
representative run. 
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In male rats, LL* drugs including clofibrate, tiadenol, niadenate, 
nicotinic acid and cholestyramine differed in their effects on hepatic 
enzymic activities involved in long-chain fatty acyl-GoA (pyGoA) 
formation and breakdown, and on peroxisome 8 values that could explain 
some of the observed changes in s.a.'s of fatty acid metabolizing 
enzymes with multiple subcellular localization. Long-chain acyl-GoA 
content Was strongly correlated with pyGoA hydrolase and peroxisomal 
~-oxidation activity (which bring about peroxisomal proliferation), 
pointing to a common regulation mechanism for the enzymes. 

A microsomal carboxylesterase acts on administered clofibrate 
to give clofibric acid and clofibroyl-GoA. Hence the acyl-GoA pattern 
as well as level may trigger the proliferation. The proliferation 
may also be related to cancer, insofar as 2-stage transformation 
experiments with mouse embryo fibroblasts showed a tumour-promoting 
action of clofibrate. 

The range of bioactive compounds possessing or readily furnishing 
a carboxyl group includes LL* agents. Different LL drugs are now 
considered in relation to enzymes and metabolites involved in fatty 
acid metabolism. LL agents can be roughly classified into those 
which are absorbed and those which act within the lumen of the ·GI 
tract and are poorly absorbed. Besides clofibrate, now widely used, 
absorbable drugs include tiadenol (structurally unrelated to clofib
rate), nicotinic acid, and niadenate - a pro-drug of nicotinic acid 

*Abbreviations - by author: see text, e.g. M =a centrifugal fraction; 
editorial: antihyperlipidaemic/lipid-lowering/hypolipidaemic, LL; 
palmitoyl-CoA, pyCoA; spec~fic.activity, s.a~; ~entrifugal integral 
('effect') as measure of !/"ill1n, c1=.ffpm2 dt x 10 8 nun. 
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Fig. 1. LL drug structures. 

and tiadenol (Fig. 1). Clofibrate and tiadenol are highly effective 
in lowering serum cholesterol, triglycerides (TG), and the ratio 
VLDL + LDL/HDL in different types of hyperlipoproteinaemias [1, 2]. 
Nicotinic acid represents a different class of LL drug and is thought 
to act mainly by inhibiting peripheral lipolysis, thereby making 
less free fatty acids available for the synthesis of TG, VLDL and 
eventually LDL [3, 4]. Cholestyramine, an anionic resin which is 
not absorbed, traps bile acids and other acidic sterols in the intes
tinal lumen, and reduces serum cholesterol and LDL by reducing the 
negative feedback on cholesterol 7-~-hydroxylase [5, 6]; it does 
not lower serum TG. 

The absorbable LL drugs cause various changes in the histology, 
enzyme activities and the content of metabolites, viz. free CoA-SH 
and long-chain acyl-CoA in the liver of animals [7, 8]. Pronounced 
hepatomegaly develops, and hepatocyte hypertrophy, proliferation of 
peroxisomes - with increased peroxisomal ~-oxidation - and e. r. , 
and an increase in mitochondrial number and size [9-11]. Hepatocellular 
carcinoma appears long-term [12, 13]. 

Similarly to LL drugs, high-fat diets, starvation and diabetes 
entail enhanced fatty acid oxidation and induction of long-chain 
acyl-CoA hydrolase (pyCoA hydrolase activity) and the peroxisom.e 
~-oxidation system [14, 15]. Hepatic acyl-CoA hydrolases comprise 
a series varying in chain-length specificity [16]. Conceivably their 
function may be to ensure that free CoA-SH is always available for 
cellular metabolism. Moreover, as LL drugs, starvation and high-fat 
diets increase the hepatic long-chain acyl-CoA content and fatty 
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acid ~-oxidation, the hydrolase and ~-oxidation augmentations may 
represent detoxication pathways, induced when the organism is faced 
with a high influx of fatty acids which are poorly oxidized by mito
chondria. 

Concerning regulation, enzymes confined to one compartment are 
of course influenced only by regulators present therein. Hence sub
cellular fractionation of cells and tissues is informative concerning 
identification, characterization, biosynthesis, turnover and function 
of enzymes involved in fatty acid metabolism. Such approaches have 
now been chosen to investigate compartmentalization and how the distri
bution of pyCoA hydrolase and other peroxisomal enzymes is influenced 
nutritionally and after treatment with LL drugs, absorbable or non
absorbable. [The author's text and ref. list have been slightly 
curtailed. See #A-4 by H. Osmundsen et al. for some pertinent assay 
methodology.- Ed. ] 

CELLULAR LOCALIZATION OF LONG-CHAIN ACYL-CoA HYDROLASE 

Differential centrifugation approach 

Fractions were prepared from liver homogenates (0.25 M sucrose, 
10 roM pH 7.4 Hepes) at 0-40 by a procedure [17] based on that of 
de Duve et al. [lB], using a Sorvall RC-5 centrifuge and a HB-4 rotor 
(rad. 4.8 cmmin., 14.6 cmmax.). The following pellets were obtained, 
adding two washings to the supernatant except for the final pellet 
('ci' definition: title p., footnote): N, crude nuclear (ci 0.63; 
10 min); M, mitochondrial (ci 6.4; 10 min); LI , light mitochondrial 
(ci 43; 30 min); and P, microsomal (35,000 rpm, ci 735; 60 min). 

This classical approach having shown that M(with a mitochondrial 
matrix localization) and P each have a pyCoA hydrolase, both enzymes 
were purified and characterized [16, 19]. Evidently they differ, 
the estimated values being as follows for the mitochondrial and micro
somal hydrolases respectively.- Mr : 19,000, 59,000 (1 subunit in 
each); s20 w (S): 2.1, 4.3; Stoke's radius: 19,31 A; pI: 6.0,6.9; 
susceptible substrates: C-10 to C-18 and C-7 to C-1B (C-16 maximal 
for each). Complex kinetics were found for hydrolysis of pyCoA: 
micelle formation governs its availability as a substrate, and the 
hydrolase shows a different reaction behaviour towards monomeric 
and micellar forms [19, 20]. 

Observed influences.- Dietary administration at a high concentrat
ion of an absorbable LL drug (clofibrate, tiadenol, niadenate; 0.3%) 
significantly increased the specific pyCoA hydrolase recovery and 
s.a. in the M and cytosol fractions, but conversely for the P fraction; 
moreover, the recovery in the peroxisom~nriched fraction (L I ) rose 
slightly. Nicotinic acid failed to affect the enzyme activities in 
daily doses up to 200 mg/kg/day; but when given by stomach tube, 
twice daily for 10 days, it slightly enhanced pyCoA s.a. in L, P 
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Fig. 2. Marker enzyme s.a. 's in 
LI and L2 fractions obtained 
from liver homogenates by differ
ential centrifugation (see 
text, & [17]). The ci 
values to furnish L2 (which 
was not re-spun) were lower 
than, but overlapped with, 
those for L1 • 

The s.a. values shown for 
drug-treated rats are relative to 
normal-liver s.a.'s taken as 1.0. 
a, pyCoA hydrolase; b, catalase; 
C, urate oxidase; d, NADPH
cytochrome a reductase; e, cyto
chrome a oxidase; f, acid phos
phatase. 
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and (1. 3-fold) M fractions; the cytosol fraction showed no change 
in s.a. [21]. Cholestyramine similarly intubated (1000 mg/kg/day) 
did not significantly affect the activity in any fraction [21]. 

The clofibrate-like LL drugs and high-fat diets or starvation 
had a remarkably similar effect on fatty acid oxidation and induction 
of long-chain acyl-CoA hydro lyase activity [14, 22]. After feeding 
male rats a 20% (w/w) partially hydrogenated fish-oil diet for 29 days 
an adaption in lipid metabolism was observed as indicated by changes 
in the s.a.'s of peroxisomal ~-oxidation enzymes, pyCoA hydrolase, 
carnitine py-transferase and pyCoA synthetase (to be published). 
Subcellular fractionation of liver homogenates revealed that pyCoA 
s.a. increased 2.4-, 1.3- and 2.0-fold in the mitochondrial, peroxi
somal and cytosolic fractions respectively. Fasting increased the 
mitochondrial pyCoA hydrolase activity 1.5- to 1.B-fold and the cyto
solic activity 1.S-fold, but hardly affected the L-fraction activity. 

Approaches entailing isopycnic equilibration 

The foregoing classical centrifugation approach gives insuffici
ent resoiution to determine whether acyl-CoA hydrolase activity is 
also present in the peroxisomes. As an alternative to L1, a fraction 
designated L2 enriched in mitochondria and peroxisomes was prepared 
(between ci = 2.1 and ci = 12). In order to prepare pure peroxi
somes, L2 was further fractionated in a linear gradient of 38-49% 
(w/w) sucrose, using a vertical rotor, Sorvall TV8S0 [17]. It should 
be noted that the amounts and, as shown in Fig. 2, the s.a. 's as 
well as recoveries of peroxisomal enzymes in L-fractions (L 1 and 
L2) after subcellular fractionation depended on the centrifugal cut 
taken. 
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Observed influences.- With both LI and L2 the recovery and (see 
Fig. 2) the s.a. of catalase fell after clofibrate or tiadenol adminis
tration, and the s.a. of peroxisomal ~-oxidation activity rose. LI 
also had decreased urate oxidase s.a. Both recovery and s.a. of 
pyCoA hydrolase rose in LI and fell in L2 following treatment with LL 
agents, indicating that most of the extra activity after administration 
of peroxisomal proliferators is localized in particles that have s 
values [average sedimentation coefficient for group of particles] 
<10,000 S. The density gradient distribution profile for this activity 
was similar to that of acid phosphatase [17]; thus the possibility 
of a lysosomal origin had to be considered. 

Sedimentation profile of pyCoA hydrolase and some marker enzymes 

The approach adopted to learn more about the sedimentation char
acteristics of these activities, using the post-nuclear supernatant 
('100% homogenate'), was analytical differential centrifugation 
with parallel sedimentation in swinging bucket tubes for whose rate 
equation a logarithmic expression applies (the spins being monitored 
by an integrator) [17], enabling ti to be estimated [17] for peroxisomes, 
lysosomes and mitochondria.-

It 2 

('Z'=) log {l - [1 - (R . /R )(Y/lOO)]) = -:-so rpm dt 
10 m1n max 3.5 x 1013 

where Rmax and Rmin are the distances (cm) from the axis of 
rotation to the bottom and the surface of the fluid column respectively; 
Y = % of particles that have sedimented. The plot of 'z' against rpm2 

gives a straight line for a single population of particles [17]. 

The sedimentation profile of pyCoA hydrolase activity was discon
tinuous in normal and especially in the clofibrate-treated animals 
(Fig. 3), indicating the presence of more than a single population 
of particles associated with this activity. A log plot of the data 
(Fig. 4) clearly demonstrated a deviation from the simple linear rela
tionship expected for a single population of particles. The data 
for pyCoA hydrolase appear to fit two linear functions corresponding 
to s values of 20,650 Sand 4400 S for clofibrate-treated animals 
and 19,500 Sand 6740 S for normal animals. 

The acid phosphatase profile was likewise discontinuous, but 
identical in the control and clofibrate-treated animals (Fig. 3). 
Evidently LL drugs do not change lysosomal polydispersity. A log 
plot of the data for the two groups appeared to fit 3 linear functions, 
whose equations were calculated using linear regression analysis 
by the method of least squares [17]. Using convergence theory, the 
phosphatase s values for the 3 populations in normal rats were found 
to be 33,500 ±5,600, 14,000 ±3,200 and 5000 ±400. 

Based on malate dehydrogenase and catalase profiles, 
population of particles was evident for mitochondria in 

a single 
normal rats 
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Fig. 3. Sedimentation profiles, normal (0) and after clofibrate (e), 
for pyCoA hydrolase (C) and marker enzymes - malate dehydrogenase 
(a), catalase (b) and acid phosphatase (d). Arrows indicate the 
convergence level for sedimentation of mitochondria (M) and peroxi
somes - normal (Pn ), heavy (PH) and light (PL). Figs. J (in part) 
& 4 are from ref. fl?}, by permission. 

or after clofibrate (8 = 18,750) and for peroxisomes in normal rats 
(8 = 7,420). For catalase, however, clofibrate led - maybe resulting 
from peroxisomal proliferation - to heavy and light populations, 
i = 11,860 and 4,240; the latter was notable in having a high s.a. 
for pyCoA-dependent dehydrogenase activity compared wi th urate oxidase 
and catalase [23]. Peroxisomal l3-oxidation surpassed catalase in 
polydispersity: clofibrate gave s = 11 ,860 and a range from 4,200 
to 850, compared with a single S value (6,160) in normal rats. 

Lysosomes show no change in acid phosphatase s.a. or polydisper
sity after pe':'oxisomal proliferator (Figs. 2-4), and it further appears 
from the post-drug profiles that acid phosphatase and pyCoA hydrolase 
are not attributable to the same subcellular particles. One line 
of evidence for a peroxisomal location of pyCoA hydrolase is the 
clofibrate-induced enrichment in an appropriate centrifugal fraction 
(Fig. 2), Further evidence that the post-mitochondriaL activity, 
in two populations of particles, is partly peroxisomal comes from 
the estimated 8 values, matching those for pyCoA-dependent dehydro
genase in the two groups of animals. This localization was most 
evident for the peroxisomal light population after clofibrate treat
ment; it sediments only partly in preparing the L2 fraction, which 



#A-5] 

o 

-01 

;1 ~ -0.2 
E E 

OCOC , 

Peroxisome proliferators 

, -0.3 
51 2 __ C~v~g!.nt.! _ _ _ _ _ _ _ _ _ _ _ _.___..:... ____ -"--__ -:::"iI<f-!-<JOO __ s __ ,~ 

-O.L 

o 

-01 

)(I~ 
:, •• 0.2 
~ ~ 

no no 

, -0.3 
"2 
0> o 

-O.L 

~----------~------------~------------~~ 

® 

<900 S 
Conve1qfnce 0 I 

. - - - - - - - - - - - - - - - - - - - - - - - - . - - - - - - - --~--I":"------(~ 

5000 s 

~----------~------------~------------~~ 
10 , 20 30 LO SO 

J rpm1 dt (x 1O-6m,n 'I 
a 

59 

Fig. 4. Determination of 5, normal (0) or after clofibrate (e; 
interrupted line in case of B), for (A) pyCoA hydrolase (mitochon
drial and peroxisomal), and (B) acid phosphatase. Data from Fig. 3. 

accordingly shows no increased activity. Our finding of high pyCoA 
hydrolase activity in the cytosolic fraction after LL drug treatment 
may be due to induced peroxisomal heterogeneity and not only to 
increased peroxisomal fragility and hence leakage of peroxisomal 
matrix enzymes. 

RELATIONSHIP BETWEEN PEROXISOMAL I3-oXIDATION, LONG-CHAIN ACYL-CoA 
HYDROLASE ACTIVITY AND PEROXISOME PROLIFERATION 

With all four of the absorbable drugs tested, there are increases 
in peroxisomal l3-oxidation and in pyCoA hydrolase activity [9]; 
for both (correlation r = 0.96, P <0.01) the potency order for enzyme 
induction was niadenate > tiadenol > clofibrate > nicotinic acid. 
Also well correlated (r = 0.94) were the increases produced in the 
two activities by diets containing 5-30% (w/w) of partially hydro
genated fish oil [14]. 
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For the two activities, in whole homogenates or cytosol or a 
combined LP fraction, tiadenol showed sigmoidal dose-dependency with 
increasing doses above the near-ineffective dose, -90 mg/kg/day. 
For urate oxidase (latter dose ineffective) the effect of tiadenol 
markedly differed from that on these two activities: at the highest 
dose levels the homogenate and LP activity decreased (no activity 
detectable in the cytosol). 

Morphometric analysis has shown that the frequency of peroxisomes 
with dense core, and the area of dense core within each peroxisome, 
decreased as a result of peroxisome proliferation [23]. The observation 
that this LL drug gives rise to new populations of peroxisomes with 
altered enzyme content and membrane characteristics, and the obser
vation of marked dissociation of the activities of urate oxidase 
and peroxisomal pyCoA oxidation and pyCoA hydrolase together with 
a shift of the latter two enzymes to the cytosol, suggest that they 
are located in induced anucleoid peroxisomes. Hence decreased urate 
oxidase after LL drug administration may be a consequence of prolifer
ation of peroxisomes. Another biochemical parameter which may well 
be related to peroxisomal proliferation is an increased pyCoA hydrolase 
activity in the cytosol. 

Administration of nicotinic acid and cholestyramine slightly 
but significantly enhanced the activities of peroxisomal ~-oxidation 
and of catalase. Amongst the enzyme activivities measured, urate 
oxidase showed the greatest increase - -2-fold in the L-fraction 
[21] - as also obtainable by acetylsalicylic acid treatment [24, 25]. 
As neither LL drug increased cytosolic pyCoA hydrolase activity, 
the induction data suggest that these drugs, unlike other LL drugs, 
increase the core-containing peroxisomes. Since the changes observed 
here with high doses of nicotinic acid and cholestyramine were small; 
it is unlikely that peroxisomal proliferation and increased fatty 
acyl-CoA oxidation represent the primary mechanism of action of these 
LL drugs. The structural similarity of nicotinic acid, acetylsalicylic 
acid and other aromatic carboxylic acids which cause peroxisome pro
liferation, possibly by a mechanism involving formation of CoA-esters, 
may have some bearing on interpretation of the present findings. 

MECHANISM OF INDUCTION OF PEROXISOMAL tI-OXIDATION AND pyCoA HYDROLASE 

In our experiments niadenate and tiadenol were considerably 
more potent than clofibrate in inducing enlargement of the liver 
and in inducing lipid-metabolizing enzymes associated with the peroxi
somes and other subcellular organelles. The findings were quali
tatively similar with all the drugs, but some of the phenomena observed 
with clofibrate were more clearly discernible in experiments with 
tiadenol and niadenate. Since tiadenol and clofibrate are structurally 
unrelated and since with high fat-feeding there is a similar correlation 
between pyCoA hydrolase activity and peroxisomal ~-oxidation, a common 
regulatory mechanism for these two enzyme systems is plausible. 
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Fig. 5. The concentrations of 
long-chain acyl-CoA and of 
free CoA-SH, and their ratio 
( --------- ), after administration 
of different doses of tiadenol. 

c 
Qj e 
Q. 

~ 2 
"o 
E 
c 

o 100 300 500 

Tiadenol dose (mg/day/kg body weight) 

Long-chain acyl-CoA, the substrate for both pyCoA hydrolase 
and peroxisomal ~-oxidation, may regulate the enzyme system by a 
substrate-induced mechanism. Long-chain acyl-CoA and free CoA-SH 
have now been measured in whole homogenates and in subcellular frac
tions. Linear regression analysis of the long-chain acyl-CoAcontent, 
but not the free CoA-SH, V8. pyCoA hydrolase and peroxisomal ~-oxidation 
activities showed highly significant linear correlations both in 
total liver homogenates and in the L-fraction. Interestingly, the 
ratio of long-chain acyl-CoA to free CoA-SH was enhanced by low doses 
of tiadenol, maximally with 90 mg/kg/day where induction of the 
two activities was seen (Fig. 5). If the ratio of long-chain acyl-CoA 
to free CoA-SH is not changed during the cell-fractionation procedure, 
the overall results provide support for the hypothesis that a common 
induction mechanism exists for pyCoA hydrolase and peroxisomal ~-oxidat
ion activities, possibly exerted through an increased cellular level 
of long-chain acyl-CoA. 

Clofibrate is rapidly hydrolysed by tissue and serum esterases 
to clofibric acid, which circulates in the blood and may be the phar
macologically active form. Recently (to be published) we have observed 
that bis(hydroxyethylthio)-l,lO-decane, a possible dicarboxylic 
metabolite of tiadenol, triggers the induction of peroxisomal fatty 
acid oxidation and pyCoA hydrolase activity to the same extent as 
tiadenol. Of the 4 distinct carboxylesterases in rat liver microsomes, 
the dominant one (pI 6.0) cleaves clofibrate; but clofibrate hydrolase 
s.a. was hardly affected by clofibrate administration, indicating 
that this esterase was not induced by its own substrate [26]. Because 
of such enzymic activity, clofibric acid as well as clofibroyl-CoA 
appears in rat liver after clofibrate administration [27]. The CoA 
derivative of the dicarboxylic acid of tiadenol can be formed in 
liver by an acyl-CoA synthetase (work to be published). Normal~

oxidation does not occur with this derivative (there are ~-located S 
atoms in the chain), nor with similar derivatives of clofibrate or of 
clofibrate-like LL drugs. As we have found a clofibroyl-CoA hydro
lase activity in liver, seemingly not merely the acyl-CoA level but 
also the acyl-CoA pattern may be the trigger of peroxisomal prolif
eration accompanying increased peroxisomal fatty acid oxidation and 
pyCoA hydrolase and/or xenobiotic acyl-CoA hydrolase activities. 
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For rat hepatocytes treated with LL drugs in vitro the earliest 
reported change is increased triglyceride synthesis [28]. Furthermore, 
we have observed that long-term exposure of mouse-embryo fibroblasts 
to clofibrate, tiadenol or niadenate stimulated the formation of 
cell foci which on maturation contained adipocytes [29]. As these 
drugs mediated induction of peroxisomal enzymes and pyCoA hydrolase 
in these cells [30], fat accumulation therein may itself be the stimulus 
for induction of peroxisomal ~-oxidation. Lipid accumulation in 
the livers of chlorpromazine-treated rats is well documented, but 
is not accompanied by peroxisomal proliferation ([31]; cf. #A-l, this 
vol. ). Thus lipid accumulation appears not to be a trigger for peroxi
somal proliferation. 

MICROSOMAL pyCoA HYDROLASE AND CARBOXYLESTERASE IDENTITY 

Besides the above-mentioned clofibrate-cleaving enzyme [26], 
an esterase with pI 6.2-6.4 and of Mr 60,000 is reported to hydrolyse 
propanidid and aspirin [32]. Recent ly we have shown biochemical 
identity between this esterase and microsomal (hepatic) pyCoA hydro
lase: (1) antisera against the two purified enzyme preparations 
were cross-reactive; (2) they co-migrate in SDS-PAGE; (3) they have 
identical inhibition characteristics with cations and different sub
strates [33]. However, iromunoprecipitation and inhibition experiments 
confirm that these microsomal hydrolase/esterase findings from the 
pyCoA hydrolases of rat-liver cytosol and mitochondria [26~ 33]. 

THE LINK BETWEEN CANCER AND PEROXISOMAL PROLIFERATION 

It is known that long-term treatment of rats and mice with differ
ent peroxisomal proliferators, viz. LL drugs and the plasticizer 
DEHP, induces hepatocellular tumours (questionably in exposed humans), 
al though the agents seem non-mutagenic; possibly they comprise a 
distinct class of carcinogens, but conceivably they may be merely 
tumour-promoters. Promoters are not themselves carcinogenic or geno
toxic, and their effectiveness depends on the timing of the exposure 
in relation to that for the initiator. That carcinogenesis is a 
multi-step process has been established by diverse approaches. 

In recent 2-stage transformation experiments with mouse embryo 
fibroblasts (C3H/lOTl/2 C18), we have looked for 'Type III foci', 
which are of 2-10 rom diam. and have, at their circumference, a charac
teristic criss-cross cell-pattern [34] which matured into foci con
taining adipocytes. The following results represent no. of dishes 
with foci/no. scored (N.B.: the [ .•. ] entries are not refs.; defined below): 
#One treatment only 

Acetone, 0.5% - 1/35; MCA, 3.7 ~ - 8/36; niadenate, 5~ - 0/37, 
20 ~ - 0/38; clofibrate, 1 ~ - 0/39, 5 ~ - 0/27; tiadenol, 2 ~ 
- 0/12, 5 ~ - 0/12. 
#Two treatments 

2nd with 0.5% acetone; first: same - 1/54 [relative plating effi
ciency taken as 100%]; MCA, 3.7 ~-10/42 [69]; 0.37 ~-2/41 [87]; 
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First with MeA, 0.37 ~; second with -
#12-0-tetradecanoylphorbol-13-acetate (TPA; a known promoter): 24/50 

[68]; 
#niadenate, 5 ].tM-4/29 [112], 20 ].tM-9/35 [94]; clofibrate, 5].tM-
8/23 [55]; tiadenol 2 ].tM-2/24 [96], 5 ].tM-O/ll [not determined], 
20 ].tM-0/17 [74]. 

Evidently MCA-treated C18 cells developed more foci if exposed long
term (for 6 weeks) to clofibrate or niadenate, although not tiadenol. 

There is much evidence that reactive oxygen, especially free 
radicals, is important in tumour promotion by TPA. The occurrence 
of DNA breaks in TPA-exposed cells co-cultured with phagocytes suggests 
indirect as well as direct mechanisms. Moreover, many general charac
teristics of initiation and promotion as established for skin appear 
to hold for the 2-stage model of hepatocarcinogenesis also. Recently 
(unpublished) we have observed that the peroxisomal ~-oxidation system 
is increased in C18 cells by TPA, clofibrate or tiadenol, and similarly 
in liver by TPA administration. Fahl et al. [35] have observed a 
link between DNA damage and H2 02 generation by LL drug-induced liver 
peroxisomes. There are, then, similarities between the classical 
co-carcinogen, TPA, and a potent LL drug, clofibrate: (1) both are 
tumour-promoting but not mut'agenic: (2) both induce peroxisomal 
~-oxidation in vivo and in vitro; (3) both lead to lipid accumulation. 

For LL drugs, increased synthesis of the peroxisomal ~-oxidation 
enzyme, which generates H2 02 , has been postulated as the link between 
peroxisomal proliferation and hepatocarcinogenesis. Increased lipid 
peroxidation has been observed in the liver of rats treated with 
peroxisome proliferators [36]. One manifestation of membrane damage 
is lipid peroxidation. Free (oxygen) radicals initiate this process, 
and their generation has been postulated as a step in tumour promotion. 
A very pertinent recent finding is that peroxisomes can produce the 
most potent oxygen radical, viz. the toxic hydroxyl radical (·OH). 
As clofibrate and niadenate are tumour-promoting, an excess production 
of H2 02 and ·OH conceivably contribute to hepatocarcinogenesis, by 
mechanisms unrelated to direct DNA damage. 
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with emphasis on methodology, this article concerns effects, 
in the rat, of LL9 drugs (clofibrate, fenofibrate) and DEHP, adminis
tered for up to 18 months. Short-term alterations were also studied 
in hepatocytes, both freshly isolated and cultured. Alterations 
were found in the liver, as expected, and in several other tissues. 
Similarly to liver, the kidney proximal tubule showed an initial 
increase in peroxisomes and then an enlargement of lysosomes which 
were filled with material staining as for lipofuscin. The pancreas 
sh~~ed exocrine-cell hyperactivity, and with prolonged treatment the 
islets did not show the hypertrophy normally observed in ageing rats. 
All the alterations may well relate to alterations in fat metabolism. 

There are also thyroid changes. As early as 3 days the serum 
shows reduced T4 although not T3. Acinar cells show, by e.m., hyper
activity which persists with continued treatment. These changes 
are similar to those produced by polyhalogenated hydrocarbons, but 
the peroxisome-proliferating agents do not induce hepatic GA tp'ase. 

The LL drugs related to clofibrate have been intensively studied 
over recent years. They are not mu tagel}ic in a wide variety of prokary
otic and eukaryotic test systems [1], yet cause a marked increase 
in cancer in the liver of rats [1, 2] and in the exocrine pancreas. 
Short-term alterations in the kidney similar to those in liver have 
also been reported [1], although there have, as yet, been no published 

9Abbreviations: LL, lipid-lowering (hypolipidaemic); DEHP, as in 
title; e.m., electron microsc.opy/micrograph; GA tr'ase, UDP-glucuronyl 
transferase; aGP de'ase, a-glycerophosphate dehydrogenase. 
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reports of an increase in kidney tumours. Furthermore, a kindred 
compound, DEHP, causes a marked increase in testicular tumours [3]. 
while we have observed thyroid changes indicative of hyperactivity 
[4, 5] and similar to those produced by agents such as polyhalogen
ated hydrocarbons which increase the incidence of thyroid adenomas 
after prolonged treatment [6). 

There is thus evidence that, in rats, LL drugs and related 
compounds are carcinogenic in many tissues. This does not appear 
to be the case in humans. Al though the highest therapeutic dose 
of clofibrate is as high as 7% of the lowest dose reported to produce 
an increase in cancer in rats, clinical evidence gained during 25 
years rules out any association between clofibrate treatment and 
an increase in cancer in man [7]. 

Thus man and rats appear to differ markedly in the long-term 
effects of clofibrate treatment. There are also marked differences 
in the short-term effects, at least on the liver. In rats, treatment 
with clofibrate causes a massive increase in liver weight and in 
the concentrations of peroxisomes in the liver ([1], & G.G. Gibson, 
flA-7, this vol.), while changes in human liver are minimal [8]. 
However, organs besides the liver are affected by long-term treatment 
with LL agents, and while the difference in the short-term hepatic 
response between humans and rats may be related to the difference 
in long-term response, there is no evidence whatsoever on whether 
other human tissues respond to LL drugs. However, it is by no means 
certain that the responses of different tissues are in fact independent. 
Here we review the experimental procedures which we have adopted 
to investigate the changes in the different tissues in the rat, and 
summarize our conclusions on the mechanisms of toxicity. 

MATERIALS AND METHODS 

Wistar albino rats, usually of initial body wt. 80-100 g, were 
obtained from the University's Animal House or from ICI Rodent Breeding 
Uni t. No strain differences have been observed to date. Resins 
for e.m. were obtained from TAAB Ltd. (Reading, Berks.), and other 
chemicals from Sigma or BDH Chemicals. The phthalic acid esters 
were kindly donated by BP Chemicals (Sulley, Penarth) and the LL 
drugs by Dr. G. Blane (Dijon, France). Radiochemicals were obtained 
from Amersham International, and cell-culture materials from Flow 
Laboratories. 

In vivo experiments (details in [5, 9-11]). - In summary, rats 
were fed a powdered diet, initially as supplied and after 1 week, 
where appropriate, containing the compound. Young rats readily 
accepted diets containing very high concentrations of LL drugs or 
phthalates, but older (9 month) rats showed a marked aversion to 
some of the compounds [5]. Finally a lethal dose of pentobarbital 
was given, and the rats were bled by cardiac puncture while unconscious, 
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then fully autopsied; any abdominal or thoracic organs that showed 
signs of gross toxicity were further examined [9-11]. A limited 
autopsy was performed on rats killed at intermediate times. 

Tissue preparation for microscopy (& see legends to Figs. 2 
& 4).- For light microscopy the tissues, fixed for at least 14 days, 
were usually embedded in paraffin wax (7 ].lm sections), but frozen 
fixed material was used for Oil Red 0 staining. Besides H & E, the 
following stains were used.- Periodic acid-Schiff for polysaccharide 
with and without diastase digestion to remove glycogen, Oil Red 0 
for neutral lipid [12]; and Nile Blue for acidic lipid, Schmorl's 
stain for lipofuscin, Perl's Prussian Blue for iron, Masson-Fontana 
stain for melanin [13]. For e.m., tissue cubes (-0.5mm, cut with 
2 disposable microtome blades) were fixed for 6-8 h, washed overnight 
in the buffer, and counter-fixed for 2 h; Os04 solutions were more 
reliable if prepared from crystals than if bought as vials. After 
ethanol dehydration and exposure to epoxypropane, the samples were 
embedded in Epon 812 for 48 h at 60°. 

Hepatocytes.- The isolation method, based on that of Rao et 
al. [14], entailed use of Ca 2 +-free pH 7.4 buffers - Krebs-Ringer 
phosphate (PBS), and HC0 3 -/95% O2 -5% CO 2 (C). The rats (male) were 
anaesthetized with pentobarbital. The portal vein was cannulated 
22 swg x 32 rnm catheter), and the liver perfused with PBS, the inferior 
vena cava being cut just below an untied ligature which had been 
pre-inserted just above the renal veins. Then this ligature was 
tightened after carefully cutting open the rib cage and cannulating 
(18 swg x 32 mm) the inferior vena cava via the right atrium, for further 
perfusion. Following PBS (15 min) and then C (15 min), not re-circul
ated, perfusion with re-circulation was carried out for up to 20 min 
with 150 ml of C containing 100 mg collagenase and 5 rnM CaCI 2 • The 
liver was then rapidly excised and, in PBS at 37°, sub-capsular tissue 
was teased out. It was passed through bolting cloth, and the volume 
made up to 200 ml with PBS. Washing and re-suspension (x 3) were 
performed either with settling under gravity or by centrifuging at 
400 rpm for 1 min. The cell yield was routinely -200 x 106 with via
bil i ties >90% by Trypan Blue exclusion testing. For hepatocyte culture 
conditions, see [15]. 

RESULTS 

In probing the effects of LL drugs and DEHP we used light micros
copy to identify the main tissues affected, e.m. to determine which 
cells and cell organelles were affected, and biochemical measurements 
to quantitate the changes. We found changes in the thyroid, pancreas, 
kidney and testes as well as in liver, and in the concentrations 
of certain proteins in plasma. We then sought to identify the under
lying mechanism and, in particular, the connection between hepatic 
and thyroid changes, by experimental approaches which are outlined 
below following description of the changes occurring in each tissue. 
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Changes in the liver 

We have already described the hepatic changes induced by LL 
drugs and phthalate esters in some detail [5, 9-11]. They accord 
with those mentioned in accompanying articles [ftA-4, ,#A-5, ItA-7]. 
The initial changes can be reproduced in cultured hepatocytes exposed 
to the agent [5, 15]; hence freshly prepared hepatocytes serve to 
investigate very short-term induced changes [15, 16]. The development 
of alterations may be summarized as follows. 

- (a) Immediately after addition of phthalate esters [15] or LL drugs 
[16, 17] to hepatocytes isolated from fasted rats there is an increase 
in triglyceride synthesis. It is also observed in hepatocytes from 
fed rats killed in the afternoon but not at 9 a.m. This indicates 
that the effect depends on the animal's nutritional state and is 
consistent with an allosteric effect of the agents on key enzymes 
in fatty acid metabolism. 

- (b) Within 24 h of commencing treatment of intact animals or of 
adding the agents to isolated hepatocytes there is accumulation of 
lipid in small droplets. With low doses and with very short treatment 
times this effect is seen in all parts of the liver lobule, but at 
high doses or after longer treatment the lipid clears from the liver's 
centrilobular zone. 

- (c) Following rapidly on the hepatic lipid accumulation there is 
proliferation of hepatic peroxisomes and induction of the P-450 iso
enzyme responsible for w-oxidation of fatty acids. This effect is 
observed both in intact animals and in cultured hepatocytes. 

- (d) Soon after commencing treatment of intact animals with peroxisome
proliferating agents there is a burst of mitosis in the liver. This 
is not observed in cultured hepatocytes. 

- (e) Following these changes there are alterations indicative of 
mild hepatotoxicity. There is centrilobular loss of glycogen and 
of glucose-6-phosphatase activity and a fall in non-protein reducing 
constituents. These alterations are observed in intact animals but 
not in cultured hepatocytes. They are first seen 3 days after commen
cing treatment but increase in magnitude up to 3 weeks, after which 
time they stabilize. 

- (f) One month after commencing treatment there is enlargement of 
lysosomes. Various histochemical stains gave the following evidence 
on the nature of the accumulating material.-

i) The lysosomes, as in normal cells, showed periodic acid
Schiff's staining which was not digestible by diastase and most probably 
connotes glycoprotein. 

ii) The lysosomes stained strongly with Schmorl' s stain and 
with Alternative Nile Blue, indicating the presence of acidic lipids. 

iii) The lysosomes stained weakly with Nile Red, indicating 
the presence of a small amount of neutral lipid. 
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iv) The lysosomes were not stained by Masson & Fontana's stain 
or by Perl's Prussian Blue, indicating absence of melanin and iron. 

These resul ts are consistent with accumulation of peroxidized 
lipid within the lysosomes. This conclusion is supported bye. m. 
which showed that the accumulating lipid was not extracted by ethanol 
or by propylene oxide, suggesting a degree of cross-linking. Of 
several enzymes examined as possible markers for this lysosomal 
enlargement, ~-D-galactosidase was found most satisfactory. 

- (g) Autofluorescent lipofuscin deposits were seen in the livers 
after 6 months of treatment, identical in staining properties to 
the enlarged lysosomes seen earlier. 

- (h) In the second year of treatment there was evidence for increased 
cell turnover in the liver. 

- (i) After -18 months of treatment foci of altered cells appear 
in the liver [18]. They initially disappear on cessation of treatment, 
but with more prolonged treatment (113 weeks) they remain even at 
4 weeks after withdrawal of the compounds. 

- (j) Although most of the alterations affect the hepatocytes it 
is noticeable that the bile duct proliferation characteristic of 
ageing rats is not found in rats treated long-term with LL agents. 

Changes in the thyroid 

- (a) Within 3 days of commencing treatment with LL drugs or DEHP, 
serum thyroxine (T4) shows a fall (Fig. 1) which persists through 
the period of treatment and is dose-dependent. 

- (b) The thyroid at this time shows e.m. alterations indicative 
of hyperactivity (Fig. 2). There is enlargement of lysosomes and 
the Golgi apparatus, myelination of mitochondria and an increase 
in resorption droplets on the apical face of the follicular cells. 

- (c) After treatment for 9 months or more, calcified deposits are 
visible in the colloid. In some cases cast cells are also visible. 
These alterations are also consistent with persistent hyperactivity. 

Fig. 1. Effect of 
fenofibrate on serum 
T4 activity (by RIA). 
Taking account of later 
experiments, the appar
ent change in T3 was 
insignificant. Lower 
or higher doses gave 
the same trends of T4 
change. It was also 
seen with clofibrate 
(400 mg/kg per day). 
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Fig. 2. Thyroid e.m. 's: above: control; opposite p.: after DEHP 
treatment (1 g/kg per day for 3 days), showing hyperactivity. 
Fixation in 4% glutaraldehyde buffered with 0.1 M cacodylate, pH 7.4. 
Post-fixation with 2% OsOq/0 . 1 M cacodylate. Counterstaining with 
uranyl acetate and Pb citrate. Bars = 1 ~m. C, colloid; G, Golgi; 
L, lysosomes/granules; MV, microvilli; MY, myelin body; N, nucleus. 

Changes in the pancreas 

- (a) Shortly after commencing treatment the pancreas shows acinar 
ultrastructural alterations (Fig . 3), viz. marked Golgi hypertrophy 
and an overall reduction in secretion granules although individual 
cells vary markedly . 

- (b) Prolonged treatment did not result in any major changes in 
the acinar cells although there was, frequently, a clear zone just 
to the apical side of the nucleus consistent with persistent Golgi 
hypertrophy . 

- (c) The islet cell hyperplasia typical of ageing rats was reduced. 

Changes in the kidney 

- (a) Other workers have shown increased peroxisomes in the proximal 
tubule cells of rats treated with LL agents [1]. 

- (b) After 10 days of DEHP (1 g/kg) kidney weight shows a small rise, 
but much less marked than for liver. 
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- (c) We have shown proximal tubules to have enlarged lysosomes 
(Fig. 4), whose content stained as for equivalent structures in liver. 

Changes in the testes 

In agreement with other authors we found testicular atrophy 
in rats given DEHP (2 g/kg). There was no effect with 1 g/kg even 
over 9 months, nor with LL drugs, but testicular atrophy occurred 
with straight-chain phthalate esters that caused no peroxisomal prolif
eration; hence the effect appears independent of hepatic effects. 
Interstitial cell carcinomas were observed in 2 out of 3 rats treated 
for 18 months with a LL drug; but published data and our past experience 
led us [11] to conclude that this was a chance occurrence. 

Changes in plasma proteins 

Effects of proliferating agents have been fully reported elsewhere 
[19]. They differ both from those associated with inflammation (the 
acute-phase response) and from those caused by other hepatotoxins [20]. 

Connection between hepatic and thyroidal changes 

An earlier theory that altered thyroid-hormone metabolism 
explained the LL action of clofibrate is now discredited; but high 
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Fig. 3. Pancreas (exocrine) e.m. 's: upper: control; l~r: after 
clofibrate treatment (400 mg/kg per day for 21 days). Processed as for 
Fig. 2; bar = 1 )lm. G, Golgi zone;SG,secretion granules (IS, immature); N, 
nucleus. 
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Fig. 4. Photomicrographs 
of kidney sections: right 
control; bel~. right: 
after fenofibrate treat
ment (200 mg/kg per day 
for 6 months). Fixation 
in 10% neutral buffered 
formalin. pH 7.4; 
staining with Schmorl's 
stain for lipofuscin. 
L. enlarged lysosomes 
with the staining pro
perties of lipofuscin. 
x 420. 
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doses of thyroxine are known to induce peroxisome proliferation. 
We accordingly wondered whether clofibrate could in fact bind to 
a subset of thyroxine receptors such as plasma membrane (p.m.). cytosol 
and the nucleus are known to possess; thyroxine is also reported 
to affect mitochondria directly. We therefore investigated. but 
without success. whether clofibrate could compete with thyroxine 
for any of its receptors and whether thyroxine affected mitochondrial 
fatty acid oxidation similarly to clofibrate. Thus. using published 
procedures [21]. we found binding of 125I_T3 to the nuclear receptor 
to be only slightly affected by clofibrate: there was -15% displacement 
at 0.1 ~ but no increase at levels up to 1 mM. There was saturable 
binding of T3 but no displacement by clofibrate with liver cytosol 
or. in a preliminary experiment. with p.m. prepared [22] from the 
basolateral face of hepatocytes. 

Since clofibrate is evidently not thyromimetic and the action 
of LL agents on cultured cells rules out the liver action being secon
dary to thyroxine changes. we examined whether thyroxine changes 
could be due to al terations in thyroxine metabolism in the liver. 
Polychlorinated hydrocarbons cause thyroidal alterations very like 
those found with LL agents. possibly attributable largely to increased 
excretion of thyroxine due to GA tr 'ase induc tion [6]. We found. 
however (Table 1). no induction of GA tr'ase by DEHP. but marked 
induction of aGP de'ase. an enzyme which supposedly reflects intra
hepatic thyroxine levels and which is not induced by polyhalogenated 
hydrocarbons. In a few preliminary experiments we have found an 
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Table 1. Enzyme activities in the livers of rats fed for 7 days with 
diets containing either 1% DEHP or 0.015% Arochlor 1254. a-Glycero
phosphate dehydrogenase (aGP de'ase) activity was measured ([23], 
adapted) on a large-particle fraction (10,000 g, 15 min). UDP-gluc
uronyl transferase (GA tr'ase) was measured on a microsomal fraction 
with published conditions for incubation [24] and colorimetry [25]. 
Protein was measured by the Lowry procedure. Results are presented 
as ~ol/min per mg protein: mean ±S.E.M. (& no. of animals). 

Control 
DEHP 
Arochlor 

GA tr'ase 

4.02 ±1.60 (4) 
3.57 ±1.22 (4) 
7.01 ±0.75 (4) 

aGP de'ase 

45.6 ±5.9 (8) 
74.6 ±4.3 (4) } each P <0.05 
24.9 ±3.5 (4) VB. control 

apparent fall in the plasma half-life of T4, but saw no significant 
increase in biliary excretion of 125I_T4 or any increase in its hepatic 
retention. 

DISCUSSION 

Our results show that LL drugs and DEHP can affect many tissues. 
Except for the testicular effects, the changes produced by the different 
agents are remarkably uniform, suggesting a common pathogenesis. 
Although there is, as yet, no definite proof, the connection would 
appear to lie in the effect the compounds have on lipid metabolism. 
It is clear that both LL drugs and mono-2-ethylhexyl phthalate (MEHP) 
have an immediate effect on triglyceride metabolism in hepatocytes 
from fasted animals, and as discussed elsewhere [15] this effect 
is consistent with the compounds mimicking fatty acids and binding 
to the regulatory site of key enzymes. It would therefore appear 
likely that the induction of peroxisomal and microsomal fatty acid 
oxidases is due to binding of the compounds to the regulator site 
of the appropriate genes. As neither MEHP nor the LL agents will 
be metabolized by the enzymes induced, the resul t is sustained induc tion 
of the enzymes. The connection between peroxisome proliferation 
and the remaining part of the hepatic response [5] lies outside the 
scope of this article. 

Concerning effects on non-hepatic tissues, the effect on kidney 
are most easily explained. The cells of the proximal tubule have 
many resemblances to hepatocytes. They possess glucos~hosphatase 
activity [26] and are rich in drug-metabolizing enzymes. The induction 
of peroxisomal enzymes in these cells is not, therefore, surprising, 
and the subsequent changes in the kidney resemble those in the liver 
al though there have been no published reports of kidney tumours arising 
from treatment with LL agents. The changes in the pancreatic acinar 
cells may also be associated with the fatty acid-like behaviour of 
peroxisome prolif er a ting agents. The changes are indica ti ve of hyper-
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activity. Prolonged administration of corn oil to rats is known 
to increase focal acinar cell hyperplasia and acinar cell adenoma 
in the pancreas of rats treated over a 2-year period [27]. This 
suggests the possibility that the pancreatic tumours observed after 
prolonged treatment with clofibrate [1] may also be associated with 
a lipid-like action of the drug. 

The connection between alterations in fat metabolism and those 
in the other tissues affected by LL agents is less clear-cut. It 
appears likely that the absence of pancreatic islet hyperplasia in 
treated rats is connected with alterations in lipid metabolism; but 
the mechanism is uncertain. There is no obvious explanation for 
the reduction of bile-duct proliferation in treated animals. Finally 
it would appear likely that changes in the thyroxine are secondary 
to alterations in the liver. Studies on the mechanism are continuing 
in our laboratory [28], but so far we have not been able to explain 
all the mechanisms that result in there being such a close association 
between liver and thyroxine toxicity. We do, however, hope that 
we have already obtained enough data to show that an integrated multi
disciplinary approach is required for the understanding of the overall 
effects of foreign compounds on the body. 
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An outline is given of general properties of cytochrome P-450 
and of its spectral determination - which does not distinguish amongst 
the e.r. * isoenzymes. These may differ in specificity, manifest 
by measuring a range of catalytic activities as exemplified by findings 
in clofibrate-treated rats. Ab's that recognize different P-450 
apoenzymes can help in isoenzyme identification and quantitation. 
It has, for example, been shown by matrix analysis that the ability 
of hypolipidaemic agents to elevate immunochemically determined P-452 
correlates with their hepatomegalic action. Induction of these iso
enzymes also correlates well with increases in peroxisomal parameters, 
especially volume. Consideration is given to important points of 
interpretation and technique, especially in the immunochemical 
approach. 

Cytochrome P-450 is a collective name for a family of haemoprotein 
isoenzymes, primarily localized in the e.r. of liver, whose function 
is to oxidize literally hundreds of endogenous compounds, drugs and 
other xenobiotic chemicals. It is well established that exposure 
of animals or man to diverse xenobiotics can induce a population 
of e.r. cytochrome P-450 isoenzymes, resulting in profound changes 
in the pharmacological and tOXicological properties of either the 
inducing agent itself or other co-administered drugs. 

Accordingly the problem arises what is the best method to identify 
and quantitate these subtle changes in the e.r. P-450 profile. One 
approach is to spectrally determine the total amount .of P-450 as 

* Abbreviations: e.r., endoplasmic reticulum; Ab, antibody; PAGE, 
polyacrylamide gel electrophoresis; MC, 3-methylcholanthrene; PB, 
phenobarbital. 
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the CO-complex - which is informative but does not quantitatively 
furnish the isoenzyme pattern. A second approach is to measure 
changes in the substrate metabolism and specificity of the e.r. to 
oxidize a broad spectrum of structurally diverse substrates; but 
problems arise because many of the isoenzymes overlap in specificity. 
A third approach is to use Ab's to probe e.r. P-450 changes. Factors 
affecting the success of this approach include the nature and specific
ity of the Ab, the specific P-450 isoenzyme under scrutiny, and the 
existence of common epitopes between different isoenzymes. The latter 
method suffers from the disadvantage that the Ab recognizes only 
the apoprotein and hence gives no indication of enzyme functionality 
because the holoenzyme (apoprotein plus haem prosthetic group) is 
absolutely required for catalysis. 

It has become clear that the P-450 isoenzymes are a good index 
of e.r. changes, with the caveat that close attention must be paid 
to methodolagy and hence data interpretatian. 

GENERAL PROPERTIES OF CYTOCHROME P-450 

Befare discussing in detail the role of cytachrame P-450 analysis 
in the manitaring of subcellular derangements, it is infarmative 
to cansider same af the enzyme's general praperties in arder that 
the reader can fully appreciate the analytical prablems concerned. 

- The enzyme is a haemapratein af manameric kMr -45-55. 
- Ubiquitaus distributian, accurring in prakaryatic and eukaryatic 
cells. Detectable in almast all mammalian tissues, the liver being 
the richest saurce, and localized in the e.r. 
- Terminal haemaprotein campanent af the mixed-functian axidase system 
and catalytically functians as a hydraxylase enzyme. Additianally 
has NADPH-axidase and peraxidase activity. 
- Respansible far the metabalism af hundreds af drugs and chemicals 
and endagenaus substrates including steraids, fatty acids, vitamins, 
prostaglandins and leukatrienes. 
- Exists as isaenzymes (multiple forms), the relative prapartians 
af which may be madulated by xenabiotics. 
- Plays a rale in bath the pharmacalagical deactivatian and taxico
lagical activatian af drugs and chemicals. 

SPECTRAL DETERMINATION OF CYTOCHROME P-450 

The ariginal methad af Omura & Sata [1] takes advantage af the 
fact that cytochrame P-450, when in the reduced ferrous state, complexes 
CO resulting in the farmatian af a strong 'soret' band at 450 nm. 
As the extinctian peak far this soret peak is knawn [1], the gross 
cytachrame P-450 cantent is readily determined. Hawever, this 
technique suffers fram several disadvantages including the follawing. 

- The assay method anly quantitates the halaenzyme (i.e. incarparating 
the CO-reactive haem prasthetic graup) and daes nat take intO' accaunt 
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any apoprotein present. This is an important point to note regarding 
this method as many drugs and xenobiotics can induce the level of 
apoprotein synthesis without the matching and necessary increase 
in haem incorporation. Accordingly, total cytochrome P-450 content 
may be under-estimated. 

- The spectral analysis does not differentiate or identify the iso
enzymes of cytochrome P-450, and is reactive with all its forms known 
to date. This lack of isoenzyme differentiation is important when 
analyzing subcellular changes in cytochrome P-450 in response to 
xenobiotics or physiological and environmental challenges. For 
example, after drug challenge, the complement of cytochrome P-450 
isoenzymes may drastically alter without any changes in the total 
absolute amount of haemoprotein. One could therefore draw the false 
conclusion, based on spectral data, that the drug in question had 
no influence on cytochrome P-450 content, whereas drug induction 
of individual isoenzymes paints an entirely different picture [2, 3]. 

CATALYTIC ACTIVITY OF CYTOCHROME P-450 

If each isoenzyme had a unique and characteristic substrate 
specificity, then simply by observing the catalytic activity we could 
unequivocally identify which isoenzyme(s) is present in a particular 
biochemical environment. Unfortunately this is not the case, and 
P-450 isoenzymes exhibit a similar although overlapping substrate 
specificity, resulting in the contribution of more than one isoenzyme 
to the metabolism of a particular substrate. However, some drug 
inducers will preferentially induce a particular isoenzyme of cyto
chrome P-450, resulting in the preferential metabolism of a substrate. 
For example, as shown in Table 1, PB induces benzphetamine-N
demethylase activity and other inducers will preferentially bring 
about metabolism of different substrates. One must, then, recognize 
the limitations of such catalytic data in that several different 
isoenzymes could conceivably contribute to the metabolism of a 
particular substrate. 

A striking example of the utility of determining cytochrome 
P-450 catalytic activity as an index of subcellular liver changes 
is seen with the hypolipidaemic drug clofibrate. Clofibrate (and 
related drugs) produces three characteristic liver changes in rodents, 
viz. proliferation of the e.r., peroxisomal proliferation and hepato
cellular carcinomas on chronic exposure [4]. In addition, prolifer
ation of the e. r. results in the induction of a specific form of 
cytochrome P-450 (termed P-452) responsible for the hydroxylation 
of fatty acids (Table 2). 

This Table shows the complexity of the cytochrome P-450 system 
in that although cytochrome P-450 levels are induced by clofibrate 
the metabolism of both aminopyrine and benzphetamine is approximately 
halved. This is rationa·lized by the ability of clofibrate to somehow 
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Table 1. Drug metabolism by hepatic microsomes as influenced by 
inducers - PB, phenobarbitone; PCN, pregnenolone-16a-carbonitrile; 
ARO, Arochlor 1Z54; MC, 3-methylcholanthrene. Activities expressed 
as nmol product/min per nmol cytochrome P-450; ± values are S.E.M. 
(n = 4). Adapted from ref. [5}. 

Substrate Control 

Ethylmorphine 13.7 ±0.8 

Benzphetamine lZ.5 ±l.Z 

Benzo(a)pyrene 0.14 

PB PCN ARO MC 

16.8 ±4.3 24.9 ±3.9 9.5 ±l.Z 6.4 ±0.5 

45.7 ±14.0 6.6 ±0.7 15.8 ±Z.7 5.7 ±1.1 

0.14 0.14 not assayed 0.33 

Table 2. Induction of rat-liver microsomal constituents - cytochrome 
P-450, demethylases and fatty acid hydroxylase - by clofibrate (given 
as stated in Table 4 heading, below; n = 4). 

Parameter Control Induced 

~¥.~. ?S~~?~~ .. ~:~?9. ............ ~.:. ~.~ ................ ~.:.?9. .......... ~1,l!?, u,1,l!g .. p.;:?~.~!~ .................. .. 
N-Demethylases: 

b h . 1Z.00 +_0.01 4 90 +0 09 nmol HCHO product formed enzp etam~ne • -. / 1 h P 450/ . 
amino rine 11.87 ±1.Z6 5.93 ±0.10 nmo cytoc rome - m~n .............. p.¥. ...................................................................................................................... . 

Lauric acid total ll-OH + 1Z-0H formed 
hydroxylase 1.53 ±0.Z5 7.55 ±O.ZO /mg protein/min 

switch off the genes that code for the isoenzymes that metabolize 
these two substrates, concomitant with the induction of the fatty 
acid hydroxylase isoenzyme. Thus it is important to be fully aware 
of the existence of multiple forms and to carefully choose the 'marker' 
substrate. 

Clofibrate appears to be a useful tool in studying subcellular 
liver changes, particularly in view of the fact that the induced 
microsomal enzyme (P-452) catalyzes only the w-hydroxylation of fatty 
acids [6, 7]. When the cytochrome P-452 isoenzyme is isolated and 
purified to electrophoretic homogeneity from the liver microsomes 
of rats pre-treated with clofibrate, the absolute substrate specificity 
can be determined in a reconstituted system. As shown in Table 3, 
cytochrome P-452, unlike the other isoenzymes, exhibits a very narrow 
and specific substrate range; so far no other hepatic isoenzyme has 
been demonstrated to catalyze this activity (contrast cytochrome ~5Z 
substrate specificity with that of cytochrome P-450b)' 

As mentioned previously, hypolipidaemic drugs also produce 
significant proliferation of peroxisomes, evident both from peroxi
somal volume and from the representative catalytic activity of the 
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Table 3. Substrate specificity of highly purified cytochrome P-450 
isoenzymes in a reconstituted system. P-450b = a major PB-induced 
isoenzyme, purified to electrophoretic homogeneity. The tabulated 
activities are nmol product formed/nmol P-450/min. DeT'ived fT'om [7]. 

Substrate P-452 isoenzyme P-450b isoenzyme 

Lauric acid (w-hydroxylation) 43.0 6.7 

Benzphetamine (~emethylation) not detectable 281.0 

Testosterone 7rx " " not detectable 
(hydroxylation) 16a " " 5.2 

6~ " " 4.6 
2~ " " 3.0 

Ethoxyresorufin (O-deethylase) " " 0.4 

fatty acid ~-oxidation system. We have shown (unpublished work) 
that peroxisomal volume can increase up to 5-fold after challenge by 
potent hypolipidaemics such as benzafibrate, concomitant with a 
20-40 fold increase in the specific activity of the ~-oxidation system. 
Sustained proliferation of peroxisomes in rodents almost always resul ts 
in hepatocellular carcinomas [8], and the above short-term changes 
in both cytochrome P-450 and peroxisomal ~-oxidation activities are 
therefore an important 'marker' for the long-term toxicity of this 
class of compounds. This is particularly true because amongst compounds 
studied to date most of those that produce peroxisomal proliferation 
and hepatocellular carcinomas also induce the activity of the micro
somal cytochrome P-452 hydroxylase [9]. Although the precise inter
relationship between these diverse hepatic responses to hypolipidaemic 
agents is not clear at present, it is certainly a warning signal 
that more pronounced and toxicologically significant subcellular 
derangements will almost definitely follow. 

IHMUNOCHEMICAL APROACHES FOR CYTOCHROME P-450 ISOENZYME STUDIES 

The early research emphasis on isolating and purifying multiple 
forms of cytochrome P-450 has enabled the pure proteins to be used 
as antigens to raise polyclonal Ab' s to the haemoproteins. These 
Ab's have been used in a variety of immunochemical techniques, inc luding 
Ouchterlony double immunodiffusion, rocket immunoelectrophoresis, 
radial immunodiffusion, ELISA and Western blotting, to answer such 
varied questions as the role of cytochrome P-450 isoenzymes in foreign 
compound metabolism, identifying subcellular fractions that contain 
the isoenzymes, and the distribution of the multiple forms across 
the liver lobule; the Ab' s have also served for screening of cDNA 
expression vectors. As in any other innnuno-based technique, the 
specificity and lack of non-specific cross-reactivity of Ab' s to 
cytochrome P-450 isoenzymes is of prime importance. Lack of attention 
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Fig. 1. Specificity of a cytochrome P-452 Ab. Equivalent amounts 
of CO-discernible cytochrome P-450 (1 pmol) were subjected to the 
ELISA procedure in the presence of the P-452 Ab (1:4,000 dilution) 
and the A490 determined. The microsomes came from control rats 
(CON) or rats treated with the agents indicated. 

to Ab specificity can often lead to misinterpretation of data and 
result in false conclusions concerning the antigen. 

This laboratory has raised polyclonal Ab I s to rat-liver cytochrome 
P-450 in both rabbit and sheep. In our experience, the immunization 
schedule is very, important. For example, if low ini tial doses (-100 j.lg 
antigen) are given followed by infrequent boosts, then a specific 
Ab will result. However, if high initial doses (-500-1000 j.lg) are 
given followed by frequent boosting, then the specificity is lost 
and the resulting Ab cross-reacts with additional isoenzymes. With 
these principles in mind, we have raised to rat-liver cytochrome 
P-452 a specific polyclonal Ab that recognizes its homologous antigen 
but does not cross-react with purified cytochrome P-450 isoenzymes 
induced by either PB or ~-naphthof1avone [7]. Furthermore, this 
Ab recognizes a single protein of the correct mol. wt. for cytochrome 
P-452 in a Western blot procedure and gives one reactive spot in 
2-D electrophoresis, viz. electrofocusing followed by SDS-PAGE 
(unpublished observations). 

With these observations in mind, we have developed a quantitative 
ELISA procedure for cytochrome P-452. As shown in Fig. 1, the Ab 
preferentially reacts with clofibrate-induced rat-liver microsomes, 
in keeping with the induced l2-hydroxylation of lauric acid mediated 
by cytochrome P-452 as mentioned above. It is evident (Fig. 1) that 
the Ab reacts to some extent with uninduced, PB-induced or MC-induced 
microsomes. This observation can be rationalized in one of two ways. 
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Table 4. Effect of hypolipidaemic agents on liver size and cyto
chrome P-452 content (nmol/mg of microsomal protein. Compounds were 
administered by gavage for 3 days (in parentheses: dose as mg/kg; 
aontrols received 5 ml/kg). Values are means ±S.D. (6 individual 
animals). Significant differences (Student's t test) vs. control: 
1 = P <0.05, 2 p <0.01, 3 = P <0.001. 

Liver wt., Total cyt. P-450, Specific P-452, % of 
Treatment % body wt. nmol/mg cyt. P-452 total P-450 

Peanut oil 5.34±0.23 1.07±0.17 0.040±0.013 3.73±0.83 

WY.14-643 (250) 7.4l±0.38 3 1.48±0.3l 1 0.297±0.0603 20. 20±2. 293 

DEHP (1200) 7.l0±0.38 3 1.54±0.143 0.280±0.045 3 l8.30±3.l43 

MEHP (100) 6.30±0.54 2 1.27±0.09 1 0.108±0.0303 8. 47±2 .153 

Aspirin (500) 6.56±0.6l 2 1.54±0.39 1 0.148±0.0583 9.55±2.543 

Bezafibrate (200) 7.80±0.703 1.2l±0.25 0.347±0.107 3 30.3±8.793 

Nafenopin (180) 7.45±0.59 3 1.27±0.14 0.340±0.0943 26 .53±5. 483 

Clofibrate (250) 6.80±0.403 1.43±0.16 1 0.3l7±0.0633 22.2±4.553 

Clobuzarit (50) 6.95±0.18 3 1.55±0.26 1 0.3l7±0.053 3 20.63±2.263 

Ei ther the Ab recognizes other cytochrome P-450 isoenzymes in the 
different preparations, or the other liver samples contain residual 
cytochrome P-452, recognized by its homologous Ab. In view of both 
the specificity indicated above and the fact that the control, PB
and MC-induced liver preparations exhibit a low but detectable lauric 
acid l2-hydroxylase activity, the latter possibility is the more 
plausible. 

As mentioned above, hypolipidaemic agents induce both hepato
megaly and lauric acid l2-hydroxylase activity that depends on cyto
chrome P-452. The ability of various hypolipidaemics to cause liver 
changes is shown in Table 4. Evidently the hypolipidaemic agents 
that produce the greatest extent of hepatomegaly also induce the 
highest amounts of immunochemically determined cytochrome P-452. 
At the tabulated dose levels the weak induc~rs, viz. aspirin and 
monoethylhexylphthalate (MEHP), also produced the weakest hepatomegaly 
and subcellular liver changes. 

More detailed study was warranted to establish any inter
relationships between the induction of microsomal and peroxisomal 
parameters by hypolipidaemic agents. Accordingly, groups of rats 
were pre-treated with the hypolipidaemic agents listed in Table 4 
and the responses of several liver parameters were determined. These 
parameters were then subjected to a correlation matrix analysis in 
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Table 5. Correlation matrix to show the inter-relationship between 
hypolipidaemic-induced subcellular liver changes. (Enzyme activities: 
x, oxidase or hydroxylase; t, transferase; dm & de, desalkylases.) 

cyt 

cyt' 

xLll 

XL12 

xp 

tCA 

tCP 

ecA 

ecA' 

dmB 
deE 

0.391 0.311 

0.690 

0.482 0.268 0.121 0.198 

0.776 0.945 0.922 0.907 

0.894 0.736 0.778 0.725 

0.768 0.741 0.752 

0.964 0.949 

0.919 

0.301 0.280 -0.299 

0.739 0.747 -0.731 

0.544 0.559 -0.309 

0.450 0.464 -0.512 

0.837 0.845 -0.630 

0.779 0.795 -0.624 

0.792 0.794 -0.667 

0.999 -0.398 

-0.398 

-0.405 

-0.932 

-0.549 

-0.656 

-0.920 

-0.867 

-0.884 

-0.794 

-0.795 

0.186 

0.973 

0.646 

0.750 

0.970 

0.962 

0.938 

0.741 

0.741 

-0.844 -0.746 

-0.937 

order to highlight any relationship (or lack thereof) that may exist 
between the various liver parameters assayed. Table 5 summarizes 
the outcome. 

In this matrix for 9 observations and 7 degrees of freedom, 
the correlation coefficient r in a linear regression analysis is 
significantly related (95% probability) if r >0.666, and hence causal 
relationships between two experimentally determined parameters can 
be inferred. Thus the usefulness of analyzing a cytochrome P-450 
isoenzyme (in this case P-452) in relation to other liver changes 
can be assessed. As Table 5 clearly shows, induction of the specific 
cytochrome P-452 by hypolipidaemic drugs shows a negative correlation 
when compared to either of two dealkylation activities, indicating 
a specific gene switch-on for cytochrome P-452 concomitantly with 
the gene switch-off for these two activities. This conclusion is 
in complete accord with the substrate specificity data for highly 
purified, hypolipidaemic-induced cytochrome P-452 (Table 3). 

In addition, Table 5 shows that induction of the microsomal 
cytochrome P-452 isoenzyme correlates very well with the peroxisomal 
parameters, particularly peroxisomal volume. This observation 
highlights the use of cytochrome P-450 isoenzymes in studying drug-
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Table 6. Influence of boiling period on the quantitation of a 
cytochrome P-450 isoenzyme by a Western blot procedure. Tests per
formed (near neutral pH) with rabbit material by Domin & Philpot; from flO}. 

Boiling Relative extent of detection Relative apparent time, min pure form microsomal form microsomal concentration 

0 1.00 1.00 1.00 

1 0.98 1.00 1.02 
3 0.58 0.97 1. 65 
5 0.27 0.84 3.31 

10 0.08 0.51 6.40 

induced hepatocyte derangements, as pronounced and prolonged peroxi
somal proliferation in rodent liver has been causally and mechanis
tically linked with hypolipidaemic-induced hepatocellular carcinomas 
[4]. Although there is much further information to be gained from 
Table 5, it is outside the scope of this discussion; we plan to study, 
in more detail, the precise temporal relationship between e.r. 
induction and peroxisomal proliferation in response to hypolipidaemic 
agents. 

Finally, it is vital to consider further the validity of using 
Ab's in cytochrome P-450 isoenzyme analysis and, in particular, the 
importance of sample preparation prior to ultimate analysis. The 
latter point is clearly exemplified in the quantitative Western blot 
procedure for cytochrome P-450 isoenzyme analysis. As an integral 
part of this procedure the isoenzymes (either purified or in the 
membrane-bound form) are solubilized and monomerized by boiling briefly 
in SDS, prior to PAGE and electro-transfer to nitrocellulose filters 
for quantitation. As shown in Table 6, the quantitation of isoenzyme 6 
is critically dependent on the length of the boiling period. If 
the basic sample preparation protocols are not fully worked out, 
it is clear from the above example that the microsomal isoenzyme 6 
content can apparently vary dramatically. 
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Although ppolifepation of mitochondpia has been noted in the 
livep of patients sUffeping fpom a numbep of illnesses, the pelation 
of this phenomenon to the disease is not known. Sevepal livep capcino
gens ape known to induce mitochondpial ppolifepation shoptly aftep 
administpation; but again, the pelationship to hepatocapcinogenesis 
is not known. Sevepal capcinogens having this effect ape not detectably 
mutagenic, suggesting that theip effect on mitochondpia might be 
pelated to capcinogenesis. The most notable mitochon~ial-ppolifep
ation capcinogens ape methapyPilene (formeply a commonly used anti
histaminic), diethylhexylphthalate (DEHP; a widely used plasticizep) , 
nitroso~hanolamine and nitposomethylethanolamine (both contaminants 
of cutting" oils and cosmetics). Methapypilene induces livep tumoups 
in pats, but not in othep species, and sevepal stpuctul'aZly dose 
analogues ape not capcinogenic. These analogues do not induce mito
chondPial ppolifePation, nop does methapyPilene in" species othep 
than the Pat. 

Proliferation of mitochondria is not a very common situation 
in cells, but has been noted in the liver of various hospitalized 
patients: in about one-third there was an association with chronic 
hepati tis and cirrhosis [1], but in the others there was no association 
with a particular disease. The analysis, incompletely described, 
was based on assessment of the numbers of mitochondria in serial 
sections examined by electron microscopy (e.m.). The mitochondria 
were normal in size and in cristal configuration, whilst greatly 
increased in number. The authors discussed the association between 
hypoxia and mitochondrial proliferation, as also manifest in nutri
tional deficiencies of vitamin E and copper. The mechanism of this 
phenomenon is not known, nor its significance in disease. 
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Scrutiny of the pathological effects of carcinogens, e.g. azo 
dyes, has often revealed ul trastructural changes. The non-carcinogenic 
azo dye, 2-methyl-4-dimethylaminoazobenzene, a close analogue of 
3' -methyl-4-dimethylaminoazobenzene which induces liver tumours in 
rats, caused an increase in the mitochondrial content of rat liver 
cells, besides other changes [2]. More recently, an ultrastructural 
study of the action of methapyrilene hydrochloride showed that it 
produced extensive proliferation of mitochondria in the liver cells 
of rats [3], the target cells of this carcinogen. 

Methapyrilene was one of several antihistaminic drugs that 
were tested for carcinogenic activity because they were capable of 
reacting with nitrosating agents to form carcinogenic nitrosamines 
[4]. It induced a very high incidence of hepatocellular and cholangio
cellular neoplasms in rats, when fed for a year or more at 1,000 ppm; 
the concurrent feeding of sodium nitrite did not change the results, 
indicating that the formation of liver tumours was not related to 
nitrosation of methapyrilene [5]. This compound appears to act as 
a carcinogen through an unconventional mechanism, since it is not 
a mutagen in bacteria [6] nor in other mutagenic systems, even when 
activated by a rat liver microsomal preparation. Nor is it active 
in the Syrian hamster embryo transformation assay, even when activated 
[7] • The compound does not appear to be 'genotoxic', i. e. it does 
not cause a structural change in cellular DNA. There is no suggestion 
of chromosome damage induced by methapyrilene: searches for sister
chromatid exchanges in rat liver, in vit!'o or in vivo, have failed [8]. 

POSSIBLE BINDING OF METHAPYRILKNE TO CELLULAR MACROMOLECULES 

In accord with the lack of chromosome damage, a study of the 
interaction of radiolabelled methapyrilene with cellular macro
molecules showed negligible binding to DNA and RNA in the liver of 
rats given a single dose of 20 mg (3H - 1 mCi) [9]. There was extensive 
binding to liver proteins, but the specific activity of the nucleic 
acids was infinitesimal in liver, as for other rat organs - e.g. 
lung and kidney - which are not target organs for the carcinogenic 
action of methapyrilene. In the same experiment, radioautography 
of the livers at 1, 6, 14, 24 and 44 h after treatment showed that 
the maximum radioactivity was at 6 h [3], coinciding with the maximum 
binding observed chemically [9]; binding remained substantial 44 h 
after treatment. At each time, 50 hepatocytes from the periportal 
region and 50 from the centrilobular region were examined; most radio
activity was in the former. Other cells in the liver were not labelled. 

Radioautography by e.m. gave values (as % of total grains/cell) 
for radiolabel distribution within periportal hepatocytes at 6 h: 
- nucleus (10% of cell area) and nucleolus (0.5%) each nil; 
- mitochondria (7.5% of cell area), 67%; 
- endoplasmic reticulum (e.r.): rough (22%), 9%; smooth (46%), 23%; 
- lipid (2.0%), 0.9%; lysosomes (1.4%), 0.2%. 
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Evidently the highest concentration of radiolabel, two-thirds 
of the cell total, was in the mitochondria although they occupied 
<10% of the cell area. Notably, nuclei had no detectable radioactivity. 
The other major binding site of radioactivity, one-quarter of the 
cell total, was the smooth e.r., which comprised almost half of the 
cell area. 

Progressive changes were revealed by e.m. examination of liver 
after 1 and 2 weeks' feeding of a methapyrilene-containing diet 
(1,000 ppm), a treatment which if continued gives rise to liver tumours 
in every animal after 1 year. There was a reduction in the rough 
and smooth e. r. and a considerable increase in the number of mi tochond
ria per cell [10]. Mitochondria in process of division were not 
uncommon. At 2 weeks mitochondria occupied as much as one-third 
of the cross-sectional area of the cytoplasm (Fig. 1). Serial 
sectioning was not carried out, so the proportion occupied by volume 
must be assumed. 

It would be reasonable to conclude that in rat liver methapyrilene 
binds to mitochondria and induces them to divide by a still unknown 
mechanism. This in turn could lead to induction of neoplasia by 
a non-mutagenic mechanism, likewise unknown at present. The mi tochond
rial proliferation is not transient: it persists if the treatment 
is con tinued, and is seen in the hepa tocellul ar carcinomas which ensue. 
These neoplasms are as packed with mitochondria as were the liver 
cells of the rats after 2 weeks' treatment (Fig. 2), leading to their 
classification as oncocytomas [10]. 

TESTING OF METHAPYRlLENE IN VARIOUS SPECIES 

Various substances such as the hypolipidaemic agent clofibrate 
are non-mutagenic carcinogens and presumably act through their induc
tion of peroxisomal proliferation [11]. In our studies of some unusual 
types of carcinogen, we have found several compounds that are inducers 
of mitochondrial proliferation. Probably there are substances that 
induce this proliferation but are not carcinogenic, but none has 
achieved prominence. Our interest in the possible risk to humans 
of exposure to methapyrilene, which was commonly used as a sleep-aid 
until discovery of its carcinogenic properties led to its withdrawal, 
prompted us to test it for chronic toxicity in other species. 

In hamsters, methapyrilene caused convulsions, limiting the 
amount that could be administered at one time. Nevertheless, after 
administration of 30 mg/week for 60 weeks no tumours were seen that 
could be attributed to the treatment [12]. Treatment of guinea pigs 
with higher doses (200 mg/kg body wt., twice a week) similarly failed 
to induce tumours [12]. In a chronic toxicity study of methapyrilene 
in mice, no tumours related to the treatment were seen, but unfortun
ately proof was inadequate because the mice were killed after 7 months' 
treatment, which was far too small a proportion of the life-span. 
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Fig. 1. Electron micrograph of mitotic liver cell from portal area 
of F344 rat treated with methapyrilene hydrochloride for 2 weeks. 
x 4500. 

Paralleling this lack of carcinogenic activity, e.m. studies 
of the livers of Syrian hamsters and guinea pigs following chronic 
treatment with the drug showed no increase in the proportion of mito
chondria in the cells. It appears, then, that both hepatocarcino
genesis and induction of mitochondrial proliferation by methapyrilene 
are restricted to rats. 

STUDIES WITH PYRILAMINE AND OTHER COMPOUNDS 

An analogue of methapyrilene, the drug pyrilamine (Fig. 3), 
also a commonly used antihistaminic, was a weak liver carcinogen 
in rats, many times less effective than methapyrilene and at consider
ably higher doses [13]. Pyrilamine caused some mitochondrial prolifer
ation in rat liver [14], but much less than with lower doses of 
methapyrilene. On the other hand, no carcinogenic activity was found 
with a number of very close analogues of methapyrilene, all anti
histaminics, given to rats at doses equal to or greater than those 
of methapyrilene which had caused a high incidence of liver tumours 
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Fig. 2. Cell from hepatocellular carcinoma in rat treated with 
methapyrilene hydrochloride for 1 year. x6400. 
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[15]. These compounds were thenyldiamine, chlorothen, methafurylene 
and methaphenilene (Fig. 3), each differing from methapyrilene in 
only one atom or, in the case of thenyldiamine, only the position 
of substitution in the thiophen ring. Such specificity is, of course, 
not rare in carcinogenesis among a group of chemically similar subs
tances, but it increases · the difficulty of understanding why only 
the molecule with the unique structure of methapyrilene should be 
a potent carcinogen, and close analogues inactive. 

These four compounds had no significant effect on mitochondrial 
numbers, contrasting with the large increase caused by methapyrilene 
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Methapyrilene Methaphenilene 

..... CH3 r8Y CH2 CH2CH2N 

cH,oA9 ~ 'C", 

Pyrilamine Chlorothen 

Thenyldiamine Methafurylene 

Fig. 3. Structures of methapyrilene and its analogues. 

under the same experimental conditions [14]. Unlike the other three 
non-carcinogenic methapyrilene analogues, methaphenilene did cause 
cellular derangements in rat liver following several weeks' treatment. 
However, it induced peroxisome proliferation [16], much as does 
clofibrate and similar drugs, although, unlike them, it was not a 
hepatocarcinogen in rats. It is not known why methapyrilene and 
methaphenilene, differing chemically only in replacement of a pyridine 
ring in the former by a benzene ring in the latter, differ in effects. 
Presumably there is subtle specificity for certain receptors related 
to mitochondria and to peroxisomes respectively. 

EXPOSURE OF CULTURED LIVER CELLS TO METHAPYRILENE 

In further study of the unusual biological properties of 
me"thapyrilene, it was added to liver-cell cultures (25 llg/ml medium). 
Within 2 h lamellar inclusion bodies were observed, which persisted 
as long as drug was present. Within 24 h there was an increase in 
liver-cell mitochondrial content, as measured with a fluorescence
activated cell sorter after staining with Rhodamine 123 [17]. The 
mitochondrial change appeared to be a change in number, not size, 
and was the same in the liver of orally dosed rats. 
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Fig. 4. Structures of carcinogens which induce mitochondrial pro
liferation, and organs in which tumours appear. 

The mitochondrial content of liver cells increased with time 
of exposure in' cuI ture, but tended to revert to normal if the 
methapyrilene were removed. This need for sustained exposure 
reinforces the conclusion that the effect of methapyrilene is rever
sible for a considerable time, and possibly becomes permanent only 
when neoplastic transformation of the cells has occurred. 

STUDIES WITH PLASTICIZERS AND NITROSO COMPOUNDS 

Although mostly we have studied methapyrilene, there are other 
compounds of interest that induce mitochondrial proliferation, and 
almost all are carcinogenic. The plasticizers diethylhexyl-phthalate 
(DEHP) and -adipate induce liver tumours in rats, although only after 
administration of very large doses [18]. These compounds also induce 
changes in cellular organelles, particularly increases in peroxisomes. 
However, DEHP also induced a considerable increase in liver-cell 
mitochondrial content [19]. The focus of investigation of the carcino
genic activity of this compound has usually been on the proliferation 
of peroxisomes, although the increase in mitochondria might be equally, 
or more, important, based on our results with methapyrilene. 

Other compounds examined include a number of nitrosamines 
(Fig. 4), which are particularly potent carcinogens. As with 
methapyrilene, rat liver-cell mitochondrial content was analyzed 
by examining the e.m. 's of 5 portal and 5 centrilobular cells per 
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animal; and estimating the volume fractions of each organelle per 
hepatocyte (H. Reznik-Schuller & C.J. Michejda, pers. comm.). 

The following values were obtained for mitochondria as % of 
cell area (controls in parentheses): 
- methapyrilene, 1000 ppm in food: 28 (8); 

pyrilamine, 2000 ppm in food: 12 (8); 
DEHP, 20000 ppm in food: 35 (16); 
nitrosodiethanolamine, 70 ppm in water: 32 (20); 
nitrosomethylethanolamine, 54 ppm in water: 29 (20); 
nitrosomorpholine, 60 ppm in water: 32 (20); 
nitrosomethylaniline, 71 ppm in water: 34 (20). 

Evidently these nitrosamines enhanced mitochondrial content. 
(Some differences in measurement method from that in the methapyrilene 
studies gave higher basal values.) Mitochondrial content was not 
increased by two nitrosamines (not listed) that have been intensively 
studied, nitrosodimethylamine and nitrosodiethylamine. On the other 
hand, the content was raised by the oxygen-containing nitrosamines 
nitrosomethylethanolamine, nitrosomorpholine and nitrosodiethanol
amine. 

Because all of these nitrosamines are potent hepatocarcinogens 
in the rat, the doses used in these experiments were much smaller 
than for methapyrilene or DEHP. This may explain why the liver-cell 
mi tochondrial increase was less spectacular. The posi ti ve result 
listed for nitrosodiethanolamine, which is also a non-mutagenic carcino
genic nitrosamine, contrasts strongly with the results of an earlier 
study where the mitochondrial content was sub-normal [14]. The reason 
for the discrepancy is not clear. One anomaly in these experiments 
is the positive increase caused by administering nitrosomethylaniline. 
This compound is a potent carcinogen for rat oesophagus, but has 
never induced tumours of the liver. It, too, is a non-mutagenic 
carcinogenic nitrosamine and, as would be predicted from its chemical 
structure, has been shown not to alkylate DNA [20]. 

CONCLUSIONS 

It appears, therefore, that there is some correlation between 
the induction of mitochondrial proliferation in rat liver cells by 
a number of apparently non-mutagenic carcinogens and their induction 
of tumours in rats, particularly in the liver. Whether the effect 
on mitochondria is related to the induction of neoplastic transfor
mation in these cells, or is another manifestation of a common bio
chemical lesion, is not known. There seems to be little common 
chemically between many of these agents: some are simple nitrosamines, 
and some are complex molecules of unexplored chemistry. Nevertheless, 
it seems likely that studies of the mechanisms by which these compounds 
cause the proliferation of mitochondria in liver cells will shed 
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light on the complex problem of carcinogenesis by them, and moreover 
be an interesting and important addition to our knowledge of the 
controls and effectors of proliferation of cellular organelles. 
Investigations are in progress, in rats and other species, of the 
biochemical transformations of some of these molecules, particularly 
methapyrilene and its analogues. 
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Correlated approaches (as in title) have been used to aBsess 
mechanisms of metal- 01' metalloid-induced cell injury following 
in vivo (usually rat) exposure to these agents. Relationships have 
been studied between indium- and thallium-induced perturbations of 
hepatic haem metabolism and associated changes in e.r. * and mitochond
rial membrane structure. Seemingly such structural changes largely 
mediate the inhibitions of cytochrome P-450-dependent enzyme activi
ties observed following acute administration of various metals. 

With these techniques we have also examined quantitative 
relationships between formation of lead-induced intranuclear inclusion 
bodies in kidney proximal tubule cells, alterations in their organelle 
systems, and changes in renal gene expression. The apparently rever
sible formation of these inclusion bodies seems to be associated 
with highly specific changes in gene expression following a lead 
dose which does not produce cellular necrosis 01' overt structural 
changes in the organelles. These results accord with already postulated 
mediation of the initial intranuclear movement of lead by high-affinity 
receptor-like proteins, target tissue-specific, which regulate lead 
effects on sensitive target molecules, e.g. ALA hydratase. 

Arsenicals administered chronically have reported hepatic effects 
(e.g. on respiration and ultrastructure) which have now been studied 
by 31p_NMR in vivo, in an attempt to delineate the temporal relation
ships between mitochondrial swelling and decreases in hepatic ATP, 
NAD and phosphorylation of other chemical species. Tentatively it 
appears that mitochondrial structural damage in periportal areas 
may play an important early role in subsequent loss of biochemical 
functionality. 

* Editor's abbreviations: e.r., endoplasmic reticulum; ALA, o-amino
levulinic acid; MT, metallothionein; NMR, nuclear magnetic reson
ance. 
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The physical relationships which exist between intracellular 
organelles and biochemical processes localized within these structures 
is of ever-growing importance in understanding biochemical mechaniams 
of cell injury. Methodological approaches for assessing alterations 
in these relationships and evaluating how these changes relate to 
inj ury have led to the use of ul trastructural morphometry in combination 
with a variety of biochemical techniques for evaluating early metal
or metalloid-induced perturbations of key systems in target-cell 
populations. This review is intended as an outline of our experience 
with these techniques. [They feature (not in the injury context) 
in earlier vols., e.g. D.J. Morre in Vol. 4 and R.L. Deter in Vol. 6.
Ed.] It will hopefully give the reader insight into the value of 
this integrated approach with regard to other biological investigations 
in normal animals and under conditions of toxicological stress. 

An attempt will be made to consider both the morphological and 
the biochemical aspects of this evolving approach, in an effort to 
focus on those areas where these two distinct sets of research techni
ques have been successfully integrated to yield more definitive answers 
than could be obtained by more reductionistic approaches. Technical 
limitations in combining these techniques will also be discussed, 
since both morphological and biochemical approaches have inherent 
methodological problems which must be considered before effective 
integration can be achieved. 

ULTRASTRUCTURAL MORPHOMETRY 

The theory and practical aspects of ultrastructural morphometry 
have been extensively described [I], and this discussion will focus 
on the practical aspects of applying this set of techniques to eluci
dating mechanisms of toxicity. As previously discussed [1, 2], the 
procedures are highly labour-intensive, and anyone considering using 
them should have a clear question or hypothesis delineated before 
beginning a study. The approach is, then, not readily applicable 
to large-scale screening for chemical effects. This consideration 
is particularly true for pharmacology/toxicology studies where dose
response and time-course effects of a given drug or chemical are 
under investigation. Such studies necessitate the use of multiple 
sampling groups which greatly increase the number of micrographs 
that must be evaluated. 

On the positive side, previous studies using these techniques 
have yielded data providing fresh insights [3, 4] into the importance 
of the mitochondrial and e. r. membranes in mediating the indium
and thallium-mediated disturbances of the hepatic haem biosynthetic 
pathway and attendant cytochrome P-450-dependent enzyme activities. 
Data from these studies [3, 4] have quantitatively shown (fTables la, 1b) 
structural changes in e.r. membranes (Fig. 1) which are correlated 
with induction of microsomal haem oxygenase, depletion of microsomal 
cytochrome P-450, and the inhibition of attendant microsomal mono-
tTables are near end of article 
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oxygenase and acid hydrolase activities (Table lc) [5, 6]. Similar 
resul ts emerged from evaluation of mitochondrial membrane struct
ure V8. synthesis of membrane structural proteins following in utero 
exposure to methylmercury [7] or in vivo exposure to arsenate [8]. 

Time-course studies in the kidneys of rats exposed to cadmium 
as the MT complex (CdMT) ([ 9]; cf. M. Dobrota in this vol., "# F-5) 
or lead [10] have yielded similar results with respect to delineating 
toxic mechanisms for these ubiquitous toxic elements in this organ. 
Administration of CdMT produces a characteristic vesiculation of 
the kidney proximal tubule cells (Fig. 2). This follows degradation 
of the CdMT complex which is. associated with marked inhibition of 
cathepsin D activity and development of a tubular proteinuria [9, 
11] similar to that observed in occupationally exposed workers or 
environmentally exposed persons [12]. Morphomometric studies [9] 
demonstrated that these effects were preceded by a marked reduction 
in lysosome diameter and more numerous small lysosomes within these 
tubule cells, suggesting that Cd 2 + disrupts normal lysosome biogenesis. 
Further evidence in support of this idea came from the finding that 
cathepsin D activity was highly resistant to inhibition by either 
Cd 2 + or CdMT in vitro at concentrations in excess of those measured 
in kidney lysosome pellets from in vivo treatment studies [9]. 

More recent time-course studies [10] have been conducted to 
characterize the apparently reversible formation of lead intranuclear 
inclusion bodies (Fig. 3) within kidney proximal tubule cell nuclei 
in relation to specific changes in renal gene expression. These 
studies were conducted as part of an overall study to evaluate the 
hypothesis that kidney-specific, cytosolic high-affinity lead-binding 
proteins [13- 19], which are the initial binding sites for lead in 
this tissue, act in a manner analogous to 'receptors' by facilitating 
the intranuclear movement of this element and its subsequent inter
action with sensitive target molecules or the genetic machinery 
(Fig. 4) of the target-cell population [10, 14, 15]. 

Ultrastructural morphometry played a key role in these studies 
by providing quantitative evidence for the formation and dissolution 
of these structures within proximal tubule cell nuclei over time. 
Such data documented the indubitable presence of lead within this 
target organelle in vivo and provided a quantitative time-course 
basis for biochemical evaluation of the reversible effects of lead 
on renal gene expression during this period. In addition, the demons
trated absence of quantitative morphological changes in other sensitive 
organelle systems such as the mitochondria supported the idea that 
the observed changes in gene expression were the direct result of 
lead interaction with renal genetic machinery and not secondary to 
a cell-death and replacement phenomenon. 

Overall results of the above studies suggest that ultrastructural 
morphometry may provide useful data for interpreting biochemical 
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Fig. 1. Hepatocyte from a control rat (A, above), and (B, opposite) 
a rat injected with indium chloride (20 mg/kg, i.p. ) 16 h earlier 
showing e.r. dilatation and degranulation. xll,200. 

changes in subcellular elements, by indicating which organelles or 
components thereof are physically altered within a target cell 
population as a function of time or metal/metalloid dose level. 
Such data are of particular value in interpreting resul ts of biochemical 
studies conducted on subcellular fractions from whole organs derived 
from organisms exposed to these agents in vivo. This information 
has proved quite useful in 'bridging the gap' between in vivo effects 
and mechanistic data derived from in vitro systems. As discussed 
below, the degree of correlation between these ultrastructural changes 
and biochemical functionality also depends upon which biochemical 
parameters are evaluated, since not all biochemical processes are 
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[Fig. legend opposite 

equally dependent upon organelle structure or equally affected by 
an administered agent. 

BIOCHEMICAL PARAMETERS 

The chief advantage of ultrastructural morphometry is that it 
provides quantitative data on which cells, which organelles therein, 
and which intraorganelle compartments are affected by administration 
of a toxic element. Like all morphological techniques, however, 
it does not directly delineate changes in biochemical function but 
rather indicates where structural changes within cells/organelles 
are occurring. This necessitates biochemical measurements to provide 
functional data of use in interpreting the observed morphological 
phenomena. In searching for correlative func tional indices, it is 
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Fig. 2. Kidney proximal tubule cell from a rat injected with CdMT, 
showing apical vesiculation (aT'Tow) and the presence of small, dense 
lysosomes (double arrow). x20,200. 
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Fig. 3. Kidney proximal tubule cell from a rat at 16 h after i.v. injection of lead acetate, showing both cytoplasmic and intranuclear lead inclusion bodies (arrows). x9,400. (Dose: 3mgPb/kg.) 

Fig. 4. 

Tubule Lumen 
Pb·· 

I" Pb" 

• /' 

- " LcwMW MighMW 
Rec.!e,ror1. ~]_* , , 

""----- _ .... _- --
? 

Pb·· 
Copillory 

Hypothesized roles for Pb-binding proteins in mediating Pb effects in a renal proximal tubule cell in respect of both the haem biosynthetic pathway and intranuclear Pb movement. 
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important to evaluate a number of parameters since all are not equally 
dependent upon organelle structure. Thus, mitochondrial swelling 
may more severely influence the activity of a membrane marker enzyme 
such as cytochrome oxidase than that of a matrix enzyme such as malate 
dehydrogenase. 

Obviously there are many biochemical approaches that may be 
utilized for evaluating these considerations. In our experience 
it is important to examine a number of interrelated parameters since 
each may offer a partial insight into the overall question under 
study. Some studies [3-9] have utilized marker enzymes to provide 
functional information and correlative biochemical data about the 
intraorganelle site of metal/metalloid action. The value of these 
measurements lies in localizing effects to a particular membrane 
compartment (e.g. mitochondrial inner membrane). On the other hand, 
without protein synthesis or quantitative immunological studies, 
one \vould not know whether these changes were the result of direct 
chemical effects or secondary to changes in the synthesis of the 
marker enzyme. 

Organelle dysfunction has in fact been examined in other studies 
by measuring changes in protein synthesis or, more recently, by use 
of 2-D gel electrophoresis to elucidate specific patterns of change 
in tissue gene expression [e.g. 10, 20]. Obviously the parameter 
selected for evaluation will depend on the question being asked or 
the hypothesis under evaluation. The crux of this discussion is 
that for integrative studies of this kind, it is important to measure 
a number of biochemical parameters. 

Finally, it should be noted that the biochemical parameters 
discussed above all depend upon subcellular fractionation techniques 
to elucidate correlative functional mechanisms. While such approaches 
have yielded invaluable information, it should also be remembered 
that these procedures need appropriate control measures. Mixtures 
of organelles from different cell types within an intact organ are 
also a potential problem [21]. More recent studies from a number 
of laboratories [22-27] have suggested the possibility of utilizing 
non-invasive techniques such as surface-coil NMR in vivo to gather 
correlative real-time biochemical information without subjecting the 
tissue under study to homogenization procedures which may produce 
artefacts in affected organelles. t Yet NMR techniques, whilst infor
mative, are limited to certain isotopes that have a sufficient 
abundance/NMR activity to be readily detected. The vast potential 
of this technique needs further exploration. In summary, the value 
and potential limitations of integrating different ultrastructural 
and biochemical techniques for probing chemically induced cell injury 
has been considered. Biochemical regulation wi thin normal intact 
cells can be illuminated by such study of relationships between bio
chemical functionality and organelle structure. 

[tFootnote opposite 
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Table 1. Hepatic parameters in control and indium-treated rats -
adapted from Tables in ref. f3i, omitting the S.E.M.'s. Dose
response trends were assessed by Jonckheere's test; NS =not signifi
cant. The ANOVA test of significance was used for particular dose 
levels compared with controls; 1 = P < 0.06, 2 = P <0.05, 3 = P <0.01. 
For la and Ib (morphometry) a test grid was printed onto each micro
graph; assessments were based on line intersections [3, 6]. 

Dose, mg/kg: 0 10 20 40 Dose-response 

la: Organelle volume densities, 1000 x % of unit volume 
Mitochondria 198 205 189 194 NS 
Nuclei 85 77 77 79 NS 
Lysosomes 1.7 5.3 7.02 7.32 P <0.01 
Vacuoles 12 92 6 2 53 P <0.05 

lb: Surface densities of different membrane types, mS Icms cytoplasm 
Mitochondrial outer 2.23 2.34 2.23 2.18 NS 
Mitochondrial inner 2.22 2.32 2.23 2.20 NS 
Cristae 4.46 4.72 4.86 6.543 P <0.01 

Rough e.r. 2.92 3.22 3.8e 4.253 p <0.01 
Smooth e.r. 0.06 0.22 0.21 0.412 P <0.05 

Ie: Microsomal enzyme activities, nmol/swstPate conver>ted/minlmg protein 
Aminopyrine demethylase 
Aniline hydroxylase 
Ethoxyresorufin-O-deethylase 
NADPH cyt. e reductase 
Acid phosphatase 
~-G1ucuronidase 

Refepences 

5.2 
47.5 
23.6 

105 
27.5 
7.0 

5.5 
34.92 

21.4 
96 
23.82 

8.8 

5.8 
30.12 

16.5 
96 
22.72 

9.2 

5.3 
30.73 

17.02 

86 
20.33 
6.7 

NS 
P <0.01 
P <0.05 

NS 
P <0.001 

NS 
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Tissue damage due to iron excess is an important alinical problem. 
Ferritin is the main iron protein in normal liver. However, in iron 
overload haemosideI'in is predominant. It accumulates in lysosomes 
and is associated with increased fragility of these organelles [11. 
Ferritin and haemosiderin will stimulate free radical reactions in 
vitro [2, Jl and such species may therefore mediate lysosomal damage 
in vivo. Methodology for the preparation and analysis of haemosiderin 
and lysosomal lipids is discussed with reference to evidence for 
oxidative free radical damage. 

Haemosiderin is an aggregate largely comprised of iron oxide 
cores and incomplete protein shells which appear to have been derived 
from ferritin [4], together with lipid and small amounts of carbohydrate 
[5]. Damage to lysosomes in iron-overload may result from mechanical 
distension as haemosiderin accumulates. Similar pathology is thought 
to occur in other secondary lysosomal storage diseases, e.g. silicosis 
[6]. Free radical generation catalyzed by iron-protein may however 
be important [2, 3] since hydroxyl radical has been shown to increase 
the permeability of lysosomal membranes in vitro [7]. Evidence for 
the occurrence of oxidative free radical processes was sought by 
analysis of iron-loaded lysosomes. Since many products of free radical 
reactions are transitory in vivo, emphasis was placed on changes 
in composition and properties of certain biomolecules, particularly 
the protein components of haemosiderin and lipid extracts of lysosomes. 

PREPARATION AND ANALYSIS OF APOHAEMOSIDERIN AND APOFERRITIN 

Human haemosiderin [5] and ferritin [8] were isolated from iron
overloaded human spleens which had been removed from patients with 
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Table l. Comparison of amino acid analysis of haemosiderin and 
ferritin. Values are mol/100 mol total residues and % difference. 

Ferritin H'siderin DECREASE Ferritin H'siderin INCREASE 

Met 2.3 0.1 -96 Glx 12.8 13.2 +3 
Tyr 5.8 0.9 -84 Thr 4.1 5.1 +24 
Leu 15.7 4.9 -69 Val 3.5 4.8 +37 
Phe 4.7 2.2 -53 Ile 1.7 2.5 +47 
His 3.5 2.8 -20 Asx 11.0 16.3 +48 
Lys 7.6 6.4 -16 Gly 7.0 12.9 +84 
Ala 8.7 8.1 -7 Pro 2.3 5.3 +130 
Arg 5.2 5.2 0 Ser 4.1 9.6 +134 

~-thalassaemia. Apoferritin and apohaemosiderin were prepared by 
dialYdis against two changes of 0.1 M thioglycollic acid in 0.1 M 
Na acetate and two changes of 0.1 M NaCl. Each dialysis was for 
2 h at room temperature and with continuous bubbling of oxygen-free 
nitrogen. Dialyzed samples contained a precipitate which was cleared 
by adding tetramethylammonium hydroxide (to 20 mM final concn.). 

Amino acid analyses [5, 9] show that, of the residues detected 
in haemosiderin, those most likely to be susceptible to oxidation 
are depleted when compared to ferritin (Table 1), viz. methionine, 
tyrosine, phenylalanine and histidine. 

The iron storage proteins were further compared by fluorescence 
spectroscopy using the apoproteins to avoid quenching effects of 
iron. In the UV range, two preparations when examined as 100 mg/ml 
aqueous solutions gave the following mean value for excitation (ex) 
and emission (em) peaks and relative fluorescence intensity (RFI): 
- apoferritin: ex 283 nm, em 340-357 nm; RFI 643 U; 
- apohaemosiderin: same ex & em; RFI 250 U. 
The peaks for apoferritin are consistent with the recognized properties 
of tryptophan-containing proteins [10]. Apohaemosiderin samples 
prepared from the same spleen had similar UV fluorescence but of 
intensity -40% that of protein-matched apoferritin, This is consistent 
with oxidative loss of aromatic residues in haemosiderin compared 
to ferritin. 

Fluorescence characteristics in the visible region were as 
follows, for aqueous solutions: 
- apoferritin: ex 402, em 500; RFI 6.0 U.; 
- apohaemosiderin: same ex & em; RFI 90.2 U. 
Evidently apohaemosiderin has substantial fluorescence in the visible 
region, consistent with the presence of conj uga ted Schiff's base 
adducts of the type found in lipofuscin. These compounds are thought 
to be formed by reaction of malondialdehyde (a product of free radical-
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mediated lipid peroxidation) with primary amino groups of proteins. 
Compared to apohaemosiderin, protein-matched apoferritin samples from 
the same spleen had very little 'visible' fluorescence (see above). 
Thus, haemosiderin formation in lysosomes is associated with free 
radical reactions; indeed, the conversion of ferritin to haemosiderin 
may be free radical-mediated [11]. 

PREPARATION OF IRON-LOADED RAT LIVER LYSOSOHES AND LIPID ANALYSIS 

Male Sprague-Dawley rats of starting body wt. 50 g were fed 
2% reduced pentacarbonyl iron in powdered diet [12] for 129 days. 
Control rats were injected with Dextran 500 (1 g/lOO g body wt.) 
for 3 days before sacrifice to increase the density of hepatic lyso
somes. Liver homogenates (5% w/v in 0.25 M sucrose) from iron-loaded 
and control animals were centrifuged (1000 g, 10 min); the supernatants 
were further centrifuged (10,000 g, 10 min) and the high-speed pellets 
were washed in 0.25 M sucrose with two further centrifugation steps. 

The washed pellets were layered onto discontinuous sucrose 
gradients (5ml each of d= 1.17,1.22 and 1.28) and centrifuged 
(100,000 g, 2 h). The iron- or dextran-laden lysosomes formed a 
pellet and the mitochondria equilibrated at the 1.17/1.22 interface. 
These fractions, which contained> 70% and >95% of the recovered activity 
of two marker enzymes N-acetyl-f3-glucosaminidase and succinate 
dehydrogenase respectively, were extracted for fatty acid analysis 
with 8 vol. of chloroform/methanol (2:1 by vol.) containing 10 mg/ml 
butylated hydroxy toluene. Methyl esters of the fatty acids were 
prepared and analyzed with a Pye-Unicam 204 gas chromatograph [13]. 
Peak areas representing individual fatty acids were expressed as 
% of total fatty acid recovery. The ratio double-bond index/saturated 
fatty acid was calculated by dividing the sum of % proportions of 
individual unsaturated fatty acids (each multiplied by the no. of 
double bonds in the fatty acid) by the % of saturated fatty acids. 

The iron content of iron-overloaded rat liver lysosomes determined 
by atomic absorption spectroscopy was increased 6-fold compared to 
those of control animals, whereas mitochondrial iron content was 
increased only 2-fold (Table 2). Greater losses in arachidonate 
were also associated with lysosomes than with mitochondria, and this 
was reflected in an overall reduction in the ratio double-bond index/ 
saturated fatty acid. Loss of unsaturated fatty acids is consistent 
with peroxidative damage at the lysosomal site of iron accumulation. 

CONCLUSIONS 

The data presented here are indicative of free radical damage 
in iron-overloaded lysosomes. Experiments in which antioxidants 
are administered in vivo are required to determine whether it is 
possible to protect against this damage and the increased fragility 
of lysosomes. 
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Table 2. Iron content (~g/mg protein) and fatty acid composition 
of hepatic lysosomes and mitochondria: arachidonate as % of total 
fatty acid, and DBI/S = double-bond index/saturated fatty acid ratio. 
The means ± S.E.M. are based on 8 observations; * signifies p <0.05. 

Lysosomes Mitochondria 

Control Iron-loaded Control 

Total iron 4.3 ±l.5 25.4 ±16.7 0.36 ±0.10 

Arachidonate 16.2 ±2.2 10.2 ±1.7* 20.8 ±0.8 

DBI/S 2.13 ±0.32 1.49 ±0.18* 3.61 ±0.23 
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Lysosomal storage diseases are oharaoterized by a·massive intra
lysosomal aooumulation of undegraded material, oausing dysfunotion 
of the oells involved [lJ. The storage oan have different oauses, 
viz. (1) a generalized defioienoy of one or more enzymes in the lysoso
mes, (2) defioienoy of a oofaotor required for the stability of one 
or more enzymes, or (J) defioienoy of a oofaotor required for expression 
of aotivity in vivo [2-5J. 

To obtain information on the moleoular basis of lysosomal storage 
diseases it is essential to study enzymologioal and oell-biologioal 
properties of the enzyme(s) involved in tissues and oells from control 
subjeots and from affeoted patients. This article provides an overview 
of studies and procedures which have been used to obtain such infor
mation for Gaucher disease, where massive amounts ofgluoosyloeramide, 
the substrate for the deficient enzyme GCase*, aooumulate [6J. 

GCase (EC 3.2.1.45) is a lysosomal enzyme responsible for the 
hydrolysis of the glycolipid glucosylceramide to glucose and ceramide 
[6,7]. Deficiency of this enzyme is the metabolic basis of Gaucher 
disease, a group of autosomal recessive disorders characterized by 
the accumulation of massive amounts of glucosylceramide in cells 
of the RES [6-8]. The disease has been divided clinically into three 
subclasses: type 1 with no neurological involvement; type 2, the 

8 Ad~ress fo~ cor~es~ondence. 
* Ed1,tor's aborev1,at1,ons: GCase, glucocerebrosidase; (M)Ab, (monoclonal) 
antibody; IE, isoelectric; PAGE, polyacrylamide gel electrophoresis; 
(r.)e.r., (rough) endoplasmic reticulum; s.a., specific activity; SAP-2, TC, 
etc. - overleaf. 
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acute form with neurological involvement; and type 3, the subacute 
form with neurological involvement [6]. In patients, glucocerebro
sidase has been shown to be deficient in a number of tissues including 
brain, spleen and liver and also in leucocytes and cultured cells 
such as skin fibroblasts and amniocytes. No correlation has been 
observed between clinical symptoms and the amount of stored lipid 
or the residual enzymic activity [6]. 

The' enzyme has been purified to homogeneity by a variety of 
procedures [9-14], including hyd rophobic chromatography and affinity 
chromatography. The enzymic properties [6, 15] as well as the structure 
of the enzyme have been closely examined. The amino acid sequence 
[16] and the composition of the oligosaccharide moieties of the enzyme 
have been described [17]. Multiple molecular forms of GCase can 
be detected in extracts of cells and tissues from control persons 
and Gaucher patients, both by IE focusing and by PAGE [18]; they 
are due to heterogeneity in the oligosaccharide moiety. Studies 
which have elucidated the properties of this and other ~-glucosidases 
are discussed in part below. 

1. ~-GLUCOSIDASES IN TISSUE 

Using the artificial substrate 4-methyl-umbelliphery1-~-gluco
side (4MU-~-glu), one can discriminate between 3 different ~-gluco
sidases. The first is a cytosolic hydrolase with maximal activity 
at neutral pH [19,20]. It is inhibited by taurocholate (TC) but 
not by the epoxide conduritol-~-epoxide (CBE), and is unable to hydro
lyze the glycolipid glucosy1ceramide. The enzyme does not cross-react 
with Ab' s raised against GCase and is not deficient in tissues obtained 
from Gaucher patients [21]. It represents a gene product different 
from GCase. Upon flat-bed IE focusing this isoenzyme migrates at 
a distinct pH of 4.5 [19, 21]. Gel-permeation HPLC has given a native 
kMr value of -60 [22]. 

Table 1 summarizes the properties of this enzyme, and of a second 
~-glucosidase, membrane-associated, which occurs in human spleen 
- undiminished in Gaucher patients - and is rapidly inactivated upon 
extraction by detergents [19]. It is not inhibited by CBE and is 
not lysosomal (unpublished results). 

A third enzyme that can hydrolyze artificial substrates is GCase, 
which can also act on the glycolipid glucosylceramide. Besides detergent 
to solubilize the lipid substrate, full activity needs TC [23, 24]; 
thus detergents activate artificial substrate hydrolysis. Phospho
lipids [25] and so-called activator proteins including Sphingolipid 
Activating Protein-2 (SAP-2) [26] can also activate (see 4. below). 
Upon immunoprecipitation of the enzyme present in a human-spleen 
homogenate, two GCase's can be distinguished [21]. Part of the GCase 
activity is immunoprecipitated (-80%, form 1) whereas the remaining 
activity (form 2) is not recognized by either polyc10nal or monoclonal 
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Table 1. Properties of ~-glucosidases present in human spleen, 
including a membrane-associated (memb.) enzyme; n.d. =not determined, 
inhibn. = inhibition, activn. = activation; GC = glucosylceramide. 

~-Glucosidase Glucocerebrosidase (GCase) 

Property soluble memb. form 1 form 2 

Activity with 4MU-~-glu + + + + 
GC n.d. + + 

Effect of CBE none none inhibn. inhibn. 
SAP-2 none none activn. none 
TC inhibn. inactivn. activn. none 

Reaction with anti-GCase + 

kMr : in SDS gels n.d. 59 (mature) 59 (mature) 
native enzyme -50-70 n.d. -60 -200 

IE point -4.5 n.d. -4.7 & -6.0 -4.9 

Gaucher tissue presence + + (-) 

anti-GCase Ab's. Both forms are irreversibly inhibited by CBE and 
are deficient - especially form 2 - in spleen from Gaucher patients 
[21] . 

The occurrence of these two forms is explained by the association 
of GCase with SAP-2, leading to loss of epitopes recognizable by 
the Ab's probably due to steric hindrance [27]. Upon treatment of 
the preparation with ethylene glycol, the complex dissociates and 
immunoprecipitability is restored [27]. Besides loss of immunoreactiv
ity the association with the activator in form 2 has three other 
consequences for the enzyme (Table 1). (a) The enzyme occurs in 
a high mol. wt. complex, of kMr -200 by gel-permeation HPLC, consisting 
of GCase (monomeric kMr -60), activator protein, and possibly other 
proteins [27, 28]. (b) Added activator or detergent is without effect 
[27, 28], indicating that the enzyme is already in a maximally activated 
configuration. (c) IE focusing shows a pH difference from form 1 
(Table 1) [21]. 

2. I3-GLUCOSIDASE IN URINE 

Besides being found in tissue, GCase is (like many lysosomal 
enzymes) also present in urine [29, 30]. This is a surprising finding 
because in tissue the enzyme is membrane-associated, whereas in urine 
it behaves as a soluble protein. Moreover, the kinetic parameters, 
the activity per enzyme molecule, the native mol. wt. and the IE 
point are indistinguishable from those for the tissue enzyme [31]. 
Urinary GCase is present mainly as the immunoprecipitable form and 
is deficient in urine from Gaucher patients. This allows one to 
use urine to diagnose the disease [29]. 
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3. PURIFICATION OF THE ENZYME 

GCase is present in many tissues and cells, and can be efficiently 
extracted from tissues with detergents [32-34] such as Triton X-lOO 
[21]. It is advisable to first prepare an aqueous extract from tissue 
and to extract the centrifuged residue (membrane fraction) with 
detergents: this procedure gives a higher s. a. The subsequent chromato
graphic steps to purify the enzyme in general consist of hydrophobic 
chromatography [9-14], gel-permeation chromatography and lectin 
affini ty chromatography [35] to separate glycoproteins from non-glyco
proteins. For efficient elution of GCase from these columns the 
presence of apolar reagents such as ethylene glycol and detergents 
is often required. Because of the hydrophobic nature of the enzyme, 
association of protein with (phospho)lipid material easily occurs 
during extraction. 

It is, moreover, to be expected that in vivo the enzyme will 
interact with (phospho)lipids. To obtain a preparation which is 
devoid of lipid contaminants, n-butanol extraction of the partially 
purified enzyme is an adequate procedure (unpublished results). 
These more conventional procedures to purify the enzyme lead to an 
apparently homogeneous protein preparation as judged by SDS-PAGE. 
These published procedures, however, give a low recovery and are 
time-consuming. Another disadvantage is that they are restricted 
to a few tissues. 

Newer procedures seem to have at least partly overcome these 
problems. Purified enzyme of high s. a. is rapidly attainable with 
substrate-analogue affinity resins 110]. Aerts et al. recently 
described a method using MAb' s covalently immobilized to a solid 
support [14]. Although this immunoaffinity column binds not only 
GCase but also a considerable amount of other proteins, these can 
be effectively removed by washing with different buffers containing 
detergents or low concentrations of ethylene glycol, subsequently 
used in high concentration to elute the enzyme. The purity of the 
preparation equals or surpasses that obtained by the more conventional 
methods, and recovery is much superior. Applicability is not restricted 
to a few tissues: besides control and Gaucher spleen, placenta, kidney, 
liver, brain, fibroblasts and urine have been used as sources. 

4. ACTIVATION OF ENZYMIC ACTIVITY 

Artificial substrates and the natural one may both be used fo~ 
activity measurement. In all cases, however, the assay system must 
be supplemented. Firstly, with the glycolipid substrate a detergent 
is necessary to solubilize it and make it available for enzymic 
digestion. With artificial substrate the detergent TC is also requisite 
for expression of full activity [24] or, alternatively, certain low 
mol. wt. proteins purified from spleen (activator proteins), particu
larly in the presence of phospholipids [36]. These cofactors are 
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thought to associate with the GCase, forming in the case of SAP-2 
a high mol. wt. aggregate for which evidence has been adduced [27, 
28]. Sucrose gradient centrifugation showed an altered behaviour 
of GCase in the presence of purified activator [28]. This finding 
was confirmed and, using HPLC and specific Ab' s raised against activator 
and enzyme, activator protein was shown to be present in the high 
mol. wt. aggregate of GCase [27]. Furthermore, no additional activation 
either by TC or by added activator could be achieved for the aggregate, 
wheareas the low mol. wt. form of the enzyme was devoid of activator 
and could be activated by the activator and detergent. 

The physiological significance of the activator has been much 
discussed [36]. Christomanou [37] recently identified a patient 
in whom an activator protein normally present in spleen from Gaucher 
patients could not be detected. This patient accumulates glucosyl
ceramide in the spleen and has normal levels of enzyme activity in 
vitr~ Although these findings do indeed suggest a Gaucher phenotype 
due to the absence of activator protein, additional information is 
required before a definite conclusion can be reached. In particular, 
data on the kinetic properties and on the subcellular localization 
of the apparently normal enzyme are lacking. 

5. GLUCOCEREBROSIDASE IN CULTURED FIBROBLASTS 

Protein biosynthesis in cultured cells is usually monitored 
by the use of specific Ab' s directed towards the protein. Cells 
are metabolically labelled with a radioactive amino acid and, after 
a suitable time of pulse or chase with non-radioactive medium, harvested 
and homogenized. The final extract is incubated with the Ab's immobi
lized on protein A-Sepharose beads or protein A-containing membranes. 
Protein A has a high affinity for IgG and allows an efficient washing 
of the immunocomplex. These washing steps, including the use of 
detergent-containing buffers, should be carried out extensively to 
avoid aspecific interaction between non-related proteins and the 
immunobeads. After washing, the immunocomplex is eluted from the 
beads using a low-pH buffer and the immunocomplex is subjected to 
SDS-PAGE. After separation, the gel is incubated in a PPO-containing 
medium to intensify the radioactive signal. The separated immuno
precipitated radioactive proteins are visualized using fluoro
graphy [38]. 

In general, N-linked glycoproteins are synthesized on e.r.
associated ribosomes and are co-translationally inserted into the 
e.r. lumen*. Proteins become glycosylated by the transfer of an 
oligosaccharide having 2 N-acetylglucosamines, 9 mannoses and 3 
glucose residues from the dolichol-phosphate carrier to specific 
asparagine residues in the polypeptide backbone (Fig. 1). Upon 

* Editor's note: For pertinent background consult earlier vols., par
ticularly D.J. Morre arts. and 'Glyco .... ' Index entries; O. Touster 
in Vol. 4 touches on Gaucher disease. 



118 A.W. Schram et al. [#A-11 

Lipid-P-P-[GlcNAc]2-[Man]g-[Glc]3 
I I 
Thr or Ser Thr or Ser 

+ * -;> ~ + Lipid-p-p 
Asn Asn-[GlcNAc]2-[Man]g-[Glc]3 
I I 

Fig. 1. Transfer of the oligosaccharide moiety from dolichol 
(lipid) phosphate to specific Asn residues in the polypeptide 
backbone. Abbreviations as in (e.g.) Biochemical Journal. 

sUbsequent transport through the e.r. and the Golgi apparatus, several 
modifications occur involving the removal of the terminal glucoses 
and some mannoses and the addition of N-acetylglucosamines, galactoses 
and sialic acids (Fig. 2). This leads to the formation of glycoproteins 
with a complex oligosaccharide moiety [39]. This conversion of high
mannose oligosaccharides to complex structures does not occur with 
all newly synthesized glycoproteins. Many lysosomal proteins, for 
example, remain in the high-mannose configuration to a significant 
extent and are phosphorylated at mannose residues [38,40] (Fig. 2), 
the significance of which is discussed below. 

GCase, like other lysosomal proteins, is also synthesized on 
e.r.-associated ribosomes and is co-translationally inserted into 
the e.r. lumen [41]. The first detectable form of the enzyme after 
immunoprecipitation from labelled fibroblasts is a high-mannose 
species of kMr 62 [41, 42]. By use of an endoglycosidase specific 
for this type of oligosaccharide moiety, its nature has been identified 
[41] (see below). 

Upon transport to the Golgi apparatus, forms with higher kMr 
(65-68) are generated [41, 42], through hydrolysis of mannose linkages 
in the enzyme's oligosaccharide moiety and subsequent addition of 
~acety1glucosamine, galactose and sialic acid groups. The diffuse 
appearance of higher Mr material suggests a considerable heterogeneity 
within this moiety at this stage of transport to the lysosome. Enzyme 
of kMr 59 (by SDS-PAGE) then appears in considerable amount, arising 
from the high Mr material by partial removal of some of the added 
saccharide groups [41, 42]. Evidencing this glycosidic degradation, 
GCase of kMr -67 occurs in cells lacking sialidase and of kMr -63 
in cells deficient in galactosidase (S. van Weely et al., unpublished). 
This suggests that lysosomal sialidase and galactosidase are involved 
in the conversion of the large GCase (kMr 65-68) to the mature form 
(kMr 59), and also that the highly sialylated form is a Golgi-7lysosome 
transit form. 

GCase maturation does not involve proteolytic degradation of 
precursor proteins to mature forms as is often observed with lysosomal 
proteins (see below) [38], except for removal of the signal peptide 
upon entry of the newly synthesized protein into the e.r. lumen. 
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R-[Man]S_9 

j phosphorylation of 
mannose residues: 
'high mannose' 

lysosome 

R-[Man]9 

r.e.r.-mannosidase 

mannosidase 1/2, 
glycosyltransferases 

R- [Man ]3- [GlcNAch-[Galh- (NANA]3 

'complex' 1 
excretion 
plasma membrane 
lysosome 

Fig. 2. Two of the possible trimming pathways for oligosaccharide 
processing of glycoproteins. R = Asn-[GlcNAc]2; NANA = neuraminic 
(sialic) acid. 

For transport to the lysosome many lysosomal enzymes rely on 
Golgi-Iocated Man-6-P receptors [40, 43], which recognize high-Man 
chains that have become attached to newly synthesized glycoproteins 
and phosphorylated (Fig. 2). This binding sorts the lysosomal enzymes 
from proteins being secreted or transported to other locations in 
the cell. The receptor loses ligand affinity at a low pH. This 
dissociation is essential for efficient transport of proteins to 
the lysosome [43]; it is blocked in the presence of weak bases, which 
accumulate in acid organelles and raise their internal pH, whereby 
receptor is depleted. Hence proteins normally transported to the 
lysosome are excreted [44]. For GCase, however, weak bases do not 
lead to excretion (J.M.F.G. Aerts & S. van Weely, unpublished), which 
suggests a different mechanism of intracellular transport. The 
following observations confirm this.-
(a) The enzyme is normally present in a membrane-associated state 
in patients suffering from mucolipidosis II [45, 46], who cannot 
phosphorylate high-mannose glycoproteins: thus proteins normally 
transported to the lysosome are excreted into the fibroblast culture 
medium [47]. It is of interest that SAP-2, which can activate and 
associate with GCase, is transported to the lysosome by a pathway 
dependent on binding to mannose-6-phosphate receptors [48]. 
(b) GCase purified from fibroblasts labelled with [ 32p]phosphate 
is not phosphorylated (J.M.F.G. Aerts, unpublished), as found by an 
immunoaffinity procedure. This entailed chromatographing the cell ext
racts on anti-GCase MAb' s covalently coupled to Sepharose beads; enzyme 
labelled with [35S ]methionine could be eluted from the column in 
high recovery, using ethylene glycol (see 3. above). 
(c) Transport of GCase to the lysosome involves rendering the high
mannose oligosaccharides more complex. Growing U937 cells (a human 
monoblastoid cell line) in the presence of the trimming inhibitors 
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swainsonine or I-deoxymannojirimycine results in the arrest of the 
enzyme in a prelysosomal compartment [49]. These inhibitors suppress 
mannosidases 2 and 1 respectively, two enzymes involved in cleavage 
of mannosidic linkages in high-mannose oligosaccharide chains. 

For trimming and for the initial step in N-glycosylation the 
following inhibitors have been reported [details: 50, 51].-
- Assembly of functional dolichol-linked oligosaccharides: 
tunicamycin; 2-deoxyglucose. 
- Oligosaccharide trimming: deoxynojirimycin (glucosidases 1 & 2); 
castanospermine (glucosidase 1); bromoconduritol (glucosidase 2); 
I-deoxymannojirimycin (mannosidase I A/B); swainsonine (mannosidase 2). 

In elucidating how proteins are transported through the cell, 
evidently it is important to know the nature of glycoprotein oligo
saccharide chains. Their characterization is aided by endoglycosid
ases, specific for the oligosaccharide type concerned.-
Cleavage between Asn and GlcNAc: Asn-tGlcNAc--GlcNAc---
- complex and high-mannose chains: glycopeptidase A, N-glycanase; 
Cleavage between GlcNAc's: Asn--GlcNAc4-GlcNAc---
- high-mannose chains: endoglycosidase H; 
- complex and high-mannose chains: endoglycosidase F; 
- complex chains after removal of terminal sialic acid, GlcNAc and 
galactose: endoglycosidase D. 

It must be realized that deglycosylation of glycoproteins is 
not facile. The oligosaccharide moiety should be properly exposed, 
often achievable by boiling the glycoprotein in the presence of SDS 
- which itself has an inactivating effect on endoglycosidases [52]. 
Moreover, proteolysis should be excluded. It is therefore wise and 
essential to perform enzymic deglycosylation in the presence of 
protease inhibitors and/or non-glycoproteins as competing protease 
substrates and to limit the amount of SDS present in the final incu
bation. Inescapably, getting precise information on the nature of 
the oligosaccharide moiety hinges on isolating it from, e.g., pronase
treated glycoprotein and characterizing it by suitable analytical 
procedures [53]. 

The above-mentioned observations provide substantial evidence 
for an alternative route effective in intracellular transport of 
GCase and possibly other lysosomal membrane constituents (see also 
[49]) • 

6. GLUCOCEREBROSIDASE BIOSYNTHESIS IN FIBROBLASTS FROM GAUCHER PATIENTS 

As pointed out in the opening sketch, there are three subtypes 
of Gaucher disease [1]. By immunoblotting using monoclonal and poly
clonal anti-GCase Ab' s, detergent extracts of control fibroblasts 
have shown three species having kMr ' s of 59, 62 and 65-68; they 
correspond to the main mol. wt. species observed during pulse-chase 
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experiments [41, 42]. In cells from type 1 Gaucher patients the 
same three mol. wt. species are observed with similar intensity to 
control fibroblasts when identical amounts of protein are used [54]. 
In extracts from types 2 and 3 cells, however, only minor amounts 
of protein are observed with kMr's between 62 and 67 [54]. Sometimes 
also a trace of mature (Mr 59) GCase can be detected (S. van Weely, 
unpublished). The conclusion should be noted that with type I cells 
the amount of cross-reactive material in the cell is not Deduced or 
only moderately so, whereas the activity present in fibroblast homo
genates is greatly reduced. This suggests a reduced s.a. per enzyme 
molecule for the type-l enzyme. Similar results were obtained with 
enzyme purified from the spleen of type 1 Gaucher patients 
(J.M.F.G. Aerts, unpublished). 

Pulse-chase experiments using type 1 fibroblasts confirmed the 
presence, as in normals, of the molecular forms occurring during 
biosynthesis. The initially synthesized protein is of kMr 62, is 
converted to a higher mol. wt. form and is subsequently degraded 
to the mature species of kMr 59 [42]. However, the latter had somewhat 
reduced stability. When leupeptin, an inhibitor of thiol proteases, 
was present during cell labelling, both type 1 and control fibroblasts 
showed an increased signal, but more so in the type I cells [42]. 

Similar experiments with types 2 and 3 cells showed an apparently 
normal synthesis of precursor GCase but a rapid degradation of the 
newly synthesized protein. In pulse-chase experiments no effect 
of leupeptin was seen, but continuous pulsing of these fibroblasts 
with [l~C]leucine for 2-5 days gave an increased signal due to the 
inhibition of thiol proteases. An increase in enzyme activity, too, 
could be observed when type 2 or 3 fibroblasts were grown for 14 days 
in the presence of leupeptin. These results indicate the synthesis 
of a highly unstable enzyme in fibroblasts from types 2 and 3 Gaucher 
patients [42]. 

7. SUBCELLULAR LOCALIZATION OF ENZYME IN GAUCHER FIBROBLASTS 

Besides having the kinetic capability of catalysing the lipid 
substrate's hydrolysis, the enzyme activity must be present at the 
substrate-accumulation site (the lysosome). To investigate the sub
cellular localization of GCase in cells from Gaucher patients, two 
types of experiment have been performed, viz. immuno-electron micro
scopy and Percoll density-gradient centrifugation. The former involves 
fibroblast fixation followed by ultra-thin sectioning of frozen cells 
and incubation of the sections with specific Ab' s, which are visualized 
by a second incubation with protein A onto which electron-dense 
particles are adsorbed! With control fibroblasts [55] this technique 
reveals, as expected, the presence of gold particles (and thus GCase) 
in the lysosome, associated with the membrane. In type 1 Gaucher 

*See #A-I&, this vol.- Ed. 
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cells the enzyme is likewise present in the lysosome, in apparently 
normal amounts. In type 2 and 3 cells, however, little if any label 
was observed in the lysosome, suggesting rapid degradation of the 
enzyme therein or before it reaches the lysosome. 

The second technique exploits the difference in density between 
secondary lysosomes and other organelles (Golgi, e.r., etc.). Gentle 
homogenization of the cells under isotonic conditions, followed by 
a slow spin to remove nuclei and non-disrupted cells, leads to a 
so-called post-nuclear supernatant. This mixture of vesicles and 
organelles is layered onto a self-generating gradient (Percoll) and 
centrifuged for a set time. Density regions are harvested from the 
gradient, and assayed for marker enzymes, following the separation. 
Secondary lysosomes are observed in the high-density region, and 
pre-lysosomal compartments including Golgi and e.r. at lower densities 
[56]. 

With control fibroblasts GCase is found in light and heavy regions, 
especially the latter. Its distribution parallels that of the marker 
enzyme hexosaminidase. Type 1 cells give an identical distribution, 
in accord with the above immunocytochemical observations 
(S. van Weely, unpublished). With type 2 or 3 cells the situation 
is slightly different: in some experiments the enzyme is absent from 
or low in the heavy lysosomal fraction, whereas in other experiments 
an apparently normal distribution is seen (unpublished). Obviously 
these non-reproducible findings indicate that the condition of the 
cells and the experimental set-up determine whether GCase is observed 
in the lysosome. However, the results accord with the conclusion 
that the cells contain only minor amounts of the enzyme and that 
its instability in types 2 and 3 Gaucher cells precludes a significant 
lysosomal content. 

8. OTHER APPROACHES TO SUBCELLULAR LOCALIZATION 

As considered above, protein localization is achievable by cell 
fractionation techniques or by light- or electron-microscopic immuno
cytochemistry. Alternatively, intra-organelle pH can be exploited, 
as in the approach of Oude Elferink et al. [57]. They made use of 
the ability of glycyl-L-phenylalanine-~-naphthylamide (GPN) to 
accumulate in acidic organelles. It behaves as a weak base and can 
act as a substrate for the lysosomal enzyme cathepsin C [58]. There 
is accumulation of one of the products (Gly-Phe), causing osmotic 
shock to the acidic organelle and subsequent lysis and loss of latency 
of the enzyme of interest if present therein. 

A second approach is to make use of the difference in cholesterol 
concentration existing between intracellular membranes, and hence 
the effect on membrane integrity of complexing with digitonin. Upon 
incubating intact fibroblasts with increasing concentrations of 
digitonin, first the plasma membrane is affected, leading to substrate 
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accessibility (latency loss) of cytosolic (marker) enzymes. At higher 
concentrations the lysosomal and then the mitochondrial membranes 
are disrupted; but fibroblast peroxisomes are disruptable only with 
very high concentrations [59]. 

These two methods provide additional tools for exploring the 
localization of proteins in the cell. It should be noted that in 
both cases the disruption is detected as loss of enzyme latency, 
not sedimentability. Before loss of enzyme sedimentability occurs, 
latency diminishes because the membrane concerned becomes more 
permeable to substrate. Moreover, membrane-bound enzymes may not 
readily lose sedimentability but may be freely accessible to substrate. 
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Biochemical studies can benefit from various approaches now 
outlined: enzyme cytochemistry applied to homogenates; negative 
staining of cell fragments, bacteria and viruses; autoradiography 
for fine-structural localization; tracer use of peroxidase whereby 
specific Ig's may be labelled; and gold probes. X-ray and computer 
aids to quantitation are indicated. 

Cytochemistry, especially that relating to enzyme localization, 
has advanced dramatically since the pioneering work of Gomori [1] 
and Takamatu [2], who back in 1939 developed a method for alkaline 
phosphatase localization. Al though many enzymes have been histo
chemically localized at light-microscopy level, only a small minority 
have been localized cytochemically at ultrastructural level. Many 
such cytochemical procedures are centered around the formation of 
a heavy-metal precipitate with one of the hydrolysis products of 
enzyme action. In addition to phosphatase demonstration other techni
ques are now available for localizing a host of other enzymes including 
those concerned with oxidation-reduction reactions. 

The tissue incubation stage is 
enzyme 

substrate >primary reaction 
(PRP) 

usually a two-step reaction: 

capturing 
product· 2+ > final 

agent, e.g. pb reaction 
product (FRP) 

In the second step the PRP formed by substrate hydrolysis in the 
first step is 'captured' with an appropriate capturing agent, quite 
often a metal cation such as lead, copper or calcium, to form an insoluble 
electron-dense precipitate (FRP). However, false localizations can 
sometimes be encountered due to possible diffusion of PRP prior to 
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Fig. 1. Unstained section (e.m.) through the cortex of Tetrahymena 
VOl'ax, fixed in 1% glutaraldehyde for 30 min and incubated (20°) in an 
ATPase medium for I h. The microtubu1es of the kinetosome and cilia 
(C) together with the post-ciliary (pt) and transverse (tt) micro
tubules all exhibit nucleoside triphosphatase activity (Pb deposits). 

its capture. We overcame this in the demonstration of lysosomal 
acid phosphatase by a novel technique [3]: 

aci d . 
gold-AMP h h t ? gold-adenos~ne + phosphate 

p asp a ase 
[ i. e . PRP:: FRP 1 

The substrate is hydrolyzed to produce gold-adenosine which itself 
is an insoluble, electron-dense precipitate and does not require 
a capturing agent. Thus the possibility of diffusion artefact is 
reduced. 

Subcellular fractioDs.- Enzyme cytochemical studies on sub
cellular fractions have been little exploited in comparison with 
whole-tissue investigations. Difficulties arose with primary fixation 
in trying to maintain a balance between retention of reasonable enzyme 
activity and good morphological preservation. Satisfactory results 
were obtained [ef. Editor's note at end of refs. list] by using low 
concentrations of primary fixatives «1% if glutaraldehyde, vs. the 
1% level appropriate for intact cells as in Fig. 1), or even omitting 
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Fig. 2. Unstained cilia fraction from Tetrahymena vorax fixed in 
0.5% glutaraldehyde for 30 min (at 20°) and incubated for 15 min 
(at 20°) in an ATPase medium. Deposits of lead phosphate indicating 
ATPase activity are found on both central (ct) and outer doublet 
(od) microtubules. 

them, and by employing short fixation times [4]. With such gentle 
fixation procedures Sharp et al. [5] were able to demonstrate ATPase 
localizations on ciliary and other microtubules of intact Tetrahymena 
(Fig. 1). Subsequently [6] intact cilia were prepared, using dibucaine 
in the deciliation step, and ATPase activity was demonstrated therein 
(Fig. 2). Enzyme cytochemistry therefore need not be confined to 
sections of whole tissue but can also be a valuable tool to the bio
chemist in the examination of tissue homogenates and fractions. 

VARIOUS AIDS TO THE BIOCHEMIST OR IHHUNOCHEMIST 

Ultrastructural information on cell fragments, bacteria and 
viruses can be obtained by the rapid technique of negative staining. 
Fig. 3 shows a membranous fraction prepared from mitochondria and 
negatively stained with sodium phosphotungstate. Electron transport 
particles on the inner mitochondrial membrane are readily recog
nizable. Autoradiography has made a successful transition from light 
to electron microscopy for the fine-structural localization of radio
labelled compounds. 
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Fig. 3. Membranous fraction prepared from mitochondria and nega
tively stained with 2% Na phosphotungstate pH 6.8. Electron trans
port particles (etp) seen attached to membrane fragments. 

In 1966 Graham & Karnovsky [7] introduced a method for the locali
zation of peroxidase which became popular as a cytochemical tracer. 
About the same time, immuno-peroxidase for demonstrating antigens 
were described [8]. Modifications followed to improve sensitivity 
and thus allow antigens to be detected in smaller amounts. Peroxidase
anti-peroxidase methods [9] are perhaps the most widely employed 
of these modifications. 

Cytochemistry entered a new era with the introduction of colloidal 
gold as a cytochemical marker when in 1971 Faulk & Taylor [10] adsorbed 
rabbit anti-salmonella serum to colloidal gold and used it as a direct 
immunocytochemical labelling probe for identifying surface antigens 
on Salmonellae. This probe is excellent for such techniques at both 
transmission and scanning e.m. levels. They can be produced as small 
as 2 nm to give more efficient marking, and are marketed in different 
sizes whereby multiple labelling is feasible. 

Gold particles seen by e.m. are usually too small to be observed 
at light-microscope level. However the immunogold silver staining 
(IGSS) technique of Holgate et al. [11] allows the gold particles 
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Fig. 4. Approach for localizing 
antigenic sites by light micros
copy, entailing successive use 
of a primary Ab, an Ab raised to 
this Ab and labelled with gold, 
and silver for visualization. 

I 

/ SILVER PRECIPITATE 

x x x 

XX r Xx 
GOLD PARTICLE/ 

SECONDARY ANTIBODY 

1 ~QU_uom 
ANTIGEX-. 

TISSUE SRCTION I 
that are localized at antigenic sites to be revealed by light microscopy 
by a silver precipitation reaction. This is shown schematically 
in Fig. 4 where gold-labelled secondary antibodies (Ab's) are raised 
to primary Ab's under investigation and these in turn reacted with 
silver. This technique, applicable to conventional paraffin wax 
sections, has become a very useful tool in pathology. Specimens 
which gave negative results with peroxidase anti-peroxidase (PAP) 
labelling techniques responded to the IGSS method [12]. 

Besides gold-labelled secondary Ab' s as a means of tracing 
antigen-bound primary Ab's, use can be made of Protein A, a cell-wall 
component of Staphylococcus aureus, which binds to many species and 
subclasses of Ab. Gold-labelled Protein A is widely used in the 
ultrastructural localization of antigens in both resin-embedded 
tissues [13] and ultrathin frozen sections [14]. The latter are 
preferable because of penetration problems with conventionally fixed 
plastic sections. With such techniues Geuze [14] was able by double 
labelling to identify two proteins, sialoglycoprotein and al~min, 
within separate compartments of the Golgi system. 

In the ultrastructural localization of nucleic acids, Bendayan 
[15] used enzyme-gold complexes. The specificity of the enzyme-subs
trate interactions combined with the size and electron-density of 
the gold particles and the good ultrastructural preservation of the 
tissue resulted in a very specific labelling with high resolution. 
Their results were impresssive and demonstrate the possibility of 
detecting substrates by means of enzyme-gold complexes at the e.m. 
level. 

Cytochemical procedures which in the past were only qualitative 
in nature can with the introduction of X-ray microanalysis [16] be 
examined quantitatively, and computer analysis of electron micrographs 
is providing a new wealth of information to biochemists, pathologists 
and molecular biologists. 
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NOTE and COMMENTS related to 

INVESTIGATIVE APPROACHES TO ORGANELLE DISTURBANCES 

Comments on #A-l: R. Wattiaux et al. - ISCHAEMIC LIVER 
and #A-2, A-3: T.J. Peters - BIOPSY SAMPLES; FATTY LIVER 

Wattiaux, replying to C.A. Pasternak. - Chlorpromazine is not 
effective on lysosomes in v·i.tro. T.J. Peters replied to J.H. Graham 
concerning Golgi-membrane density in vertical-rotor sucrose gradients: 
it is 1.12-1.14 in control liver and, surprisingly, the same with 
fatty liver notwithstanding the higher triglyceride content. D. Allan 
remarked that a liver membrane fraction rich in cholesterol will 
not necessarily have low membrane fluidity; in Golgi fractions similar 
to those isolated by Peters the free cholesterol was mostly in the 
Golgi coritents rather than the membrane, Le. the cholesterol is 
mainly membrane-bounded, not membrane-bound. The Golgi membrane 
itself resembles e.r. in its lipid composition (at least in rat liver) 
and thus is probably relatively fluid. 

Comments on #A-5: R.K. Berge et al. - PEROXISOME PROLIFERATORS 
and #A-7: G.G. Gibson & R. Sharma- P-450 ISOENZYMES 

T. Berg asked Berge how quickly clofibrate yields the active 
form, clofibric acid, and how this related to the formation of mRNA 
for the peroxisomal enzymes that are induced. Response: we do not 
know as yet~ C.A. Pasternak asked Gibson why immunologically assessed 
differences between P-450 isoenzymes induced by different agents 
are so clearcut, i.e. whether turnover is very rapid. Reply: yes; 
exposure to inducers is long in comparison with the half-life of 
proteins. W.H. Evans.- How good is the evidence for your assumption 
that the microsomes used in your studies are derived from the paren
chymal cells? Might the P-450 and associated enzymes be originating 
also from, e.g., sinusoidal or RES cells? Gibson's reply.- All the 
evidence points to the location of these activities being parenchymal, 
but exclusiveness is difficult to demonstrate. J.K. HcDonald.- Iron
carbonyl complexes being (I recollect) photo-dissociable, will the 
Fe2 +-CO complex form only in the abs'ence of light and so be difficult 
to work with? Reply.- This complex is notably stable even in the 
presence of light, and so presents absolutely no analytical problems. 

*Culled by Semor Ed. from Vol. 7: clofibrate is "immediately and quantita
tively hydrolyzed" in vivo [Gugler, R. & Jensen, C. (1976) J. Ch:Pom. fl? 175-179]. 
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Comments on #A-8: W. Lijinsky - MITOCHONDRIAL PROLIFERATION 
and #A-9: B.A. Fowler - METAL-INDUCED CELL INJURY 

[#NC(A) 

Lijinsky, answering K. Kilton.- Analysis of the methapyrilene
induced peroxisomal proliferation was solely morphometric, unaccom
panied by biochemical analysis. Methapyrilene is unique among anti
histaminics and their analogues in producing the proliferation. 
Reply to H. Osmundsen.- Examination of subcellular fractions for 
binding of the drug has shown two-thirds of radiolabelled drug is 
associated with mitochondria. 

Comments (to Fowler) by C.A. Pasternak.- Concerning the stimul
ation of mitochondrial membrane enzymes by arsenate, it is to be 
noted that arsenate (and other inducers of cellular stress) elevates 
the activity of a p.m. protein (glucose transport protein) indepen
dently of synthesis of protein or mRNA, maybe by an effect on membrane 
're-cycling' [Warren, A.P., James, M.H., Menzies, D.E., Widnell, C.C., 
Whitaker-Dowling, P.A. & Pasternak, C.A. (1986) J. CelluZ. PhysioZ. 
128, 383-388].· Similarly to lead, several toxins (e.g. melittin) 
have a mitogenic effect (through an action on the p.m.) at sub-cytotoxic 
doses (ref. [5] in #C-I). Question by H. Sjostrom.- Are morphometric 
effects on rough e.r. and smooth e.r. reflected in overall protein 
synthesis rate? Reply. - Such experiments have been done, with labelled 
leucine, and under certain conditions a correlation may be seen. 

Comments on #A-IO: M.J. O'Connell et al. - IRON OVERLOAD 
and #A-II: A.W. Schram et al. - GLUCOCEREBROSIDASE 

Remark (to O'Connell) by R. Wattiaux.- One would like reassurance 
that the hepatic iron-loaded lysosomes are of the same cell-type 
origin as non-loaded lysosomes. Questions to Schram.- J.K. McDonald 
asked whether the 'glucocerebrosidase' (GCase) is to be considered 
identical with lysosomal '~-glucosidase', or whether the latter is 
unable to remove terminal ~-glucosidic residues from a glucocerebro
side. Reply: the two lysosomal enzymes are identical, and the lysosomal 
GCase is the gene product deficient in Gaucher's disease; but there 
also exist ~-glucosidases in the cytosol and in an unknown membrane 
location (see IfA-ll). Reply to P. Bohley: in normal cells GCase 
has a hal f-life of 40 h. Comment by Wattiaux: the seemingly high 
turnover of GCase is unusual for a lysosomal enzyme. 

M. Kareel (to Schram): since you have shown that the complex 
form of GCase is needed for routing to the lysosome, why does this 
N-linked glycoprotein not go first to the p.m.? Reply: it does indeed 
go first to the p.m., and then arrives in the lysosome. Query by 
T. Berg (reply: "not known"): is GCase - a membrane-bound enzyme 
in the lysosomes - bound to a receptor which, like the mannose-6-
phosphate receptor, transports the enzyme to the lysosomes? 

[CONTINUED on p. 139 
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In fibroblasts newly synthesized lysosomal enzymes are trans
ported to the lysosomes by means of the mannose 6-phosphate marker
receptor system [1]. This transport mechanism is defective in fibro
blasts from patients with Mucolipidosis II (I-cell disease), since 
most of the precursor forms of the lysosomal enzymes are missing the 
mannose-6-phosphate recognition site. The primary defect in I-cell 
disease is a deficiency of UDP-N-acetylglucosamine-l-phosphotransfer
ase [2, 3]. This enzyme catalyzes the transfer of N-acetylglucosamine 
phosphate to some of the mannose residues of lysosomal precursors. 

In cultured skin fibroblasts from the patients the intracellular 
ac ti vities of many lysosomal enzymes (notably acid cx-gl ucosidase, 
N-acetyl-~-hexosaminidase) are low, whereas their extracellular activ
ities are high [4, 5], indicating a secretion of non-phosphorylated 
precursor forms. However, normal activities for a few lysosomal 
enzymes (particularly glucocerebrosidase, acid phosphatase) have been 
reported. Accordingly, we performed immuno-e.m. on ultrathin frozen 
sections with gold probes to study the localization of acid a-gluco
sidase, N-acetyl-~-hexosaminidase, acid phosphatase (tartrate-inhibit
able) and glucocerebrosidase in cuI tured skin fibroblasts from control 
subjects and patients with I-cell disease. 

Fibroblasts were harvested and fixed for immunocytochemistry 
[6]. Ultracryotomy was carried out with an LKB NOVA ultrotome, equipped 

* Collaborators for some of the work: Dr. J .M. Tager (Medical Enzymol
ogy & Metabolism Section, Academic Medical Centre, University of 
Amsterdam) and Dr. J.A. Barranger (Molecular & Medical Genetics 
Section, NIH, Bethesda, MD). 
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Fig. 1 . Localization of acid 
a-glucosidase in normal human 
fibroblasts. (Fixation: in 1% 
acrolein/0.4% glutaraldehyde 
in 0.1 M phosphate buffer, 
pH 7.3.) Gold particles are 
randomly distributed within 
thelysosomes. x 95,000. 

Fig. 2. Localization of gluco
cerebrosidase in normal human 
fibroblasts. Gold particles 
are located on the lysosomal 
membrane. x 95,000. 

with the Cryo Nova, at -110°. The sections were collected on Formvar
coated grids and incubated with our specific rabbit antibodies. 
Antigen-antibody complexes were visualized using goat anti-rabbit 
immunoglobulins conjugated with 10 nm colloidal gold particles 
(GAR 10, Janssen Pharmaceutica, Belgium). Sections were stained 
with uranyl salts and subsequently embedded in 1.5% (w/v) methyl
cellulose (400 Centipoises; Fluka) [7]. 

In control fibroblasts a random distribution of acid a-glucosidase 
and N-acetyl-~-hexosaminidase wi thin the lysosomes was observed, 
whereas glucocerebrosidase and acid phosphatase were mainly found 
tob~ localized on or near the lysosomal membrane and in association 
with membraneous material present within the lysosomes. Our obser
vations confirm the soluble character of the former pair of enzymes 
and the membrane-bound character of the latter, as already deduced 
from biochemical data. Representative results are shown in Figs. 1 &2. 
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In I-cell fibroblasts an abnormal localization of the two soluble 
enzymes was found. Labelling in lysosomes was very weak, but instead, 
small ' presumptive' vesicles containing both enzymes were detected 
throughout the cytoplasm and close to the plasma membrane. 

In contrast, a normal membrane-bound lysosomal localization 
was observed for glucocerebrosidase and acid phosphatase. It is 
concluded that the intracellular transport of these enzymes in the 
lysosomes can occur, even when the mannose 6-phosphate recognition 
system is defective. 
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Comments (continued from p. 134) on #A-ll: A.W. Schram 

Schram, answering Wattiaux and Willemsen. - Besides the mannose-6-
phosphate receptor, others exist that can route lysosomal enzymes 
to the lysosome; enzyme transport to the lysosome occurs in cells 
deficient in this receptor, and in fibroblasts where there is a second 
mannose-6-phosphate receptor. Sphingomyelinase, a membrane-associated 
enzyme, is deficient in MLII fibroblasts, which might indicate that 
membrane association is not the only factor involved in getting such 
enzymes to the lysosome. Reply to query by McDonald on attempted 
therapy of lysosomal storage diseases. - Many trials, e. g. enzyme 
replacement, have been published; but a long-term study and follow-up 
of these trials has not as yet been published. 

Comments on #NC(A)-l: R. Willemsen et al. - Immuno-e.m. of lysosomal 
hydrolases 

Remark (to Willemsen) by R. Wattiaux.- It may be pertinent that 
some lysosomal hydrolases (e.g. acid phosphatase) that are located 
in the lysosomal membrane do not depend on mannose-6-phosphate recep
tors. 

Supplementary pets. contPibuted by Seniop Editor 

Disturbances involving mitochondria 

Mouse heart mitochondria were examined for membrane effects 
of 4'-epi-adriamycin, investigated as hopefully less cardiotoxic 
than the anti-cancer drug adriamycin: exposure in vitro but not in 
vivo caused inactivation of respiratory-chain complexes with membrane 
rigidification and enhanced lipid peroxidation.- Praet, M., Laghmiche, M., 
Pollakis, G., Goormaghtigh, E. & Ruysschaert, J.M. (1986) Biochem. 
Pharmacal. 35, 2923-2928. 

In patients with circulatory shock, skeletal muscle biopsies 
gave evidence of oxidative (free radical) damage to the electron 
transport chain.- Corbucci, G.G., et al. (1985) eirc. Shock 15, 15-26. 

The neurotoxin l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine 
(MPTP), as used in primates to simulate Parkinson's disease, appears 
to be activated by mitochondrial monoamine oxidase; the toxic product 
accumulates in mitochondria and impairs processes such as NADH-linked 
respiration.- Kindt, M.V., Nicholas, W.J., Sonsalla, P.K. & Heikkila, R.E. 
(1986) Trends Pharmacal. Sci. 7, 473-475. 

Methylglyoxal bis(guanylhydrazone) (MGBG), a polyamine-type drug, 
damages mitochondria and inhibits ~-oxidation. With liver, heart and 
skeletal muscle mitochondria, MGBG in vitro (like other polyamines) 
caused aggregation. It increased membrane rigidity and blocked car
nitine acyltransferases.- Brady, 1.J., Brady, P.S. & Gandour, R.D. 
(1987) Biochem. Pharmacal. 36, 447-452. 

There is a classical case of a female patient with chronic hyper
metabolism despite normal thyroid function: skeletal muscle mitochond-
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ria were remarkably abundant, and manifested loss of respiratory 
controL- Luft, R., Ikkos, D., Palmieri, G., Ernster, 1. & Afzelius, B. 
(1962) J. Glin. Invest. 41, 1776-1804. 

Another classical situation is autoimmunity to the mitochondrial 
inner membrane as seen in cases of primary biliary cirrhosis.
Berg, P.A., Roitt, I.M., Doniach, D. & Cooper, H.M. (1969) Immunology 
17, 281-283. Defective mitochondrial fatty acid oxidation underlies 
various 'mitochondrial myopathies' (inborn errors).- Turnbull, D.M. 
& Sherratt, H.S.A. (1985) Biochem. Soc. Trans. 13, 645-647. 

Toxin activation; free radicals 

"Reactive metabolites as a cause of hepatotoxicity" (especially 
halogenated hydrocarbons and paracetamol).- Prescott, L.F. (1983) 
Int. J. GZin. Pharmacol. Res. 3,437-441. Two surveys by Gillette, J .R., 
Lau, S. & Monks, T.J.: (1984) Biochem. Soc. Trans. 12,4-7; (withL.R. Poh1) 
in IUPHAR ?roc. (9th Int. Gongr. Pharmacol.) (Paton, W.R., et aI., eds.), 
Macmillan, Vol. 2, pp. 251-257 [in Section on free-radical injury]. 

Prevention of CC1 q hepatotoxicity in mice (due to the ·CC13 free 
radical) by methoxsa1en, a 'suicide substrate' for cytochrome P-450. 
- Labbe, G. , ...... & Pessayre, D. (1987) Biochem. Pharmacol. 36, 907-914. 
Microsomal binding/activation of etoposide.- Haim, N., et a1., ibid. 527-536. 

Epoxide hydrolases; peroxisome proliferators 

Investigations on activities in particular fractions, cytoso1ic 
and particulate, and of peroxisomal proliferator influences have 
been reported recently in Biochem. Pharmacol.:- (1986) 35: 1299-1308: 
Kaur, S. & Gill, S.S.; (1987) 36: 345-351: Sch1adt, 1., Hartmann, R., 
Timms, C., Stro1in-Benedetti, M., Dostert, P., Worner, W. & Oesch, 
F.; 815-821: Lundgren, B., Meijer, J. & DePierre, J.W. 

Factors pertinent to examining lipid peroxidation in liver mic
rosomes include O2 tension.- Reiter, R. & Burk, R.F. (1987) ibid. 36, 925-929. 

Drug inhibition of microsomal lipid peroxidation by etoposide 
VP-16, an anti-cancer drug: this effect, and in general the cytotoxi
city, was attributable to a quinone metabo1ite.- Sinha, B., Trush, M.A. 
& Kalyaraman, B. (1985) Biochem. Pharmacol. 34, 2036-2040. 

Iron overload: an animal model, and hepatic ferritin iron response 
to che1ators.- Longueville, A. & Crichton, R.R. (1986) ibid. 35, 3669-3674. 

Organelle labilization by H~+ featured in Vol. 4, this series 
(Roels, H., et al.), studied in vitro with liver large-granule material. 

Clostridial toxins have been reviewed: Simpson, 1. L. (1986) Annu. 
Rev. Pharmacol. Toxicol. 26, 427-453. 

Other organelle refs., including nucleus and ribosomes (p. 240), are 
in later #NC Sections. Jon movements, notably Ga 2 +, and other back
ground refs.: see especially #NC(C)-1 (B.P. Trump). 
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THE SEPARATION OF CELLS AND CELL MEMBRANES 
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FFE* enables preparative separation of cells, membranes and 
proteins, on the basis of their zeta potential, thus complementing 
centrifugation which separates on the basis of size 01' density. 
The sample is injected into a curtain of buffer which moves downwards 
between two glass plates (the separation chamber) and across which 
is imposed an electric field. The emerging buffer stream is divided 
into 90 fractions. Generally the buffer flow rate considerably exceeds 
the sedimentation rate of biological particles at g = 1; hence the 
size of the particle is not normally important. 

FFE is of particular use in separating particles which tend 
to aggregate during centri fugation. A 1 though the technique is 
primarily a preparative one it can be used in an analytical mode. 
Indeed, although there are certain restrictions on the composition 
of the sepapation bUffep which do not apply to the mope widely used 
technique of cytophe1'omet1'Y (mic1'oe 1 ect1'opho1'esis ) , the abi Zi ty of 
FFE to provide electrophoretic mobility data on millions of cells 
very rapidly is a distinct advantage over cytophe1'omet1'Y where 
measurements are made on single cells. 

Detailed examination of the theoretical aspects of FFE will 
not be attempted in this article, which aims rather to describe the 
operation of a modern commercial machine with reference to the separa
tion of cells and cell membranes, for which FFE is a useful preparative 
tool. Especial attention is given to the operational parameters 
which can influence the efficacy of such separations. 

* FFE, free flow electrophoresis; p.m., plasma membrane. 
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D E 

Fig. 1. Diagrammatic represen-
tation of Elphor Vap 5 free-flow 

electrophoresis apparatus. 
A, electrophoresis buffer reservoir; 

B, bubble trap; 
C, sample inlet port; 

0, refrigerated sample syringe; 
E, water-filled syringe; 

F, worm-gear driven plunger; 
G, 90 outlet ports. 

The most widely available machines are those produced by Bender 
& Hobein (Munich; U.K. supplier: Biotech Insts., Luton). The machines 
are distinguished by the name Elphor Vap, followed by a model number. 
There are more recent, more sophisticated machines than the widely 
available Elphor Vap 5 model; but they are similar in operation, 
and it is the Elphor Vap 5 that will be described. 

It consists of a vertical glass chamber (Fig. 1), -100 mm wide, 
600 mm high and 0.7 mm deep. The rear glass plate is silvered and 
is in contact with a copper cooling plate. At the top of the chamber 
an inlet port connects with a reservoir of electrophoresis buffer 
via a bubble trap. At the bottom the buffer emerges in 90 fractions: 
the rate of buffer flow is controlled by a peristaltic pump through 
which the 90 outlet tubes pass. 
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On either side of the chamber run two ion-exchange strips (a 
cation- and an anion-exchange resin on the positive and negative 
sides respectively). Behind these strips are two Pt electrodes: 
electrical continuity between the strips and the electrodes is 
maintained by an electrode buffer which circulates over and between 
each electrode via a reservoir and water pump. This continuous exchange 
buffer between the electrodes together with the ion-exchange strips 
serves to minimize any changes in pH or ionic composition across 
the electrophoresis buffer. 

The sample is contained within an oscillating syringe within 
a refrigerated chamber (say at 4-6°). A second syringe whose piston 
is advanced by a fine-pitched worm gear communicates with the sample 
syringe via a column of water and serves to inject the sample into 
the vertically flowing electrophoresis buffer through an inlet port 
(Fig.~which is no~mally 2 cm from the right-hand edge of the chamber 
and -8 cm from the top. 

As the sample is moved down the chamber by the buffer flow (and 
as most cells and membranes have a net negative charge in buffers 
in the pH range 6-9), it will be deflected towards the anode to an 
extent which depends on the magnitude of the surface zeta potential, 
the appplied electric field and the rate of buffer flow, according 
to the following equations: 

Apparent electrophoretic mobility D=lxAxK 
I x t 

where 1 
chamber 

= migration distance (cm), A = cross-sectional area of 
(cm2 ), K = specific conductivity of medium (Siemens.cm- I ), 

I = current (A), t = residence time in chamber (sec): 

where Vk chamber vol. (cm3 ), 

Qk = chamber buffer flow rate (cm3 .sec- I ). 

2 Vk 
t = -'-

3 Qk 

In all instruments except the most recent models, the anode 
is on the left; accordingly, the lower the fraction number (1-90) 
in which a particular fraction elutes from the chamber, the closer 
it will be to the anode, hence the greater will be its zeta potential. 

PRACTICAL CONSIDERATIONS 

The buffer flow rate can be varied from -50 to 750 ml/h, depending 
on the machine, although different ranges of flow rates can be obtained 
on individual machines by changes to the gear system driving the 
peristaltic pump. Although the routine operating temperature is 
4-6°, temperatures up to 20° can be used. In earlier instruments 
(e.g. Elphor Yap 5) the maximum permissible buffer conductivity was 
1500 ~ho/cm, while in later models (e.g. Elphor Yap 11) this factor 
was increased to 7500 ~mho/cm. This has enabled the maximum field 
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strength of 120 V/cm for the earlier models to be increased to 145 V/cm 
in the later machines. 

The sample application rate (up to 8 ml/h) depends to some extent 
on the electrophoresis buffer flow rate. For maximum resolution, 
the sample must be applied into the buffer at the mid-point between 
the glass plates: the broader and deeper the sample band, the lower 
the resolution. 

Buffer composition 

The upper limit set on the buffer conductivity of earlier models 
imposed severe retrictions on the ionic content of the buffer. To 
achieve electric fields sufficiently high to allow a significant 
electrophoretic migration of the particles, NaCl concentrations 
exceeding 10-15 mM were not permissible. For the separation of memb
ranes this is not an important consideration, because generally the 
media which are best suited to the retention of functional activities 
have a low ionic strength. Indeed, the most common type of membrane 
suspension medium - 0.25 M sucrose buffered with low concentrations 
(5-10 mM) of an organic buffer such as Tris, Hepes or Tricine at 
pH 7.4 - is an ideal electrophoresis buffer. 

Cells, however, are relatively intolerant to such low ionic
strength media; but with Vap 5 machines there is no alternative to 
providing most of the osmolarity of the separation buffer by an organic 
solute. Few cell types tolerate sucrose, and it is more common to 
use glycine, glycerol, glucose or mannitol, again with an organic 
buffer such as triethanolamine, Tris, Hepes or Tricine. Even the 
low concentrations of ions permitted in the Vap 5 machines are advan
tageous to recovering viable cells, and inclusion of 5-10 mM NaCl 
together with 1-2 mM MgC1 2 or CaC1 2 is quite a common practice. The 
retrictions imposed by the later models (Vap 11, Vap 22, etc.) are 
much less severe and at least half of the osmotic component can be 
provided by salt. The following are some of the more common separation 
buffers.-

- (a) 0.3 M Tris/borate. 
- (b) 0.015 M triethanolamine (TEA)/acetic acid, 0.24 M glycine. 
- (c) 0.03 M Hepes/NaOH, 0.25 M glycine. 
- (d) 0.0058 M phosphate, 0.29 M glycine. 
- (e) 0.01 M TEA/acetic acid. 
- (f) = (e) but with 0.005 M glucose, 0.28 M sucrose, 5 pM CaC1 2 or 
MgC1 2 , 5 mg bovine serum albumin (BSA). 
- (g) 0.015 M TEA, 0.01 M glucose, 0.004 M potassium acetate, 0.24 M 
glycine. 
- (h) 0.010 M TEA/acetic acid, 0.25 M glucose, 0.002 M NaCl. 

It is difficult to recommend a particular buffer for cell electro
phoresis. Buffers (b), (c), (g) or (h) supplemented with CaC1 2 /MgC1 2 

and BSA, as in (f), may be a good starting point. 
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APPLICATIONS TO CELLS* 

Platelets 

Background.- The use of FFE to purify platelets from human blood 
demonstrates one of the advantages of this technique (details: Wilson 
& Graham [1]) over the more widely used centrifugation methods. 
Even in the presence of chelating agents such as EDTA or EGTA, the 
sedimentation of platelets, to furnish either a pellet or a concentrated 
band on top of a density barrier, results often in their aggregation. 
Although such aggregated material is usually quite easily dispersed 
by gentle shearing forces (e.g. repeated uptake into and expulsion 
from a pipette or syringe), this can result in activation of the 
platelets. FFE on the other hand produces a slight dilution of the 
platelets by the electrophoresis separation buffer when the sample 
is inj ected into the chamber, and aggregation is rarely observed. 
Indeed, because of this, EDTA is not required in the separation buffer. 

FFE conditions.- Electrophoresis separation buffer is (h) above 
(but NaCl 1 roM), pH 7.6; flow rate 600 ml/h. Electrode buffer contains 
0.1 M triethanolamine/acetic acid, pH 7.6. Separations are at 6 0 

with 1100 V applied; -10 ml of a platelet-rich fraction from 150 ml 
blood can be fractionated in -1 h. 

Results.- Two major bands are recoverable from the chamber eluate. 
Cell recoveries are expressed relative to the platelet-rich starting 
material: fractions 47-52 vs. 53-57: : platelets 1-2%, 94-95%; red 
cells: 97-99%, 0.1-0.2%; white cells: 100%, 0%. 

Evidently the red and white cells elute in the former band and 
the much less electronegative platelets in the latter. Compared 
with any centrifugation technique, recoveries are as good if not 
better. Functionally, as measured by the retention of their nucleotides 
and their release upon aggregation, the platelets produced by FFE 
are superior to those produced by centrifugation [1]. 

Trypanosomes 

Background.- In the laboratory Trypanosoma brucei is grown in 
the bloodstream of rats, and the most often used technique for their 
separation from host blood is by filtration through a bed of anion
exchange resin which retains the erythrocytes and white cells, while 
permitting the less negatively charged trypanosomes to elute with 
the plasma. The yield is -60-80% and, the capacity of the resin 
being finite, ultimately host cells will emerge from the resin bed. 
It is the big difference in the magnitude of the surface charge between 
trypanosomes and erythrocytes that makes them ideal for separation 
by FFE (method details: Graham & Agbe [2]). 

*Ed.'s citation of Vol. 8 arts.: Heidrich & Hannig, FFE theory & various 
cells; Lanham, trypanosomes etc. (not FFE); Crawford, platelets etc. (not 
FFE) • 
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Table 1. Effect of pH and Mg2+ on the elution positions of trypano
somes and host rat erythrocytes: peak fractions, and cathodic shift 
due to Mg2+. 

Ce 11 type pH 7.4/ +Mg2+ pH 7.4 /-Mg2+ Shif t pH 8.0 /+Mg2+ pH 8. 0/-Mg2+ Shift 

Trypanosomes 

Erythrocytes 

62-64 

48-50 

44-46 

36 

18 

12-14 

48-50 

38-40 

32-34 

34-36 

16 

4 

lFE conditions.- Electrophoresis separation buffer [cf. (h) 
above] contains 0.25 M glucose, 1 rnM NaCI, 0.5 mM MgS04' 10 mM tri
ethanolamine/acetic acid, pH 8.0; flow rate 450 ml/h. Electrode 
buffer contains 100 mM triethanolamine/acetic acid, pH 8.0. 
Separations are at 6° with 900 V applied. 

Results.- Under the above optimized conditions, -99% of the 
erythrocytes elute in fractions 34-42, while 99% of the typanosomes 
elute in fractions 44-54. Table 1 shows the differential effects 
of pH and Mg2+ on the electrophoretic mobility of the two types of 
cell. The cathodic shift in the trypanosome peak caused by inclusion 
of Mg2+ is always greater than the erythrocyte shift. Whilst this 
differential effect is noticeable at both pH 7.4 and pH 8.0, that 
at 8.0 was much more marked; indeed, Mg2+ was virtually without effect 
on the erythrocytes at this pH. The other obvious difference between 
the cell types is that in the absence of Mg2+ the influence of pH 
on erythrocyte mobility was nil; only with Mg2+ present was there 
a significant cathodic shift when the pH was decreased from 8.0 to 
7.4, whereas trypanosomes showed such a shift in the presence or 
absence of Mg2+. 

This differential effect may reflect the marked difference in 
the source of the cell-surface charge: no sialic acid has been detected 
at the surface of T.brucei [3]. Whatever its cause, these observations 
underline the importance of manipulating the ionic composition and 
pH of the electrophoresis separation buffer. In most circumstances 
the addition of cations and lowering the pH will tend to titrate 
some of the negatively charged groups on the surface of the biological 
particles. As a result the zeta potential will drop and the elect
rophoretic mobility of the particles be reduced. However, we have 
shown that under certain conditions, p'articularly at pH <7.4, low 
concentrations of NaCI (1-10 mM) may actually cause an increase in 
mobility which is reversed at higher salt concentrations [4]. h"'hat 
is more important is that modulation of these buffer parameters, 
together with the buffer flow rates and the applied voltage seems 
to affect different cell types to different extents. 
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Other cell types 

Many other examples 
been reported, including 
B lymphocytes [8, 9], 
plasmodium-infected and 
parasites ([12] & Vol. 8, 

APPLICATIONS TO MEMBRANES 

of the use of FFE in cell separations have 
the following: kidney cells [5-7], T and 
B lymphocyte subpopulations [10, 11], 
non-infected erythrocytes and malarial 
this series). 

Guinea pig enterocyte membranes 

Background.- As an example of the ability of FFE to separate 
not only different membrane types but also different domains of the 
same membrane, the fractionation of an enterocyte mitochondrial frac
tion will be presented. It demonstrates not only the resolving power 
of the technique but also its aptness for samples which show a pro
nounced tendency to aggregate (as considered above for platelets). 
The contamination of the enterocyte fraction with mucus often leads 
to aggregation during sedimentation of membranes into a pellet or 
banding in a sucrose gradient; hence a method in which the sample 
is diluted by the electroohoresis buffer is an advantage. 

FFE conditions.- Electrophoresis separation buffer contains 
0.25 M sucrose, 10 ~~ triethanolamine/acetic acid, pH 8.0; flow rate 
400 ml/h. Electrode buffer contains 100 mM triethanolamine/acetic 
acid, pH 8.0. Separations are at 6° with 900 V applied; the rate 
of sample injection is 2 ml/h. 

Results.- To obtain optimal resolution it was necessary to inject 
the sample slowly so as to give minimum band broadening in the chamber. 
Fig. 2 shows the resolution of a number of enzymes. The mitochondrial 
band (succinate-cytochrome c reductase) appears sharply in the middle 
of the eluate, while the basolateral p.m. (Na+ /K+ -ATPase) is pre
dominantly in the more electronegative fractions and the brush-border 
p.m. (5'-nucleotidase, alkaline phosphatase and aminopeptidase) 
appears only in the less electronegative fractions. In this particular 
separation the acid phosphatase (lysosomes) overlapped the mito
chondria and the brush border fractions. 

To resolve these three membrane types more efficiently, a guinea 
pig enterocyte mitochondrial fraction was subjected to electrophoresis 
according to the conditions outlined above. The fractions containing 
Na+ /K+ -ATPase were discarded (fractions 1 & 2 - see Fig. 2) and then 
the total residual material in the eluate was bulked together, concentra
ted and run through the FFE system at a higher voltage (1100 V) and 
a lower electrophoresis buffer flow rate (300 ml/h). These conditions 
now permitted better resolution of the brush border, mitochondria 
and lysosomes (Fig. 3). 
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Fig. 2. Subfractionation of a guinea pig enterocyte mitochondrial 
fraction: isolation of basolateral and brush-border plasma membrane 
(p.m.). Electrophoresis conditions: see text. The product (in 
tubes 25-53) was consolidated into 6 fractions: 25-29, 1; 30-32, 2; 
33-36, 3; 37-43, 4; 46 & 47, 5; 48-53, 6. A, 5 ' -nucleotidase; 
B, alk. phosphatase; C, succinate-cytochrome c reductase; D, acid 
phosphatase; E, Na+/K+-ATPase; F, aminopeptidase. All ordinates 
are relative specific activities, viz. fraction VB. homogenate. 

Other membranes 

Other types of membrane separated by FFE include: gastric membrane 
vesicles [13], normal and malignant colon p.m. [14], renal medulla 
membranes [15], rat duodenum basolateral membranes [16], human 
lysosomes [17], human platelet surface and intracellular memb
ranes [18]. 
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Fig. 3. Subfractionation of a guinea pig enterocyte mitochondrial 
fraction: isolation of lysosomes, mitochondria and brush border 
membrane. Electrophoresis (see text) performed on pooled fractions 
3-6 from the previous separation (Fig. 2). 
The products (in tubes 9-42) were consolidated into 6 fractions: 
9-13, 1; 14-18, 2; 19-24, 3; 25-28, 4; 29-34, 5; 34-42, 6. 
A, 5 ' -nucleotidase; B, succinate-cytochrome c reductase; C, alk. 
phosphatase; D, acid phosphatase. All ordinates are relative 
s.a.'s as in Fig. 2. 

CONCLUSIONS 

FFE permits the separation of cells and membranes under very 
mild conditions. The separation media are iso-osmotic and the viabili ty 
of the collected material is normally very good. Modern machines 
permit the use of relatively high concentrations of salts (up to 
-155 mOsM); earlier machines required the osmotic component of the 
separation medium to be mainly an organic solute. There is no upper 
limit to the amount of material that can be processed, and aggregation 
effects are minimal. 
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In CCC* there is the advantage of no solid support: the eluting 
phase passes over a stationary liquid phase held by low-speed centrifu
gation. A new 'coil planet centrifuge' with toroidally wound coils 
is applicable to purification of molecules such as peptides and drugs 
using aqueous/organic phase systems. On the analytical scale it 
can cope with the viscosity of polymer phase systems, allowing cells 
and subcellular elements to be fractionated by use of two immiscible 
aqueous phases. 

The application of eee to the separation of viable biological 
material depends on the availability of suitable phase systems. 
These must be able to act as a gentle host medium for the cells and 
subcellular elements they contain and have the appropriate hydrodynamic 
properties for eee operation. 

Albertsson first introduced the concept of partition between 
immiscible aqueous polymer phases for separating cells in the 
mid-1950's [1]. But at least 20 years elapsed before the technique 
became widely used and accepted. The use of two-phase aqueous systems 
for separating cells, organelles and particles has been well reviewed 
([2-5] and G. Johansson in Vol. 2, this series). The way aqueous 
phases can be manipulated to achieve separation will not be considered 
here, but it is an important prerequisite to applying the technology 
to eee. 

eee can be regarded either as liquid-liquid chromatography without 
a solid support or as a continuous form of liquid-liquid extraction. 

* Abbreviations include eee = counter-current chromatography, 
PEG = polyethylene glycol. 
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Since it was first introduced in the 1970' s, the process has been 
through a number of development stages which have improved its design 
and efficiency. Most schemes involve continuous coils of PTFE tubing 
rotating in some form of planetary motion without rotating seals. 
The process is now being used for the analytical/preparative separation 
and purification of a wide range of natural products and soluble 
biopolymers using aqueous/organic phase systems [6, 7] and for analytical 
fractionations of membranes and organelles with double aqueous phase 
systems [8, 9]. In other reviews [10, 11] various types of eee apparatus 
have been outlined and guidelines given for use and application. 
This article reviews the latest eee techniques used for separations 
of subcellular particles with aqueous/aqueous phase systems. 

There are two essential requirements for successful eee: the 
retention of one of the phases in the coil and the adequate mass 
transfer of sample constituents as the other (mobile) phase passes 
through and mixes with the retained phase. Successful retention 
is largely a function of the physical properties of the phase systems 
and interactions with the coil walls. Mass transfer depends on 
effective mixing which is determined by hydrodynamic factors. It 
is only now that the coil planet centrifuge [12-14] is emerging as 
a clear front runner giving increased retention of the stationary 
phase, shorter separation times, greater capacity and better relia
bility. 

COUNTER-CURRENT CHROMATOGRAPHY WITH DOUBLE AQUEOUS PHASE SYSTEMS 

When certain polymers are mixed with water, two innniscible aqueous 
phases are formed and, with suitable additives, can provide a gentle 
host medium for cells and organelles [2, 5]. Unfortunately these 
aqueous phase systems have increased viscosity, lower density differ
ence and considerably reduced interfacial tension, when compared 
to aqueous/ organic phase systems. This makes them unsuitable for 
use in the conventional high-resolution coils, such as the multi-layer 
coil planet centrifuge [12-14], due to their long mixing/settling 
cycle times. However, this does not preclude their use with CCC 
on an analytical scale. Special toroidal cells can be mounted perpen
dicularly to the force field, producing cascade mixing (Fig. 1) when 
one phase is flowing relative to the other [IS]. 

Coils can be wound around the drum of an epicyclic coil planet 
centrifuge [16] or alternatively mounted circumferentially on a 
rotating disc [17]. The coil is initially filled with one of the 
phases and then the plate is rotated at 800 rpm while the other 
phase is pumped in. As the phases intermix, centrifugal force ensures 
that the lighter and heavier phases are respectively retained in 
the inner and outer halves of each coil unit. The pumped phase partially 
displaces the other phase from the coils until the cascade mixing 
scheme shown in Fig. 1 is established. 
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Fig. 1. Cascade mixing produced by the flow of one phase relative 
to a retained phase in toroidal coils mounted circumferentially 
on a rotating disc. 

155 

A typical operating system is shown schematically in Fig. 2. 
The sample is injected with the mobile phase (using a conventional 
liquid chromatography sample loop) and undergoes a series of mixing 
and settling steps before it eventually elutes to the fraction 
collector. Sample components partitioning towards the mobile phase 
will elute early while those favouring the stationary phase or interface 
will be retained. As there is no solid support, either phase can 
be used as the mobile phase, or even a mixture of the two. Adding 
a small proportion of the stationary phase in the above example would 
accelerate the elution of all the retained components and clear the 
coil system for another sample loading. 

APPLICATIONS 

The resolution of spinach chloroplasts into three subpopulations 
by Albertsson & Baltescheffsky in 1963 [18] was one of the first 
fractionations of subcellular material using aqueous polymer phase 
systems. Later, Albertsson's thin layer counter-current distribution 
technique [19] was used for a number of subcellular fractionations 
including that of Golgi apparatus by Hino et al. [20]. Recently 
affinity partition methods have been pr6posed for industrial-scale 
enzyme and protein purification [5, 21]. 
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Fig. 2. Schematic layout of eee operating system . Note the toroidal 
coils wound on a epicyclic coil planet centrifuge. A restrictor 
would be needed only when using aqueous/organic phase systems. 

The use of eee for separating viable biological material based 
on partition in aqueous two-phase poylmer systems has recently been 
reviewed [8, 9]. Special toroidally wound coils have been used on 
the epicyclic coil planet centrifuge to achieve successful fraction
ations of organelles, membranes and bacterial cells. However, large 
cells such as erythrocytes still require a more complicated rotor 
to avoid sedimentation effects. 

Rat-liver homogenate has been successfully fractionated (Fig. 3) 
using a phase system containing 3.3% (w/w) dextran T-sOO, 5.4% PEG-6000, 
10 mM Na phosphate/phosphoric acid buffer (pH 7. 4), 0.26 M sucrose, 
0.05 mM Na2EDTA and 1 roM ethanol, in both the toroidal coil [17] 
and the epicyclic coil planet centrifuge [161. Sample preparation 
and enzyme assay procedures have been described [22]. Fractionations 
in either machine are qualitatively similar with plasma membrane 
eluting early, lysosomes shortly after and endoplasmic reticulum 
spread over three possible fractions . Rat-liver homogenate has been 
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Fig. 3. Analytical subcellular fractionation of rat-liver homogen
ate using a continuous toroidal coil centrifuge (mean and S.D. from 
7 expts.). (Enzyme assignments indicated parenthetically.) Activity 
recoveries range from 70% to 90% [17]. 

used by us [22] as a standard fractionation for studying a number 
of coil operating parameters, e.g. rotational speed, flow rate, coil 
geometry and sample loading. The process was shown not to be critical, 
and small changes in these parameters did not significantly affect 
the order of elution or resolution of the process, provided that 
certain boundary conditions were met. 

Torpedo electropax membranes, enriched in nicotinic cholinergic 
receptor sites, have been successfully purified (Fig. 4) by Flanagan 
et a1. [23] using affinity partitioning techniques with phase systems 
operating near to the critical point. They have defined the procedures 
for operating the toroidal coil near to the critical point, and examined 
the effects of sample loading; in contrast to the phase systems used 
for rat-liver fractionation, it was essential to use an emulsion 
of upper and lower phases (-10:1 ratio) to elute the membranes from 
the coil. They also concluded that sample loading was limited by 
the ability to obtain a sufficiently concentrated sample. 

Enhanced-gravity counter-current distribution methods have been 
developed by Akerlund [24] to reduce separation times and thus minimize 
the possibility of changes in partition with time. Chloroplast vesicles 
[24] and membrane-bound opiate receptors [25] have been successfully 
fractionated in this way. 

CONCLUSIONS 

CCC is easy to perform, has a wide range of applications and 
is suited to automation. Its major asset is its low cost and high 
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Fig. 4. Chromatograms of Torpedo membranes in the toroidal coil 
centrifuge with the phase system 4.6% (w/w) dextran T-500, 3.S% 
(w/w) PEG-SOOO, 5 mM Na phosphate pH 7.4, and 15 roM NaCl [23]. 
The distributions of [ 125I]-a-bungarotoxin-labelled membrane (----) 
and protein t----) are shown, a) with no ligand PEG, and b) with 
hexaethonium-PEG replacing 0.05% of the PEG. From {2J}, by permis
sion of Marcel Dekker, Inc. 

sample recoveries. The lack of solid support m1n1m1zes adsorption 
problems and allows one set of coils to be used with a variety of 
different phase systems. However, it is still an emerging process 
and while polymer phase systems have been used for certain subcellular 
fractionations, the physical properties of these phase systems are 
not ideal for use with CCC. Consequently resolution is limited and 
application is restricted to the analytical scale. 

The way ahead for the technology in the future is for new bio
compatible phase systems to be identified with physical properties 
more suited for use with CCC. 
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FLOW CYTOMETRY: A TOOL IN STUDYING CELLULAR DERANGEMENTS 

M.G. Ormerod 

Tnstitute of Cancer Research 
The Haddow Laboratories 
Clifton Avenue, Sutton, Surrey SM2 5PX, U.K. 

The flow cytometer enables several parameters to be measured 
on large numbers of individual cells; it yields inf01'lTlation about 
cell populations. Using appropriate fluorescent probes, changes 
in a variety of parameters may be measured. It is also possible 
to separate cells on the basis of the measured parameters. 

The most widespread application is the measurement of the DNA 
content of cells using fluorescent dyes which bind to nucleic acids. 
Thereby, the distribution of cells in the cell cycle can be esti
mated and any interference, e. g. by a drug, can be f 0 II O71Jed. If 
cells are incubated with deoxybromouridine (BUDR) , then those cells 
that are actively synthesizing DNA can be visualized using a monoclonal 
antibody (MAb) against BUDR. Combined with a label for DNA, this 
gives a very p071Jerful method for fol1071Jing derangements in the cell 
cycle. 

Another corronon application is the enumeT'ation of cel l sub-sets. 
Cells are distinguished by the amount of light scattered and by the 
expression of characteristic cell-surface epitopes, detected by using 
fluorescently labelled MAb's. Fluorescent probes may also be used 
to visualize, inter alia, changes in membrane potential, intra
cytoplasmic pH and intracellular calcium. 

WHAT IS A FWW CYTOMETER? 

A flow cytometer measures certain properties of cells and other 
particles in a flow system. It is also possible to sort physically 
cells of a desired property and recover them for further study. 
All instruments measure one or more optical properties of the particles 
in the sample, viz. fluorescence at one or more wavelengths, scattered 
light and extinction (optical density). Some instruments can also 
record the Coulter volume. 
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Fig. 2. The optical system of a 
typical flow cytometer. 
LS - laser 
M - mirror 
o dichroic mirror 
L - lens 
Q - quartz flow cell 
S - reflective strip (reflects 

laser beam) 
F - barrier filter. 

Detectors: 
01 - direct light (for extinction 

measurement) 
02 - forward-scattered light 
03 - orthogonally scattered light 
04 - red fluorescent light 
05 - green fluorescent light. 

The flow cell is at the heart of any flow cytometer (Fig. 1). 
It typically consists of a rectangular quartz cell, having a square 
channel through which sheath liquid, usually water or saline, flows 
under pressure. The particles under study (usually, but not necess
arily, biological cells) are injected into the centre of the stream. 
The sample stream is focused hydrodynamically by the sheath liquid 
so that the particles are constrained to flow singly through the 
detection system. 

Light, typically from a laser, is focused on the sample stream. 
Scattered and fluorescent light is collected by sui tably placed lenses, 
separated into appropriate wavelengths by dichroic mirrors and barrier 
filters, and detected by photomultipliers (Fig. 2). 

The use of an optical quartz cell is not universal. In some 
instruments the laser beam interrogates the flow stream after it 
has emerged from the flow cell (' stream in air'). Optically this 
has disadvantages as, inevitably, there is more scattered light in 
the system. It has some advantages if the cells are to be sorted 
(see below). 
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High quality commercial instruments can measure up to 4 parameters 
on each particle. Instruments which can measure as many as 8 have 
been built. These parameters may be measured on, say, 20,000 cells 
in 10 sec. This wealth of data can only be analyzed satisfactorily 
by a computer, an essential element of a modern flow cytometer. 

SORTING CELLS* 

One of the most powerful uses of flow cytometry is the sorting 
of cells (Fig. 3). To achieve this, the flow stream is forced from 
the flow cell through a narrow orifice (50-100 pm) to give a fine 
jet. The flow cell is vibrated by a transducer at a typical frequency 
of 30,000 Hz which causes the stream, after it emerges from the flow 
cell, to break into droplets. If the sheath liquid is conductive 
(e.g. saline), then applying an electric charge to the flow cell 
will charge the droplets, which can then be deflected by an elect
rostatic field. 

When a particle passes through the laser beam, the instrument 
decides, according to parameters previously determined by the operator, 
whether it is to be sorted. If so, a charging pulse is applied to 
the flow cell just as the droplet containing the required particle 
is being formed. The charged droplet is then deflected either left 

* In Vol. 8, this series, M.J. Owen & M.J. Crumpton describe B- and 
T-Iymphocyte separation by Fluorescence-Activated Cell Sorter, FACS'; 
likewise G. Blackledge in Vol. 11, with attention also to DNA and 
chromosome analysis.- Ed. 
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or right from the main stream by two plates carrying a fixed electro
static charge. 

There is a delay of -100-1000 ~sec between a particle passing 
through the laser beam and the formation of its droplet. The instrument 
has to be calibrated so that the charging pulse is issued after the 
appropriate delay. Any fluctuation in the fluidics of the instrument 
(e.g. in the sheath pressure) will affect the delay time and the 
wrong droplet will be charged. It is therefore advantageous to keep 
the distance between the laser beam and the break-off point in the 
stream to a minimum. This is why some flow cytometers have a 'stream
in-air' configuration. 

APPLICATIONS 

Most of these involve the labelling of cells with fluorescent 
compounds. They fall broadly into three classes: 

- the labelling of molecules (e.g. DNA) with fluorescent dyes; 
- the detection of specific molecules using fluorescently labelled 
Ab's; 
- the use as probes of fluorescent compounds whose properties reflect 
a particular property of the cell (e.g. pH-dependent dyes). 

Examples of these applications are given later. 

The flow cytometer makes multi-parametric measurements on large 
numbers of particles at a fast rate (up to sOOO/sec). It gives 
statistically accurate information on populations of cells, enabling 
different sub-sets of cells to be distinguished and counted. In 
performing this task, it is faster and more accurate than a human 
observer with a light microscope. However, apart from a few highly 
specialized instruments, the flow cytometer gives less information 
about detail within each cell, and for this type of analysis a different 
approach is needed. For example, on a cytological smear, the human 
observer will pick out a cell of interest and then analyze details 
within, e.g. to determine whether the nucleus appears dyskaryotic. 
The other feature of the flow cytometer is that cells must be in 
suspension; hence with a tissue any information regarding spatial 
relationships between cells is lost. 

The analytical prec1.s1.on of the instrument can be used with 
the sorter to purify sub-sets from a population of cells. Purities 
of -98% are not uncommon. With most instruments, the flow rate is 
limited to -5000 cells/sec. In practice, 2000 cells/sec is often 
the maximum flow rate achieved and this limits the number of cells 
that can be sorted. Some times it is necessary to perform a pre
purification using another technique such as centrifugal elutriation, 
or free-flow electrophoresis [see J .M. Graham, #B-I, this vol.-- Ed.]. 
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Fig. 4. DNA histogram from 
a cell line derived from 
human mammary cells. The 
cells were harvested to give 
a single-cell suspension and 
fixed in alcohol. After re
hydration they were treated 
with RNase and propidium 
iodide was added. (Sample 
prepared by Mr. G. Lilley.) 
0, diploid cells; T, tetra
ploid cells having twice 
the DNA content. The phases 
of the cell cycle are 
marked. 
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Fig. 5. DNA histograms from a drug-sensitive line of rat Walker 
tumour cells. Sulphur mustard was added to the cells and samples 
were taken then and at 3-h intervals thereafter. The histograms are 
shown 'stacked' one behind another so that the changes can be easily 
visualized; one view in A, and B shows the same picture from the 
other side. (Samples prepared by Mr. F. Friedlos.) 

QUANTITATION OF DNA 

Various fluorescent dyes will bind to DNA stoichiometrically 
so that the fluorescence from a cell can be used to quantitate its 
DNA. Cell ploidy can thereby be determined (Fig. 4). Ploidy changes 
in cultured cell lines are observed not infrequently. Since changes 
can affect the response of cells to radiation or to drugs, monitoring 
them is important for these studies. 

The context of Fig. 5 is that the DNA content of a pre-mitotic 
cell increases as it grows; hence the cell cycle can be visualized. 
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Fig. 6. DNA histogram from cells of a human lymphoid line (EB3) 
which had been treated with melphalan 24 h previously. Left, the 
experimental histogram; right,the de-convolution by computer . The 
numerical results are also shown; the C.V. gives an estimate of 
the spread of the peaks. The Fig. is a photograph of the graph
ics screen of the Ortho 2150 computer system. [Program written 
by M.G. Ormerod, A.W.R. Payne & J.V. Watson (paper in preparation); 
cells prepared by Drs. J. Bell & B. Millar.] 

This is a powerful technique for studying the mechanism of action 
of any treatment that interferes with cell proliferation. 

Fig. 5 shows a set of histograms for cultured rat Walker-tumour 
cells after treatment with sulphur mustard. The first histogram 
shows the cells at the time of treatment. They were approaching 
the plateau phase of growth and few were in GO/GI phase. Then the 
cells were diluted and started to grow: their movement into S phase 
could be observed . As the cells reached G2, further progress was 
blocked and the cells accumulated in this phase; G1 was almost 
completely depleted. Eventually some of the cells overcame the block 
and started to cycle again. However, cell division was abnormal, 
as evidenced by the broader distribution of the DNA in Gl at this 
time. Using other techniques, it could be shown that these cells 
did not survive [1]. 

Using a suitable computer program, the histogram of cell number 
against fluorescent intensity can be used to give an estimate of 
the % of cells in GO/G1, Sand G2/M phases of the cell cycle (Fig. 6) . 
Such a de-convolution gives, of course, only an estimate, and undue 
weight must not be placed on the detailed values. 
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Fig. 7. An isometric plot of a 
cytogram obtained from Chinese 
hamster V79 cells labelled in 
culture (20 min) with BUDR. The 
fixed cells have been labelled 
with fluoresceinated anti-BUDR 
and propidium iodide (PI). 
Green fluorescence, BUDR; red, 
DNA-PI. S-phase cells (showing 
the former) are separated from 
the cells in GI and G2. (Sample 
prepared by Mrs. K. Steele.) 
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A more accurate estimation of the no. of cells in the different 
compartments of the cell cycle can be obtained by pulse-labelling 
cells with BUDR, which is incorporated into DNA in place of thymidine. 
The S-phase cells can be visualized by fixing the cells and reacting 
them with an anti-BUDR MAb labelled with fluorescein. After RNase 
treatment, added propidium iodide will label all the cellular DNA. 
The laser is tuned to 488 nm and the fluorescence from fluorescein 
measured at 520 nm (green) and that from propidium iodide at >600 nm 
(red). Display of red vs. green fluorescence gives separation of 
the individual compartments of the cell cycle (Fig. 7 and ref. [2]). 
Individual chromosomes can also be analyzed and sorted [3]. This is 
not a trivial application. 

ENUMERATION OF CELLULAR SUB-SETS 

This is most commonly applied to immunological problems in which 
sub-sets of lymphocytes are enumerated. The cells are labelled with 
a MAb which defines a particular sub-set; in the analysis, light 
scatter serves to define the cells of interest. The scattering of 
light by cells is a complex phenomenon. Forward light-scatter is 
approximately related to cell size, while orthogonal scatter reflects 
parameters such as granularity and differences in refractive index 
between the cell and the surrounding medium. 

For sheep lymphocytes collected from a duct draining the 
intestine, Fig. 8 shows light scattered in a narrow forward angle 
Vs. that scattered orthogonally. This defines two populations: the 
numerically larger consists of small lymphocytes, the lesser comprises 
larger lymphocytes. A computer was used to define regions outlining 
these populations, to display their Ab fluorescence and to calculate 
the number of positive and negative cells for each region. This 
exemplifies well the use of a computer to enhance a flow-cytometric 
analysis. 
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Fig. 8. Sheep intestinal lymphocytes labelled with rat anti-sheep 
T-cells followed by fluoresceinated rabbit anti-rat Ig. A cytogram 
of orthogonal VB. forward light scatter was displayed. Two regions 
were defined by computer. The histograms of each region were then 
displayed and the % of positive cells calculated. (Sample prepared 
by Ms. M. Sohatha.) 

FLUORESCENT PROBES 

Some of the more commonly used probes [ref. given) are as follows: 
- hexamethyloxacarbocyanine, for membrane potential [4]; 
- quin-2, for intracellular calcium [5); 
- 1,4-diacetoxy-2,3-dicyanobenzol, for intracellular pH [6); 
- various, for enzyme activities [7]. 

The following example relates to use of electroporation at 0 0 

to punch holes in the plasma membrane (p .m.) of mammalian cells. 
The holes may be re-sealed by a brief incubation at 37° . This method 
is used to introduce DNA into cells . The process can be monitored 
and optimum conditions established by flow cytometry. 

Fluorescein diacetate (FDA) is taken up by cells. In the 
cytoplasm, esterases remove the acetate group to produce fluorescein 
which fluoresces green and which cannot cross the p.m. FDA can be 
used to distinguish cells whose p. m. is intact. Propidium iodide 
(PI), a red-fluorescing dye which binds to nucleic acids (see above), 
is normally excluded by the p.m. of live cells. 
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Fig. 9. Electroporation of a cell line derived from rat mammary 
cells. PI was added before electroporation and FDA afterwards. 
Light scatter was used to select the cells from any other particles 
that might be present, and red vs. green fluorescence was displayed. 
For amplification, see text. (Samples prepared by Dr. M.J. O'Hare 
and Mr. G. Lilley.) 

Cells were electroporated in the presence of PI; those cells 
which were successfully porated took up the dye. They were then 
incubated briefly at 3r. FDA was added and the cells incubated 
at room temperature for 5 min. The laser was tuned to 488 nm, forward 
and orthogonal light scatter was used to select the cells (as distinct 
from any other particles in the sample), and green vs. red fluores
cence was displayed (Fig. 9). Cells which had had their membrane 
punctured fluoresced red; if the membrane had then re-sealed they 
also fluoresced green. Only red fluorescence was shown by dead cells, 
and only green by cells which were not porated. 

CONCLUDING REMARKS 

This article has outlined some of the main applications of flow 
cytometry and shown a few examples which it is hoped might stimulate 
the reader's interest. More detailed treatments of the subject will 
be found in two recently published books [8, 9]. 
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Interest in the ether-linked phospholipid inflammatory agonist 
'platelet-activating factor' has grown rapidly in recent years. 
Different cell populations possess specific, high-affinity binding 
sites for this agent. However, since the measurement of binding 
sites does not necessarily reflect the existence of true, physiological 
receptor sites, a critical analysis of binding kinetics, receptor 
occupancy and response coupling is essential. Here we describe progress 
in the development of a relatively simple human platelet binding 
assay which can be used to study the kinetics of platelet-activating 
factor binding to washed human platelets and for routine evaluation 
of putative antagonists. 

Platelet-activating factor (Paf-acether, 1-O-alkyl-2-acetyl
sn-glycero-3-phosphocholine) is an extremely potent platelet agonist 
capable of inducing shape change, aggregation and a secretory response 
in guinea pig, rabbit and human platelets at nanomolar concentrations. 
However, the platelet aggregatory response to Paf-acether appears 
to be independent of either arachidonate cyclo-oxygenase pathway 
activation or secretion of ADP and 5-HT, since Paf-acether-induced 
aggregation in vitro and in vivo remains unchanged in the presence 
of specific inhibitors [1, 2]. 

In a broader context the pharmacology and pathology of the ether 
lipid mediators is currently of great interest. Apart from its potent 
stimulatory effect on platelets, Paf-acether has now been shown to 
cause aggregation and secretion in polymorphonuclear leucocytes [3], 
leucocyte chemotaxis [4], increased vascular permeability [5], and 
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contraction of ileal [6] or bronchial [7] smooth muscle. Consequently, 
Paf-acether has been implicated as a potential mediator in a number 
of clinical disorders including thrombosis, inflammatory conditions, 
psoriasis and bronchial asthma. 

Most cell types are now thought to possess specific, high-affinity 
receptor populations for Paf-acether, and it is widely believed that 
its pharmacological actions are a direct consequence of receptor 
occupancy. Specific high-affinity binding sites have been demonstrated 
by ourselves and others in platelets [8-11], neutrophils [12] and 
human lung tissue [l3]. Moreover, Paf-acether receptor subtypes 
may exist amongst different tissues and species [14]. Clearly receptor 
binding studies are of great importance in understanding the pharmaco
logy of this powerful endogenous mediator and, moreover, are a valuable 
tool in the search for selective and potent Paf-acether receptor 
antagonists. 

BINDING ASSAY METHODOLOGY 

The binding assay was carried out using twice washed human 
platelets re-suspended in pH 7.4 buffer: 0.15 M NaCl/0.15 M Tris-HCl 
(9:1 by vol.). Briefly, blood samples were obtained by antecubital 
venepuncture from male volunteers who had taken no aspirin-containing 
or other medications for at least 14 days. The butterfly cannula 
and syringe contained 0.1 vol. (relative to the blood) of 3.2% Na3 
citrate as anti-coagulant. The blood was gently mixed by inversion, 
transferred to 50 ml polycarbonate tubes, and centrifuged (200 g, 
20 min) to obtain a platelet-rich plasma (PRP) supernatant. In some 
experiments the prostaglandin PGI 2 was added (final concn. 300 ng/ml) 
to assist in preventing platelet activation; it had no effect on 
binding parameters obtained. 

The PRP was further centrifuged at 400 g for 20 min to obtain 
an initial platelet pellet which, to obtain the working preparation, 
was twice washed with pH 7.4 buffer (0.15 M NaCl, 0.15 M Tris-Hel, 
77 roM EDTA; 45:4:1 by vol.). If the suspension of platelets in this 
medium were visibly contaminated with erythrocytes, a further brief 
centrifugation at only 100 g was performed. The final suspensions, 
with 3.0 x 10 8 cells/ml, had <1% contamination with leucocytes by 
light microscopy. 

Some 3 years ago, when we commenced assay development, tritiated 
Paf-acether had recently become commercially available, but consisted 
of a crude mixture of C-16, C-18 and C-20 ether-linked derivatives 
with low overall specific activity, which hindered interpretation 
of results. Consequently, a sample of R-l-O-[3H]octadecyl-2-acetyl
sn-glycero-3-phosphoryl choline, [3H]-C-18-Paf-acether, was prepared 
[8] and used as ligand throughout the studies described here. It 
appeared >96.5% pure by TLC on silica gel plates developed in CHC1 3/ 
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CH30H/NHqOH (70:35:7 by vol.) and had high specific activity, 
-100 Ci/mmol; it was stored at -28°. The decision to synthesize 
a quantity of pure ligand de novo was vindicated by subsequent experi
ments, in which the binding affinity of closely related Paf-acether 
derivatives was shown to differ appreciably. 

The binding assay procedure was performed throughout in capped 
1. 5 ml Eppendorf tubes. Paf-acether (labelled and unlabelled) was 
dissolved for use in a standard Tris assay buffer (above) containing 
0.25% bovine serum albumin (BSA; without this carrier, Paf-acether 
deteriorates rapidly in aqueous solution). Bioassay experiments 
on human platelets in the aggregometer demonstrated that the ligand 
remained stable in this medium for at least 4-6 h. The assay procedure 
is as follows.-

Incubation mixture: (I) 300 ~l assay bu~fer; (2) 50 ~l buffer con
taining 0.25% BSA for total binding, or 50 ~l unlabelled C-18-Paf
acether (363 nM) for non-specific binding; (3) 100 ~l washed platelet 
suspension (3x107 platelets). Procedure.-
- Equilibrate (2 min, 37°); add [3H]-C-18-Paf-acether ligand (a 50 ~l 
aliquot containing 2-200 nCi; 0.04-4.0 nM final concn.). 
- Vortex-mix, 2 sec; incubate at 37°, 15 min, and centrifuge (10,000 g, 
2 min). 
- Discard supernatant. and wash platelet pellet with 250 ~l BSA
buffer; re-centrifuge (10,000 g, 2 min). 
- Discard supernatant, dissolve washed pellet in 50 ~l 10% SDS. 
- To each tube add 1. 5 ml Bioflour scintillant. Thoroughly vortex-mix. 
Count the bound [3H]-Paf-acether. 

Total binding and non-specific binding (excess unlabelled R-C-18-
Paf-acether present, 363 nM) were determined in parallel incubates; 
the difference represented specific binding. Non-specific trapping 
of the ligand in the pellet was found to be consistently low (0.52 
±O. 02%; n = 4) when measured by estimating the pellet's retention 
of [lqClsucrose (Amersham International). 

THE NONSPECIFIC BINDING COMPONENT 

Paf-acether is a highly lipophilic molecule. Hence the level 
of non-specific binding observed (i.e. Paf-acether non-specifically 
adsorbed into the lipid bilayers of the platelet membrane) is likely 
to be high. Fig. 1 shows data on the characteristics of [3Hl-C-18-
Paf-acether binding to washed human platelets at equilibrium. 
Evidently the non-specific binding component measured is high, 
comprising 5-10% of the [3H]-C-18-Paf-acether added, and ranging 
from 40% to 80% of the total [3H]-C-18-Paf-acether bound depending 
on ligand concentration (% non-specific binding being necessarily 
greater at the higher ligand concentrations due to saturation of 
the specific binding sites). 
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Different techniques were explored in an attempt to lower the 
level of non-specific binding evident in the assay. These included 
washing the platelet pellet by re-suspending in a small volume (250 ].11) 
of BSA-buffer, spinning the platelets through sucrose (2% w/v) or 
silicone oil. Interestingly, the data demonstrated that merely washing 
the pellet, whilst not altering the specific binding component, 
achieved the best reduction of non-specific binding; nevertheless 
this remained high in most assays, and hence each treatment was usually 
carried out in triplicate. 

In the final assay protocol (above) the incubation was terminated 
by rapid centrifugation at 10,000 g, such that the platelets were 
pelleted within 10 sec. Filtration is commonly used to separate 
bound ligand from free; but we disfavoured this alternative, for 
two reasons. We anticipated significant adsorption - possibly 
enhancing error in estimating specific binding - of [3H-Paf-acether 
onto commonly used types of filter [15] (in our method, adsorption 
onto the assay tube surface or into the pellet was <1% of total binding). 
The second contra-indication was operational impracticability: 
reproducibility in the additional manipulation would have called 
for routine handling of a very large number of assay tubes. 
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CHARACTERIZATION OF [3H]-PAF-ACETHER BINDING AT EQUILIBRIUM 

Having established the above methodology, we attempted to charac
terize the nature of the human platelet [3H]-Paf-acether binding 
observed. In Vol. 13, this series [16], Laduron outlined 8 criteria 
which should be satisfied before a binding site may be considered 
a true receptor site. In summary these comprise the following.-

(i) Displacement of ligand by drug. 
(ii) Correlation between drug affinity in vitro and pharmacological 

potency in vitro and in vivo. 
(iii) A regional distribution of binding sites. 
(iv) A subcellular distribution of binding sites. 
(v) Stereospecificity of ligand binding. 
(vi) Saturability of specific ligand binding. 
(vii) Reversible nature of ligand binding. 
(vilQEvidence of specific high-affinity binding. 

A true receptor site will, on binding with specific ligand, trigger 
a measurable physiological response under the appropriate experimental 
conditions, i.e. the response is dependent on, and proportional to, 
receptor occupancy by ligand. Since binding sites in other systems 
have been recognized which do not produce a physiological response, 
termed 'acceptor sites', despite demonstrating high affinity, rever
sibility, saturability and stereospecificity, it is particularly 
important to satisfy criteria (i) and (ii) if the binding sites studied 
are to be classified as true receptor sites. 

We have previously shown that in terms of the physiological 
responses in the platelet comprising shape change and aggregation, 
threshold responses to Paf-acether correlate closely with measured 
occupancy of binding sites [8]. However, although several rather 
diverse drug types affect [3H]-Paf-acether binding [17-19], it is 
only relatively recently that specific antagonists have been described 
[20, 21]. Consequently, we continue at present to refer to binding 
sites rather than receptor sites. The characteristics of [3H]-Paf
acether binding to washed human platelets determined thus far are 
described below. 

(a) Existence of high and low affinity binding sites 

As Fig. 1 illustrates, the binding of [3H]-Paf-acether to washed 
human platelets proved saturable in our hands at ligand concentrations 
of -2.0 nM. However, the curve is clearly biphasic, with an initial 
binding plateau between 0.5 and 1.0 nM, indicating that there may 
be two binding sites. 

Scat chard analysis of the binding curve data reflects two apparent 
binding sites (Fig. 2): a high-affinity site with a Ko value of 
0.259 ±0.033 nM (245 ±30 sites per platelet) and a second lower affinity 
site with Ko 9.22 ±1.17 nM (1616 ±165 sites per platelet) [8]. Note 
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Fig. 2. Scat chard analysis (data from a single representative 
experiment) of [3H]-Paf-acether binding to washed human platelets 
at 37°. Each data point is the mean of triplicate determinations. 
Broken line, ---: the data transformed by computer (see text). 

that Fig. 2 shows, besides raw data, computer-analyzed curves (NIH 
Scatpack MED 41 Program [22]) where the analysis takes account of 
a 2-phase binding system such that binding observed at each data 
point was corrected for either a low or a high affinity component: 
i.e. even at the lower ligand concentrations, a small proportion 
of the ligand is bound to the low-affinity sites. Consequently, 
the resultant transformed Scat chard plot does not run parallel to 
the raw data plot, since at those data points closest to the change 
from high-affinity to low-affinity binding, there is a progressively 
greater correction factor [cf. 23]. 

In Table 1 our results are summarized and compared with those 
from other laboratories. The data derived for high-affinity binding 
compare favourably with data reported elsewhere [11, 18], as does 
the presence of a two-component [3H]-Paf-acether binding curve with 
human platelets. Interestingly, in three instances {10, 12, 24] 
the kinetic data differed, such that the KD value and number of specific 
'high' affinity binding sites per platelet more closely resembles 
our values for low affinity binding at 37° [cf. 25]. 
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Table 1. Binding of [3H]-Paf-acether to whole human platelet 
preparations. Separation methods (SEP.): cent, centrifugation; 
filt, filtration; n signifies no. of binding sites. The data for 
Ko and No. of sites (per platelet) are means ± S.E.M. 

Material; assay temp. SEP. n Ko' nM No. of sites Ref. 

Human washed Cent. 2 0.259±0.033 245 ±30 Tuffin et al. 
platelets; 37° 9.22 ±1.17 1616 ±165 [8] 

::::~~~~~:~::~=::::::::::::::::::::~~~~:~::L~::::~:·:~~::~~:~~~::::::~~~::~~~::::::::~~~::~~~~::~~? 
Human gel-filtered Filt. 1 l8.86±4.821 242 ±64 Kloprogge & 
platelets; 22° Akkerman [11] 

ditto; 25° Cent. 2 0.10 ±0.02 
0.55 ±0.07 

320 ±38 
733 ±49 

Chesney & 
Pifer [18] 

Human washed Cent. 2 37.0 ±5.3 1399 ±188 Valone et 
platelets; 20° + co binding al. [10] 

::::~~ ~~::~:: ~~~:' :':::: ':::,:,:'::~ ~~:':1:~,:,: ~::~ ~::~~~:,: ~~;;~;:':~::,:,:,:;;~:'~6~~:;::: 
ditto; 37° Cent. 2 1.58 ±0.2l 1983 ±226 Inarrea et 

+ co binding al. [24] 

co signifies infinite (non-receptor?) binding. I Ka (x 109 M- i ) 

(b) Association and dissociation of binding 

In physiological terms Paf-acether is a rapidly acting agonist 
on most cells and tissues. If, then. the binding sites observed 
are true receptors, association with the binding sites should be 
equally rapid. This was indeed found for association of Paf-acether 
(0.4 M) to the high-affinity site at 37°, half-maximal binding being 
achieved within 30-45 sec and maximum binding by 2 min (Fig. 3). 

Oissociation of binding was determined by incubating the platelets 
with [3H]-Paf-acether for 20 min at 37°, removing 2 aliquots (to 
estimate total binding), and adding excess unlabelled Paf-acether 
(363 mM). Further aliquots were removed at 10 sec intervals and 
the decrease in binding determined. For both high- and low-affinity 
binding (Fig. 4), an initially rapid dissociation was observed (tt 
<10 sec) which was followed by a second phase of slower dissociation 
(tt 7l±11 and 70±10 sec for the respective binding sites). The data 
imply that the initially rapid dissociation component was from the 
low-affinity binding. site and the subsequent slower dissociation 
rate from the high-affinity site. These findings are, however, in 
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Fig. 3. Association of [3H]-Paf-acether (0.4 nM) to washed human 
platelets at 37°. Each data point is mean ±S.E.M. from 6 experiments. 
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Fig. 4. As for Fig. 3, but dissociation; ligand concentrations cor
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respectively. Each data point is mean ±S.E.M. from 7 experiments. 
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Fig. 5. Comparison of specific and non-specific binding of Paf
acether to washed human platelets at 4° and 37° (resu.lts represen
tative of 6 separate expts.). Each data point is the mean of 
triplicate determinations at each ligand concentration. 

direct contrast to those of Kloprogge & Akkerman [11] who observed 
a significantly slower rate of dissociation, with only 20% of bound 
ligand dissociated after 5 min. These authors have suggested that 
at higher [3H]-Paf-acether ligand concentrations (~1.0 nM) irrever
sible ligand-receptor complexes may appear; but in our system we 
have seen no evidence of this. 

(c) Kinetics of [3H]-Paf-acether binding at 4° 

Assay with incubation at 4° instead of 37° was next investigated. 
Specific binding was found to be similar to that at 37°, in that 
it was clearly dose-dependent and saturable (-2.5 nM). Maximum binding 
was lower than at 37 0, but the non-specific binding component was 
markedly reduced (Fig. 5). There appeared to be no inflection in 
the ligand binding curve at 4°, and Scat chard analysis revealed only 
a single binding site whose kinetics were similar to the high-affinity 
site at 37° (KD = 1.20 ±0.05 nMwith 300 ±10 binding sites per platelet, 
Table 1). 

Furthermore, at 4° the rate of association of ligand with the 
binding site was rather slower; not till 40 min was maximum binding 
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Fig. 6. Dissociation of [3Hl
Paf-acether from washed human 
platelet binding sites at 4°. 
Each data point is the mean 
±S.E.M. of data from 6 separate 
experiments with different 
donor platelets. 
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attained. Moreover, only one dissociation rate was evident at 4° 
(Fig. 6), though the rate observed (t! 53.0 ±5.3 sec) did not differ 
significantly from that of the high-affinity site at 37° (t! 70.0 
±10.0 sec). Al though caution is advisable in interpreting these 
data, since even association to the high-affinity site did not attain 
equilibrium until at least 40 min had elapsed at 4°, it does appear 
that the lower-affinity binding observed at 37° is an energy-dependent 
phenomenon. 

(d) Physiological role of the low-affinity site 

For Paf-acether binding to its platelet receptor site, little 
is currently known about the nature of receptor processing, and the 
question of whether binding of this ligand causes a change of some 
kind in receptor conformation (itself an implicit requirement for 
stimulus-response coupling) remains unclear. As we have shown, the 
incubation of [3Hl-Paf-acether with washed whole human platelets 
at 37° exhibits complex binding kinetics which, on Scatchard analysis, 
are indicative of two binding-site populations of high and low affinity 
respectively. Preliminary studies suggest that a change in cell 
shape - the initial step in the Paf-acether-induced platelet aggrega
tory response - correlates with occupancy of the high-affinity binding 
si tes [8l. Thus, for the low-affinity site observed only at 37 ° 
in our studies a possible explanation (1) is that it is merely a 
site of non-specific membrane uptake and metabolism. Alternatively, 
(2) it may reflect true binding-site heterogeneity, (3) negative 
site-site co-operativity within a si~gle receptor class, or (4) may 
even be a desensitized, lower-energy form of the high-affinity binding 
site resulting from a change in receptor conformation [26l. 

Clearly our data suggest that (1) is unlikely for the low-affinity 
binding at ligand concentrations between 0.4 nM and 2.0 nM, since 
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Table 2. Inhibition of high-affinity ligand binding, and comparative 
aggregatory potency. Ko values were derived according to Cheng & 
Prusoff [27]. For the washed human platelet suspensions used (see 
text), shape change and aggregation were measured by standard tur
bidometric methods at 37° with stirring at 1000 rpm, after adding 
CaC1 2 (to 1.0 mM) and human fibrinogen (to 1.0 mg/ml). The means 
(±S.E.M.) are from at least 4 determinations; n.d. = not done. 

Test (values are nM) R-C-l8-Paf R-C-l6-Paf (R-S)..C-l8-Paf R-G-l8-lyso-Paf 

Binding assay, ICSO 0.48±0.03 0.08 ±O. 01 1.06 ±0.19 >300 

Binding assay, Ko 0.19 ±O. 01 0.03 ±0.003 0.42 ±0.07 >118 

Shape change, ECSO 0.5-1. 0 0.1-0.3 n.d. >1000 

Aggregation, EC SO 10.0±2.7 2.7 ±O. 7 n.d. >1000 

it is saturable and since dissociation of bound ligand from the low
affinity sites remains evident even following incubation for 20 min 
at equilibrium. Accordingly, the favoured explanation is either 
(2), (3) or (4), and additional detailed kinetic analyses are needed 
to address this issue. It may be relevant that in similar test systems, 
investigation of the binding of other lipophilic platelet ligands 
such as thrombin [28], prostaglandin 12 [29] and the thromboxane 
mimic [3H]-15(S)-9,11-epoxymethano-PGH2 [30] to human platelets has 
also resulted in similar multi-component binding isotherms. 

(e) Stereospecificity of the high-affinity binding site 

Binding of (R)-[3H]-C-18-Paf-acether (0.4 M) to this site was 
inhibited in a competitive, concentration-dependent fashion by 
unlabelled (R)-C-18-Paf-acether on an equimolar basis (Table 2). (R)
C-16-Paf-acether was 6-fold more potent, in agreement with aggregatory 
potency in aur laboratory. As expected, since (S)-C-18-Paf-acether 
is pharmacologically inactive [31], the racemate (R-S)-C-18-Pa£
acether exhibited half the potency of the pure R-isomer, whilst (R)
C-18-lyso-Paf-acether was inactive at the concentrations tested. 

Thus, the binding measured in the assay appeared to be s tereo
specific, and the inhibitory activity of the analogues correlated 
closely with aggregatory potency on washed human platelets in vitro 
(Table 2) and in vivo [2]. Previously we have shown that the pharmaco
logical potency (platelet shape change and aggregation) of l-O-octa
decyl-Paf-acether correlates closely with occupancy of the platelet 
high-affinity binding sites. Others [11] have reported that 0.5 nM 
Paf-acether (i.e. sufficient to saturate platelet high-affinity 
binding sites) causes aggregation, exposure of the platelet fibrinogen 
receptor, and alterations in turnover of polyphosphatidylinositides. 
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CONCLUSIONS 

[3H]-Paf-acether binds to washed human platelet preparations 
in a dose-dependent and saturable manner. Scat chard analysis of 
binding at 37° revealed a 2-component system, manifesting high-affinity 
(KD 0.259 ±0.033 nM) and low-affinity (9.22 ±1.17 nM) sites, whereas 
at 4° the data revealed only a single binding site similar in kinetics 
to the high-affinity binding observed at 37°. Binding to the high
affinity site was independent of buffer calcium concentration [17], 
inhibited on an equimolar basis by unlabelled R-1-o-octadecyl-Paf
acether, but remained unchanged in the presence of lyso-Paf-acether. 
Association to the high-affinity site at 37 ° was rapid, maximal at 
2 min, and remained constant for at least 20 min. Association to 
the single site observed at 4° was rather slower, maximal binding 
being achieved only after incubation for 40 min. At 37° an initially 
rapid dissociation from both high- and low-affinity sites was observed 
(d = 10 sec) which was followed in both cases by a second phase 
of slower dissociation (tl = 70 sec). In contrast, at 40° only one 
rate of dissociation was evident, but was not significantly different 
(tl = 53 sec) from that of the high-affinity site at 37°. 

Studies to date suggest that the high-affinity Paf-acether binding 
si te is a true physiological receptor on the washed platelet; but 
evaluation of potent and selective antagonists is necessary before 
the criteria outlined by Laduron [16] are fully satisfied. Further 
studies are also required to clarify the nature and role of the low
affinity binding site apparent at 37° and to reconcile the differences 
in binding parameters observed between laboratories. 
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IINC(B) 

COMMENTS related to 

APPROACHES DEPENDING ON SURFACE DISTINCTIONS 

Comments on #B-l: J .M. Graham et al. - FREE-FLOW ELECTROPHORESIS 

Remarks by J.K. McDonald.- The use of FFE to purify proteins 
is facilitated by introduction into the chamber at a pH that is identical 
with the pI of the protein of interest, which will then move directly 
through the chamber with a minimum of diffusion while impurities 
will migrate away. However, I should warn that cacodylate buffers 
should not be used, because the electrode decomposition product of 
the dimethylarsinate ion is arsene gas, which is extremely poisonous. 
Replies to M.G. Ormerod.- Separation of -109 cells/h can be managed 
by FFE; cells labelled with an Ab having a charged group have been 
successfully separated. 

Comments invited by Senior Editor on -

USEFULNESS OF FFE - W.K. Evans (NIMR, London) 

Supplementing the examples in #B-l, the technique has also been 
applied in subcellular fractionation studies to analyze the complexity 
of endosome and Golgi fractions. Thus, Debanne et al. [1] and Evans 
& Flint [2] showed that rat-liver endosome vesicles containing various 
radio-iodinated ligands recovered at low density (1.11-1.13) by frac
tionation in sucrose and Nycodenz gradients (cf. #E-l) could be resolved 
further in the Bender & Hobein FFE apparatus (Elphor, VaP5). The 
technique also shows promise in separating rat-liver Golgi apparatus 
fractions introduced after treatment with amylases followed by mild 
physical disruption [3]. 

1. Debanne, M., Evans, W.H., Flint, N. & Regoeczi, E. (1982) Nature 
298, 398-400. 

2. Evans, W.H. & Flint, N. (1985) Biochem. J. 232, 25-32. 
3. Morre, D.J., Morre, D.M. & Heidrich, H.S. (1983) J. Cell Biol. 

31, 263-274. 

Comments on #B-3: M.G. Ormerod - FLOW CYTOMETRY 

Remarks by N. Crawford.- It would be useful, e.g. to distinguish 
cells at rest and at different levels of activation, to be able to 
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set different thresholds for the same fluorochrome or one threshold 
and sort cells above and below; e.g. Quin-2 might be used to sort 
out cells differing in cytosol [Ca 2 +j, say 50-100, 200-500 and >500 IlM. 
Thereby one would have cells at rest and at different levels of acti
vation. Ormerod felt that a feasibility study was indeed warranted. 

Comment on t/B-4: D.P. Tuffin & P. Wade - PLATELET BINDING STUDIES 

Question to Tuffin by W.H. Evans.- Your binding studies were 
mostly carried out at 4 0 • Are platelets active in endocytosis? 
The different binding results at 37° might be caused, in part, by 
endocytic uptake of Paf-acether. Reply.- We have no evidence, but 
it seems unlikely that the binding data are affected by endocytosis. 

Supplementary 'alertings' by Senior Editor 

Techniques described in arts. tlB-l and {lB-3 have also featured 
earlier in this series (Vols. 2-4, 6, 8 & 11; list facing title p.), 
and the whole of Vol. 13 is devoted to receptors (cf. tIB-4). For 
rat-liver organelles, counter-current partition has been compared 
with gradient centrifugation by Morris, W.B., Smith, G.D. & Peters, T.J. 
(1986) Biochem. Pharmacal. 35, 2187-2191. 
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MEMBRANE-MEDIATED CYTOTOXICITY: MEASUREMENT OF 
CHANGES AND THEIR PREVENTION BY DIVALENT CATIONS 

C.A. Pasternak 

Department of Biochemistry 
St. George's Hospital Medical School 
Cranmer Terrace, London SWl7 ORE, U.K. 
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Many haemolytic agents damage non-red cells without causing 
lysis. This is because such cells are able (a) to withstand colloid 
osmotic swelling better than red cells and (b) possess mechanisms 
for membrane repair absent in red cells. We have measured membrane 
damage by monitoring ( i) transmembrane potentia l , and leakage of 
(ii) monovalent cations, (iii) low mol. wt. phosphorylated metabol
ites, and (iv) proteins such as lactate dehydrogenase (LDH). Under 
conditions of low agent:cell ratio, little (iv) leakage of proteins 
occurs. 

Cytotoxic agents that are haemolytic include certain paramyxo
viruses and other enveloped viruses at low pH, animal toxins such 
as the bee Venom protein melittin, bacterial toxins such as the a 
and 0 toxins of s. aureus, the membrane attack complex of complement 
(C 5b-B; 9n) and other endogenous proteins, besides detergents and 
otheY' synthetic compounds. When membY'ane damage induced by each 
of these agents is measuY'ed as above, a corronon patteY'n of action 
emerges: characteristically the leakage is inhibited by the presence 
of divalent cations, with relative potency Zn 2 + > Ca 2+ > Mg2+ in 
each case. Thus agents quite dissimilar in structuY'e induce similar 
types of membrane damage in susceptible cells. Because Ca2+ and 
Zn 2+ inhibit membrane changes at concentrations of <0.1 and <1 mM 
respectively, cleaY'ly these two cations can pY'otect cells against 
certain cytotoxic agents in vivo. 

Membrane damage is the cause of cytotoxicity in many pathologi
cal situations. Specific examples are given elsewhere in this book, 
e.g. by P. Druet et al. (UF-7; derangements in toxin-induced auto
immune nephropathies), R. Wattiaux et al. (UA-I; ischaemic effects 
on subcellular structures) and B.A. Fowler (UA-9; metal-induced cell 
injury). In this article, cytotoxic agents that damage the plasma 
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membrane (p. m.) by making it more leaky, and thus lead to certain 
cell surface diseases' [1], will be discussed. 

The agents under discussion are all haemolytic, i.e. they lyse 
erythrocytes. However, other cells are merely damaged, not lysed, 
as shown below. Because the pathophysiological consequence of attack 
by a haemolytic agent is generally not the lysis of erythrocytes, 
the membrane-mediated damage here described has considerable clinical 
relevance. The types of agent include the following: 
- viruses, notably those of the paramyxovirus family, e.g. Sendai 
virus or the related Newcastle disease virus of veterinary importance, 
and other enveloped viruses at low pH; 
- bacterial toxins such as those (e.g. a) secreted by pathogenic 
strains of Staphylococcus aureus; 
- animal toxins such as melittin (the active ingredient of bee stings); 
- endogenous agents such as the membrane attack complex (C5b-9) of 
complement; 
- synthetic agents such as poly lysine or detergents (e.g. Triton 
X-lOO, Lubrol, Nonidet). 
Each of the agents listed induces membrane lesions that are sensitive 
to inhibition by Ca2 + or Zn2 + [2-5]. 

MEASUREMENT OF PERMEABILITY CHANGES 

In order to assess the degree to which the p.m. has become leaky, 
it is important to use appropriate measurements. The smallest type 
of lesion is best detected by measurement of transmembrane potential; 
the largest by measurement of protein leakage. Between these two 
extremes are lesions of diam. -1-2 nm that may be detected by leakage 
of sucrose or low mol. wt. phosphorylated metabolic intermediates 
such as sugar phosphates, phosphorylcholine or inositol phosphates, 
mononucleotides, and so forth. It must be stressed that the size 
of the lesion is an arbitrary estimate only.- Many small lesions 
may be operationally equivalent to a few large lesions; likewise, 
because it is likely that lesions 'flicker' between an 'open' and 
a 'closed' state, a small lesion that is open for a long time may 
be operationally equivalent to a large lesion that is open briefly; 
moreover, most agents induce lesions that are heterogeneous in size. 
Table 1 summarizes our methodology. 

The rationale behind these methods is as follows. Membrane 
potential is measured by the use of readily permeant ionic dyes which 
equilibrate in accordance with the Nernst equation: if the potential 
is negative inside, cations will accumulate, but anions will remain 
outside. If there is a change in potential, e.g. depolarization, 
cations will be expelled and anions will enter. Because the fluores
cence (and absorbance) of the ions depends on their milieu (the cellular 
milieu being more hydrophobic than that of the surrounding medium), 
assay of the fluorescence (and absorbance) of a cell suspension can 
be calibrated to give a good measure of the membrane potential [6]. 
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Table 1. Methodology for measuring permeability changes in cells 
affected by haemolytic and other cytotoxic agents. 

Estimated lesion Most relevant para- Most suitable type 
size*(pore diam.) meter to measure of measurementt Ref. 

< -0.7 nm Membrane potential Absorbance changes with 6-9 
oxonol-V 

-0.7-1 nm Leakage of K+ and Atomic absorption of 9, 10 
Na+ cell extracts 

-1-2 nm Uptake of a-methyl- 3H or l'lC in cells after ex- 11-13 
glucoside or sucrose posure to the labelled moL 

Leakage of phos- ~ or l'lC in cells and medium 9,10, 
phorylated metabol- after pre-incubation with 14 
ites (dGlc~ choline) the labelled mol. 

> -2 nm Leakage of small LDH in cells and medium 9, 10 
proteins 

* See text for proviso regarding size estimates. ®2-deoxyglucose. 
t The types are those routinely used in the author's laboratory and 

are easy to perform; but many other methods have been described. 

Generally it is the cationic dyes, e.g. the cyanines [15], that are 
employed. Because the potential across the mitochondrial membrane 
normally exceeds that across the p.m. (e.g. -180 mV compared with 
-60 mV), such dyes accumulate within mitochondria and do not properly 
register p.m. potential unless mitochondrial inhibitors are present. 
The same is true of radioactively labelled cations such as [3H]tetra
phenyl phosphonium, which in addition have a reduced permeability 
across membranes, and hence their response time is slower. 

Anions, on the other hand, can be used without recourse to mitochon
drial inhibitors, and we favour one such dye, namely oxonol-V. This 
has the additional advantage of a substantially altered absorption 
spectrum in a hydrophobic milieu, so that the differential absorption 
at two wavelengths - A630-S90 - can be used instead of fluorescence 
for measurement of membrane potential; this obviates many complicating 
factors such as cell density, etc. [8]. Although the use of dyes 
has been criticized on some grounds, e.g. not discriminating properly 
between surface potential (zeta potential) and transmembrane 
potential, we have not found this to be so. In our hands oxonol-V 
has proved to be an effective indicator of transmembrane potential 
in monolayer cultures [8] as well as in cell suspensions [7, 16], 
and yields essentially the same results as electrophysiological 
recordings (unpublished experiments with N.G. Bryne and W.A. Large). 
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The measurement of cellular cations by atomic absorption is 
relatively straightforward, and yields more direct data than, e.g., 
the uptake or leakage of tracers such as 86Rb+ or 36Cl-. Cells in 
suspension are best separated from surrounding medium by spinning 
through oil, cells in monolayer by rapid repeated washes. Because 
many cells have very active electroneutral exchange mechanisms for 
ions such as Na+ or K+, there is a tendency to lose Na+ when washing 
or merely diluting in, e.g., choline-containing medium [17], and 
hence we now favour adding a cell suspension directly to oil and 
spinning immediately [9]. 

Leakage of phosphorylated metabolic intermediates is best 
assessed by use of isotopically labelled compounds such as 2-deoxy
glucose (dGlc) or choline at J.1M concentrations (Fig. 1). Both compounds 
enter cells by specific uptake mechanisms and are then rapidly phos
phorylated by active kinases, such that the intracellular concentration 
of free dGlc or choline remains low [18]. Further metabolism of 
dGlc-6-P is very limited, while that of phosphorylcholine is slow 
(because of a relatively large pool of unlabelled phosphorylcholine, 
as a result of which radioactivity from labelled choline is effectively 
trapped as labelled phosphorylcholine [17]). Hence the radioactivity 
of cells exposed to 3H_ or 1 'IC-labelled dGlc or choline is an excellent 
indicator of the low mol. wt. 'acid-soluble' pool, which leaks out 
of cells only when the p.m. is damaged. 

Other methods, in which adenine nucleotides [17], cyclic AMP, 
cyclic GMP, inositol phosphates, and so forth, are measured by radio
active or enzymic means could also be employed. In each case, 
measurement of medium as well as of cellular content improves the 
accuracy of assessing leakage. 

For measurement of protein leakage, we have favoured enzymic 
assay of an abundant cytoplasmic enzyme such as LDH [9, 10]. Again 
other methods are available, including leakage of radio labelled proteins 
from cells following pre-incubation with [35S]methionine or other 
amino acid [10], as well as the uptake of toxic proteins from the 
medium [19]. The latter method can be very sensitive, as a single 
molecule of, e.g., diphtheria toxin is sufficient to kill a cell [20]. 

INCREASED PERMEABILITY WITHOUT LYSIS (Criteria: Table 2) 

Contrary to popular belief, haemolytic agents do not necessarily 
lyse non-erythroid cells. In fact at low concentrations of agent, 
the normal outcome is cell damage, not cell lysis. The reason is 
that most haemolytic agents do not induce pores > -2 nm across the 
p.m. of affected cells, and hence proteins such as haemoglobin do 
not leak out. Erythrocytes lyse because the entry of Nat into 
cells, which is accompanied by Cl- and H20, causes osmotic swelling, 
which results in rupture of the membrane and loss of haemoglobin. 
Erythrocytes treated with haemolytic agent in the presence of 
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Fig.,i. Use of labelled choline or dGlc to assess leakage of phos
phorylated metabolites induced by cytotoxic agents. 

Table 2. Criteria for establishing lack of lysis in cells affected 
by haemolytic agents. The refs. are largely to work from the author's 
laboratory; similar techniques in respect of other agents have been 
widely used elsewhere, and the listings are merely illustrative. 

Technique Agent 

Demonstpation of po~e size < -2 nm 
Lack of trypan blue uptake 

Lack of SlCr leakage from 
pre-labelled cells 

Sendai virus 

Sendai virus 

Ref. 

24 

24 

Lack of LDH leakage Sendai virus, S. aupeus a-toxin, 5, 9, 
melittin, complement, polylysine, 10 
Triton X-IOO 

Prevention of haemolysis by osmot- Sendai virus, complement 25, 
ically active cpds., e. g. albumin 26 

Maintenance, OP stimulation, of nOPmal cell function 
O2 uptake Sendai virus, melittin, complement 5 

Hormone secretion 

Prostaglandin release 

Prostacyclin release 

Recover-y of cell function 
Membrane potential, excitabi
lity, heart beat, etc. 
Membrane potential 

Melittin 

Complement 

S. aupeus a-toxin 

Sendai virus 

Complement 

27-31 

32 

33 

34 

35 
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osmotically active non-permeant compounds such as albumin or sucrose 
do not swell or lyse, and retain their haemoglobin. Non-erythroid 
cells do not lyse even in the absence of albumin or sucrose, though 
such compounds do afford protection at high concentrations of haemo
lytic agent. The reason for the lack of lysis in non-erythroid cells 
is that these possess mechanisms for volume expansion [21] and membrane 
repair [22, 23], absent in erythrocytes. 

The above argument applies to those agents that haemolyse by 
forming pores or other physical distortion of p.m. structure, but 
not to those agents, typified by phospholipases present in snake 
venom or by detergents at high concentrations, that literally dissolve 
the membrane away. Such agents lyse non-erythroid cells as well 
as erythrocytes. Hence it is important to assess the extent of lysis, 
as distinct from an increased permeability, caused by a particular 
haemolytic or otherwise cytotoxic agent. Table 2 lists some of the 
criteria that have been employed. 

PROTECTION BY DIVALENT CATIONS 

Some of the agents listed at the start of this article have 
been examined in detail, and - despite marked differences in their 
structure or in the exact steps leading up to the generation of membrane 
damage - have been found to cause lesions that have many properties 
in common [2-5]. (1) The induction of leakage appears to be sequential, 
in that pores of -0.7 nm open before pores of -1. 0 nm, and so on. 
(2) The induction shows positive cooperativity with respect to amount 
of agent, and when two agents are present together they exhibit synergy. 
(3) Leakage is depressed in media of low ionic strength, and it can 
be prevented entirely by the presence of divalent cations such as 
Ca 2 + or Zn 2 + (Fig. 2). Observation (3) is of potential clinical 
interest, especially as concentrations of Ca 2 + in the physiological 
range are effective [36]. 

Because of current interest in situations where the intracellular 
concentration of Ca 2+ becomes elevated, and because it is known that 
a rise in cytoplasmic Ca 2 + blocks leakage across intercellular 
junctions (pore size -1-2 nm) [37], it is important to determine 
whether Ca 2 + and Zn 2 + act itttracellularly or extracellularly. Table 3 
shows some of the methods that have been applied. In fact no one 
method gives a clear-cut result. One reason for this is that a pore 
of > -0.7 nm itself allows entry of added protective divalent cation 
such as Ca 2 + [38-41] or Zn 2 +. 

Measurement of radioactive cation level in cells exposed to 
different concentrations of extracellular radioactive divalent cation 
[39] has obvious difficulties of interpretation; measurement of 
divalent cation level in cells by dyes such as quin 2 under conditions 
of increasing extracellular divalent cation has not yet been carried 
out (Method 1 in Table 3). Addition of A23187 to cells exposed to 
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Ca 2 + plus agent (method 2) indicates an extracellular site, in that 
agent-induced leakage from A23l87-treated cells is increased, not 
decreased. Experiments with planar lipid membranes (Method 3) are 
difficul t to interpret, in that divalent cations act cis or troans 
to agent (though in different manners). Experiments with membrane 
vesicles exposed to divalent cation inside or outside (Method 4), 
on the other hand, are more straightforward to interpret. Correlation 
with al tered surface charge (Method 5) indicates an extracellular 
site, but this is circumstantial evidence only, since the measurement 
of surface charge has so far been carried out only in the absence 
of haemolytic agent. The same is true of Method 6; thus, a concentra
tion of Ca 2 + that inhibits Na+ /K+ -ATPase in cell extracts has no 
effect on it in intact cells. On balance, it would appear from Table 3 
that divalent cations act extracellularly, but this conclusion must 
remain tentative for the time being. 

CONCLUSION 

The methodologies that have been described in this article have 
been employed to study the types of lesion formed across the p.m. 
of susceptible, non-erythroid, cell s by certain cytotoxic agents. 
All agents so far tested (p. 190) induce relatively small lesions 
(at low concentrations of agent) that are in every case sensitive 
to inhibition by certain divalent cations. They are therefore of 
use as biological tools for the permeabilization of cells and, like 
elec tric shock [45,46], have been used to introduce ions or molecules such 
as Ca 2 + and Ca2+ chelates [47-51], GTP analogues [52, 53], antibiot
ics [54] and proteins [19] into cells for specific studies. 

Table 3. Criteria for establishing the site at which divalent 
cations block cell leakage. See text for further details. Only 
examples are given. Agents shown 0; S.v. =Sendai virus, S.a. =S. auroeus. 

Technique (& agent) Conclusion Ref. 

1. Measurement of intracellular divalent cation' Inconclusive 39 
level (S.v.) 

2. Manipulation of intracellular cation level with Extracellular 4 
ionophores (S. v., melittin, S. a. a-toxin, polylysine 

3. Efficacy of divalent cation cis or tT'ans to agent Both sides 42 
in planar lipid membranes (S.a. a-toxin) 

4. Efficacy of divalent cation inside or outside Extracellular 43 
membrane vesicles 

5. Correlation with altered surface charge Extracellular 44 

6. Comparison of effect of divalent cation on p.m. Extracellular 6) 

enzymes in cell extracts vs. intact cells 

6) C.L. Bashford, J.M. Graham & C.A. Pasternak, unpublished work. 
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Fig. 2. Inhibition of leakage by divalent cations. The effect of 
Zn2+, Ca2+ and Mg2+ on leakage of phosphorylated metabolites from 
Lettre cells induced by Sendai virus, melittin, S. aureus a-toxin 
or activated complement is indicated. In each case the cells (pre
labelled with [3H]choline; Fig. 1) were exposed to an amount of 
agent such as to give -50% of maximum leakage in 10-60 min. The 
results have been pooled from a number of experiments performed 
during 1984-86. Shaded bars indicate the approx. levels of the 
free cations in human plasma. From ref. [36], by permission. 

The methodologies may now be used to investigate lesions formed 
by other cytotoxic, pore-forming agents such as the cytolytic gran
ular proteins from cytotoxic lymphocytes [55] or eosinophils [56], 
the cytolytic protein 'amoebapore' from Entamoeba histoZytica [57], 
high concentrations of cations such as Hg2+, cu 2+, Cd 2 + or Zn2 + that 
themselves induce leakage [36], and many other agents. 
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The formation of the MAC* on appropriate target-cell membranes 
provides the principal mechanism of complement-mediated cell killing 
and plays a role in defence against bacterial infection. However, 
lesions may also be caused in the p.m. of host cells and can give 
rise to sublytic cell damage which may be important in some autoimmune 
disorders. The molecular events associated with MAC insertion into 
target membranes have been investigated using MAb's to the terminal 
complement components CB and ca. It is proposed that sublytic comple
ment attack on mammalian cells can cause metabolic damage as a result 
of a rise in cytosolic Ca 2 + concentration, which can trigger membrane 
shedding from the cell surface which is required for cell recovery. 

The insertion of the terminal complement component C9 into 
appropriate target membranes provides the principal mechanism of 
complement-mediated cell killing [1] and may also be responsible 
for sublytic cell damage important in some autoimmune disorders [2-4]. 

8 now at: Regional Blood Transfusion Centre, Vincent Drive, 
Edgbaston, Birmingham B15 2SG, U.K. 

*Abbreviations: MAC, membrane attack complex; MAb, monoclonal anti
body; p.m., plasma membrane; DTT, dithiothreitol. 
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There is increasing evidence that understanding the mechanism of 
complement-mediated immune attack will also provide insights into 
cell-mediated attack, since killer lymphocytes produce a protein 
responsible for cell killing that is closely related to C9 with common 
antigenic determinants [5, 6]. Al though insertion of C9 into the 
MAC and resulting cell damage have been widely described, there remains 
controversy about the molecular events associated with C9-mediated 
membrane damage, the consequences of this damage, and the possibility 
of cell recovery from sublytic damage. 

MONOCLONAL ANTIBODIES (MAb' s) AS REAGENTS TO STUDY THE MAC 

The MAC is made up of complement components C5b, C6, C7, C8 
and C9. The study of C9 incorporation into the complex has been 
facilitated by the preparation of MAb' s to different epitopes on 
C9 [7]. These MAb' s were used as probes to select cDNA coding for 
C9 in an expression cloning system, thereby allowing the primary 
sequence of the C9 polypeptide chain and the MAb antigenic sites 
to be determined [8, 9]. The MAb' s were also used to show that C9 
becomes a trans-membrane protein when inserted into a target membrane 
[10] and were instrumental in developing a two-step molecular model 
for the incorporation of C9 into the MAC [11]. It is not yet clear 
whether the subsequent polymerization of 12-16 molecules of C9 in 
the membrane to form poly-C9 [12, 13] is essential to complement
mediated cell damage or whether monomeric C9 is sufficient [14]. 

Despite the absolute requirement for C8 in the membrane-bound 
C5b-8 complex to allow C9 binding, direct interaction in the membrane 
between C8 and C9 has not been demonstrated [15]. The C5b-8 complex 
is thought to catalyze the polymerization of C9 [13], with C8 partici
pating directly in this process. Human C8 is a serum glycoprotein 
with an apparent Mr of 151,000 composed of 3 non-identical polypeptide 
chains - ex (Mr 64,000), ~ (Mr 64,000 and Y (Mr 22,000). These subunits 
exist as a covalently linked a~ dimer non-covalently associated with 
the ~ subunit [16]. Solution binding studies using purified comple
ment components have suggested that the ~ subunit mediates the binding 
of C8 to C5b-7, with the ex subunit being capable of binding to C9 
[17]. Recently we have prepared MAb' s to C8 and used them to interfere 
with formation of the MAC. 

MAb's to C8 were prepared by standard methods [18] as previously 
described for C9 [7] using purified C8 donated by Dr. A. Esser as 
antigen [19]. Of the 10 MAb' s that were prepared, 6 were shown by 
immunob10tting to react with the ex chain, 2 with the ~ chain and 
2 with the Y chain (Fig. 1). MAb's to y showed strong cross-reactivity 
with ex, and MAb's to ~ weak cross-reactivity with ex. No cross-reaction 
with ~ or y was shown by MAb's to ex. None of these MAb's interacted 
with C9, though in other studies Ab cross-reactions with C9, C8 and 
other components of the MAC have been observed [5, 20]. Epitope mapping 
of the MAb' s was conducted using each Ab in solution phase to interfere 
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Fig. 1. Immunoblotting of CB with MAb's. SDS-PAGE of CB (l~g/track) 
with or without reduction by DTT, and transfer to nitrocellulose, was 
followed by incubation with ascites fluid at concentrations indicated 
and detection with immunoperoxidase-Iabelled second Ab. 

Fig. 2. Epitope map summar1z1ng the binding of 10 mouse MAb's to 
human CB. The central ring in the a subunit representation 
indicates cross-reactions of MAb's to ~ and y. 

with the binding of 12sI-labelled CB to each Ab on a solid phase 
[21]. These studies suggested that whereas the MAb' s to y and ~ 
bound to a single epitope on each subunit, the MAb' s to a were directed 
to 3 sites (Fig. 2). When cross-reacting with a the MAb's to ~ inter
acted with all 3 sites and the MAb's to y with two sites. 

Two of the MAb's to CB, coded H9 (anti-a) and A2 (anti-~), were 
used to interfere with MAC formation. Pigeon erythrocyte ghosts 
containing the Ca2+-sensitive photoprotein obelin were used as target 
cells, since a rapid C9-dependent influx of Ca 2+ has been clearly 
demonstrated in these cells after formation of a MAC. The ghosts 
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Fig. 3. Effects of anti-CS MAbls on MAC formation. Pigeon erythro
cyte ghosts (108 in 100 ~1) loaded with obelin as in [22] were incub
ated with guinea pig anti-erythrocyte serum (1: 100; 2 min, 37°) then 
with C9-dep1eted human serum (prepared as in [7]; 1:20; 2 min, 37°), 
and washed after each incubation. MAbls to CS, or control IgG, were 
then added; after 2 min at 37°, C9 (50 ng, 50 ~l) was added. Obelin 
luminescence in response to Ca 2 + influx was measured at 10 sec inter
vals. (a) 0, no C9 added; ., control mouse IgG (100 ~g X63); ., anti
CS IgG (loa ~g A2). (b)., as in (a); 0, A2 Ig; 11, H9 Ig. % Obelin 
utilization in 100 sec recorded after subtracting no-C9 basal value. 

were incubated with anti-cell Ab and C9-depleted serum [7] to form 
cell-surface C5b-S. MAb I s to CS were then added followed by sufficient 
C9 to cause a Ca 2+ flux resulting in measurable but sub-maximal obelin 
consumption (Fig. 3a). Addition of both Abls A2 and H9 before addition 
of C9 prevented the stimulation of obelin luminescence in a dose
dependent manner (Fig. 3b), suggesting that both a and ~ subunits 
of C8 playa role in the functional insertion of C9 into the MAC. 
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Ca2 INFLUX AND METABOLIC DAMAGE 

Experiments with pigeon erythrocyte ghosts containing the photo
protein obelin showed that the earliest measurable ionic event 
following formation of MAC's at the cell surface was a C9-dependent 
Ca 2+ influx [22]. Comparison of obelin luminescence in erythrocyte 
ghosts with luminescence in standard Ca 2 + solutions showed that in 
response to MAC formation cytosolic Ca 2 + concentration rose to between 
I and 10 ~ and plateaued at this level for at least 1-2 min. Such 
a cytosolic Ca 2 + concentration is above the normal physiological 
range yet cannot be due to lysis since the extracellular Ca 2 + concentra
tion is 1 mM. It was, then, proposed that a rise in cytosolic Ca 2+ 
concentration in the ~ range would allow sub lytic complement concentra
tions to cause pathological cell damage. Tbe observation that comple
ment concentrations causing <20% haemolysis of pigeon erythrocytes 
inhibited adrenaline-sensitive adenylate cyclase by >80% [23] lent 
support to this proposal. 

Further evidence for the role of cytosolic free Ca2 + in mediating 
C9-dependent complement-mediated sublytic cell damage came from experi
ments with polymorphonuclear leucocytes. These cells have a natural 
chemiluminescence due to the production of peroxide moieties, and 
the luminescence signal may be enhanced by adding luminol. A variety 
of agents can stimulate the signal including MAC formation [24]. 
The MAC effect was shown to be C9-dependent and occurred in the absence 
of cell lysis and in response to a rise in cytosolic Ca 2 + concentra
tion [25]. 

Evidence that MAC formation at the cell surface can result in 
sub lytic damage playing a role in autoimmune disease has been obtained 
in immunohistochemical studies of muscle fibres from patients with 
myositis [3, 26]. Besides necrotic fibres showing intense staining 
with MAb's to C9, fibres were seen which although apparently normal 
by other light-microscopic histochemical criteria had punctate 
localizations of C9 and C8 on the cell surface (Fig. 4). Whilst 
MAC formation and membrane insertion of C9 have been suggested to 
be involved in the pathology of other autoimmune diseases [27-32] 
it is not yet known whether localization of C9 on the surface of 
morphologically undamaged cells is a widespread phenomenon in such 
a disease. 

RECOVERY OF CELLS FROM SUBLYTIC COMPLEMENT DAMAGE 

Although complement attack may lead to cell death as the result 
of a threshold event [33], the existence of sublytic cell damage 
implies that cells have protective mechanisms for the inactivation 
and/ or removal of MAC's from their surface. A clue as to the nat-ure 
of such mechanisms came from experiments with rat adipocytes. When 
these were attacked by Ab and complement, specific p.m. vesicles 
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Fig. 4. Irnmunolocalization of CS and C9 on muscle fibres in a biopsy 
from a patient with polymyositis. Serial sections stained with H & E 
and with MAb's to C9 (C9-47) and CS (E2) using an immunofluorescent 
biotin-streptavidin Texas Red technique. A necrotic fibre (N) shows 
high levels of C9 and CS internally. A non-necrotic fibre (*) shows 
a peripheral area labelled with anti-C9 and -CS (appows). A blood 
vessel (bv) also contains C9 and CS. Only lipofuscin autofluores
cence is seen in the control section stained without primaryAb. xlS5. 

were formed which could not be obtained in response to homogenization 
or osmotic shock [34]. The vesicles were identified from the distrib
ution of 5 ' -nucleotidase (a p.m. marker) in sucrose density gradients 
(Fig. 5) and the presence of visible bands coincident with the two 
densest peaks of 5 ' -nucleotidase activity. 
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complement (-----) and isolated as in (a). Membrane protein loaded 
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Interestingly, Ca 2+ ionophore treatment of adipocytes produced 
a membrane vesicle band equivalent to the denser one occurring in 
response to complement attack [35]. Membranes from the complement
and ionophore-derived vesicle bands had a similar protein profile 
on SDS-PAGE and a restricted protein composition relative to adipo
cyte p.m. [34,35] (Fig. 5) In these experiments no evidence was obtained 
for the vesicles being formed during sublytic complement attack on 
adipocytes, nor for the vesicles containing components of the MAC. 
However, similarities to membrane vesicles shed from the erythrocyte 
cell surface in response to the Ca 2 + ionophore A23l87 [36] were noted 
[34]. In view of these experiments and of the observation of a C9-
dependent rise in cytosolic Ca 2 + concentration during complement 
attack [22] it was suggested that membrane shedding from the cell 
surface might be a protection mechanism against complement attack 
in nuc leated cells [2, 35]. 

The first evidence that membrane shedding could remove MAb' s 
from the surface of nucleated cells during sublytic complement attack 
was obtained from experiments with polymorphonuclear leucocytes. 
Using a MAb to detect cell-surface C9 it was shown that MAC's were 
rapidly lost from the surface of these cells when incubated at 37° 
[37]. Further experiments [38, 39] showed that -63% of surface MAC's 
were shed on small membrane vesicles, the remainder being endocytosed 
and degraded. Recovery of the cells from sublytic complement' attack 
was mediated by a rise in cytosolic Ca2 + concentration as a result 
both of Ca 2 + influx from outside the cells and of mobilization of 
intracellular Ca 2 + stores [40]. Evidence for Ca2+-dependent membrane 
shedding playing a role in removing MAC's from the cell surface and 
allowing recovery from complement attack has also been obtained with 
blood platelets [41] and Ehrlich ascites tumour cells [42]. 

Although, as might be expected, protective mechanisms against 
complement attack appear to be better developed in nucleated mammalian 
cells than in enucleate erythrocytes, it is possible to demonstrate 
complement-mediated membrane shedding in such erythrocytes. Both 
Ca2+ ionophore- and complement-mediated shedding may be followed 
by the release of cell surface enzymes (Fig. 6a), and shed vesicles 
may be isolated by density-gradient centrifugation (Fig. 6b). Shed 
vesicles produced in response to Ca 2 +-ionophore treatment are known 
to have a restricted membrane protein composition relative to total 
p.m. [43]. The protein compositions of erythrocyte membrane vesicles 
shed in response to Ca 2 +-ionophore and complement are similar 
(Fig. 6c). Whilst the production of membrane vesicles in response 
to complement attack can be demonstrated in erythrocytes. such vesic
les are difficult to produce experimentally in these cells. 
Nonetheless the experiments indicate a common mechanism in mammalian 
cells, triggered by a rise in cytosolic Ca 2 + concentration that results 
in membrane shedding. 
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Fig. 6. Shedding of membrane vesicles from human erythrocytes. 
(a) Differential release of erythrocyte acetylcholinesterase and Hb. 
Erythrocytes (100 ~1 packed cells) were incubated in KRH (1 ml) 
with 5 ~ A23187 (0, ~) at 37° for the times indicated. Alterna
tively, cells were incubated with 100 ~1 rabbit anti-erythrocyte 
serum at 20° for 20 min, then washed, resuspended and incubated 
with 10 ~1 fresh human serum at 37° for the times indicated (.,. ). 
After centrifugation (15 sec, 8000 g), supernatants were assayed 
for Hb (AS40; triangles) and acetylcholinesterase (circles) in the 
presence of tetraisopropy1pyrophosphoramide to inhibit serum chol~ 
esterase [44]. 

(b) Identification of shed membrane vesicles produced as in (a) from 
10 ml incubations, concentrated by centrifugation (30 min, 20,000 g), 
resuspended in 2 ml KRH and loaded on 20 ml 23-50% w/w sucrose 
gradients and centrifuged (18 h, 20,000g): 0, ionophore; ., comple
ment~ 

(c) SDS-PAGE of erythrocyte membrane vesicles produced by A23187 
( ........ .. ) or complement (---) as in (a) and isolated as in (b). 
The Hb peak in the ionophore vesicle traces reaches an A600 of 0.61 
and in the complement vesicle trace an A600 of 0.41. The positions 
of mol. wt. markers are shown on the ordinate. 

CONCLUSIONS 

The formation of the complement MAC on the mammalian cell surface 
may lead to lysis or non-lethal cell damage. Many details of the 
formation of the MAC remain to be established, and it seems likely 
that specific MAb's will continue to be important reagents in resolving 
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these. Subsequent to formation of the MAC and insertion of C9 into 
the complex a rise in cytosolic Ca2+ concentration is responsible 
for metabolic damage. It can also trigger membrane shedding to remove 
cell-surface MAC and allow recovery from sub lytic complement attack. 
Such attack may play an important role in tissue damage occurring 
in many autoimmune diseases. 
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During the accelerated ageing process which co.nvertsyoung sickle 
cells into irreversibly sickled cells (ISC's) a variety of changes 
occur in the plasma membrane (p.m.). These include breakdown and 
aggregation of polypeptides (particularly those associated with 
the membrane skeleton), loss of lipids by vesiculation of the bilayer 
portion of the membrane, and breakdown of polyphosphoinositides by 
an endogenous phosphodiesterase. Each of these changes, which may 
contribute to the abnormal rheological and morphological characteris
tics of ISC' s, can be mimicked in normal erythrocytes by artifical,ly 
increasing the intracellular concentration of Ca z+, suggesting that 
the alterations in sickle cells result from Ca2+ accumulation. Recent 
evidence suggests that this may be due to an enhanced permeability 
to Ca Z+ of the p.m. of these cells when exposed to sickle-unsickle 
cycling. 

In order to analyze the biochemical changes which accompany 
the process of normal red-cell ageing or the analogous process which 
converts sickle cells into ISC's, one needs some reliable means of 
separating the cells into different age cohorts. This has often 
been achieved by making use of the observation that there is a relative 
increase in cell density with age, so that the cells can generally 
be separated by investigatation on a suitable density gradient. 
Normally one should avoid gradient media which themselves cause cell
density changes (e.g. sucrose or other osmotically active small 
molecules) or which would cause cell aggregation (e.g. dextran). 
The materials must also furnish a high enough density to resolve 
the densest red-cell fractions, whilst retaining a low enough viscosity 
to allow reasonable centrifugation times. 

Several different density separations have been employed to frac
tionate red cells, each having certain advantages and disadvantages. 
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The earliest attempts utilized bovine serum albumin which worked 
very well but was rather expensive [1, 2]. Use is now more often 
made of Stractan, an arabinogalactan derived from larch wood [3], 
or Percoll/Renograffin [4] or Percoll /Hypaque [5] mixtures which 
give self-forming gradients. Red-cell separation into density classes 
has also been achieved merely by high-speed centrifugation of packed 
cells at 30° in an angle rotor in the absence of any gradient-forming 
extracellular compound [6]. 

The increased density of older cells seems to result from progres
sive dehydration, for which the most obvious cause is the so-called 
Gardos Effect [7, 8] whereby a small increase in intracellular Ca 2 + 
gives rise to a huge increase in thE membrane permeability to K+ 
which escapes from the cells together with Cl- ions and water (to 
maintain electrical and osmotic balance respectively). There is 
clear evidence that aged normal cells and sickle cells (particularly 
ISC's) have markedly elevated levels of intracellular Ca 2 + which 
would activate the Gardos Effect if present in the cytosol [9, 10]. 
An increase in cytosolic Ca 2 + also causes various other biochemical 
changes in normal human erythrocytes including lipid loss [11], prote
olysis and aggregation of membrane proteins [12, 13], enhanced suscepti
bility of phospholipids to oxidation [14] and activation of polyphospho
inositide phosphodiesterase [12]. 

Attention is here drawn to the biochemical changes seen in the 
membranes of sickle cells which appear to be analogous to those al tera
tions that have been observed in normal cells in which the cytosolic 
Ca 2 + concentration has been increased. The data strongly support 
the idea that Ca 2 + has an important role in the production of ISC's. 

METHODS 

Blood samples from patients with sickle cell disease were obtained 
from King's College Hospital, London. After three centrifugal washings 
(3000 rpm) in 0.15 M NaCl at 20°, cells were fractionated centrifugally 
either by Murphy's method [6] or on a discontinuous Stractan gradient. 
Murphy's procedure depends on a high-speed centrifugation in a rela
tively wide tube in an angle rotor which allows cells to circulate 
and thus sort themselves out according to density. It has the disad
vantage that the densest cell fractions pack so firmly that it may 
be difficult to remove them from the tube; but because of the large 
number of cells that can be used, it does facilitate biochemical 
measurements. The fractions (1 ml) were removed from the top, using 
an automatic pipette with the end of the tip cut off, following centri
fugation of the packed-cell sample (8 ml) 1n a 7.5 x 1.5 cm plastic 
tube for 1 h at 30° with the 8 x 10 ml angle rotor of the RC1B Sorvall 
centrifuge (15,000 rpm, 23000 gav)' 

The Stractan gradient was constructed manually in 10 ml tubes 
of the Beckman SW21 rotor using a 1. 5 ml Stractan cushion of d = 1.145, 
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overlaid successively with 2 ml each of d = 1.14, 1.135, 1.13, 1.12 
and finally with 2 m1 of cells at 50% haematocrit. All solutions 
contained 0.15 M NaCl, 20 mM MOPS-NaOH buffer pH 7.1,1 mM phosphate 
at pH 7.1, 1mM MgC1 2 , 0.1 mM EGTA and 10 mM glucose. Centrifugaton 
was for 2 hat 35,000 rpm in a Beckman L2-6SB ultracentrifuge maintained 
at 20 0 • Visible bands at the different density interfaces were removed 
using a Pasteur pipette with bent tip. 

For each gradient, cell numbers in each fraction were counted 
in a haemocytometer, and % ISC's assessed on samples diluted in 0.15 M 
NaCl. Cells were classified as ISC's if under oxygenated conditions 
they retained a pointed projection or their length exceeded twice 
the width [15]. 

For determinations of mean cell volume (MCV) cells were counted 
in the light microscope, and packed cell volume was measured in a 
microhaematocrit centrifuge. Ghosts were prepared from normal and 
sickle cell fractions by lysis at 4 0 in 40 vo1. of 20 mM tris-HCl 
pH 7.4 containing 1 mM EDTA and 0.1 mM phenylmethylsulphonyl fluoride 
to inhibit proteases, followed by three centrifugal washes (30,000 ga) 
for 10 min in the same medium. Analysis of membrane polypeptides 
was carried out by SDS-polyacrylamide gel electrophoresis (PAGE) 
on 6% (w/w) gels [16]. Polypeptides were quantified by scanning the 
Coomassie Blue stained gels using a Bio-Rad scanning densitometer 
(model 1650) linked to a Shimadzu C-RIB integrator. 

For phospholipid analysis [17], ghosts were extracted first 
with chloroform/methanol (1:2 by vol.) to remove all phospholipids 
except the polyphosphoinisotides, and then with chloroform/methanol/ 
conc. HCl (1:2:0.01) to extract di- and triphosphoinositides. The 
lipids from the first extract were separated on EDTA-impregnated 
TLC plates with chloroform/methanol/acetic acid/water (75:45:3:1) 
as solvenL. Those from the second extract were separated on oxalate
impregnated TLC plates run in chloroform/methanol/acetone/aceL1c 
aCid/water (40:13:15:12:7). Iodine-staining spots were analyzed 
for phosphorus by the procedure of Bartlett [18]. 

RESULTS AND DISCUSSION 

Using Murphy's procedure (Fig. 1) it was clear that the cells 
sedimented according to their density, Le. those with the lowest 
mean corpuscular volume went to tbe bottom of the centrifuge tube. 
The denser fractions were relatively depleted in phospholipid and 
accounted for most of the ISC' s in this sample which was derived 
from a patient with an unusually high level of ISC' s (39%). The 
marked changes seen in this experiment were observed only in an attenu
ated form in more typical samples having <10% ISC's. However, this 
emphasized the correlation between ISC characteristics, high density 
(i.e. dehydration) and loss of phospholipid. 
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Fig. 1. Fractionation of sickle 
cells by Murphy's method. The 
cells were derived from a patient 
with an unusually high propor
tion (39%) of ISC's. Packed 
cells were sedimented and frac
tionated as described under 
Methods. 
., % ISC's; f:J., MCV; 0, total 
phospholipid in each fraction. 
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Separation of sickle cells on a discontinuous gradient gave 
a similar enrichment of ISC's in the denser fractions (Fig. 2,S) 
where very few cells sedimented from samples of normal erythrocytes 
(Fig. 2 ,N). It is noteworthy that the distribution of cells was 
bimodal with a well-defined trough at the 1.13/1.135 density interface. 
If the proportion of cells in each region is a reflection of the 
time which they spend in each phase of the transition from young 
to old (dense) cells, then this trough suggests a relatively rapid 
transition from the normal density to that which is characteristic 
of ISC's (fractions 4 & 5 in Fig. 2,S). 

Analysis of polypeptides from the different fractions showed 
significant differences both in normal and in sickle cells ([19] & 
Fig. 3a). The most well-defined changes were reductions in the amount 
of polypeptide 4.1 and in a component of apparent Mr-llO,OOO, together 
with a rise in the amount of a polypeptide of Mr -180,000 which is 
probably a breakdown product of ankyrin. Some of the polypeptide 
which disappears could be present in polymeric material which does 
not enter the gel and which is visible in the denser fractions of 
normal and sickle cells. It is noteworthy that the polypeptides 
which change in amount are phosphoproteins and probably constitute 
part of the membrane skeleton [19]. 

The denser sickle fractions, which are rich in ISC' s, show a 
relative loss of phosphoinositides compared with lighter sickle frac-
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Fig. 2. Fractionation of erythrocytes, 
normal (N; 5 donors) and sickle (S; 
6 donors) on Stractan density gradients. 
Results are expressed as means ±S.E. 
Successive fractions in order of 
increasing density are denoted 1-5. 
Block heights represent % of cells in 
each fraction; 0, % ISC's in each 
sickle fraction. 
Figs. 2 & J: 
courtesy of 
Elsevier, 
from ref. 
[19}. 
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Fig. 3. Changes in (a) membrane polypeptide composition, and 
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(b) membrane phospholipids in normal and sickle cells fractionated 
on Stractan density gradients. Cell samples were as in Fig. 2. 
Polypeptides and phospholipids were quantified as described under 
Methods. Polypeptides were numbered according to Steck's nomencla
ture [24]. A, phosphatidate; ., phosphatidylinositol, and ., its 
4,5-bisphosphate; 0, its 4-phosphate. 

tions and normal cells (Fig. 3b). There is also a reciprocal increase 
in phosphatidate in the dense sickle fractions, and this change is 
precisely what would be expected if phosphoinositide diesterase had 
been ac tivated to give 1, 2-diacylglycerol which was then phosphorylated 
by diacylglycerol kinase [12]. Recently it has been suggested that 
polyphosphoinositides may be involved in mediating interactions 
between protein components of the membrane skeleton [20 1 so that 
breakdown of these lipids may influence cell shape [21]. 

It is important to note that all the above changes seen in ISC's 
can be reproduced in normal cells by treating them with Ca 2 + and 
ionophore A23187. This treatment causes a rise in intracellular 
Ca2+ which (1) activates the Gardos Effect, causing efflux of KCI 
and water and resulting in acute cell shrinkage, (2) precipitates 
the release of up to 20% of cell lipid as microvesic1es which are 
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free of proteins of the membrane skeleton, (3) activates protease(s) 
which degrade some of the membrane skeletal proteins, including ankyrin 
and band 4.1, and (4) promotes the breakdown of endogenous polyphospho
inositide to 1,2-diacylglycerol which is then phosphorylated to give 
phosphatidate. Ca2 + also increases the amount of cross-linked membrane 
protein either by activating an endogenous transamidase [13] or 
by causing enhanced oxidation of protein and lipids [14]. 

Thus many of the properties of ISC's could be due to an accumula
tion of Ca2+ in the cells in terms of the biochemical changes undergone, 
especially since there is good evidence that the Ca 2 + content of 
ISC's is very much higher than in normal cells [9, 10]. Recent work 
[22] has suggested that much of this Ca 2 + is in a metabolically silent 
form (possibly sequestered in internal vesicles); but in view of 
the parallels between ISC's and Ca 2 +-loaded normal cells, it seems 
that at least some of the Ca 2 + must be present free in the cytosol. 
Interestingly, the Ca 2 +-permeability of sickle cells seems to increase 
very markedly during sickle-unsickle cycling [23]; in this situation 
the cells accumulate unusual amounts of Ca 2+ which may then cause 
the irreversible changes in the cell membrane that are referred to 
above. Some of these changes, particularly those which appear to 
destabilize the membrane skeleton - e.g. polypeptide changes and 
polyphosphoinosi tide breakdown - may be important factors in the 
release of bilayer lipids from the cells and in the development of 
the membrane rigidity characteristic of ISC's. However, the membrane 
changes and the dehydration process which accompany ISC formation 
all seem to be related to cellular accumulation of Ca 2 +. 
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Actin-rich fi lamentous arrays comprising a submembraneous network 
are known to be especially evident in cells whose functions include 
adhesion to surfaces or to other cells, locomotion, chemotaxis, endo
and exocytosis, fopmation of pseudopodia, and other membrane-mediated 
phenomena. Many of these motile activities require a considerable 
topographical reorganization of membrane constituents within the 
lipid bilayer and also changes in the macromolecular character and 
disposition of cell actin and the associated proteins involved in 
regulating its assembly from monomer actin subunits to the cytosolic 
pool. 

To investigate some of these changes and to explore the inter
dependence of cell surface membrane constituents and cytoskeletal 
components, we have studied two model systems - phagocytosing poly
morphonuclear leucocytes (PMNL's) and virally (RSV) transfopmed 
fibroblasts - whose actin status changes profoundly in response to 
stimuli. With the fopmer we have followed the fopmation of micro
domains in the surface membrane with selective segregation of a major 
glycoprotein out of the fopming phagocytic vesicle into the uninvolved 
membrane; this lateral migration appears to be linked in some way 
to changes in cytoskeletal integrity. In the fibroblast there are 
actin changes: the monomer (G)~ polymer (F) equilibrium shifts 
in the cytosol, and F-actin in the membrane-associated cytoske l
eton rises; there are concomitant changes in the distribution of 
vinculin and a-actinin in membrane adhesion plaques and the production 
of pp60vsrc-associated prote.in kinase activity in response to src-gene 
expression. Mention is made of the techniques (amplification in 
[1-3}) for purifying cell-surface membranes and phagocytic vesicles 
using continuous-flow electrophoresis (eFE) , for quantifying G- and 
F-actin by the DNase-I inhibition assay and for morphological 
monitoring using interference reflectance microscopy and immunofluor
escence. 
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The Singer-Nicolson fluid mosaic model [4] for cell membranes, 
in which integral proteins are depicted embedded in the lipid bilayer, 
is now widely accepted and better fits our concepts of the reorganiz
ation that can take place during cell stimulation (receptor revelation 
and clustering, formation of functional micro-domains, adhesion to 
surfaces, etc.). Later studies, however, have revealed that the 
freedom for membrane proteins to diffuse laterally through the fluid 
phase is not only subject to thermodynamic limitations but also to 
constraints due to interaction of integral membrane constituents 
with peripheral membrane proteins bound to either surface of the 
lipid bilayer. 

Many ultrastructural studies have revealed that microfilament 
assemblies of varying complexity lie sub-adjacent to the cytoplasmic 
face of cell surface membranes and are often attached, if not directly, 
through some linkage protein to integral membrane constituents. 
The major constituent of these filamentous networks is the contractile 
protein actin. Whereas the structural disposition of actin is well 
organized in, e.g., heart and skeletal muscle sarcomeres, cellular 
actin is in a more dynamic state with fully formed filaments in the 
membrane-associated cytoskeleton and both monomer (G) and polymer 
(F) actin present in the cytoplasmic matrix. The nature of the 
monomer-polymer equilibrium state, as also the presence of other 
proteins which can cap, fragment, cross-link or bundle the actin, 
determines the sol/gel characteristics of the cytoplasm and the 
force-generating processes that occur in motile phenomena. 

We have used two cell model systems to investigate some of the 
features of the interdependence of cell surface membrane and the 
cytoskeleton, viz. the phagocytosing polymorph and the virally trans
formed fibroblast. Both cells show profound changes in the character 
and disposition of cellular actin in response to the phagocytic or 
transforming stimulus. These changes will be compared and contrasted 
with respect to the operational role of the cytoskeletal/membrane 
axis in the expression of cell motile properties. 

THE PHAGOCYTOSING POLYMORPHONUCLEAR LEUCOCYTE 

The ingestion of particles by phagocytosis is an important 
property of specialized cells which participate in the generalized 
host-defensive mechanisms of the body, removing dead cells, bacteria, 
fungi and other harmful particulate substances from the circulation. 
The kinetic aspects, divalent cation dependence and energy demands 
of the phagocytic process have been studied in some detail, as also 
have the mechanisms involved in bactericidal and cytotoxic events 
and lysosomal digestion which take place in the internalized vesicles 
[5-9]. However, much less is known about the detailed molecular 
changes that occur at the surface membrane level in the initial adhesion 
phase and the particle-engulfment processes. 
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For detailed studies of the membrane/cytoskeletal axis and the 
changes occurring during phagocytosis, a highly purified surface
membrane fraction is required which is free from contaminating intra
cellular components and of course essentially unaltered by the 
isolation procedure in respect of any associated cytoskeletal 
structures. Most conventional membrane isolation procedures produce 
a heterogeneous fraction of membrane vesicles containing elements 
of both surface and intracellular origin, making interpretation of 
changes most difficult. We have combined a density-gradient procedure 
with continuous-flow electrophoresis (CFE) to produce highly purified 
surface membrane fractions from resting and phagocytosing neutrophils. 
Additionally, by using a phagocytic stimulus consisting of opsonized 
paraffin oil droplets into which has been incorporated [3H]glycerol, 
our approaches have gained three main advantages.-

(a) The phagocytic process can be standardized and reproduced by 
quantitative determination of the radiolabelled oil droplets taken 
up by the cell. 
(b) It is essentially a 'frustrated phagocytic event' in that it 
does not proceed to lysosome fusion. Thus analytical ane enzymatic 
studies can be made on the phagocytic vesicle (phagosome) without 
the complexities inherent in dealing with lysosome components in 
the membrane of a phagolysosome. 
(c) During density-gradient sedimentation of the leucocyte homogenate 
the phagocytic vesicles enclosing the oil float to a position close 
to the meniscus of the gradient and can be harvested cleanly from 
surface membrane vesicles arising from domains uninvolved in the 
internalization process. 

Wi th these procedures, direc t comparisons can now be made between 
the surface membrane of the resting leucocyte and the surface membrane 
and phagocytic vesicle membrane of the phagocytosing leucocyte. 
Aspects of membrane reorganization during the phagocytic event can 
then be studied. 

The full details of the conditions for phagocytosis, the prepar
ation of the homogenates, the gradients and the various membrane 
fractions have been given elsewhere [1, 10]. A flow chart (Scheme 1) 
shows the essential features of the procedure and the appearance 
of the density gradients. For most of the studies, PMN's were harvested 
from the peritoneal cavity of rabbits after elicitation with sterile 
glycogen [2]. Actin in both monomeric and polymeric forms was deter
mined in the whole cells and in the membrane and cytosol fractions 
using the DNase-I inhibition assay of Blikstad et a1. [11]. Since 
the assay determines G-actin, filamentous (F) actin was depolymerized 
with 3 M guanidinium chloride. The inhibition assay details have 
likewise been published [1, 3], as have the surface membrane labelling 
procedures with 125I-Lens cuZinaris lectin and the assay of the sub
cellular fractions for marker enzymes [7]. 
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Scheme 1. Flow diagram for preparing purified plasma membrane and 
phagocytic vesicle membranes (phagosomes, PV) from resting and 
phagocytosing cells. Cells are treated exactly the same but PV are 
usually harvested separately from the sorbitol gradient (exclusive 
location of [3H]glycerol). The CFE profiles are for mixed memb-
rane fractions, for resting cells (left) and for phagocytosing cells 
(right) whose phagosomes separated from uninvolved plasma membrane. 
Protein, 0; 125I_Lens culinaris, .; 5' -nucleotidase, !J. or, for the 
separately run PV (phagosomes), • (electrophoretic profiles superim
posed) . 
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Fig. la shows a time curve for the uptake of opsonized paraffin 
oil droplets. Since with this phagocytic model the cell is unable 
to process the inert oil and re-cycle surface membrane, the extent 
of internalization is limited by the amount of surface membrane 
depletion possible without loss of cell integrity. For comparative 
studies the phagocytosis was stopped at 20 min, well into the plateau 
of the uptake curve. Fig. lb shows a typical polymorph with ingested 
oil droplets. Initially a study was made of the distribution of 
total actin (G and F) in the cytosol and particulate fractions prepared 
from resting and phagocytosing cells by high-speed centrifugation 
(9 x 106 min) of homogenates. Table 1 shows the data for total actin 
distribution for 6 different preparations of resting cells and 5 
preparations of phagocytosing cells. 
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Table 1. Total actin content of cytosol and particulate fractions 
from resting (n = 6) and phagocytosing (n = 5) polymorphs (mean ±S.D.). 

Actin, ~g: total cytosol particulate 

106 resting cells 56 ±3.6 (100%) 17 ±1.8 (31%) 39 ±2 (69%) 

106 phagocytosing cells 57 ±5.0 (100%) 9 ±0.7 (16%) 48 ±5 (84%) 

Table 2. Surface membrane-associated actin in resting and phago
cytosing polymorphs (prepared by density gradient sedimentation 
and electrophoresis) as determined on the purified membranes (6 
expts.). The values are ~g actin/lOO ~g protein. 

Resting cells 

Phagocytosing cells 
% increase 

1 2 3 

10.9 5.4 8.2 

15.7 8.0 12.3 
+44 +48 +50 

4 

5.7 

7.9 
+38 

5 6 Mean ±S.D. 

4.1 8.5 7.1 ±2.5 

5.4 12.3 10.2 ±3.8 
+28 +45 +43 i6.5 

It can be seen that after phagocytosis for 20 min there is a 
significant redistribution of the actin pools. In the resting cells, 
69% of the total actin was sedimentable whereas after phagocytosis 
84% sedimented. In another study, the surface membrane from resting 
cells was isolated and purifiea as ~n Scheme 1 and the amount of actin 
associated with it quantified by the DNAase-I assay. The surface memb
rane uninvolved in the phagocytic events was also isolated and purif
ied from phagocytosing polymorphs for comparison of the actin content. 
Table 2 shows tne data from 6 preparations of resting cells and the 
corresponding cell preparations af ter phagocytosis. These data 
show that during phagocytosis there is a 43% increase in actin associ
ated with the uninvolved surface membrane. Further studies showed 
that all of the actin associated with these membranes was filamentous. 
In some preparations, these purified surface membrane were treated 
with Triton X-IOO and a pellet and supernatant prepared by high-speed 
centrifugation (100,000 g, 20 min). 

This detergent dissection removed -10% of the filamentous actin 
associated with the resting cell surface membranes and a significantly 
higher proportion (25-30%) from the membranes of the phagocytosing 
cells. In quantitative terms this actin solubilized by Triton X-IOO 
accounted for almost all the newly assembled F-actin that became 
associated with the membrane during the phagocytic event. Moreover, 
similar Triton X-IOO treatment of the isolated phagocytic vesicles 
revealed that the detergent liberated all the actin, sU8gesting that 
although associated with the vesicle membrane, suffiClently tightly 
to survive gradient sedimentation and external washing in the CFE 
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Table 3. Plasma membrane (p.nl.) and intracellular membrane in 
membrane fractions from resting and pnagocytosing polymorphs: 
enrichment values, vs. homogenate = 1.0. The first two markers 
are for p.m., and the others are for intracellular membrane and 
nuclei; ± following a mean is the S.E.M. (n = 6). 

Marker 

5'-Nucleotidase 
1251-Lens cuZinaris 

Acid phosphatase 
Glucos~phosphatase 

DNA 

Resting cell p.m. Phagocytosing cell p.m. 

lS.O ±0.6 3S.0 ±3.2 
11.0 ±0.7 10.0 ±1.1 

1.2 1.3 
1.3 1.3 

<0.1 <0.1 
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chamber ~t was not stabilized in the same way as the Triton-resistant 
filamentous network intrinsic to the resting cell surface membrane 
or to the uninvolved membrane domains of the phagocytosing cells. 

A membrane feature which may relate to this change in the distrib
ution of actin emerged from a study of the cell surface enzyme 5'
nucleotidase and the surface marker 1251-Lens cuZinaris to monitor 
enrichment of the membranes with respect to homogenate. The lectin 
was enriched to almost the same degree in the surface membrane fractions 
derived from both the resting and the phagocytosing cells (Table 3) 
as in the phagocytic vesicle membrane. However, the 5'-nucleotidase 
enrichment vs. homogenate was 2-3 times greater (3S-fold) in the 
uninvolved surface membrane of the phagocytosing cells than in the 
surface membrane of the resting cells (IS-fold; Table 3), and there 
was little enrichment in the phagocytic vesicles 

The data in Table 3 suggest that whereas receptors for the labelled 
lectin remained uniformly distributed after phagocytosis there is 
a selective segregation of 5'-nucleotidase out of the forming vesicle 
into the uninvolved surface domain during the phagocytic event 
(Fig. 2). This movement out of the vesicle of one of the neutrophil's 
major sialoglycoproteins has now been confirmed histocytochemically 
by Cremer and colleagues [12] using latex beads as a phagocytic 
stimulus. Carraway et al. [13] using ascites tumour cell microvilli 
as a model membrane/cytoskeleton system have shown co-sedimentation 
of phalloidin-stabilized microfilaments with 5' -nucleotidase when 
Triton-insoluble pellets are applied to sucrose gradients. These 
and the present studies of the segregatory events in the phagocytosing 
polymorph membrane are. we believe, the first demonstration of a 
redistribution of a maj or cell-surface glycoprotein during a motile 
event without the use of a multivalent ligand, as in patch and cap 
studies with surface 19 movements in lymphocytes and in other cells. 
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• -5'NUCLEOTIDASE 

\7RECEPTORS 

FOR LECTIN 

Fig. 2. Selective segregation of 5 1 -nucleotidase out of the forming 
phagocytic vesicle membrane into the uninvolved p.m. domain. 
Receptors for 125r-Lens cuZinaris remain uniformly distributed. 

The concomitant changes in the disposition and character of 
F-actin, although suggestive, do not as yet constitute sufficient 
evidence to indict a direct linkage between the migrating intrinsic 
membrane glycoprotein and cytoskeletal elements on the cytoplasmic 
face. There are a number of potential candidates for such linkages, 
notably a-actinin, actin-binding protein and a structurally similar 
protein, filamin, acumentin, and a range of filament end-blocking 
proteins of which some are known to promote actin nucleation and 
filament assembly [14]. However, few of these have been characterized 
in the granulocyte, and since there is increasing evidence that proteins 
not normally regarded as cytoskeleton proteins can bind to actin 
[14], the search may have to be widened if we are to understand the 
inter-relationship between cell membranes and the underlying features 
involved in regulating membrane reorganization and function. More 
recently, membrane-anchoring domains involving hydrophobic inter
actions of proteins with phospholipids, and particularly the phospho
inositides, are attracting some interest, and these too may have 
important structural and functional implications [15]. 

VIRAL TRANSFORMATION AND THE MEMBRANE-CYTOSKELETAL AXIS 

Many viruses transform cells by the production of a single viral 
gene product [16, 17]. Rous sarcoma virus (RSV) is capable of trans-
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forming a variety of cell types and is associated with the production 
of a phosphoprotein of kMr 60 which has tyrosine kinase activity, 
pp60vsrc . Since many transformed cells show a marked reduction in 
actin-containing microfilament bundles in the cytoplasm, it has been 
postulated that one of the cellular targets for the pp60-kinase activity 
may be a component of the cytoskeleton [18, 19]. The pp60 kinase 
appears to be closely associated with the p.m. of transformed cells 
and after viral transformation the microfilament actin present in 
the large multifilament bundles appears to reorganize into a looser 
submembranous network [20, 21]. Studies of the dynamic changes in 
actin may provide some information about the morphological consequences 
of neoplastic transformation by RNA tumour viruses, particularly 
with respect to membrane-mediated properties such as motility and 
adhesiveness. 

For the present studies, Rat-1 fibroblasts transformed by infection 
with B77 strain RSV have been used for comparison with untransformed 
fibroblasts. The characteristics of this established and stable 
transformed cell line have been documented earlier [3]. Since, unlike 
the polymorph study, the fibroblasts have grown adherent to culture 
flasks the cells were either treated briefly with trypsin to effect 
their release or lysed in situ with a buffer which, besides having 
glycerol (15% v/v) and ATP (0.2 mM) to stabilize actin filaments, 
and prevent disassembly during the lysis procedure, contained 5 mM 
phosphate pH 7.6, 150 mM NaCI, 2 mM MgCI 2 , 2 mM EGTA, 0.5% (v/v) 
Triton X-100, 0.1 mM dithioerythritol and 0.01 mM phenylmethyl
sulphonyl fluoride. From this lysate a cytosol fraction and a cyto
skeletal core (Triton-insoluble) were prepared by centrifugation pro
cedures. 

In the study of the trypsin-released cells the enzyme activity 
was 'stopped' with soya bean trypsin inhibi tor, and the cell suspension 
was treated with lysis buffer and centrifuged to provide cytosol 
and cytoskeletal core fractions as for the adherent cells. Actin 
in monomeric and polymeric forms was assayed as described above for 
the polymorph study. Table 4 shows the distribution of actin in 
the transformed and control fibroblasts grown in monolayer culture 
and released from their substrates by the lysis-buffer procedure. 

Evidently the cytosol monomer-to-filamentous actin equilibrium 
state was shifted in the direction of filament assembly following 
transformation, with a decrease in F-actin from 38% to 20% of the 
total cell actin. 

Actompanying this decrease in cytosol F-actin the cytosol core 
actin (F-actin) increases from 12.6 to 24.0% of the total cell actin 
content. Both these changes are highly significant. The data for 
the trypsinized cells support those from cells lysed in situ: these 
show an essentially similar shift in equilibrium between G and F 
and an increase in cytosol core actin from 22% to 36% of the total 
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Table 4. Distribution of G- and F-actin in control and RSV
transformed fibroblasts in cells lysed in situ. Results expressed 
as % of total cell actin, mean ± S.D. (n = 7). 

Cytosol monomer actin (G) 
Cytosol filament actin (F) 

Cytoskeletal core actin 

Controls Transformed 

49.3 ±5.5 
38.3 ±5.l 

12.6 ±1.5 

55.6 ±S.7 
20.6 ±6.4 

24.0 ±6.4 

Significance 

NS 
P <0.001 

P <0.001 

cell content. In order to complement these findings morphologically, 
fluorescence staining of actin with NDB-phallacidln (S-nitrobenz-2-
oxa-l,3-diazole phallacidin) was used on whole-cell preparations. 
This highly fluorescent derivative of the mushroom toxin phalloidin 
binds specifically to small and large F-actin filaments (Kd 2 x 10-8 M) 
and stabilizes them. 

Figs. 3a and 3b show respectively the appearance of the control 
Rat-l and RSV-transformed fibroblasts by phase-contrast microscopy, 
and Figs. 3c and 3d show the cells stained with NBD-phallacidin. 
The control fibroblasts (3a & 3c) are typically large flattened 
elongated cells showing large numbers of actin-containing micro
filament bundles. By comparison the transformed cells were more 
refractile, contained only a few bundles but showed brightly stained 
aggregates of actin scattered throughout the cytoplasm. 

CONCLUDING COMMENTS 

Using two different cell model systems, the phagocytosing poly
morph and the transformed fibroblast, it has been shown that the 
distribution of actin - the major cytoskeletal protein of both these 
cells - alters significantly during stimulated events. Both phago
cytosis and viral infection involve much surface membrane re
organizatlon and, concomitant with this, significant changes take 
place in the disposition and level of organization of F-actin associated 
with the submembranous cytoskeleton. The changes are complex, however, 
and may be due in part to changes in the ionic environment in the 
cytosol and in part to the action of regulatory proteins affecting 
the dynamics of the polymeric assemblies of actin and the subunit 
monomer pool from which these polymer forms are recruited. 

The membrane-cytoskeletal axis is of unquestionable importance 
in normal cellular functions such as locomotion, intracellular motile 
events, exocytosis and endocytosis, receptor topography, cell-cell 
and cell-substrate interactions, emt1ryogenesis, tumour growth and 
metastases, etc There has been an explosive growth over the last 
4 years in the use of antibodies and other specific probes to study 
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Fig. 3. (a) Rat-l fibroblasts and (b) virally transformed cells : 
phase-contrast microscopy (bar = 50 ~m). (c) and (d): Corresponding 
actin staining using NBD-phallicidin; note parallel actin bundles 
with cross-linking in the Rat-l cells (C) and the dense submembran
ous assemblies in the transformed cells (d). 

the disposition and level of macromolecular organization of cyto
skeletal elements and their membrane associations. Such studies 
do not, however, furnish information about the dynamic nature of 
the cytoskeletal framework of cells. If we are to more fully understand 
cellular pathological manifestations related to changes in the membrane 
-cytoskeletal axis, new appruaches are required whereby we can study 
the relationships between contractile and cytoskeletal filaments 
associated with the cytoplasmic face of cell membranes, the subunit 
protein pools in the cytosol compartments and the factors which regulate 
polymerization and disassembly. The work in this article has been 
largely focused upon only one cytoskeletal component, the microfilament 
protein actin and its organizational state. Clearly the opportunity 
to widen this approach should be seized and any cellular model system 
(normal or pathological) exploited to shed further light on this 
fascinating and important field. 
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PLASMA MEMBRANE AND CYTOSKELETON 

Comments on #C-l: C.A. Pasternak - MEMBRANE-MEDIATED CYTOTOXICITY 
and #C-2: J.P. Luzio et al. - COMPLEMENT-MEDIATED DAMAGE 
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Question by S. Zucker.- How do you explain the requirement for 
calcium in natural lymphocyte killing of target cells in view of 
your evidence that external calcium actually is inhibitory to the 
haemolytic process? Pasternak's reply.- Calcium is required for the 
activity of the perforin-like molecules, but an excess of calcium 
or zinc can prevent the leakage. Comment by R. Wattiaux on protective 
effect of Ca 2 + and especially of Zn 2 +: both are lysosomal membrane 
stabilizers. 

D. Allan asked Pasternak whether the membrane of enveloped 
viruses itself has the permeability properties which are conferred 
on cells by fusion with these viruses. Reply.- No! Although e.m. 
studies of haemolytic VB. non-haemolytic Sendai virus by negative 
stain suggest the presence of 'pores' across the envelope of haemo
lytic (but not of non-haemolytic) virus [Shimizu, Y.K., Ishida, N. & 
Homma, M. (1976) Virology 71, 48-60], it is difficult to carry out 
proper permeability studies with purified envelope vesicles that are 
sufficiently free of the detergent used to prepare them. 

Remarks (to Luzio) by C.A. Pasternak.- There is no incompatibility 
between Ca2 + entry due to complement (along with other agents) and 
prevention of leakage (including Ca2 + entry) by high concentrations 
of Ca 2 + (see ref. [39] in l1D-l). Increasing the recovery of cells 
by vesiculation removes not only the damaging agent (i.e. complement) 
but perhaps also the mediating agent - internal Ca2j - since vesicles 
extruded from cells are very rich in Ca 2 + [see B.F. Trump, #NC(C)-I]. 

Concerning the inhibition of adrenaline-sensitive adenylate 
cyclase caused by Ca2 + influx into pigeon red cells, D. Allan asked 
Luzio whether this might be a Ca2+-specific activation of cAMP phospho
diesterase rather than cyclase inhibition. Reply. - The ionophore 
A23187 in the presence of extracellular Ca2+ lowered adrenaline
stimulated cAMP degradation in pigeon red cells. This suggests an 
effect on the cyclase rather than on a phosphodiesterase [Campbell, A.K. 
& Siddle, K. (1976) Biochem. J. 158, 211-221]. 
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Comments on #C-3: D. Allan - ERYTHROCYTE SICKLING 
and #C-4: N. Crawford et al. - MEMBRANE-CYTOSKELETAL AXIS 

C.A. Pasternak asked Allan whether leakage of Ca 2 + into sickled 
~ells is specific, or whether leakage occurs with other ions, e.g. 
Rb+ in the absence of Ca 2 + so that the Gardos Effect is inoperative. 
Reply.- Yes, Rb+ flux is indeed increased, but due to the Gardos 
Effect since this has been done in the presence of Ca2 +; I am unsure 
whether this has been done in the absence of Ca 2 + also. H. Hilderson 
asked whether experiments in the converse direction can be performed 
in situ on reversibly sickled ce11s, e.g. by removing Ca 2 + or by 
adding PlP2(by means of transfer proteins) and thus enhancing membrane 
fluidity. Reply.- This would be difficult to do, since Hb comprises 
90% of the dry wt. of the blood cells. 

Crawford, answering J.M. Graham.- It is involvement of groups 
other than sialic acid, notably -SH, that causes the phagosome to 
be apparently more electronegative than the bulk of the surface memb
rane; also ruffling of the surface may link some negative charges, 
and therefore they are not expressed electrophoretica11y. Remark 
by C.A. Pasternak.- Since RSV-transformation has a low efficiency, 
one wonders about the feasibility of ascertaining whether the altered 
actin pattern of the transformed cells result from the expression 
of vital functions or from the selection of a minor pre-existing 
subpopulation of cells. Response.- Your comment is a valid one, 
but the co-expression of pp60src in the same cells as have an altered 
actin pattern would seem to suggest that selectivity is always hard 
to exclude. 

K. Donaldson sought Crawford IS comments on the relationship 
of his findings with 5' -nucleotidase (5 'N) in neutrophils and the 
well documented finding in macrophages that a dramatic fall accompanies 
macrophage activation. Answer.- I think one can carry the neutrophil/ 
macrophage analogies too far and it would be unwise to compare directly 
macrophage dctivation with our polymorph phagocytic process which 
is a frustrated phagocytosis since it does not proceed to lysosomal 
fusion! It was employed to allow harvesting of phagocytic vesicle 
membrane domains without lysosomal membrane inclusion. In our PMN 
model the net dmount of 5'N does not change; it merely redistributes 
out of the vesicle domain into the uninvolved membrane regions. 
This selective migration takes place without change in the distribution 
of lectin receptors (Lens culinaris). Cremer et al. in California 
have confirmed histochemically the exclusion of 5 'N from the phagocytic 
vesicle in PMN phagocytosis of opsonized latex particles. It therefore 
seems to be a real event concomitant with phagocytosis. Perhaps 
in the macrophage selective migration doesn't take place as in the 
PMN and surface-membrane 5'N is internalized and actually recycled! 

SupplementaPy zoe[. from Senior Ed. [q!~.e.!'.l! . .r?Yf •• r.: .. ~~.9 J • - Erythrocyte 
and platelet membrane responses LO amantadine, rimantadine and tetra
caine suggest altered endosomal or lysosomal pH underlying modified 
virus-membrane interactions.- Donath, E., et a1. (1987) Biochem. Pharmat:XJl. 36, 
481-487. 
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A major role of cellular ion regulation in cell injury and cell 
death has been proposed for many years. Recently, however, new techno
logy has permitted significant improvement in the characterization 
of such ion movements and redistribution. The following outline 
summarizes these developments, concentrating on work from our labora
tory. 

The types of injury under study include inhibition of ATP synthesis 
(KCN or anoxia, uncouplers, indole acetic acid); direct damage to 
membrane integrity (HgC1 2 or PCMBS); and calcium ionophores (A23l87 
and ionomycin). The systems studied include Ehrlich ascites tumour 
cells (EATC), rat, human and rabbit proximal tubule primary cultures, 
and rat or human hepatocytes. The methods, in addition to well estab
lished light- and electron-microscopic techniques, include: fluores
cent probes for pH, calcium and membrane peroxidation; immunofluores
cence of the cytoskeleton; video microscopy, including digital image 
processing and analysis of structures as well as distribution and 
quantitation of fluorescent probes. 

In these studies, typical early, reversible changes, as seen 
by light- and electron-microsocpy, include membrane blebbing at the 
cell surface, dilatation of the endoplasmic reticulum (e.r.), and 
mitochondrial condensation. The blebs, which can be readily visualized 
by phase- or Nomarski-microscopy, are associated with altered staining 
patterns of actin, tubulin and calmodulin, changes in intracellular 
calcium distribution and an increase of cytosolic sodium. These 
blebs occur much more rapidly after HgCl 2 treatment than with inhibi
tion of ATP synthesis. Increases of mitochondrial calcium, in the 
form of hydroxyapatite deposits, are late changes, probably occurring 
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in most cases in irreversibly altered cells and only if the type 
of injury does not initially inhibit mitochondrial function. The 
early rise in cytosolic calcium precedes the onset of cell death 
as measured by trypan blue or propidium iodide. In some cases, the 
early rise in cytosolic calcium may represent redistribution within 
the cell (e.g. release from e.r. or mitochondria) rather than entry 
from the extracellular space. 

We have hypothesized for some time that there are important 
roles for ion deregulation in the pathogenesis of cell injury. The 
application of new technology to the study of cell inj ury permits 
the correlation of analytical information, e.g. local ion concentra
tions, with images of living or fixed cells which in turn can be 
analyzed by digital image processing. All of this information can, 
additionally, be correlated with the results of more classical bio
chemical and morphological approaches. Current experimentation has 
already indicated that changes in cellular ion concentrations occur 
at very early time periods following injury and that such ion deregul
ation plays an important role in initiating the later changes in 
cellular structure and function. 

Some citations (book articles) added by Senior Editor 
- supplementing the foregoing in absentia Forum contribution 

Trump, B.F., Berezesky, I.K., Phelps, P.C. & Jones, R.T. (1983) in 
Cellular Pathobiology of Human Disease (Trump, B.F., Jones, R.T. & 
Laufer, A., eds.), Gustav Fischer, New York, pp. 3-48. - 'An over
view of the role of membranes in human disease'. 

Trump, B.F., Berezesky, I.K., Phelps, P.C. & Saladino, A.J. (1983) 
in Human Carcinogenesis (Harris, C.C. & Autrup, H.N., eds.), Academic 
Press, New York, pp. 35-84. - 'Ion regulation and the cytoskeleton 
in preneoplastic and neoplastic cells'. 
Hirsimaki, P., Arstila, A.U., Trump, B.F. & Marzella, L. (1983) in 
Pathobiology of Cell Membranes, Vol. 3 (Trump, B.F. & Arstila, A.U., 
eds.), Raven Press, New York, pp. 123-135. - 'Autophagocytosis'. 
(Vol. 1 (1975) includes mitochondrial damage and lysosome topics.} 
Trump, B.F. & Berezesky, I.K. (1984) in Drug Metabolism and Drug 
Toxicity (Mitchell, J.R. & Horning, M.G., eds.), Raven Press, New 
York, pp. 261-300. - 'The role of sodium and calcium reguZation 
in toxic cell injury'. 

Trump, B.F., Phelps, P.C. & Shamsuddin, A.M. (1984) in Progress in 
Cancer Research and Therapy, Vol. 29 (Wolman, S.R. & Mastromarino, A.J., 
eds.), Raven Press, New York, pp. 23-49. - ~ellular pathobiology of 
human large intestine'. 
Trump, B.F. & Berezesky, I.K. (1985) Curro Topics Membs. Transport 25, 279-
319.- 'Cellular Ion Regulation and Disease: A Hypothesis'. 
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THE GLYCOPROTEINS AND FLUIDITY OF MULTINODULAR GOITER 
EUTHYROID PLASMA MEMBRANES® 

lH. Depauw, lC. Peeters, lH.J. Hilderson, 1M. De Wolf, 
2G. Van Dessel, lA. Lagrou and 1,2W. Dierick 

lRUCA-Laboratory for Human 2UIA-Laboratory for 
Biochemistry Pathological Biochemistry 

University of Antwerp 
Groenenborgerlaan 171, B-2020 Antwerp, Belgium 

Changes in membrane composition and fluidity may reflect 
derangements in cellular functions. In plasma membranes (p.m. 's) 
they can modulate adenylate cyclase activity [1, 2]. Differences 
in both composition and physicochemical state could be demonstrated 
when comparing thyroid p.m. 's obtained (method as in [3]) from patients 
with normal thyroid and patients with multinodular goiter euthyroid 
gland. Normal thyroid membranes displayed higher protein-to-phospho
lipid ratios and a lower 5'-nucleotidase specific activity (expts. in 
triplicate on 1 goiter and 2 normal thyroid p.m. preparations; ±S.E.M.'s): 

- protein:phospholipid (w/w): normal, 8.59 ±0.41; 
- cholesterol:phospholipid (molar ratio basis): 
goiter, 0.38 ±0.03; 
- 5'-nucleotidase (nmol/min/mg protein): normal, 

goiter, 4.26 ±0.15; 
normal, 0.69 ±0.08; 

8.3; goiter, 18.4. 

Normal and goiter p.m.'s gave similar values for basal and TSH- or 
forskolin-stimulated adenylate cyclase [pmol cAMP/mg protein/30 min; 
mean of 3 expts. (one preparation for the goiter p.m. 's)]: 

- no agonist: normal, 0.34; goiter, 0.35; 
- TSH (10 ~): normal, 0.95; goiter, 0.98; 
- forskolin (10 ~): normal, 1.47; goiter, 1.52; 
- NaF (10 roM): normal, 6.46; goiter, 9.80; 
- cholera toxin, activated with 20 roM DTT for 10 min at 30°: normal, 
3.26; goiter, 4.80. 
Whilst adenylate cyclase activity was less stimulated by NaF or cholera 
toxin in normal thyroid membranes, the similar s.a.'s with TSH or 
forskolin present suggest that all preparations used were contaminated 
to a similar degree with non-p.m. elements. 

® An Addendum outlines lectin specificities (at Editors' suggestion). 
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GLYCOPROTEINS 

After detergent solubilization of proteins (1.5% DOC, pH 7.5), 
SDS-gel electrophoresis, nitrocellulose transfer (25 mM Tris-192 mM 
glycine, 20% methanol, pH 8.3) and FITc-,.lectin 'staining', more proteins 
were manifest as an intense peak in the high mol. wt. region than 
with Coomassie blue. The densitograms of membrane proteins of normal 
thyroid, using different fluorochrome-labelled lectins, were distinct 
from those of membrane proteins of multinodular goiter euthyroid 
gland. Table 1 summarizes the apparent mol. wts. derived from these 
scans. Three bands of kMr 185, 145 and 58 respectively were always 
manifest. They could originate from proteins that are detected by 
each of the lectins used, although it must be stressed that co-migration 
in SDS gels does not always mean 'identity' 

Table 1 further shows that with the two FITC-agglutinins more 
glycoproteins were revealed in the multinodular goiter euthyroid 
membrane electroQlots than in those obtained from normal thyroid 
membranes. RCA chiefly recognizes the two N-acetyl-lactosamiriyl 
groups of the oligosaccharide chain whereby the Gal residues have 
to be minimally substituted (see Addendum). The FITC-RCA electroblot 
could in this respect suggest that in the former membranes more proteins 
are present with fewer substitutions on the Gal residues of the N
acetyl-lactosaminyl groups on the trimannosyl core. This is confirmed 
by the FITC-WGA electroblots. WGA chiefly recognizes the chitobiosyl
asparagine group al though peripheral sialic acid residues and to 
a less ext·ent N-acetylglucosaminyl and N-acetylgalactosaminyl groups 
enhance the lectin affinity. This could explain why the two kinds 
of electroblots do not coincide completely. The results match the 
observation that in abnormally proliferating cells the pattern of 
cell surface determinants (mostly glycoconjugated) is altered. 

Table 1. Mol. wts. (kMr, approx.) of human p.m. glycoproteins after 
SDS.-PAGE (gels 7.5%, w/v), nitrocellulose transfer and visualization 
with FITC-lectins •. ,6>200·' signifies 6 bands of kMr >200; 'some' signi
fies some minor bands. Each upper row = normal, lower = goiter. 

FIfC-Concanavalin (-Con A) 
230 6>200 185 145 

225 some 190 150 145 
120 100 86 
120 110 105 82 

FITC-Wheat ~erm agglutinin (-WGA) 
>200 185 145 80 

265 240 215 185 140 115 105 

FITC-Ricinus communis agglutinin (-RCA) 
5>200 185 145 87 

72-75 67 63 
72 

56 54 50 45 
54 47 

58 51 some 
73 65 56 49 

some 
260 240 225 180160 140 130 110 100 88 77 67 

58 
58 
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Table 2. Fluidity characteristics of human normal and multinodular 
goiter euthyroid p.m.'s at 37°. Parameters: r sDPH ' rSl2-AS and 

rSTMA-DPH = steady-state fluorescence anisotropy of, respectively, 

1,6-diphenyl-l,3,S-hexatriene (DPH), 12-(9-anthroyl)stearic acid 
(12-AS) and 1-(4-trimethylammoniumphenyl)-6-phertyl-I,3,S-hexatriene 
(TMA-DPH); Ddiff = lateral diffusion coefficient of pyrene, cm2 /sec; 
± values represent S.E.M. IS. 

Normal 

Goiter 

r 
s12-AS rSTMA-DPH 

0.228 ±0.004 0.16S ±0.003 0.2S8 ±0.004 

O.lSl ±0.003 0.132 ±0.002 0.169 ±0.003 

MEMBRANE FLUIDITY 

0.82 ±0.12 

1.22 ±0.18 

Evaluation of the steady-state fluorescence anisotropy (rs) 
of different probes such as those named in the heading to Table 2 
(DPH, 12-AS, TMA-DPH) combined with the measurement of the lateral 
diffusion coefficient of pyrene (Ddiff) allowed us to monitor 
changes in membrane fluidity at different levels of the lipid bilayer. 
From Table 2 it is obvious that membranes derived from the mul tinodular 
goiter euthyroid gland display a higher fluidity at any depth of 
the bilayer than those prepared from normal tissue. 

In thyroid a higher value of r s can be correlated with more 
abundant neutral lipids. This was previously demonstrated using 
reconstituted vesicles derived from highly purified bovine thyroid 
p.m. 's [4]. From the same studies it also became apparent that Ddiff 
could be lowered by the presence of more p. m. proteins. Hence it 
is not surprising that human multinodular goiter euthyroid membranes, 
diplaying lower protein:phospholipid and cholesterol:phospholipid 
ratios show lower rs's and a higher Ddiff. One cannot exclude the 
possibility that the observed increase in NaF and cholera-toxin stimula
tion in the goiter membranes is related to the higher fluidity in 
the former membranes. 

COMMENT 

These data support the view that the coupling between the as 
subunit (ADP-ribosylated when cholera toxin activates) of the stimula
tory GTP-binding regl.l.latory protein (Ns ) with the catalyst of the 
adenylate cyclase system depends on membrane fluidity, whereas the 
rate-limiting coupling between the occupied stimulatory receptors 
and Ns is not as sensi ti ve to the physico-chemical state of the membrane. 
The latter point also accords with the slight temperature-oependency 
of the activation of adenylate cyclase activity by TSH [S]. 
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Addendum: ASPECTS OF LECTIN SPECIFICITY [Presentation revised by Ed.} 

[(SA--Gal-HNAc»l-Man] -Man--HNAc--HNAc-AsN 
_ 2 I 

12345678 
[The 1-3 chains, ~2 in all, may differ) 

Non-standard abbrevi
ations: SA, sialic acid; 
H, hexose. 
Lectins: see Table 1. 

Extrapolation of known lectin specificities for oligosaccharides 
[6] to glycopeptides is not without risk, since inhibition properties 
may differ. Lectins recognize specific sugar residues, but in an 
oligosaccharide chain more than one residue may be recognized; it matters 
that some sugar residues are substituted and others not. Different 
lectins can recognize different sugar sequences in the same glycan 
structure, but do not overlap unduly and hence differences in fine 
structure as well as in environment (protein structure) are important. 
Referring to the notional structure above, main affinities are now 
summarized. 

- Con A. The tri-Man core 4-5, either substituted with 2 GlcNAc's, 
3 (not other HNAc's) or with extra Man residues at 3. ConA has a pro
nounced specificity for a-anomers of mannose (or glucose). 
- RCA. Oligosaccharides having the Gal's at 2 minimally substituted. 
The AsN (8) is inhibitory, but less so in a peptide. 
- WGA. Chitotriose or, as found in glycopeptides, a chitobiosyl group 
between 8 and the tri-Man core 4-5. SA's (1) and to a less extent 
3 where H = Glc or Gal increase the affinity. Hence very complex 
interactions occur and interpretation is difficult. 

In the above thyroid studies, lectins were used with these consider
ations in mind. To summarize, "Lectins are able to bind.sugars speci
fically, but it is well known that the monosaccharide residue in a 
terminal non-reducing position on a glycan is not the only carbohyd
rate moiety recognized" [6]. 
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Supplementary refs. contributed by Senior Editor (ctd. from p. 232) 

Membranes/ions/cell damage 

Impaired CI- passage through apical membranes from airway epi
thelial cells studied by patch-clamping is observed in cystic fibrosis, 
but the defect seems to be in channel regulation rather than capacity.
Welsh, M.J.W. & Liedtke, C.M.L. (1986) Nature 322, 467-470. 

In cultured hepatocytes exposed to 10 different toxins that 
damage the p.m. in various ways, the damage allowed entry of extracellu
lar Ca 2 + as the start of a final common pathway for cell death.
Schanne, F.A.X., Kane, A.B., Young, E.E. & Farber, J,1. (1979) Science 
206, 700-702. 

However, ~it appears that influx of extracellular Ca2 + is not 
an obligatory step in the development of irreversible toxic injury 
in hepatocytes".- Orrenius, S. & Bellomo, G. (1986) in Cell Calcium 
Vol. 6 (Cheung, W.Y., ed.), Academic Press, New York, pp. 185-208. 

In ischaemic brain damage, uncontrolled influx of Ca 2 + into 
certain neurones (e.g. through p.m. damage or energy deprivation) 
can cause mitochondrial Ca 2 + overload or extensive degradation of 
cell structure through proteolysis or lipolysis.- Siesjo, B.K. (1986) 
Mayo Clin. Proc. 61, 299-302. 

In liver exposed in vivo or by perfusion to sporidodesmin, which 
causes obstructive jaundice, bile canalicular microvilli rapidly 
disappear.- Bullock, G.M., Eakins, M.N., Sawyer, B.C. & Slater, T.F. 
(1974) Proc. Roy. Soc. 186B, 333-356. 

Loss of hepatocyte microvilli also results from ionophore action, 
notably dinitrophenol (which raises cytosolic Ca 2 +); evidence of 
cell injury includes mitochondrial swelling and loss of contents, 
and a fall in the cell's ATP.- George, M., Chenery, R.J. & Krishna, G. 
(1982) Toxicol. Appl. Pharmacal. 66, 349-360. 

When ischaemic myocardium is re-oxygenated or re-perfused, 
Ca 2 + influx and mitochondrial deposition occurs, with damage for 
which different causes including p.m. disruption and radical formation 
have been suggested.- Poole-Wilson, P.A.,Harding, D.P., Bourdillon, P.D. 
& Tones, M.A. (1984) J. Mol. CeZl. Cardiol. 16, 175-187. 

Studies with liposomes or adipocytes exposed to gossypol, a 
highly lipophilic drug, indicated non-specific perturbation of memb
rane lipid regions that may relate to its myriad disruptive effects, 
especially in cells particularly sensitive to variations in glucose 
availability.- De Peyster, A., Hyslop, P.A., Kuhn, C.E. & Sauerheber, R.D. 
(1986) Biochem. Pharmacal. 35, 3293-3300. 

Nutrient uptake also appeared to be involved in effects of acute 
or chronic ethanol ingestion on liver p.m. enzymes.-Gonzalez-Calvin, J.L., 
•••••• & Williams, R. (1985) ibid. 34, 2685-2289. 

Cellular aspects of diabetes mellitus have been considered.
Goldstein, S. (1984) Path. Biol. 32, 99-106. 

Endothelial injury, including possible p.m. damage (as postula
ted for bleomycin), has been surveyed in respect of anti-neoplastic 
agents.- Lazo, J.S. (1986) Biochem. Pharmacal. 35,1919-1923. 
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Forum contribution by C.R. Birkett (Univ. of Kent, Canterbury) on 
THE BENZIMIDAZOLE CARBAMATE ANTI-MICROTUBULE DRUGS 

Amongst anti-microtubule drug families, structurally unrelated, 
the benzimidazole carbamates have received especial attention because 
activity depends on the side-group. Particular drugs exhibit greater 
specificity for the tubulin (the target protein) of lower eukaryotes 
than of mammals, as tested with microtubule protein purified from 
parasitic nematodes. With live nematodes drug exposure causes intra
cellular derangements associated with loss of microtubules, especially 
in the highly active secretory cells of the gut. 

Comment (Birkett agreed) by M. Mareel.- In mammalian cells micro
tubuleo do not seem to have a cytoskeletal function [De Brabander, M., 
et al. (1977) Cell Biol. Internat. Repts. 1, 177-183]. Editor's note.
In The Cytoskeleton: A Target for Toxic Agents (1986; Clarkson, T.W., 
et al., eds.; Plenum), the Canterbury work is presented by E. H. Byard 
& K. Gull (pp. 83-96); it includes benzimidazole carbamate inhibition 
of protein and TG secretion by hepatocytes [Birkett, C. R., et al. 
(1981) Biochem. Pharmacol. JO, 1629-1633]. They also cite Mareel et 
al. (d. #E-8) for microtubule inhibitors as anti-invasive agents. 
T.L.M. Syversen et al. (pp. 23-34) survey toxic agents as tools for 
cytoskeletal studies, especially on tubulin, besides (e.g.) neuropathy 
due to vinca alkaloids. The book gives nil attention to the e.r. 

Other supplementary refs. contributed by Senior Editor 

Microtubules and microfilaments 

With liver subcellular fractions from rats given colchicine or 
vinblastine, evidence was obtained for decreased incorporation of 
certain membrane-forming phospholipids and retarded membrane flow 
from one compartment to another.- Azhar, S., Hwang, S-F. & Reaven, E. 
(1985) Biochem. Pharmacol. J4, 3153-3159. 

Perfused liver exposed to cytochalasin B, a microfilament poison, 
from rats whose lysosomes had been loaded with Triton WR-1339, showed 
no increased loss of the detergent or of lysosomal enzymes, although 
LDH loss was reduced.- Miche1akakis, H. & Danpure, C.J. (1986) ibid. 
J5, 933-938. In Vol. 15 of this series there are surveys, notably 
by C.R. Birkett & K. Gull and by W.W. Franke & R.A. Quinlan, of ways 
to study microtubules and intermediate filaments (thick microfila
ments). The latter have been studied (M.G. Caldwell & co-workers, 
mid-1970's) in relation to chronic ethanol ingestion. 

Nucleus, nucleic acids and ribosomes 

These cell components feature in B.F. Trump's publications (cf. 
p. 234) but not in the present book. In an early sketch, E. Farber 
[ (1971) Biochem. Pharmacol. 20, 1023-26] noted two patterns of response 
to inhibition of RNA synthesis. Agents that react primarily with 
DNA (e.g. actinomycin) cause dissociation of nucleolar components. 
Ribosome refs.: ischaemia, Bernelli-Zazzera, A., et al. (1971) Exp. Mol. 
Path. 17, 121-131; carcinogens in vitro (or centrifugation!): B.R. Rabin & 
co-authors (1978) Biochem. J.176, 9-14. 
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The aim was to investigate apical membranes of the epithelial 
cells in the upper GI* tract as a possible barrier to luminal acid 
and other insults, forming part of the 'intrinsic protective mechanism' 
of the mucosa. To study the integrity and transport capabilities 
of membrane vesicles, p.m.'s were isolated from duodenal enterocytes 
(furnishing BBMV' s) and histamine-stimulated parietal cel ls (fur
nishing SAV's) and, for comparison, microsomes from resting parietal 
cells. The effect of trypsin on membrane vesicle integrity and function 
was determined. Both BBMV's and SAV's manifested a major population 
of vesicles resistant to trypsin. 

These membrane types showed repro((ucible differences -in Upid 
bilauer fluidity, monitored by the fluorescence polarization of di
phenyl hexatriene (DPH). An increase in fluidity resulted from exposure 
of the membranes to ethanol or benzyl alcohol, and systematically 
led to increased salt-permeability of BBMV's. An assay for determining 
W permeability was developed. The H+-permeation rank order in the 
vesicle types was SAV's « BBMV's < gastric microsomes. These results 
correlate closely with the situation in vivo, and indicate a function 
of apical membranes in acting as a barrier to luminal H~ ~nile no 
correlation is evident between native membrane fluidity and H+ permea
tion, fluidizing agents increase H+ permeation systematical ly. 

The mucosa of the upper GI tract is frequently exposed to aggres
sive stimuli, which can compromise its integrity. The agents may 
be ingested (e.g. ethanol, aspirin) or may be produced by the gut 
itself (e.g. proteases, bile salt, acid). The effect of aggressive 

* Abbreviations: GI, gastrointestinal; BBM(V), brush border membrane 
(vesicle); SAV, stimulation-associated vesicle; iso, inside-out; rso, 
right-side out; p.m., plasma membrane; for DPH,pNPP, MSEP, e"l;c., see 
text. 
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stimuli seems to be exacerbated by the presence of luminal acid [1]; 
indeed, acid is central to the pathogenesis of peptic ulceration, 
to the extent that current ulcer therapy is predominantly based on 
the maxim 'no acid, no ulcer' [2]. The gastroduodenal mucosa of 
a healthy individual possesses properties which enable it to resist 
these luminal insul ts, and peptic ulceration is currently thought 
to be due to an imbalance between the erosive properties of gastric 
juice and resistance factors of the mucosa. 

Mechanisms of mucosal protection have been broadly divided into 
two categories: extrinsic and intrinsic protection [3]. Extrinsic 
protection is concerned with the ability of the mucosa as a whole 
to prevent entry of H+ into the tissue or the accumulation of toxic 
levels of g+ within the tissue. This is achieved by the specialized 
secretions of the mucosa (e.g. mucus, bicarbonate), by the high blood 
flow rate and by the tissue's ability to maintain an acid/base balance. 

Intrinsic protection involves the properties of individual cells 
of the epithelial lining of the mucosa, and their ability to withstand 
influxing acid or, if damage is widespread, to rapidly restore the 
integrity of the epithelium. The apical membranes of cells forming 
the gastroduodenal epithelium will be exposed to luminal acid and 
other insults, and have inherent resistance to the permeation and/or 
accumulation of H+ into the cells and to luminal proteases. These 
resistance capabilities, together with the epithelial tight junctions, 
consti tute the 'gastric mucosal barrier' [1]. Noxious agents of 
the class known as 'barrier breakers', e.g. ethanol, detergents and 
aspirin, increase the permeability of the membrane to H+ [4-6]. 

Gastric mucosal cells have the capacity to extrude H+ by the 
operation of a Na+/H+ exchange mechanism [7], while the apical membrane 
of the parietal cell maintains proton gradients of 6 orders of 
magnitude, generated by the operation of a H+/K+-ATPase. The approach 
pursued in these studies is to isolate membrane vesicles from defined 
cell types of the gastroduodenal mucosa, and to use these as models 
of membrane resistance. 

The following membrane types. were selected for study.-
(a) Apical membranes of histamine-stimulated parietal cells; these 
SAV's possess H+/K+-ATPase, r<+ and Cl- conductances andin vivo are 
exposed to H+ g.radients exceeding 106 Such membranes may be regarded 
as highly resistant to acid. 
(b) Tubulovesicular membranes of resting (H2 -receptor antagonized) 
parietal cells (gastric microsomes); these possess H+/K+-ATPase but 
no r<+ conductances. Their intracellular localization in vivo indicates 
that they will not encounter extremes of pH, or other insults. 
(c) Microvillus (brush border) membranes of duodenal enterocytes; 
these BBM's possess enzymes and transport elements involved in 
digestion and absorption of nutrients, e. g. saccharide transport, 
and will be exposed to episodic pH changes and luminal barrier breakers. 
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PREPARATION AND CHARACTERIZATION OF MUCOSAL CELL MEMBRANES 

Treatment of animals and preparation of tissue 

New Zealand White rabbits (-3kg) of both sexes were fasted over
night with free access to water. If stimulated gastric mucosa was 
required, free access to food was allowed for 20 min. Animals were 
injected s.c. with 1.0 ml of a sedative mixture (ketamine hydro
chloride, 60 mg/ml; xylazine, 60 mg/ml; acepromazine maleate, 
1.2 mg/ml), 0.3 ml of chlorpheniramine maleate (IS mg/ml) and -
repeated IS min later - 0.3 ml of histamine acid phosphate (100 ~1). 
After a further 10 min the animals were anaesthetized with i.v. Na 
pentobarbital. For the preparation of resting mucosa the animals 
were not fed, and chlorpheniramine and histamine inj ections were 
replaced by 2 x 0.3 ml of cimetidine (lSO mg/ml). The remaining 
procedures were identical for the two secretory states. 

Followl.ng anaesthesia the stomach was removed, divided longi
tudinally, washed free of luminal contents and immersed in ice-cold 
saline. The antrum was discarded; the fundus was blotted to remove 
mucus and scraped with glass microscope slides. The mucosa was trans
ferred to 20 ml of ice-cold 'MSEP' buffer (l2S roM mannitol, 40 roM 
sucrose, 1 roM EDTA, 5 w~ Pipes-Tris, pH 6.7). The tissue was minced 
with surgical scissors, diluted with 180 ml of MSEP, and homogenized 
by 16-18 passes of a Potter-Elvehjem homogenizer, with a loose-fitting 
teflon pestle operating at 200 rev/min (Braun Potter S). 

To prepare BBMV's, animals were killed by cervical dislocation 
or i.v. pentobarbital, and 40 cm of proximal duodenum removed. It 
was flushed with ice-cold saline, opened longitudinally and blotted 
to remove adherent mucus. The mucosa was scraped with microscope 
slides and transferred to 20 vol. of homogenizing medium (SO roM mannitol, 
2 roM Tris-Cl, pH 7.4). The tissue was homogenized for 2 min at 0° 
in a Serval Omnimixer operating at 3000 rev/min. 

Preparation of membrane fractions 

Gastric mucosa was fractionated by differential centrifugation 
followed by density-gradient centrifugation based on the method of 
Wolosin & Forte [8]. BBMV's were isolated from duodenum by Mg2+-induced 
precipitation of subcellular organelles, followed by differential 
cen~rifugation, based on the method of Kessler et al. [9]. 

~eparation of SAV's.- The homogenate was centrifuged at 800 g 
for 10 min, and the pellet discarded. The supernatant was adjusted 
to pH 7.4 with 1 M Tris and centrifuged at 7000 g for 12 min. The 
pellet was re-suspended in 12.5 ml sucrose-Tris (300 roM sucrose, 
5 roM Tris-HCl pH 7.4) and diluted with 1 vol. of 20% (w/v) Ficoll 400 
ill sucrose-Tris; 12 ml was layered onto 12 ml of 16% Ficoll 400 in 
the same medium, and sucrose-Tris layered on top. The gradient was 
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centrifuged at 135,000 g for 16 h. The material from each interface 
('10%' and '16%') was diluted into 25-50 vol. of sucrose-Tris and 
harvested by centrifugation at 140,000 g for 60 min. Pellets were 
re-suspended in sucrose-Tris, and either used on the same day or 
diluted with 0.8 vol. of 2 M sucrose, frozen in liquid nitrogen and 
stored at -70 0 for up to 1 month. (SAV product: the '16%' material.) 

Preparation of gastric microsanes.- The homogenate was centrifuged 
at 800 g for 10 min (the pellet being discarded in this and the next 
two centrifugations). The supernatant was adjusted to pH 7.4, centri
fuged at 2000 g for 10 min, and the supernatant centrifuged at 12,000 g 
for 12 min. The supernatant was centrifuged at 140,000 g for 60 min 
to yield the microsomal pellet, which was re-suspended in sucrose-Tris, 
layered onto a discontinuous gradient made of 5, 10 and 15% (w/v) 
Ficoll 400 in sucrose-Tris, and centrifuged for 16 h at 135,000 g. 
The material accumulating at the interfaces was collected, and diluted, 
harvested and further treated as for SAV's (microsomes at 5% interface). 

Preparation of duodenal BBNV~.-Duodenal mucosal homogenate was 
stored at 0 0 and 0.01 vol. 1 M MgCl 2 added: Centrifugation, 15 min 
later, was at 3000 g for 20 min. The supernatant was centrifuged 
at 27,000 g for 40 min, and the pellet re-suspended in 300 mM mannitol/ 
5 mM Tris-HCl at a final protein concentration of 15-30 mg/ml; it 
was either used immediately or frozen in liquid nitrogen and stored 
at -70°. 

Characterization of membrane fractions 

Protein was determined by Bradford's method [10] using y-globulin 
(Cohn fraction V) as standard. Zn2+-resistant a-glucosidase activity 
was determined fluorometrica11y by the method of Peters [11]. Samples 
were incubated with 1 vol. of 20 mM ZnS04 for 20 min at 0°, and then 
at 37° (in 0.25 ml) in the presence of 0.21 mM 4-methy1umbelliferyl
a-D-glucopyranoside and 0.1 M phosphate buffer, pH 8.0. The reaction 
was stopped by adding 2 ml pH 10.4 50 ru~ glycine buffer. Liberated 
4-methylumbelliferone was measured at 460 nm (excitation at 365 nm; 
Perkin Elmer LS-5 spectrometer). The latency of this activity was 
investigated by assaying in the presence of 300mM mannitol with or 
without 0.1% (w/v) Triton X-IOO present. 

p-Nitrophenyl phosphatase (pNPPase) activities were determined 
in 1 ml of medium containing 10-50 ].1g of protein, 20 mM Tris-HCI 
(pH 7.5),4 mMMgS04' 0.2 mM EDTA, 1 ru'1 ouabain and 10 mM NaCI or 
KCI, initiated by addition of Na pNPP to 5 mM. K+-pNPPase, an expres
sion of the H+/K+-ATPase, was defined as the activity in the presence 
of 10 mM K+, after subtraction of that in the presence of 10 mM Na+. 

Latent K+-pNPPase activities were determined by incubation of 
vesicles with the detergent n-octyl glucoside [12], 6-18 mM in 100 ].11 
sucrose-Tris, with a membrane sample containing 50 ].1g of protein; 
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Table 1. Marker enzyme characterization and transport properties of 
gastroduodenal membrane vesicles (abbreviations: footnote, title p.). 
Enrichment is expressed as relative specific activity (fraction VB. 
homogenate, on protein basis). 

Type Marker r.s.a. % latent TransPQrt property assayed 

Gastric K+-pNPPase 10-12 0 ATP-dependent H+-accumulation microsome (expressed only by vesicles 
SAV K+-pNPPase 6-9 50-70 with iso orientation) 

BBMV Z H . t t Na+-dependent glucose n -re~s an 15-18 0 
a:-glucos~dase accumulation 

after 10 min at room temperature, 9 vol. of ice-cold sucrose-Tris 
was added and 200 p.l aliquots were assayed for K+ -pNPPase in the 
presence of 250 mM sucrose as osmotic protectant (i.e. total osmotic 
pressure -300 mOsm). 

Table 1 summarizes the characterization of the membrane prepara
tions,by enzymic analysis. 

Transport properties of vesicles 

H+-uptake.- Vesicular acidification was followed by quenching 
of acridine orange fluorescence [12]. An aliquot of vesicles was 
diluted into a medium containing 140 mM KCl, 20 mM sucrose, 2.5 mM 
Tris-Tes (pH 7.2), 50 mM EDTA and 2 ~ Mg-ATP, and fluorescence was 
monitored at 530 nm (excitation at 493 nm). 

Fig. 1 summarizes the uptake of H+ by SAV' s and gastric microsomes. 
Both types of vesicle demonstrate ATP-dependent H+ accumulation due 
to the action of the H+/~-ATPase. The process in gastric microsomes 
is dependent on valinomycin, indicating impermeability to K+, whereas 
SAV's possess a conductance for this ion. Due to the enzyme's orien
tation, only sealed vesicles with an iso orientation may be expected 
to demonstrate H+ accumulation. Both preparations thus contain iso 
vesicles, exclusively so for gastric microsomal vesicles whereas 
the presence of latent K+-pNPPase (and hence H+/K+-ATPase) in SAV's 
indicates a mixed population of iso and rso vesicles. Evidence from 
freeze-fracture electron micrographs of SAV's indicates that the 
vesicles are predominantly rso [13]. 

Na+ -dependent glucose uptake. - BBMV's were assayed for their 
ability to support Na+-dependent glucose accumulation [14]. Vesicles 
(15-30 mg protein/ml) were added to 1 vol. of 0.15 M NaCl/0.2 mM 
Hepes-HCl (pH 7.4)/0.2 mM glucose containing [U-l~C]glucose, at room 
temperature. At intervals aliquots were removed and filtered through 
nitrocellulose filters (mesh size 0.45 p.m) in a vacuum filtration 
manifold (Amicon VFMl). Filters were washed with 2 x 5 ml aliquots 
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Fig. 1. Transport properties of membrane vesicles isolated from 
(a, b) gastric or (c) duodenal mucosa. Val = 10 ~ valinomycin. 
(a): ATP-dependent H+-accumulation by SAV's (method as in text). 
(b): ATP-dependent H+-accumulation by gastric microsomes. 
(c): Na+-dependent glucose accumulation by BBMV's. Points represent 
mean ±S.E.M. (n = 6). 

of ice-cold 0.5 roM phloridzin in 0.15 M NaCI, allowed to dry, left 
overnight in scintillant (5 ml; LKB Optiphase Safe), and counted. 

The accumulation of glucose by BBMV's in response to an imposed 
Na+ gradient demonstrates the presence of a population of sealed 
vesicles. The lack of latent Zn2+-resistant a-glucosidase activity 
(an ecto enzyme in vivo) indicates that the vesicles are exclusively 
rso. The glucose retained at equilibrium indicates an intravesicular 
volume of 0.5-1 ~l/mg protein. 

Resistance of luminal membrane vesicles to trypsin 

Treatment with trypsin (bovine, type I) was performed at 30° 
in sucrose-Tris (gastric microsomes and SAV's) or 300 roM mannitol/5 
roM Tris-HCI, pH 7.4 (BBMV's) , the wt. ratio of trypsin to membrane 
protein being varied from 1:100 to 1:5. At intervals aliquots were 
added to soya bean trypsin inhibitor (preceding trypsin in the controls) 
in a 10-fold wt. excess over trypsin. 

Trypsin effects on the gastric vesicles.- Fig. 2 shows the effect 
on latent and non-latent K+ -pNPPase activity and on ATP-dependent 
H+-accumulation. K+-pNPPase activity associated with gastric micro
somes was almost totally destroyed by 10 min incubation with trypsin 
at a wt. ratio of 1:10, and SAV non-latent activity was reduced to 
10% while latent activity was unaffected. This result indicates 
that apical membranes of parietal cells are intrinsically resistant 
to trypsin. Treatment with trypsin al50 produced total inhibition 
of H+ accumulation, not directly linked to the reduction in K+-pNPPase 
activity. At a 1:100 wt. ratio, K+-pNPPase activity in gastric 
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Fig. 2. K+-pNPPase activity and ATP-dependent H+ accumulation as 
affected by trypsin, in wt. ratio of 1:10 or (c) 1:100 to vesicle 
protein. Activities expressed at % of the zero-time value. 
(a) SAV's: effect on latent (e) and non-latent (0) pNPPase. 
(b) and [with less trypsin] (c): gastric microsomes - effects on 
total pNPPase (0) and H+ accumulation (0). 

microsomes was unaffected, but R+ accumulation was progressively 
reduced. One interpretation of this result is that trypsin has permea
bilized the vesicles, and subsequently allowed transported protons 
to leak back into the medium. 

Trypsin effects on the duodend:\l vesicles. - For BBMV 's , Fig. 3 
summarizes the effect of trypsin (a) on the Na+/glucose accumulation, 
and (b) on the average enclosed vo~ume. Na+-driven glucose uptake 
was demonstrable in both control and trypsin-treated vesicles, reaching 
after 20 sec a peak of 464 ±90 (control) or 326 ±68 (treated) pmol/mg 
protein (means ±S.E.M.'s; n = 4). The glucose retained at equilibrium 
was reduced from 68.3 ±17.l (n = 8) to 33.8 ±5.5 (n=8) pmol/mg. The 
ratio of peak to equilibrium uptake (control: 8 .. 2 :to. 7) was unaffected 
by trypsin (9.8 ±1.4), indicating that the functional properties 
of the Na+/glucose transporter are unaffected by trypsin. 

Fig. 3 (b) shows the time course of the trypsin-induced reduction 
in vesicular volume. It fell from 0.53 ±0.08 (n = 14) to 0.32 ±0.06 
(n = 7) ].l1/mg protein after 30 min and to 0.26 ±0.07 (n = 8) after 
80 min of incubation with trypsin at a 1:10 wt. ratio. With 1:5 
there were similar reductions, while with 1:50 the parameters measured 
showed no significant changes. These results indicate the presence 
of two populations of sealed membrane vesicles, both capable of Na+
dependent glucose transport. The first is sensitive to trypsin which 
disrupts it rapidly. The second, identical with the first with respect 
to glucose transport, is resistant. The developmental relationship 
between these two populations may be of interest. 
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enclosed volume (b) of BBMV's as affected by incubation with 
trypsin, in wt. ratio of 1:10. Values are means ±S.E.M.; 0, control; 
., trypsin. (a): 30 min incubation; n = 6. (b): n = 8-10; * P < 0.05. 

Membrane fluidity: effects on membrane permeability and integrity 

The fluidity (inverse of the microviscosity) of the hydrophobic 
region of membrane vesicles was monitored from the degree of fluor
escence polarization of 1,6-diphenyl-l,3,s-hexatriene (DPH). Vesicles 
were suspended in sucrose-Tris in the presence of 2 J.1M DPH (added 
as a 2 roM stock solution in tetrahydrofuran). Fluorescence anisotropy 
(P) was measured in a Perkin Elmer LS-s luminescence spectrometer 
fitted with an automatically controlled polarizing accessory, and 
the temperature was maintained by a thermostatted cuvette holder 
attached to a circulating water bath. P was related tothe fluorescence 
intensities (360 nm excitation, 430 nm emission) when the emission 
polarizer was oriented parallel (III) and perpendicular (11 ) to the 
vertically polarized excitation beam: 

p=III-g'I1 

I II + g. 11 
where 

I' 
g =~ 

I' 
1 

g being a correction factor for the different intensities of parallel 
and perpendicularly polarized light; primed intensities are emission 
intensities measured with horizontally polarized excitation beams. 
The degree of fluorescence polarization was related to apparent micro
viscosity (n) by the following equation [15]: 

_ 2P 
n = 0.46 _ P 

Fluidity is the inverse of this value, and has units of poise-I. 
Agents were added to the membrane suspension and the system allowed 
to equilibrate for 2 min before readings were taken. 

Fig. 4a shows the effect of temperature on the degree of fluor
escence polarization, measured in the presence of the three membrane 
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Fig. 4. Fluidity of membranes, assessed by fluorescence anisotropy 
of DPH. (a) Effect of temperature on the anisotropy (2 expts.) of: 
Q, BBMV's; ~, SAV's; 0, gastric microsome membranes. (b) Effect of 
benzyl alcohol (., ., +) and ethanol (0, 0) on apparent membrane 
fluidity of BBMV's (.,0 ), SAV's (., 0) and gastric microsomes (+). 

preparations. These have characteristic fluorescence polarization 
values, and fluidity is increased (i, e. fluorescence polarization 
decreased) by increasing temperatures. The order of fluidity is 
BBMV < SAV < gastric microsomes. The effect of increasing concentra
tions of benzyl alcohol and ethanol on membrane fluidity is shown in 
Fig. 4b. Both agents increase fluidity in all membrane types studied. 
Aspirin and bile salts at concentrations below their critical micellar 
concentrations produced no effect on membrane fluidity as assessed 
by DPH fluorescence polari~ation. 

Effect of membrane fluidization on permeability 

The permeability of BBMV's to NaCl was determined from the rate 
of re-swell of a suspension of vesicles following exposure to a hyper
tonic pulse of salt. The rate of re-swell, and hence the time course 
of scattered-light intensity as usee to monitor it, has been shown 
to follow first-order kinetics [16]. 

BBMV's (0.1 mg protein/ml) in sucrose-Tris qnd 50 roM benzyl 
alcohol were equilibrated at 30° (instrumentation as above; 450 nm 
excitation, and emission grating removed); 0.1 vol. of 2.5 M NaCl 
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Fig. 5. Effect of benzyl alcohol (0-50 mM) on NaCl permeability of 
BBMV's. (a) Time course of re-swell (monitored by light-scattering 
decrease) following exposure to a hypertonic pulse of NaCl (0.25 M). 
(b) First-order rate constants determined from the re-swell time 
course; mean ±S.D. (n = 3). 

in sucrose-Tris was added, the contents mixed by rapid aspiration 
into a pipette, and light-scattering monitored. Time courses were 
ascertained, and first-order rate constants calculated after the 
method of Rabon et al. [16]. 

The effect of increasing concentrations of benzyl alcohol on 
the time course of re-swell, and the rate constant for re-swell, 
are shown in Fig. 5. Increasing concentrations increased vesicle 
permeability, as demonstrated by the magnitude of the rate constant 
for re-swell. 

Proton permeability of membranes 

The permeability of membrane vesicles to H+ was measured from 
the rate of collapse of pre-formed pH gradients, monitored by acridine 
orange fluorescence quenching [17]. The vesicles were equilibrated 
overnight in a medium containing 300 mM sucrose/10 11IJ.'1 Hepes-Tris, 
pH 6.5. H+ permeation was measured by diluting vesicles to a final 
concentration of 0.1-0.2 mg/ml into 6 ~ acridine orange in the same 
medium but of pH 8.0 and with 0-50 roM benzyl alcohol present. Addition 
of vesicles resul ted in a 50-70% decrease in the acridine orange 
fluorescent signal, whose subsequent time course was followed (494 nm 
excitation, 530 nm emission). 

The recovery of fluorescence followed a first-order process 
(Figs. 6 & 7). The observed order of proton permeabilities was SAV's 
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Fig. 6. H+ permea,bility of gastric microsomes: acridine orange fluor
escence quenching V8. time. (a) Relation to concentration of benzyl 
alcohol (added to alter fluidity). GM denotes gastric microsomes. 
(b) Curves as described by a bi-exponential function:, " 

t.Ft = t.Fo(A.e k t + B.e k t) 
A, Bare proportionality constants (A + B = 1); k', k" are first-order 
rate constants; t.Fo,t.Ft = fluorescence quenching, initial and at time t. 
Curves analyzed are for 0 (0), 10 (0), 25 (0) & 50 (t.) rnM benzyl alcohol. 

Fig. 7. H+ permeability of vesicles: 6 
acridine orange fluorescence quench-
ing V8. time, with different benzyl 
alcohol concentrations. Analysis of 
the time courses gave rate constants: 
k' (0) and kIt (_) for gastric micro-
somes; 
k' (U) forBBMV's; 
k' (t.) for SAV's. 
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(nil) <BBMV's< gastric microsomes, correlating well with their physio
logical situations. The parietal cell membrane has to maintain large 
pH gradients, and any proton leak would short-circuit the K+/H+-ATPase 
responsible for H+ secretion. BBM's will be periodically exposed 
to low pH, while gastric microsomes will be exposed only to intracellu
lar pH, which is maintained between narrow limits by active processes. 
There is no correlation between membrane fluidity (BBMV's < SAV' s 
<gastric microsomes) and intrinsic proton permeability (SAV's < BBMV's 
<gastric microsomes); but the presence of the fluidizing agent benzyl 
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alcohol increases proton permeability (Fig. 6b) in both gastric 
microsomes and BBMV's. The experiments were not sensitive enough 
to demonstrate any change in the permeability of SAV's. 
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The smal l intestinal brush border membrane contains several 
peptidases and glycosidases of importance for the final digestion 
of proteins and carbohydrates. These enzymes typically have a main 
portion in the intestinal lumen and a small N-teY'lTlinal portion anchoring 
them to the membrane. Certain maldigestion diseases can be explained 
by deficient expression of these enzymes. The enzymes are synthesized 
in the rough e.r.* and transported to the brush border membrane via 
the Golgi apparatus, where they are modified. Disturbances in these 
processes may cause depressed enzyme activities; thus sucrase
isomaltase is not fully active if incompletely glycosylated. 

In coeliac disease the microvillar structure is deranged because 
of a reaction to wheat gliadin proteins, which also give rise to 
circulating Ab's. The disease was formerly attributed to malfunction 
of some digestive enzyme, but conceivably the gliadin peptides have 
a direct toxic effect on the membrane structure. 

The brush border membrane is continuously renewed by the insertion 
of exocytotic vesicles, which in some part of their route may gain a 
protein coat. To help elucidate the mechanism for p.m. renewaZ, 
methods have been developed for purifying coated vesicles from the 
small intestine of the pig. 

The small intestinal mucosa is typically folded into villi which 
are interrupted by regenerative crypts and are supported by a connective 
tissue layer containing blood and lymph vessels, nerve fibres, smooth 
muscle cells and fibroblasts. The monoepithelial mucosal layer 
comprises mainly enterocytes but also goblet and endocrine cells. 

*Ed.'s abbreviations: c.v., coated vesicle; e.r., endoplasmic reticu-
lum; p.m., plasma membrane; Ab, antibody. 
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The enterocyte is a highly polarized columnar epithelial cell 
with mainly digestive and absorptive functions. For these purposes 
the area of the apical membrane is great ly enhanced by microvilli 
that form the brush border. The basolateral membrane has its own 
distinct morphology and function, and consequently differs in 
biochemical composition. 

Cell and membrane isolation * 

It is easy to isolate enterocytes, either as frp~ cells or as 
sheets, since these cells are only loosely attached t. the connective 
tissue layer. For many biochemical purposes large amounts of mucosa 
may be obtained by scraping the washed intestine with a microscope 
slide. For preparative purification purposes, it is common to subject 
intestinal pieces to vibration [1]; this procedure is easy and rapid 
although giving somewhat lower yield. ' 

Intact brush borders can be isolated by careful homogenization 
of an enterocyte suspension in the presence of EDTA [2]. Thereby 
the p.m. is disrupted at the tight junctions and in the basolateral 
membrane, but because of a well-developed cytoskeleton the apical 
membrane is kept intact. Contaminating organelles are removed by 
differential centrifugation. By changing the conditions the brush 
borders can be disrupted, giving small microvillar vesicles [3]. 

For preparative biochemical purposes the introduction of the 
divalent ion precipitation technique was of great importance [4]. 
In this technique, enterocytes are homogenized in a Waring-type blender 
and the intracellular and basolateral membrane fragments removed 
by precipitation with Ca 2 + or Mg2+. Small amounts of contaminants 
can be removed by the use of immunadsorbent chromatography or adsorption 
chromatography on agarose beads [5, 6]. 

Microvillar membranes prepared by any of these methods are mainly 
right-side-out vesicles. Their interior is filled with a filamentous 
material originating from the microvillar cytoskeleton. A pure 
membrane preparation may be obtained by removal of this material 
by treatment with high concentrations of LiSCN [7] or by alkaline 
pH [8]. 

MICROVILLAR MEMBRANE PROTEINS 

Aminopeptidase N, sucrase-isomal tase and mal tase-gl ucoamylase 
are maj or proteins of the microvillar membrane [9]. They are integrated 
into the microvillar membrane by a short N-terminal peptide segment, 
the anchor. This property makes it possible to release them in an 
enzymatically active form by proteolytic treatment, leaving the anchor 

* See also B.A. Lewis et al. in Vol. 6, this series, and the index 
entry 'Sidedness' in Vo1s. 6, 13 & 15.- Ed. 
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Table 1. Immunoadsorbent purification of intestinal microvillar 
enzymes by hypotonic elution, with 0.1% Triton X-100 in the buffer, 
viz. 2 roM Tris-He 1 pH 8.0 or 1 roM K phosphate pH 7.4. From ref. [10 } . 

Enzyme Elution buffer Recovery Purific'n factor Ref. 

Aminopeptidase N Tris-Hel 70% 5.6 11 

Dipeptidyl peptidase IV Tris-Hel 56% 48 12 

Sucrase-isomaltase Tris-Hel 40% 8.0 13 

Lactase-phlorizir. K phos. 32% 21 14 
hydrolase K phos. 30% 32 15 

Maltase-glucoamylase K phos. 32% 8.3 16 

in the membrane. To solubilize the intact molecule, however, detergents 
are required. [For detergent approaches (non-intestinal) see Vol. 13.-Ed.] 

The purification of detergent-released proteins causes methodo
logical problems, as the binding of detergent obviously gives the 
different molecules very similar properties, resulting in poor 
resolution with conventional chromatography methods. As this does 
not apply to proteolytically released enzymes, these were purified 
and specific Ab's raised. By using a new principle for the elution 
of proteins from immunoadsorbents, hypotonic elution [10], three 
glycosidases and two peptidases as listed in Table 1 were purified, 
all from the pig (also human in the case of lactase-phlorizin hydro
lase). In this method the immunoadsorbent is saturated with the 
protein to be purified (seemingly essential) and is then, after washing, 
eluted by a buffer of very low ionic strength or with water. The 
method has the obvious advantage that it does not destroy the biological 
activity of the proteins to be purified and allows the use of the 
immunoadsorbent several times. Thus the same column was used up 
to 20 times without significant decrease in either capacity or specifi
city. 

STUDIES ON BIOSYNTHESIS OF THE ENZYMES 

The characterization of the biosynthesis, the intracellular 
transport and processing of these enzymes might be expected to suggest 
new mechanisms behind depressed expression of these enzymes in the 
microvillar membrane. Such an approach has successfully unravelled 
several different mechanisms behind the low levels of the LDL receptor 
as a cause of familial hypercholesterolaemia. 

For biosyntnesis studies organ cuI ture of small intestinal mucosa 
sheets (porcine) was used. When mucosa and submucosa was dissected 
from the rest of the intestine and placed on a grid in tissue culture 
medium, the tissue stayed alive for up to 24 h [17]. [ 35S]Methionine 
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was added to the medium for defined periods of time, chased in some 
experiments by cold methionine. The tissue was homogenized, microvil
lar membrane vesicles separated from the other membrane vesicles 
by the divalent cation precipitation technique, and the enzymes 
solubilized with detergent. 

The different enzymes were purified by a modification of line 
immunoelectrophoresis. This method [18] has the advantage that it 
allows the purification of up to 4 different enzymes in the same 
experiment. In short, the antigen was applied in a 1 x 1 cm square 
and different specific Ab's cast into 1 x 1.5 cm squares anodically 
to the antigen sample. After electrophoresis, the agarose gel was 
pressed, re-swollen in 0.5 M NaCl, pressed again, re-swollen in de
ionized water, and finally pressed before excision of the immunoprecip:L
tates by means of a scalpel. If the immunoprecipitates were not 
readily detectable, they were visualized by staining with Coomassie 
Brilliant Blue and the gel re-swollen by immersion in deionized water 
before excising the precipitates. 

Our results have been summarized in a recent review [19]. The 
enzymes labelled with a 10 min pulse were all exclusively located 
in the Ca2+-precipitated membrane fraction rather than occurring in 
a soluble form. Thus, membranes other than the microvillar membrane 
must be translocationally active for insertion of these enzymes. 
By cell-free translation of intestinal mRNA, it was revealed that 
aminopeptidase N was integrated into dog microsomal membranes, arguing 
in favour of a co-translational membrane insertion of the microvillar 
enzymes into the rough e.r. During this process they became high
mannose-glycosylated as evidenced by their sensitivity to endoglycos
idase H. 

The intrac~llular transport and processing of the enzymes was 
studied by pulse-chase labelling in combination with subcellular 
fractionation (Fig. 1). At 40-60 min after a 10-min pulse a new 
molecular form was detected in the Ca 2 +-precipitatedmembrane fraction 
that was insensitive to endoglycosidase H, suggesting that it was 
further subjected to so-called complex glycosylation. After 60-90 min 
of chase these latter forms appeared in the microvillar membrane. 
These experiments argue for a common, membrane-bound route of transport 
for the transfer of microvillar enzymes from their site of synthesis 
to their final destination. 

The use of different inhibitors with defined effects gave further 
information on the intracellular transport and processing. When 
pig intestinal explants were labelled in the presence of monensin 
(which impairs the function of the Golgi complex, the endosomes and 
the lysosomes without affecting protein synthesis), the intracellular 
traffic of newly synthesized enzymes to the microvillar membrane 
and their processing were arrested. Colchicine (known to interfere 
with the function of microtubules) was also found to inhibit the 
transport of pig intestinal enzymes to the microvillar membrane. 
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Fig. 1. Pulse-chase labelling of aminopeptidase N from the solubil
ized Ca 2 +-precipitated membrane fraction (A) and microvillar memb-
rane fraction (B) from pig mucosa. From {20h by permission. 

Use of endoglycosidase H showed that the enzymes are N-glycosyl
ated. The considerable difference in mol. wt. between the high-mannose 
and the complex glycosylated forms suggests, however, that the enzymes 
might also be O-glycosylated, a hypothesis supported by use of the 
inhibitor swainsonine in labelling experiments and by exposure of 
the enzymes to alkaline pH or endoglycosidase F. 

For the elucidation of enzyme deficiency states it was of 
considerable interest to know whether the carbohydrate processing 
is of an importance for the enzymatic activity. By treatment of 
a Ca2 +-precipitated membrane fraction with papain prior to solubili
zation with detergent and subsequent purification by immunoadsorbent 
chromatography, essentially pure forms of high-mannose-glycosylated 
aminopeptidase N, mal tase-gl ucoamyl ase and sucrase-isomal tase were 
obtained [21]. The explanation for this is that probably the papain 
treatment releases the complex glycosylated forms present in contami
nating microvillar vesicles, or in intracellular membranes that have 
not vesiculated in a way that protects the membranes from the action 
of the proteinase. Comparison of specific enzyme activities (measured 
as enzymatic activity/immunological reactivity) of high-mannose and 
complex glycosylated forms showed no difference for aminopeptidase N 
or mal tase-gl ucoamylase, but for sucrase-isomal tase the high-mannose
glycosylated form had a markedly lower activity. 
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DEPRESSED ENZYME EXPRESSION 

Some chronic diarrhoeas may be explained by absent or mal
functioning digestive enzymes. Adult-type hypolactasia is the most 
frequent condition caused by disappearance of lactase-phlorizin 
hydrolase in childhood. By using crossed immunoelectrophoresis in 
combination with specific enzymatic staining of the precipitates 
we demonstrated that the low enzymatic activity in adults with hypo
lactasia is caused by a low amount of the lactase protein and not 
by a malfunctioning enzyme [22]. As the immunological technique 
also measures possible inactive, intracellularly localized lactase 
molecules, our results also show that no significant amount of inactive 
lactase is present within the cell. 

Another group with depressed enzyme expression are the rarer 
inborn deficiencies of sucrase-isomal tase, mal tase-glucoamylase or 
lactase-phlorizin hydrolase. In a study of 9 sucrose-intolerant 
patients carried out in our laboratory [23], 3 had residual isomaltase 
activity and a corresponding isomaltase precipitate in crossed immuno
electrophoresis. By polyacrylamide gel electrophoresis (PAGE) in 
the presence of SDS followed by immunoblotting, the residual isomaltase 
was shown to be connected to a single polypeptide chain of kMr -145. 
By quantitative crossed immunoelectrophoresis it was also demonstrated 
that one patient had an almost total deficiency of mal tase-gluco
amylase, whereas 5 patients had depressed amounts of this enzyme. 
Defective intracellular processing followed by proteolysis may be 
an explanation of depressed levels whereas absence is more probably 
correlated to deficient synthesis. 

The first demonstration of a disturbed intracellular transport 
of a brush border membrane hydrolase was recently reported [24]. 
An intestinal biopsy from a 5-year old girl lacked sucrase but possessed 
low residual isomaltase activity. By immunoelectron microscopy with 
monoclonal Ab's against sucrase-isomaltase the enzyme was found almost 
exclusively in trans-Golgi cisternae and in associated vesicular 
structures, while no specific labelling was associated with the 
microvillar membrane. Immunoprecipitation experiments with iodinated 
mucosal homogenates suggested that the synthesized enzyme was high
mannose glycosylated. 

STUDIES IN COELIAC DISEASE 

The function of the enterocyte is greatly disturbed in coeliac 
disease, a condition caused by intolerance to wheat gluten. More 
specifically, the enterocyte is damaged by gliadin, the ethanol
extractable protein fraction of gluten. The incidence in Northern 
European countries is 1/800, the main symptom is chronic diarrhoea 
and the treatment is life-long diet avoiding all food containing 
gluten. 
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The mucosa of gliadin-exposed intestine of coeliacs shows lympho
cyte infiltration and loss of normal villous architecture. The entero
cyte is damaged with short distorted microvilli and numerous vesicles 
of different sizes in the cytoplasm. 

The molecular mechanisms behind the toxicity of gliadin in coeliac 
disease are unsettled. It was long believed that the reason was the 
absence of a digestive enzyme necessary for the digestion of one 
or several gliadin components. Thi s enzyme should function as a 
detoxifier of a toxic gliadin fraction. The demonstration [25] that 
a brush border sample from patients with coeliac disease can totally 
digest a gliadin sample made this hypothesis less plausible. 

It must therefore be suggested that the toxic peptide(s) interact 
with the brush border membrane before being digested and consequently 
that there is a difference in this interaction between normal and 
sensitive individuals. It may be that gliadin is taken up in both 
normal and predisposed individuals but is abnormally handled in the 
diseased patient. Alternati vely, gliadin may be taken up only in 
the sensitive patient. 

Gliadin consists of >40 different polypeptides, which can be 
separated into 4 groups by electrophoresis at acidic pH: the 0:-, 

f3-, y- and w- fractions. Even though many attempts have been made 
to identtify the toxic component(s) of gliadin both in vivo and in 
vitro, this problem has not been unequivocally solved. 

Immunological approaches 

Untreated coeliac patients have circulating IgA and IgG Ab' s 
to gliadin. In order to investigate whether the patients have a 
characteristic antigen-Ab pattern, we have analyzed the reactivity 
of the circulating Ab' s to the 4 isolated gliadin fractions using 
an immunoblotting technique [26]. Gliadin was prepared from wheat 
flour and the 4 peptide fractions purified by ion-exchange chromato
graphy on an SP-Sepharose C-50 column. The fractions were run by 
SDS-PAGE (10% gel), transferred to nitrocellulose sheets, incubated 
with patient sera in appropriate dilutions and visualized by a 
peroxidase-conjugated second Ab. 

Untreated patients show a characteristic reaction pattern 
(Fig. 2). All but one of the 15 tested reacted with two y-fraction 
bands of lu"1r 35 and 45. In active coeliac disease, especially with 
pronounced intestinal symptoms, reactivity was also observed in 0:-, 

~- and w-fractions. Sera from other patient groups, including coeliac 
patients in remission, usually displayed some reactivity against 
a- and ~-gliadin. 

By immunizing rabhits with a gliadin sample we could show that 
the pep tides of kMr 35 and 45 in the y-fraction were not more immunogenic 
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Fig. 2. Immunoblotting of the polypeptides in the a-, ~-, y- and 
w-fractions. A, B, C, 0: untreated coeliac disease; E, ulcerative 
coli tis. From ref. [26], by permission. 

than most of tne other peptides. It is therefore striking that patients 
with active coeliac disease, unlike other patients with disturbed 
intestinal function, characteristically produce Ab's against certain 
polypeptides in the y-fraction. This might be due to a specific 
uptake and presentation to the immunocompetent cells of certain peptides 
and it argues against the presence of these gliadin Ab' s as a secondary 
immunological phenomenon . 

If ingestion of gliadin is continued, this might lead to damage 
to the enterocytes by activation of the complement system. Ab' s 
against other gliadin fractions, as observed in coeliac disease 
patients with considerable intestinal symptoms, may be a consequence 
of immunization due to secondary barrier damage. Such an argument 
is strengthened by the Ab response to polypeptides in the a- and S-frac
tions seen in sera of other groups of patients, where there is damage 
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to the intestinal mucosa, e.g. by bacteria, causing leakage and hence 
a more general immunization with gliadin. 

PURIFICATION OF COATED VESICLES (c.v.'s) 

The brush border membrane is continually renewed by the fusion 
of vesicles containing newly synthesized material. In a state of 
damage to the cell, as in coeliac disease where apical p. m. area 
is reduced, there is a disproportion between removal of p.m. (by 
budding or endocytosis) and insertion of new material by exocytosis. 

The purification and characterization of exocytic vesicles 
would be expected to illuminate the mechanisms for membrane renewal 
and for the generation of polarity in a polarized cell. This seems, 
however, to be an extraordinarily difficult task, probably because 
of the paucity of vesicles present at a certain instant, even in 
(e.g.) virus-infected cells synthesizing membrane glycoproteins, and 
also of the absence of known markers. 

Vesicles have, however, been isolated from different tissues 
on the basis of their characteristic coat. These vesicles are best 
characterized from cells active in receptor-mediated endocytosis 
[27], but have also been suggested to be important in exocytic 
pathways [28]. In electron micrographs of the intestine, c.v.'s 
have been observed most often in the region of the Golgi apparatus, 
but also near the p.m. (Fig. 3), especially in samples from adult, 
cultured or foetal intestine. 

Two approaches were used for the preparative purification of 
such c. v. 's (Scheme 1): (I) destruction of contaminating vesicles 
by solubilization with Triton X-lOO, or (II) removal of microvillus 
vesicles by precipitation with Ab's and of smooth vesicles by aggreg
ation with Mg2+ 

Method I is based on the finding that despite solubilization 
of the membrane inside the coat, the coat is able to keep the material 
inside. There are 4 major steps (Scheme 1): a differential centri
fugation procedure to get a crude c.v. preparation, an initial Triton 
X-lOO treatment of the crude c. v. 's, gel filtration on Sephacryl 
S-lOO in the presence of Triton X-lOO and finally centrifugation 
of the fraction to separate soluble from vesicular material. This 
purification method gives c.v. 's containing -1% contaminating vesicles 
(400 vesicles counted/preparation) and small amounts of amorphous 
lIlateriaL The intestinal ~.v. 's exhibit the characteristic latt~ce 
structure found in c.v. 's from other sources (Fig. 4A). 

The protein pattern of the purified vesicles (Fig. 5) was 
dominated by clathrin of kMr 180. There were other prominent bands 
of kMr -100, 80, 70 and 50. In addition, several minor components 
were found including a distinct double band having Mr's -33. This 
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Scheme 1. Purification of pig small intestinal c.v.'s, with 
variant procedures, III and lill. MES buffer: 0.1 M 2-[N-morpholino]
ethansulphonic acid, 1 mM MgC12, 0.5 mM EDTA, 0.02% NaN 3 ,0.1 mM phenyl
methane sulphonyl chloride (PMSF). 

pattern is more heterogeneous than those reported for purified c.v. 's 
from other organs, perhaps because the Triton-solubilized proteins 
non-specifically adhere to the outside of the coat and thereby co
purify. 

Method II was therefore developed, not using detergent. The 
supernatant after precipitation of basolateral and intracellular 
membranes with Mg2+ and sedimentation of the bulk of the microvillar 
membranes by centrifugation was shown to contain c. v. 's, together 
with microvillar and smooth vesicles. Vesicles larger than the C.v. 's 
were removed by chromatography on Sephacryl S-1000. Addition of 
brush border antiserum preferentially aggregates remaining microvillar 
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Fig. 3. Coated pits and coated vesicles (arrows) in sections of 
cultured small intestine labelled for aminopeptidase N by an immuno
gold technique. Left, brush border region; right, Golgi region. 
Bar = 100 nm. 

vesicles of the same size as the c. v. 's. These aggregates and remaining 
smooth vesicles of the same size as the c. v. 's were separated by 
isopycnic centrifugation in a Ficoll gradient. The purity of this 
preparation was -90% (Fig. 4B). 

Interestingly, such a preparation displays a heterogeneous 
protein pattern similar to that previously demonstrated for c.v. 's 
purified by the detergent-extraction method. This special pattern 
of protein in intestinal c.v. 's may be explained by different functions 
of c. v. 's in various organs. Most of the hitherto characterized 
coated vesicle preparations originate from organs where endocytosis 
is a main feature. However, in normal intestine endocytosis is not 
prominent. It may therefore be that the majority of C.v. 's from 
the intestine represent a population of such vesicles taking part 
mainly in the exocytosis of newly synthesized membrane material in 
the intestine. 
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Fig. 4. Electron micrograph of C.v. 's 
purified by procedure I (A) and proced
ure II (B); negative-stained with 1% 
uranyl acetate. Bars = 100 nm [mag. 
for INSERT 2.7 times that of main (A) e.m.] 

References 

[#D-2 

Fig. 5. SDS-PAGE 
of purified c.v. 's 
(45 I1g protein). 
Coomassie Brilliant 
Blue staining. 

1. Kessler, M., Acuto, 0., Storelli, C., Murer, H., MUller, M. & 
Semenza, G. (1978) Biochim. Biophys. Acta 506. 136-154. 

2. Miller, D. & Crane, R.K. (1961) Anal. Biochem. 2, 284-286. 
3. Forstner, G.G., Sabesin, S.M. & Isselbacher, K. (1968) Biochem. 

J. 106, 381-390. 
4. Schmitz, J., Preiser, H., Maestracci, D., Gosh, B.K., Cerda, J.J. 

& Crane, R.K. (1973) Biochim. Biophys. Acta 323, 98-112. 
5. Carlsen, J., Christiansen, K. & Bro, B. (1982) Biochim. Biophys. 

Acta 689, 12-20. 



#0-2] Intestinal brush border 267 

6. Carlsen, J., Christiansen, K. & Bro, B. (1983) Biochim. Biophys. 
Acta 727, 412-415. 

7. Hopfer, U., Crowe, r.D. & randIer, B. (1983) Anal. Biochem. 131, 
447-452. 

8. Cowell, G.M. & Danielsen, E.M. (1984) FEBS Lett. 172, 309-314. 
9. Noren, 0., Sjostrom, H., Danielsen, E.M., Cowell, G.M. & 

Skovbjerg, H. (1986) in Molecular and Cellular Basis of 
Digestion (Desnuelle, P., Sjostrom, H. & Noren, 0., eds.), 
Elsevier, Amsterdam, pp. 335-365. 

10. Danielsen, E.M., Sjostrom, H. & Noren, o. (1982) J. Immunol. 
Meth. 52, 223-232. 

11. Sjostrom, H., Noren, 0., Jeppesen, L., Staun, M., Svensson, B. & 
Christiansen, L. (1978) Eur. J. Biochem. 88,503-511. 

12. Svensson, B., Danielsen, E.M., Staun, M., Jeppesen, L., Noren, O. 
& Sjostrom, H.(l978) Eur. J. Biochem. 90, 489-498. 

13. Sjostrom, H., Noren, 0., Christiansen, L., Wacker, H. & 
Semenza, G. (1980) J. Biol. Chem. 255, 11332-11338. 

14. Skovjberg, H., Sjostrom, H. & Noren, o. (1981) Eur. J. Biochem. 
114, 653-661. 

15. Skovjberg, H., Noren, 0., Sjostrom, H., Danielsen, E.M. ~ 
Enevoldsen, B.S. (1982) Biochim. Biophys. Acta 707, 89-97. 

16. S¢rensen, S.H., Noren, 0., Sjostrom, H. & Danielsen, E.M. (1982) 
Eur. J. Biochem. 126, 559-568. 

17. Danielsen, E.M., Sjostrom, H., Noren, 0., Bro, B. &Dabelsteen,E. 
(1982) Biochem. J. 202, 647-654. 

18. Danielsen, E.M. & Cowell, G.M. (1983) J. Biochem. Biophys. 
Meth. 8, 41-47. 

19. Danielsen, E.M., Cowell, G.M., Noren, O. & Sjostrom, H. (1984) 
Biochem. J. 221, 1-14. 

20. Danielsen, E.M. (1982) Biochem. J. 204, 639-645. 
21. Sjostrom, H., Noren, O. & Danielsen, E.M. (1985) J. Fed. 

Gastroent. Nutr. 4, 980-983. 
22. Skovpjerg, H., Gudmand-H¢yer, E. & Fenger, H.J. "(1980) Gut 21, 

360-364. 
23. Skovbjerg, H. & Krasilnikoff, P.A. (1986) J. Fed. Gastroent. 

Nutr. 5, 365-371. 
24. Hauri, H-P., Roth, J., Sterchi, E.E. & Lentze, M.J. (1985) 

?roc. Nat. Acad. Sci. 82, 4423-4427. 
25. Bruce, G., Woodley, J.F. & Swan, C.H.J. (1984) Gut 25, 919-

924. 
26. Friis, S.U., Noren, 0., Sjostrom, H. & Gudmand-H¢yer, E. (1986) 

Clin. Chim. Acta 155, 133-142. 
27. Steinman, R.M., Mellman,I.S., Muller, W.A. & Cohn, Z.A. (1983) 

J. Cell Biol. 96, 1-27. 
28. Rothman, J.E. & Fine, R.E. (1980) ?roc. Nat. Acad. Sci. 77, 780-

784. 



IID-3 

STUDIES OF THE MECHANISMS OF MUCOSAL IRON UPTAKE 

Robert J. Simpson and Timothy J. Peters 

Division of Clinical Cell Biology 
MRC Clinical Research Centre 
Watford Road, Harrow, Middlesex HAl 3UJ, U.K. 

269 

Brush border membrane can be isolated as closed vesicles, and 
transport components of 59Fe8+ and 59Fe 3+ uptake by brush border 
membrane vesicles have been identified. This brush border membrane 
transport is subject to adaptive regulation in response to varying 
whole-body iron requirements and accounts quantitatively and quali
tatively for in vivo mucosal 59Fe2+ uptake but not 59Fe3+ uptake. 
Investigation of the mechanism of 59Fe Z+ transport by rabbit brush 
border membrane vesicles has led to the isolation of a membrane Fe z+
binding constituent, identified as non-esterified fatty acid (NEFA). 

The study of mechanisms of intestinal iron absorption requires 
investigation of Fe uptake by isolated brush border membrane vesicles. 
Studies of Fe transport are complicated by the instability of Fe 2+ 
and Fe 3 + solutions at neutral pH and by the high affinity of Fe3+ 
for various biological molecules. These factors signify that Fe 
does not behave as a simple solute, hence demonstration that Fe uptake 
by brush border membrane vesicles is actually a membrane transport 
process is difficult. Fe2 + and Fe 3+ uptake by brush border membrane 
vesicles represents accumulation of Fe with respect to the Fe concentra
tion in the medium (Fig. I). Thus some binding or hydrolysis of 
Fe is occurring, either within or outside the vesicles. 

The conventional approach to demonstrating that an uptake process 
is in fact transport is to investigate the dependence of uptake on 
the osmotically active space within the vesicles. This is done by 
adding high concentrations of solutes (e.g. sugars, salts) to the 
outside of the vesicles, leading to shrinkage. Fig. 2 shows that 
Fe2 + uptake by mouse duodenal brush border membrane vesicles manifests 
a variety of responses, depending on the nature of the solute used 
to shrink the vesicles. For such experiments to be valid, retentioq 
of vesicles by the fil ters used in the uptake determination must 
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Fig. 1. Uptake of Fe 2 + and Fe 3 + 
by mouse duodenal brush border 
membrane vesicles. The vesicles, 
isolated as in [1, 2], were 
incubated at 37° in 59Fe-containing 
media, and uptake determined by 
rapid millipore filtration [2, 3]. 
Incubation media contained 90 ~ 
Fe, either 180 ~ nitriloacetic 
acid, NTA (Fe 3 +) or 1.9 mM Na 
ascorbate (Fe2 +), 0.1 M NaCI, 
0.1 M mannitol and 20 mM Hepes 
(final pH 7.25). Equilibration 
of Fe across the vesicle membrane 
would be represented by an uptake 
of 0.09 nmol/mg protein in both 
cases. 
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Fig. 2. Uptake of Fe 2 + in the 
presence of high concentrations 
of various solutes, generating 
high extravesicular osmolarities. 
Vesicles and uptake (incubation 
for 1 min) as in Fig. 1. Uptake 
plotted against ratio of intra
to extra-vesicular osmolarity 
(calculated assuming ideal 
solute behaviour). 

be unaffected by the shrinking agent. Retention of fresh mouse duodenal 
brush border membrane vesicles by Millipore GSWP filters is >99% 
(determined by assays of brush border marker a-glucosidase), even 
when they are maximally shrunk by NaCI [3]. Clearly, no simple osmotic 
experiment can determine whether Fe2 + uptake by brush border membrane 
vesicles is transport, as opposed to binding to the outside of the 
vesicles. Na salts weakly inhibit Fe uptake (Kr app >10 times the 
Fe concentration) and thus give a result predicted for a classic 
osmotic shrinkage experiment. 

A better way to investigate whether uptake is in fact transport 
is to use inhibitors of the uptake. Addition of NaCI stops the uptake, 
but does not displace 59Fe 2 + taken up prior to addition of the salt. 
This suggests that the Fe 2 + uptake is not a simple binding process 
which is inhibitable by NaCl. Protons are also potent inhibitors 
of Fe2 + uptake by brush border membrane vesicles. 
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Fig. 3. Effect of lowering the pH and addition of 8-hydroxyquino
line on Fe 2 + uptake by brush border membrane vesicles. (a) pH 7.2 
(& conditions as in Fig. 1); (b) pH 6.5 - as also in (C) & (d) where 
1.8 and 9~, respectively (final concn.), 8-hydroxyquinoline was 
present in the incubation medium, added as hemi-sulphate salt. 

Fig. 3 shows the effect of lowering the pH of the medium on 
Fe 2 + uptake by vesicles. Evident ly the Fe 2 + uptake rate, but not 
the end-point, is potently inhibited by lowering the medium's pH. 
This is consistent with uptake representing a pH-sensitive step with 
a subsequent pH-insensitive step. Addition of lipid-soluble Fe 
ligands, e.g. 8-hydroxyquinoline, restores the original uptake rate 
without greatly affecting the end-point (Fig. 3). These experiments, 
together with studies with cholate [4, 5], suggest that uptake is 
predominantly a two-step process, namely membrane transport followed 
by intravesicular binding. Several other studies also suggest that 
Fe 2 + uptake by mouse duodenal brush border membrane vesicles is 
primarily a transport process [2, 6]. 

Studies of membrane Fe 2+-binding components revealed a chloro
form/methanol- and cholate-extractable component of rabbit duodenal 
brush border membrane vesicles implicated in membrane transport [5]; 
it was identified as free fatty acid. 

Fig. 4 shows that incorporation of oleic acid into egg phosphat i
dylcholine/cholesterol liposomes (containing ferrozine, a Fe 2 +-sensitive 
dye) rendered them permeable to Fe 2 +. Pre-incubation studies showed 
that no leakage of ferrozine occurred, suggesting that the transport 
is specific for the metal and is not a detergent effect. The concentra
tion of fatty acid used (7.5% of the total lipid) is within the range 
of NEFA levels in mouse duodenal brush border membrane vesicles. 
Fe 2 + transport by several fatty acids (not illustrated) shows pH 
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Fig. 4. Effect of oleic acid on Fe2 + transport by liposomes made 
from 10 mg phosphatidylcholine and 2.5 mg cholesterol (a) or these 
lipids plus 1 mg oleic acid (b). Pre-incubation (37°): 10 min for lipo
somes, 5 min for freshly prepared solution as added at zero time: 
200 pM Fe2 +, 4.mM Na ascorbate, 0.1 M NaCI, 0.1 mM mannitol, 20iDL~ 
Hepes (final pH 7.2); 400 p.l. Ionophore A23187 (to 5 pM) was added 
(arrows) to mediate Fe 2 + uptake by control liposomes [7] in order 
to demonstrate the uptake endpoint and to confirm the integrity of 
the 1iposomes. These endpoints for both (a) and (b) correspond to 
-9 nmo1 total uptake of Fe2+ by the liposomes. 

optima near 7.0 (similar to brush border membrane vesicles). Fe 2+ 
transport by oleic acid is weakly inhibited by NaCI (Kr app 1 M) .• 
The NaCl liposome inhibition experiments were conducted at zero 
osmolarity gradient across the 1iposome membrane; thus the NaCI effect 
is solely due to inhibition. 

These studies suggest that Fe2 + uptake by mouse and rabbit 
proximal intestine brush border membrane vesicles is a two-step process, 
namely transport followed by intravesicu1ar binding. The membrane 
transport step can be explained by transport mediated by free fatty 
acids [cf. 8]. 
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The aim was to purify the plasma membrane (p.m.) from pancreatic 
acinar cells (rat) in order to investigate its role in intracellular 
Ca 2 + homeostasis and in activation of the cell by stimulators of 
enzyme secretion. One purification approach investigated Was 
attachment of isolated pancreatic acini to concanavalin A-Sepharose 4B 
followed by hypotonic lysis of the cells and elution of the membranes 
with a-methyl mannoside; however, this gave p.m. contaminated with 
intracellular organelles which bound to the Con A-Sepharose after 
cell lysis. 

The other approach entailed homogenization of isolated aC'l-n'l
or whole pancreas fol lowed by differential centrifugation and p. m. 
separation by Percoll density-gradient centrifugation. The p.m. 
thus isolated had <0.1% of the total cell endoplasmic reticulum (e.r.) 
and mitochondria, and couZd be vesiculated in the presence of a Ca 2 +_ 
activated photoprotein, allowing measurement of control of free Ca 2 + 
in isolated membrane vesicles. In addition, the purity of these 
membranes has allowed us to demonstrate a Ca 2+-activated Mg-ATPase, 
distinct from that of mitochondria or rough €l.r. Its properties suggest 
that the p.m. ATPase is cardinal to control of cytoplasmic free Ca 2+ 
in the stimulated cell. Investigations on p.m. from exocrine acinar 
cells could aid pathophysiological studies, e.g. on cystic fibrosis. 

In the pancreatic acinar cell, as in many cell types, a resting 
cytoplasmic ionized calcium concentration of the order of 10-7 has 
been measured [1-3]. This is maintained against the extracellular 
Ca 2 + concentration, -10- 3 M, by the relative impermeability of the 
p.m. to Ca 2 + and by intracellular Ca 2 + being bound or sequestered 
in organelles [4, 5]. In order to keep total cell Ca2+ constant, 
there must be mechanisms by which Ca 2+ can leave the cell. In general 
these can be energy-linked extrusion of Ca 2 + across the p.m. [6] 
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and via the secretory pathway by exocytosis [7]. There is consider
able evidence that stimulation of enzyme secretion is triggered by 
a rise in cytoplasmic Ca2+ [1-3, 8-10], and that this Ca2+ originates 
from an intracellular store [11, 12]. However, increased Ca2+ entry 
is also necess.ary to maintain the stimulated rate of enzyme release 
[11] • 

We have previously used subcellular fractionation techniques 
to investigate these processes in two ways [5, 13, 14].- (a) By 
isolating specific membrane types and studying their Ca2+-transloc
ating properties, we sought to assess their role in intracellular 
Ca2+ homeostasis. Thus, we have purified rough e.r. membranes and 
demonstrated both ATP-dependent ~5Ca2+ uptake and Ca2+-activated 
Mg-ATPase activity [13, 14] which, being sensitive to free Ca2+ (half
max. activity at 0.16 pM), might be important in maintaining the 
resting cytoplasmic Ca2+ concentration; moreover, active sequestration 
of Ca2+ by the e.r. could provide access to the secretory pathway and 
hence exit from the cell. (b) The second approach has been to stimulate 
the intact cell and then isolate different organelle-enriched 
fractions, as rapidly as possible, in order to determine whether 
their Ca2+ -handling properties are altered in a manner consistent 
with a role in the stimulation of secretion. These experiments have 
shown that the rough e.r. loses Ca 2+ following cholinergic stimulation 
of the acinar cell and have provided evidence that this is the site 
of Ca2+ release. 

The discovery of the inositol phosphate pathways [15] provided 
evidence for a second messenger linking receptor occupancy at the 
p.m. with Ca2+ release from the intracellular store. Thus, stimulators 
of enzyme secretion cause rapid (within 5 sec) formation of inositol~ 
1,4,5-triphosphate [16] which has a direct action, releasing Ca2-f 

from rough e.r. membranes [16, 17]. 

As ol1':lined in part elsewhere [18], we have sought to develop 
methods for isolating p.m. from the pancreatic acinar cell, in order 
to study three main functions which are involved in stimulus-secretion 
coupling: 
(1) to determine whether there is a Ca2+-activated ATPase which could 
be an important mechanism by which Ca2+ can leave the cell either 
at rest or during stimulation of secretion; distinction from the 
rough e.r. ATPase which we have already characterized needs to be 
made; 
(2) to investigate the mechanism for Ca2+ entry into the cell and 
how it is linked to receptor occupancy; 
(3) to study the phospholipase responsible for inositol phosphate 
formation from phospholipid precursors in the membrane and whether 
this has any interaction with the Ca2+ entry or exit pathways. 

A major problem in purifying p.m. from the acinar cell is the 
large area of rough e.r. Bolender [19] showed that 60% of the total 
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membrane area is rough e.r. and only 5% is p.m. The two schemes 
described below for isolating p.m. were designed to satisfy two aims. 
One aim was to isolate large membrane fragments which could be 
vesiculated in the presence of an indicator of free Ca2 +, e.g. a 
Ca 2 +-activated photoprotein, in order to measure Ca2 + transport 
directly, as previously done for erythrocyte membrane 'ghosts' ([20, 
21]; cf. J.P. Luzio, fIC-2, this vol.). Secondly, the procedures 
should be as rapid as possible because the activities we wish to 
study may be labile and we need a 'snapshot' of pre-isolation 
stimulation effects, e.g. on translocation activity and on membrane 
Ca2 + and phospholipid levels. 

(A) ISOLATION OF PLASMA MEMBRANE FOLLOWING HYPOTONIC LYSIS 

The erythrocyte p.m. is probably unique in its resistance to 
fragmentation during hypotonic lysis. However, it has been reported 
that various agents can stabilize the membranes of mammalian cells 
in hypotonic media [22, 23]. We have investigated one of these, 
borate, as described by Bauer et al. [24]. We used isolated pancreatic 
acini [25] which are as responsive as tissue fragments to physiological 
secretagogues, suggesting that proteolytic damage to the p.m. during 
the dissociation process is minimal. 

A suspension of isolated rat pancreatic aC1n1 was added dropwise 
to 20 vol. of 20 roM sodium borate, pH 8.0, stirring at 100. After 
10 min, <10% of whole cells were demonstrable in the suspension. 
The particulate material was removed centrifugally (6000 gav' 10 
min), and the supernatant assayed for the cytosolic enzyme lactate 
dehydrogenase (LDH). In 4 experiments the % of the total LDH recovered 
in the supelnatant was 95.9 ±4.2 (mean ±S.E.M.), indicating a high 
degree of cell lysis. However, the membrane fragments obtained in the 
pellets were aggregated and difficult to re-suspend. To try to reduce 
this aggregation and obtain rapid separation of p.m., the following 
scheme in which isolated acini are attached to a solid support before 
hypotonic lysis was investigated (all centrifugations at room temp.).-

Scheme A 
1. Centrifuge isolated acini for 3 min at 50 g. 
2. Re-sllspend in 0.9% (w/v) NaCl at -6 x 10" acini/ml. 
3. Add (beads/acini ratio -2: 1) to a pellet of Con A-Sepharose 4B 
(washed x5 in 0.9% NaCl)~ from -1 ml of gel for each 5 ml of acini. 
4. Mix for 10 min at room temp. (plastic tube; invert every 5 sec.). 
5. Centrifuge for 3 min at 200 g. 
6. Add pellet to 20 vol. 20 roM borate, pH 8.0, with stirring for 
10 min at 100. 
7. Centrifuge for 3 min at 200 g. 
8. Wash pellet twice with 10 vol. 20 roM borate, pH 8.0. 
9. Stir pellet for 30 min at 100 with 5 vol. of 10 roM 'Tes' buffer, 
pH 7.0, containing a-methyl mannoside at a chosen concentration. 
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Table 1. Binding of organelles to Con A-Sepharose 4B beads. 
Isolated acini were bound to the beads and hypotonically lysed in 
borate medium (text, Scheme A). The values are % bound, viz. the 
activity of marker enzymes as % of total activity in a homogenate 
of the original acini. Each value represents a separate experiment. 
N.D. signifies activity not determined. Cyt. = cytochrome c. 

Addition to Na,K- Cyt. NADPH/Cyt. 
lysis medium ATPase oxidase Amylase reductase LDH 

None 95, 57.3 94.5, 94.8 17.4, 19.6 11.2, 27.4 N.D. , 6.9 
50 mM a-Me 

mannoside 93.9 95.7 N.D. N.D. 50.0 
250 mM a-Me 

mannoside 92.9, 80.6 92.0, 88.2 N.D., 15. N.D., 31.9 N.D., 24.0 

10. Centrifuge for 3 min at 200 g. 
11. Wash with 2.5 vol. of buffer containing a-methyl mannoside as 
in 9. above. 
12. Combine supernatants from a-methyl mannoside elutions, and 
centrifuge for 20 min at 30,000 g. 

Following step 4, >95% of the isolated acini were observed by 
phase-contrast microscopy to be attached to the Con A-Sepharose beads. 
After hypotonic lysis in borate buffer (step 6) the supernatants 
from steps 7 and 8 were combined and assayed for the following marker 
enzymes: (Na++~)-activated ATPase for the p.m. [13]; cyanide
sensitive NADPH-dependent cytochrome c reductase for the e.r. [26]; 
cytochrome c oxidase for mitochondria [27]; and amylase for zymogen 
granules [28]. These activities were expressed relative to homo
genate activity to give the % binding of the organelles (Table 1). 

Evidently >50% of the p.m.' s remained attached to the beads 
following hypotonic lysis under the different conditions tried, but 
-95% of the mitochondria also became attached. Following lysis in 
borate buffer alone, >90% of the LDH was recovered in the supernatants, 
showing that only 7% of the bead-attached organelles could be accounted 
for by whole cells. The organelles other than the p.m. must become 
attached after cell lysis. In attempts to prevent this binding wi thout 
p.m. loss, clifferent concentrations of cz-methyl mannoside were added 
to the lysis buffer. Whilst with 50 or 250 mM (Table 1) 80-94% of 
the p.m. remained bound after lysis, 88-96% of the mitochondria were 
also still bound. The LDH values show that lysis was only 50-76% 
complete and that the presence of whole cells on the beads might 
therefore account for the remaining zymogen granules and e.r. 

In two experiments the % recovery of organelles in step 12, 
after elution with 250 or 500 mM a-methyl mannoside, was 6.8-12.2% 
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for p.m., 38.2-45.7% for mitochondria, 2.8-10.4% for zymogen granules 
and 2.3-17.0% for e.r. These recoveries were not improved by adding 
KC1 (to 140 mM) to the elution buffer or replacing 10 mM Tes, pH 7.0, 
by 0.1 M borate, pH 6.5. 

This method having failed to give pure p.m., other agarose-type 
supports and other lectins will be tested, aiming to reduce the post
lysis binding of other organelles and increase p.m. recovery. However, 
the method described yields a preparation containing up to 80% of 
the acinar cell p.m. attached to a solid support, possibly with the 
cytoplasmic surface exposed. Since the beads are readily separable 
from isolated zymogen granules, this preparation will be investigated 
as a means of studying the interaction of p.m. and zymogen granules 
in vitro, as a model for exocytosis. 

(B) ISOLATION OF PLASMA MEMBRANES USING PERCOLL DENSITY GRADIENTS 

This approach was initially aimed at recovering the larger p.m. 
fragments from homogenized, isolated acini, by low-speed centrifu
gation «10,000 g) followed by Percoll density-gradient fractionation 
to obtain rapid separation. Several parameters were investigated.-

(a) The homogenization medium used initially was 0.3 M sucrose 
containing 2 mM MgC1 2 and 1 mM benzamidine. Since the p.m. fractions 
furnished by Percoll were aggregated, homogenization in sucrose without 
MgC1 2 and containing 0.1 mM EDTA with or without 100 mM KCl was 
tried. Aggregation was undiminished. 

(b) The number of passes of the Pot ter homogenizer, the protein 
concentration of the homogenate and the centrifugation speed to 
obtain the low-speed pellet were optimized on the basis of p.m. 
(Na++~)-activated ATPase recovery. 

(c) The starting density of the Percoll and the composition of the 
diluting medium were optimized with, as criteria, good p.m. recovery, 
separation from other organelles and minimization of aggregation 
of the membranes. Initially 0.25 M sucrose was used to dilute the 
Percoll, and EDTA supplementation (to 0.1 mM) was found to reduce 
membrane aggregation. Sorbitol gave further improvement. The scheme 
subjected to closer study was as follows.-

Scheme B 
1. Centrifuge isolated acini for 3 min at 50 g. 
2. Re-suspend in 0.3 M sucrose, 2 mM MgC1 2 , 1 mM benzamidine. 
3. Homogenize with 6 passes of a tight-fitting, all-glass Potter 
homogenizer (protein concentration 1-3 mg/ml). 
4. Centrifuge for 10 min at 6000 gav' 
5. Re-suspend pellet in 0.3 M sucrose, 0.1 mM EDTA (pH 7). 
6. Mix with Percoll in 6% (w/v) sorbitol (starting density 
1.05 g/ml), 24 ml/ml of pellet, and underlay with 2.5 M sucrose. 
7. Centrifuge for 30 min at 60,000 gav(then harvest the bands). 
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Table 2. Isolation of p.m. from a low-speed pellet: marker enzymes. 
Isolated acini were homogenized and fractionated by Scheme B; LSP ~ 

low-speed pellet obtained at step 5; PM ~ upper fraction from the 
Percoll gradient. The % values and relative specific activity (rsa) 
values refer to the homogenate activity; each is mean ±S.E.M. (with 
no. of experiments). 

Cyt. NADPH/Cyt. 
Na,K-ATPase oxidase reductase Amylase 

LSP, % 28.0 ±3.0 (10) 73.3 ±3.5 (7) N.D. 42.7 ±3.l (10) 
PM, % 22.7 ±5.3 (5) 17.0 ±6.4 (5) 8.2 ±2.0 (3) 1.1/0.4 (2) 

LSP, rsa 0.72 ±0.08 (10) 2.10 ±0.22 (7) N.D. 1. 7 ±0.4 (3) 
PM, rsa 5.6 ±0.8 (5) 3.4 ±1.0 (5) 1.7 ±0.4 (3) 0.2 /0.3 (2) 

Three maj or bands were obtained from the gradient: a) on the 
underlying cushion, b) from the upper quarter of the gradient, and 
c) as for b) but above it. Band a) contained -50% of the zymogen 
granules from the 6,000 g pellet with no detectable mitochondria 
or p.m. Band b) contained up to 70% of the mitochondria, 14-19% 
of the p.m. and 13-17% of the zymogen granules. 

For c), which was somewhat aggregated, Table 2 gives detailed 
marker-enzyme data. An average of 22.7% of the total p.m. in the 
homogenate was recovered with a relative specific activity of (Na+ +K+)
activated ATPase of 5.6. However, although zymogen granule contamin
ation was H% (VB. 6000 g pellet), contamination by e.r. (8%) and mito
chondria (17%) was unacceptably high. The p.m. aggregation in 
the Percoll gradient contributed to the disappointing purity, since 
harvesting with a gradient-sampling device was difficult due to the 
membranes sticking 011 the withdrawal tube's entrance or interior. 
In addition, the harvested membranes were difficult to re-suspend 
smoothly. In preliminary experiments to measure Ca 2 + transport across 
membranes vesiculated in the presence of the Ca 2 +-activated photo
protein, aequorin, it was necessary to sonicate at lower power in 
order to obtain vesicles with entrapped aequorin. 

Entrapment was demonstrated (Fig. 1, panel A) by the low level 
of luminescence of the aequorin in the presence of 1 roM Ca2+. Unless 
protected in an enviromment maintaining a lower Ca2 + concentration, 
>99% of the aequorin would be utilized within 10 sec. Unreacted 
aequorin was demonstrated after several minutes by solubilizing the 
membranes with Triton X-lOO, The trace in panel B shows that the 
bivalent cation ionophore A23l87 caused an increased rate of aequorin 
utilization inside the membrane vesicles. Thus, following injection 
into the luminometer tube, the initial increase in luminescence and 
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Fig. 1. Entrapment of aequorin in p.m. vesicles. The p.m. from 
Scheme B was diluted with 16 vol. 10 mM Tes, pH 7.4 (treated with 
Ghelex-lOO to reduce Ga 2 + contamination [20]) containing 6% sorbitol 
and centrifuged (2 min, 1000 g). The pellet was washed twice in 
this medium and re-suspended in 10 mM Chelex-treated Tes, pH 7.4, 
containing 6 mM NaCl, 150 mM KGl, 2 mM MgSOq , 10 mM PEP, 2 mM ATP, 
20 u/ml pyruvate kinase and aequorin (2-4x 108 luminescent counts/ 
sec; assay as in [21]). After sonication (probe at 16 ~m peak-to
peak) for 2x 5 sec, membrane aliquots were taken and added to 
0.5 mIlO mM Ghelex-treated Tes, pH 7.4, containing 140 mM NaC1, 
5 mM KGI, 2 mM MgCI 2 , 1 mM CaCl 2 , and placed in the luminometer. 
The depicted traces began 3 min thereafter, to ensure that all non
entrapped aequorin had reacted. At 20 sec (1st arrow) an equal vol. 
of the same buffer + 0.1% (v/v) DMSO (A) or 8 ~ A23187 (8) was 
injected. After -1 min, Triton X-lOO (final concentration 3% v/v) 
was injected (2nd arrow). 
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its subsequent decay was greater than in the control (panel A), 
indicating exposure of the photoprotein to a higher Ca2 + concentration. 
This is further demonstrated by the presence of less active aequorin 
following membrane solubilization with Triton X-I 00. 

Two modifications of Scheme B reduced p.m. aggregation: (i) centri
fuging the homogenate at a lower speed so that the membranes were 
not pelleted, and applying the supernatant to the Percoll gradient; 
(ii) replacing sorbitol in the gradient by hypertonic sucrose (0.5 M) 
with 100 roM Tris-HCl, pH 7.0. 

However, the resulting p.m. fraction still contained unacceptably 
high amounts of mitochondria (4.5% of the total) and e.r. (8.5%). 
Moreover, it is difficult to obtain accurate values for marker-enzyme 
specific activities sinc.e Percoll interferes in protein determin
ations. We encountered this in initial attempts to purify rough 
e. r. using Percoll gradients [13], and although the p. m. density 
position (1.05) in Percoll is lower than that of e.r. (1.14) as measured 
by density marker beads (Pharmacia), we considered it desirable to 
remove Percoll from the fractions if possible. Two methods were 
tested.-

(a) The p.m. fraction was underlaid with 40% (w/v) sucrose and centri
fuged for 90 min at 100,000 gav' As previously described [13], 80% 
of the e.r. in the fraction passes through the sucrose but none of 
the p.m. In two experiments the values for the protein content of 
the fraction at the upper interface with the sucrose were 338 and 
531 ~g by the Coomassie Blue binding method [29] and 356 and 505 ~g 
by the method of Kahn et al. [30] for protein determination in the 
presence of Percoll. This indicated that the procedure was effective 
in removing Percoll; in addition the contamination by mitochondria 
and e.r. was reduced by -7-fold and 4-fold respectively. 

(b) Belsham et al. [31] described a p.m. preparation from adipocytes 
in which Percoll was removed by washing in a NaCl-based solution. 
We found that diluting acinar-cell p.m. fractions with 10 vol. of 
80 roM NaCl/0.15 roM KCl/0.1 roM ouabain in 31 roM imidazole-HCl buffer, 
pH 7.1, and centrifuging for '2 min at 10,000 g yielded up to 50% 
of the p.m. in the pellet but with much reduced contamination by 
mitochondria and e.r. Comparisons of protein content with the above 
two methods showed more variability in the effectiveness of Percoll 
removal by this procedure. However, the marked improvement in p.m. 
purity as shown in Table 3 made this the procedure of choice. 

The contamination of this preparation by e.r. and mitochondria 
was <0.1% of the total in the homogenate. In terms of the relative 
amounts of membrane, with an average p.m. yield of 8.6% this represents 
only 5.6% of e.r. in the fraction. This is comparable to other 
preparations of p.m. from pancreas isolated either by centrifugation 
in a Ficoll-sucrose density gradient in a zonal rotor followed by 
differential and sucrose-gradient centrifugation [32], or by repeated 
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Table 3. Isolation of p.m. from a low-speed supernatant: marker 
enzymes. Pancreas chopped into fragments was homogenized by Polytron 
(4 x 5 sec) in a medium as in (B) (a) above + 50 mM Tris-HCl, pH 7.4. 
After centrifugation for 10 min at 300 gav' 22.5 vol. of Percoll in 
0.5 M sucrose, 100 mM Tris-HCl, pH 7.0 (starting density 1.11) was 
added to the supernatant. After centrifugation for 30 min at 
30,000 g, the upper band in the gradient was harvested, diluted with 
10 vol. 80 mM KCl + ouabain etc. and centrifuged - see (b) in text, 
opposite. LSS = low-speed supernatant; M = fraction harvested from 
Percoll; PM = final pellet. Values expressed as in Table 2. 

Na,K-ATPase Cyt. oxidase NADPH/Cyt. reductase 

% homogenate 
LSS: 48.4 ±6.8 (3) 80.6 ±2.9 (3) 83.1, 77 .6 (2) 

M: 27 .5 ±2.2 (4) 6.0 ±0.9 (4) 6.4 ±1.2 (4) activity PM: 8.6 ±3.0 (4) 0.09 ±0.02 (4) 0.04 ±O.Ol (4 ) 

Specific LSS: 12.1 ±0.4 (3) 0.96 ±O.09 (3) 3.9, 3.9 (2) 
M: 72.4, 146.7 (2) 0.4, 1.6 (2) 3.2, 8.7 (2) activity PM: 316.0 ±25.7 (4) 0.64 ±O.28 (4) 0.57±0.24 (4) 

Relative LSS: 0.60±O,02 (3) 0.93 ± 0.09 (3) 1.0, 1.0 (2 ) 
specific M: 3.6, 7.3 (2) 0.4, 1.6 (2) 0.8, 2.2 (2) 
activity PM: 15.7 ±0.7 (4) 0.62 ±O.22 (4) 0.14 ±0.05 (4) 

precipitation of the membranes by magnesium [6]. Each of the latter 
preparations had relative specific activities of up to 40 for (Na++K+)
activated ATPase; the value of 16 reported here is apparently lower, 
due to a higher contamination by mitochondria. Plasma membranes 
have also been isolated from rat pancreatic acinar cells using differ
ential centrifugation and discontinuous sucrose-gradient centri
fugation [33]. These preparations had a relative specific activity 
for (Na+ +K+)-ATPase of -12-fold, although no data on contamination 
by e.r. were reported. The procedure reported here has the advantage 
of being rapid by comparison, taking only 50-60 min following 
homogenization. 

The purity of this preparation has allowed us to demonstrate 
Ca 2 +-activated Mg 2 +-ATPase activity in the p.m. which is distinct 
from the rough-e. r. and mitochondrial ATPases. The p. m. enzyme is 
half-maximally active at 0.65 J.1M free Ca 2 + and activated by calmodulin, 
whereas the rough-e.r. ATPase is half-maximally active at 0.16 J.1M 
[13, 14]. This suggests that the p.m. ATPase may be less important 
in maintaining the resting cytoplasmic free Ca 2 + concentration, viz. 
0.1-0.4 J.1M [1-3]. During stimulation of secretion, when calcium 
uptake by the cell is increased [34, 35], at the higher Ca2+ concentra
tion the p.m. Ca 2 +-Mg 2 +ATPase may be fully activated by Ca-calmodulin 
and important in balancing calcium entry to prevent the free Ca 2 + 
from rising to levels which would be injurious to the cell. 
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PATHOPHYSIOLOGICAL RELEVANCE OF THE APPROACHES 

A knowledge of the Ca 2 + -transporting properties of cellular 
membranes is important to our understanding of pathophysiological 
conditions which are thought to arise from a disturbance in intra
cellular Ca 2 + [36- 38]. The methods described here, for the rapid 
purification of p.m. 's from exocrine acinar cells, are of particular 
relevance to the study of derangements which occur in pancreatitis 
[39] and cystic fibrosis. Our evidence, from in vitro studies on 
human submandibular glands, has led us to propose that an abnormal 
intracellular regulator, linking Ca 2 +- and cyclic ATP-activated 
pathways controlling exocrine function, underlies the basic defect 
in cystic fibrosis [40, 41]. Studies using readily accessible cells, 
e.g. blood cells and fibroblasts, have suggested an alteration in 
p.m. Ca 2 + transport [37]. However, it is not clear whether changes 
observed in these cells are an expression of the primary, genetic 
defect or a secondary change due, for example, to alteration in the 
membrane lipid environment. Studies of the transport properties 
of membranes purified from the primarily affected exocrine cells 
will be required to resolve this question. 
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COMMENTS related to 

EPITHELIAL MEMBRANES IN DIGESTIVE TISSUES 

Comments on #D-I: J.M. Wilkes et al. -GASTRODUODENAL APICAL MEMBRANE 
#D-2: H. Sjostrom & co-authors - INTESTINAL BRUSH BORDER 

Comment (to Wilkes) by T.J. Peters.- If trypsin affected the 
CI channels in gastric microsomes, this could explain its dissociated 
effects, on H+-ATPase and on H+ secretion. Question by T. Berg to 
Sjostrom.- Might the proteins found along with clathrin be proteins 
transported in the coated vesicle? Reply.- Possibly yes; they may 
also be receptors. Questions by W.H. Evans.- What is your view on 
the origin of the coated vesicles? Do they exist as independent 
entities, or do they originate by vesiculation of coated regions 
of membranes? Sjostrom's answer.- We sometimes see coated vesicles 
well removed from membrane structures. We thus favour the view that 
they actually exist in the cell's cytoplasm. 

G.J. Rucklidge (to Sjostrom).- What yield of antigen do you 
obtain from the 5 ml column, and approximately what amount of Ab 
do you bind to the matrix? Reply.- We use CNBr-activated Sepharose 
with the IgG fraction coupled at 10 mg/ml. With 90% coupling effici
ency and possibly 1-2% of the IgG fraction representing the required 
Ab, we have a yield of (conservatively) 2 mg of antigen finally purified 
from a 5 ml column, i.e. -3 mg antigen/mg Ab. Comments by A.W. Schram.
To elute an immunoaffinity column in such a way that one ends up 
with an intact protein is very often a problem. We have developed 
a procedure for immunopurification of a membrane-associated protein 
using, as an eluent, ethylene glycol - which may be of general use 
for eluting hydrophobic proteins from such columns. When raising 
a panel of monoclonal Ab's for use in immunoaffinity chromatography 
it is advisable to include in the screening procedure the method 
favoured for eluting the affinity column; e.g. screen the panel in 
the absence and presence of ethylene glycol, and choose as affinity 
support those monoclonal Ab's that in the absence of ethylene glycol 
bind with the antigen but in its presence dissociate from it. Reply 
(by Sjostrom) to D.R. Headon. - Ab' s to gluten proteins (kMr "45 &35) 
indeed occur in sera of all coeliac patients. We have no information 
concerning Ab reaction with proteolytic fragments of these proteins. 
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Comments on #D-3: R.J. Simpson & T.J. Peters-MUCOSAL IRON UPTAKE 
#D-4: R.L. Dormer & colleague - PANCREATIC ACINAR CELLS 

Simpson, answering SjostrOm. - (1) There are no grounds for 
believing that transferrin-mediated iron transport occurs in the 
enterocyte. (2) The concentration of transferrin in the intestinal 
lumen is considerably lower than in serum. H. Sjostrom asked Dormer 
whether the p.m. preparation contained both apical and basolateral 
membranes (reply: yes), and whether the two types might be separable; 
but (Dormer's reply) there are no described methods, and there would 
be problems with marker enzymes. Question by S. Zucker.- Why was 
a Percoll gradient used to isolate p.m.' s from pancreatic acinar 
cells? Reply: because of aggregation problems with these membranes 
it was important to isolate them rapidly with a Percoll gradient. To 
Dormer: N. Crawford.- Concerning the p.m. Ca2+ extrusion pump that 
acinar cells, like red cells, seem to possess, Na+ /Ca2+ exchange 
at the p.m. might participate in Ca2+ homeostasis. Dormer's reply.
Our data comparing Ca2+, Mg2+ -ATPase measurements in red-cell and 
acinar-cell p.m. 's suggest that the two enzymes are somewhat different; 
in particular, unlike the red cell, it is difficult to demonstrate 
activation of the acinar-cell p.m. ATPase by pM concentrations of 
Ca 2+ at mM Mg2+ concentrations. With regard to Na+/K+ exchange I 
think that the evidence for its importance is not very convincing. 
The process has been demonstrated in purified p.m. vesicles from 
pancreatic acinar cells, by Schulz's group, but the activity is very 
low. In addition to whole cells, Schulz has shown that Q5Ca 2+ efflux 
can be inhibited by 3D-min pre-incubation with ouabain, whereas 
Williams showed that removal of extracellular Na+ from isolated pancre
atic acini had no effect on Q5Ca2+ efflux from resting or choliner
gically stimulated cells. 

Further point raised by Crawford.- There is the paradox that 
the p.m. Ca2~Mg2+-ATPase seems to be inhibited at high Ca 2+ levels 
where one would reckon it had to work harder. Dormer's reply.- The 
p.m. Ca2+, Mg2+ -ATPase was not inhibited by up to 3 pM free Ca2+ which 
is about the maximum the cytoplasmic free Ca2+ is thought to reach 
in the stimulated cell. However, my point is that, in the resting 
cell, where the free Ca2+ is thought to be -0.2 pM, the rough-e.r. 
Ca2+ -sequestering system is apparently much more active than the 
p.m. pump. Only when the free Ca2+ increases following stimulation 
of secretion, and the p.m. pump is activated by calmodulin, is it 
likely to take over from the e.r. in preventing the cell from being 
flooded with Ca2+ as a result of stimulated Ca2+ entry. 

Supplementary pefs. contPibuted by Seniop Editop 

Relevant to (but not citing) studies by Wilkes.- Nagaya, H., 
Satoh, H. & Maki, Y. (1987) Biochem. Phamacol. 36, 513-519: "Actions 
of antisecretory agents on proton transport in hog gastric micro somes". 

Brush-border membranes from human small intestine (surgical 
specimens) have furnished subfractions, examined for hydro lases and 
polypeptides.- Turnbull, G. & Bailey, D. (1986) Biochem. Soc. Trons. 14,783-784. 
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RECEPTOR-MEDIATED UPTAKE OF A TOXIN WHICH BINDS 
TO PLASMA-MEMBRANE ION CHANNELS 

Ip.N. Strong and 2W.H. Evans 

IMRC Receptor Mechanisms Research 
Group, Department of Pharmacology 
University College London 
Gower Street, London WCIE 6BT, U.K. 

2National Institute for 
Medical Research 
Mill Hill 
London NW7 lAA, U.K. 

The toxin apamin, a specific marker for CaZ+'-activated x+ 
channels, is internalized by a receptor-mediated uptake mechanism 
in guinea-pig liver cells. No such uptake is observed with the toxin 
on rat liver cells, where these channels are absent. Ca 2+-activated 
K'" channels are present in purified endosomes, isolated from guinea-pig 
liver on sucrose density gradients. They are enriched in 'early' 
endosome subfractions. These results suggest that ion channels can 
be recycled and regulated in much the same way as has already been 
demonstrated for various receptor molecules. Endosomal K'" channels 
activated by Ca 2+ ions may play a role in controlling the ionic 
conditions necessary for sorting within the endocytic network. 

Peptide hormones, serum proteins, viruses and bacterial toxins 
are examples of many different types of molecule that bind to specific 
receptors on cell surfaces and are subsequently internalized by recep
tor-mediated endocytosis [1]. For many ligands, this process involves 
a clustering of occupied receptors into clathrin-coated pits and 
transfer into the cell's endocytic compartment. This vesicular-tubule 
network is responsible for the 'sorting' of internalized ligands; 
some are returned to the surface of the cell whereas others are 
dispatched to the lysosome for degradation. Receptors, on the other 
hand, escape degradation and, after dissociation from ligands, are 
recycled to the cell surface. The low pH (pH -5) in the endocytic 
network is thought to be responsible for ligand-receptor dissociation 
[2, 3] and is generated by an ATP-de1)endent proton pump [4, 5]. 
The membranes comprising the endocytic networks can be recovered, 
after subcellular fractionation, as low-density vesicles on sucrose 



290 P.N. Strong & W.H. Evans [#E-l 

density gradients [6]. Endocytic vesicles have been shown to possess 
a monensin-specific Mg-ATPase activity [5] which is most probably 
responsible for the maintenance of the proton pump. 

In this article we demonstrate that hepatic endosomes possess 
a further mechanism for regulating transmembrane ion flow, namely 
a Ca2+ -activated K+ channel. This type of channel occurs widely 
in both excitable and non-excitable cells and is thought to provide 
a link between membrane permeability and cell metabolism. Recent 
studies have shown that Ca2+-activated ~ channels can be modulated 
by intracellular second messengers such as cyclic AMP and inositol-
1,4,S-triphosphate [7, 8]. 

Toxins which specifically block ion-channel function have become 
established as essential tools for the identification and character
ization of these transmembrane protein structures, and the bee venom 
toxin, apamin, has been used as a marker of Ca2+-activated K+ channels. 
Apamin has been shown to block these channels in a variety of cells, 
including hepatocytes [9], and biologically active [ 1251]monoiodo
apamin has proved a useful ligand for the complementary pharmacological 
characterization of these channels in binding studies on both isolated 
and intact cells [10, 11]. The existence of apamin-specific Ca2+-activ
ated K+ channels on liver cells and our ability to isolate endocytic 
vesicles from the same tissue [12] enables us to study the internali
zation of these ion channels and their role in hepatic endosome 
function. 

APAMIN PURIFICATION AND IODINATION 

Apamin was isolated from the crude venom of the European honey 
bee (Apis mellifepa) by chromatography on SP-Sephadex C-2S. Final 
traces of melittin (50% by wt. of the crude venom) were removed by 
chromatography on a heparin-Sepharose Cl-6B affinity column [13]. 
The toxin was judged pure by HPLC analysis on a C-8 RP column, run 
isocratically (2% propanol. 3 roM methanesulphonic acid. 10 ~~ tetra
ethylammonium phosphate pH 3.0) [14]. 

Apamin was iodinated using the iodogen method, and 1251-, [1 251]_ 
monol.odo-, [1251]diiodo- and unlabelled apamin were separated by ion
exchangf> chromatography on SP-Sephadex C-2S [15]. [1 251 ]Monoiodo
apamin was desalted on a disposable 1 m1 C-18 RP column (Bond-Elut, 
Analytichem]. and subsequently stored at 4 0 in the presence of 1% 
(w/v) serum albumin. Under these conditions, there was no deterioration 
in biological activity for at least 8 weeks. Assuming 100% isotopic 
abundance, the specific activity' of [ 1251]monoiodoapamin was 
2000 Ci/mmol and its concentration could be directly determined in 
a calibrated gamma counter. 
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Saturable, high-affi.nity apamin binding sites (Ca 2+ -activated 
K+ channels) were characterized on the p.m.' s [16]. Livers were 
homogenized in ice-cold buffer (1 mM NaHC0 3 , 0.5 mM CaCI 2 ); p.m. 's 
were preparred by the Neville method [17] and collected at the 43/48% 
(w/v) sucrose interface. Fractions were then resuspended in 1 mM 
EGTA/IO mM Tris buffer pH 7.4 containing 8% (w/v) sucrose and homogen
ized in a tight-fitting Dounce homogenizer. After centrifugation 
at 98,000 gav for 30 min, the membranes were finally resuspended 
in 8% sucrose and stored in liquid N2 • Toxin binding was measured 
in low ionic strength medium using a filter assay [15]. Membranes 
(100 ~g protein) were incubated with iodotoxin (0.9-50 pM) in a buffer 
containing 5.4 mM KCl, 0.1% bovine serum albumin and 10 mM Tris/Hepes 
pH 7.4. After incubation for 90 min at 0°, triplicate samples were 
rapidly filtered through cellulose acetate filters (0.45 ~m; Sartorius 
type 11106) and washed with two 5 ml portions of ice-cold buffer. 
The binding of apamin to guinea-pig liver membranes was determined 
as a function of toxin concentration, in the presence and absence 
of a large excess (1 ~) of unlabelled toxin (Fig. 1). 

Assuming that inhibitable binding could be described by a simple 
bimolecular model, values of apparent dissociation constants (KD ) 

and maximum binding capacities of the inhibitable binding components 
(Bmax) were obtained (Table 1) by computer-aided curve-fitting of 
the data to a single component Langmuir isotherm, using an iterative 
least-squares method [18]. The linearity of a Scatchard plot (Fig. 2) 
derived from the data was in agreement with the chosen model of apamin 
binding to a single class of non-interacting binding sites. 

Rat-liver p.m.'s had negligible levels of apamin binding sites 
(Table 1), in accord with both biochemical and physiological data 
indicating the absence of apamin-specific Ca 2 +-activated K+ channels 
on isolated rat hepatocytes [9, 19, 20]. 

INCORPORATION OF [ 125I]MONOIODOAPAMIN INTO LIVER CELLS 

Monoiodoapamin (1-20 pmol, in 0.5 ml 0.15 M NaCl, 0.001 M Na 
phosphate buffer, pH 7.4) was injected into the portal vein of anaes
thetized Sprague-Dawley rats (pentabarbitone, 40 mg/kg) or small 
Hartley guinea pigs (60 mg/kg). At various time intervals, the liver 
was removed; after subcellular fractionation, radiolabel was sought 
(4 min after injection in the case of the Fig. 3 experiment) in both 
'early' and 'late' endosomal vesicle subpopulations on sucrose density 
gradients. The guinea-pig liver was homogenized in ice-cold 0.25 M 
sucrose (1oose- and then tight-fitting Dounce homogenizer, 10 and 
then 6 strokes respectively) and centrifuged at 1000 gav for 10 min 
at 4°. After washing and re-centrifugation, the combined supernatants 
were centrifuged at 33,000 gav for 8 min and the final supernatant 
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Fig. 1. Binding of [ 125I]monoiodoapamin to guinea-pig liver p.m.'s. 
Inhibitable (.) and non-inhibitable (0) binding measured in the 
presence of I pM apamin. Points represent the mean of 3 expts., 
each performed in triplicate (S.E.'s not shown). 
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Fig. 2 (above). Scatchard plot 
derived from the data shown in 
Fig. 1. 

Fig. 3 (right). Incorporation 
of [125I]monoiodoapamin, 4 min 
after injection, into endosome 
fractions isolated by gradient 
centrifugation (see text) from 
post-mitochondrial supernatants 
from liver: ., guinea pig; 0, 

rat (means from 3 expts. vary
ing by <10%). E, D: see text. 
Fpom [161, by permission. 
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Table 1. [ 125I]Monoiodoapamin binding parameters: KD (pM) and 
Bmax (fmol/mg protein). S.E.'s (n = 3) are based on the variance of 
residuals and the calculated normalizing elements for each parameter. 

Liver preparation Species KD Bmax 

Plasma membrane Guinea pig 12.6 ±0.8 4.2 ±0.2 

'Early' endosome Guinea pig 10.6 ±3.3 2.5 ±0.6 
'Late' endosome Guinea pig 10 ±4 0.7 ±0.3 

Plasma membrane Rat <0.2 

applied to a sucrose gradient (1 ml 70%, 5 ml 43%; 15 ml of a 15-40% 
continuous gradient) and centrifuged at 100,000 g at 4° in a Beckman 
SW 28 rotor for 3~ h. 

Almost all of the radiolabel appeared in the 'early' endosome 
fraction (fraction E, 1.12-1.14 d range), the radioactivity appearing 
at the top of the gradient representing free toxin that was released 
from lysed endocytic vesicles (Fig. 3). At later time intervals 
(data not shown) the amount of [125I]monoiodoapamin found in 'early' 
endosomes decreased, and in contrast with many other internalized 
hormones and serum proteins [21] (cf. [6] in this series), the toxin 
could not be found in low-density, 'late' endosomal subfractions 
(fraction D, density range 1.095-1.117) on the sucrose gradients. 
However, the data with apamin resembled those obtained with the 
~-adrenergic antagonist iodocyanopindolol [6, 22] where the ligand 
was rapidly transferred to the lysosomes after appearing in 'early' 
endocytic vesicles and was difficult to interpret and recover in 
the endocytic network at physiological temperatures. 

In comparison with the above data on toxin uptake by guinea-pig 
liver, only very small amounts of toxin were taken up by rat liver, 
and the corresponding radiolabel appearing in rat endosomal fractions 
was likewise extremely low (Fig. 3). The lack of uptake of [ 1251]_ 
monoiodoapamin into rat livers (which do not possess Ca2+-activated 
K+ channels) argued that internalization into guinea-pig livers was 
a specific process and did not proceed via a generalized fluid-phase 
endocytic mechanism. 

The radio labelled peak in both rat and guinea-pig fractions 
was identified as undegraded [12sI]monoiodoapamin by its elution charac
teristics in both -SP-Sephadex C-25 ion-exchange chromatography [15] 
and TLC on silica gel in a butanol/pyridine/acetic acid/water (3:3:1:3 
by vol.) solvent system [23]. The recovery of toxin in an undegraded 
form suggested that the 'early' endosome fraction was devoid of active 
peptidases, and provided further evidence for the subcellular dis
tinction between endosomes and lysosomes. 
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Fig. 4. SDS-PAGE analysis 
of p.m. 's and endosomal 
membranes from guinea-pig 
liver. solubilized in 2% 
(w/v) SDS/l% ~-mercapto
ethanol/50 mM Tris-Hel 
pH 7.4 and electrophoresed 
in 10% polyacrylamide gels. 
(a). p.m.'s. 
(b). 'early' endosomal 
membranes (fraction 'E'). 
(c). 'late' endosomal 
membranes (fraction 'D'). 
From (161. by permission 
of European Journal of 
Biochemistry (as for 
Fig. J). 
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(c) 

Since an enzymatic analysis and the polypeptide and phospholipid 
profiles of rat-liver endosomal membranes have been reported [21. 
24] and guinea-pig endosomal membranes used in the present experiments 
were prepared by an identical method. a full characterization of 
guinea-pig endosomes was not carried out. Analyses of the protein 
composition of guinea-pig p.m. and endosome fractions (Fig. 4) showed 
them to correspond closely to the analysis reported for the corres
ponding rat fractions [24]. A limited enzymatic analysis ([16] and. 
for rat. [5]) showed that. like rat endosomes. both 'early' and 'late' 
guinea-pig endosomal fractions were enriched >30-fold in a monensin
activated Mg 2 +-ATPase (expressed as ~mol/h/mg protein): 

homogenate: guinea-pig, 0.2; rat, 0.77; 
- 'early' endosome: 6.3 12.6; 
- 'late' endosome: 6 . 5 15.1. 
The guinea-pig endosomal fractions were very low in lysosomal marker 
enzymes and free of mitochondria (marker: succinate dehydrogenase [16]. 

[ 125rlMonoiodoapamin bound to 'early' endosomal membranes from 
guinea-pig liver in a saturable manner (Fig. 5), very similar to 
that previously shown for liver p.m.'s [16]. A Scat chard plot (Fig. 6) 
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derived from the data supported the simple bimolecular model of toxin 
binding to a single class of non-interacting binding sites. Although 
the affinity of [ 1251 ]monoiodoapamin for endosomal membranes was 
very similar to that of the toxin for p.m. IS, the density of binding 
si tes was reduced (Table l). The toxin also bound to the 'late' 
endosome fraction in a saturable manner, displaceable by unlabelled 
apamin, al though the number of binding sites was even lower than 
that seen with the 'early' endosome fraction. As with p.m. IS, no 
binding sites could be detected on rat endosomal membrane fractions. 

The existence of high-affinity intracellular binding sites for 
apan!i.n on endosomal membranes indicates that these si tes, corresponding 
to Ca2+-activated K+ channels, are present in the endocytic network, 
irrespective of whether or not apamin is internalized. The results 
suggest that these ion channels are present in 'late' as well as 
'early' endosomes, which is in distinction to the radiolabelled toxin 
which was observed only in the 'early' endosome fraction. Although 
it is premature to identify specific pathways, the evidence suggests 
that channel-toxin complexes are processed in the endocytic network, 
affording recycling of the channel-forming protein and dispatch of 
the toxin for degradation within the lysosome. 
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The results also indicate a wider generality for the trafficking 
of membrane proteins and suggest that channel-forming proteins, as 
well as receptor molecules, move between the cell surface and the 
endocytic compartment. The role of these r<+ channels (ac ti va ted 
by Ca2+) may relate to a mechanism controlling the ionic conditions 
necessary for the trans-membrane movement of ligands into the cyto
plasm. 
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LYSOSOMAL PROTEOLYSIS IN CULTURED HEPATOCYTES 

Peter Bohley, Gabriele Adam, Werner Boch 
and Jurgen Kopitz 

Physiologisch-chemisches Institut der Universitat TUbingen 
Hoppe-Seyler-Str. 1, D~74 TUbingen, W. Germany (FRG) 

We have investigated the degradation of labelled rat-liver cytosol 
proteins after their introduction {'micro-injection'} into cultured 
hepatocytes by published procedures. These entailed incubation in 
a sucrose-PEG* medium, then incubations in a hypotonic medium, thereby 
facilitating selective lysis of the pinosomes without increasing 
the cytosolic activities of lysosomal enzymes. These treatments 
were without detriment to the survival rates of the hepatocytes in 
subsequent monolayer culture, during which the distribution and degrad
ation of the introduced proteins was investigated by microscale cell 
fractionation and detePmination of protein-bound and free radioactiv
ity in the subcellular fractions. Unexpectedly, lysosomes showed 
the highest selectivity for the uptake and degradation not only of 
long-lived but also of very short-lived cytosol proteins. FPoteolysis 
was also investigated with isolated fractions. 

Intracellular proteolysis is necessary for liver cells to adapt 
their enzyme content to environmental changes without a change in 
the total amount of protein. The half-lives of hepatocyte proteins 
differ from a few minutes to many weeks, though some cytosolic proteins 
are very short-lived, e.g. ornithine decarboxylase and tyrosine amino
transferase [review: 1]. As much as one-third of intracellular proteoly
sis is directed at nascent proteins in mammalian cells [2], but the 
cellular compartments as well as molecular mechanisms responsible 
for this rapid degradation are still unknown. One aim of our investi
gations is to find the main cellular compartments engaged in this 
process and to elucidate, for substrate proteins, the molecular 
properties which are important for their rapid degradation. 

The use of cultured hepatocytes allows the isolation of highly 
labelled substrate proteins and their introduction into unlabelled 
cells so as to follow their cellular distribution and subsequent 

*Abbreviations: PEG, polyethylene glycol; TCA, trichloroacetic acid; 
GDH, glutamate dehydrogenase; & see Fig. 2 legend. 
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degradation. We have preferred the hypertonic-hypotonic method of 
Okada & Rechsteiner [3] for introducing radiolabelled proteins into 
cultured cells, because this method avoids the use of additional 
membranes (as in, e.g., [4-7]) which may selectively bind the hydrophobic 
very-short-lived proteins. 

The use of cuI tured hepatocytes also allows an investigation 
of the degradation of endogenous proteins in the different subcellular 
fractions. Here we compare the degradation of cellular proteins 
with the proteolysis of introduced cytosol proteins. 

CULTURING AND LABELLING, AND RELATED PROCEDURES 

Male Sprague-Dawley rats (body wt. 210-260 g) were kept for 
>6 days in a 12 h-dark/12 h-light cycle on the standardized diet 
of ALMA® and water ad libitum. 

Liver parenchymal cells were isolated by a collagenase perfusion 
method [8]. The isolated cells were allowed to attach to collagen
coated Petri dishes in Williams E medium [9] with 10% (v/v) calf 
serum, 10-6 M insulin and 10-7 M dexamethasone for 2 h, and the medium 
was changed after a further 2 h to serum-free medium (and with radio
active amino acids if applicable; see below), and likewise every 
24 h for long-term cultures unless otherwise indicated. 

Double labelling of hepatocyte proteins in culture was effected 
with [ 14C]leucine for 15 h followed by a 24 h chase and finally with 
[3H]leucine for 30 min. Thereby 14C-labelling was effected for long
lived proteins and 3H-labelling mainly for shorter-lived proteins. 
The labelled cells were washed 3 times with Williams E medium and 
3 times with 0.3 M sucrose, rapidly harvested from the mono layers 
with a rubber policeman, and homogenized in a Potter-type micro
homogenizer (80 ~m clearance; 10 up-and-down strokes). 

The cell-fractionation procedures were at 0_4 0 and essentially 
followed our earlier description [10] which gives details such as 
g-min values and purity checking by marker-assay (DNA, GDH, ~-glycero
phosphatase, glucose-6-phosphatase) but not the following procedures 
for nuclei and lysosomes. Nuclei were purified by a re-spin in 2 M 
sucrose (100,000 g, 30 min). Lysosomes were selectively disrupted 
by homogenization of the crude mitochondrial-lysosomal fraction in 
water containing digitonin (0.3 mg/ml); since the supernatants 
contained <2% of the mitochondrial GDH, there was no need for no
digitonin blanks. All high-speed centrifugations were performed 
in an 'Airfuge' (Beckman lnsts.); this made it possible to recover 
the cytosol fraction <2 h after the cell harvesting, which is very 
important for the yield of very-short-lived proteins. 

To measure surviving and degraded labelled proteins, all isolated 
cell fractions (listed in Fig. 2 legend; also post-L supernatant, 
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and homogenates where applicable) were treated with 1 vol. of 10% 
(w/v) TCA to precipitate the undegraded proteins. After centrifugation 
(13,000 g, 10 min), aliquots of the supernatants, and of the undegraded 
proteins solubilized by 1 M KOH (24 h, 37°), were mixed with Aqualuma
plus (usually 20-200].11 sample to 4 ml scintillator) and counted 
for at least 10 min in an LKB 1219 Rackbeta liquid scintillation 
counter with automatic dpm calculation for 3H and lqC. 

Before their introduction into unlabelled cells, the double
labelled cytosol proteins were freed from labelled amino acids by 
rapid passage through Sephadex G-25 gel. For some experiments (Fig. 
2, below), in place of 3H_ and 1 qC-labelling in culture, a purified 
protein was 3H-labelled by reductive methylation [11] to furnish 
the substrate. All substrates had to be checked for possible auto
proteolysis that could give artefactual results. 

Checking for autoproteolysis.- The rate of autoproteolysis was 
very low for culture-labelled cytosol proteins after the Sephadex 
step: <0.4%/h for 3H-labelled and <0.07%/h for lqC-labelled proteins. 
Therefore these substrate protein fractions suit well for investigating 
intracellular proteolysis: endogenous proteinases that could interfere 
are not co-introduced. Autodegradation was likewise minimal for 
the reductively methylated 3H-proteins. 

The introduction of labelled proteins into cells 

The hypertonic-hypotonic treatment [3] used for introducing the 
cytosolic double-labelled or the 3H-labelled proteins into unlabelled 
cultured hepatocytes was as shown in Fig. 1. Monolayers (106 cells) 
were incubated for 16 min at 37° with 3 ml of a solution of labelled 
proteins in 0.5 M sucrose containing 10% (w/v) PEG-1000 in Williams 
E medium, followed by a 3 min incubation in hypotonic (60%) medium 
(Williams E medium/water, 6: 4 by voL). We prefer to repeat this 
hypotonic step to facilitate the selective lysis of the newly formed 
hypertonic pinosomes and thus to increase the uptake of labelled 
proteins into the cytosol. This repetition did not increase the 
cytosolic activities of the lyscsomal enzyme i3-glycerophosphatase 
(determined as in [10]) or of proteinases (autoproteolysis in the 
cytosol remained <0.5%/h even after two repetitions of the hypotonic 
treatment). Moreover, the survival rates of the hepatocytes in mono
layer were not changed by the hypertoriic-hypotonic treatment or by 
repetitions of the hypotonic step. In contrast, hepatocytes in sus
pension did not survive the hypertonic treatment (>85% dead cells 
after 15 min). 

After introduction of the labelled substrate proteins into the 
cultured hepatocytes, they were harvested immediately or after further 
incubation at 37° in unlabelled Williams E medium for 15, 30 or 45 min 
or 24 or 48 h. Procedures described above were used for washing, 
cell harvesting, homogenization, isolation of fractions and analysis 
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Fig. 1. Introduction of labelled proteins into hepatocytes (method 
of Okada & Rechsteiner [3]): selective lysis of hypertonic pinosomes. 
See text for initial protein labelling in cultures and passage 
through Sephadex, also for repetition of the hypotonic step and for 
the final incubation medium (isotonic). 

of these [10] for radiolabel (giving Q-va1ues as in Fig. 2 legend) 
and protein. Examination of subcellular fractions for proteolytic 
capacity entailed a 2-h incubation, then the above TCA step. 

PROTEOLYTIC CAPACITY OF CELL FRACTIONS 

As shown in Fig. 2, the degradation of short-lived proteins 
(ODC, TAT and 3H-labelled cytosol proteins) and also of long-lived 
proteins (LDH, ubiquitin and l~C-labelled cytosol proteins) was by 
far the greatest in the lysosomal fraction; the proteolytic capacity 
of all other cell fractions was comparatively low. In particular 
the cytosol is not able to degrade any of the substrate proteins 
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Fig. 2. Degradation of short-lived (top) and long-lived (bottom) 
proteins of rat-liver cytosol by isolated rat-liver cell fractions, 
as relative specific activity (r.s.a.; 'Q' value) for TCA-soluble 
material in each fraction compared with homogenate on a protein-N 
basis. N, nuclei (see text for 2 M sucrose re-spin); M, mitochond
ria; L, lysosomes; P, microsomes; C, cytosol (after rapid isolation 
in an 'Airfuge'). 
3H-Cyt. = short- and 14C-Cyt. = long-lived cytosol proteins. 
ODC = ornithine decarboxylase, TAT = tyrosine aminotransferase; 
LDH = lactate dehydrogenase, Ubiq. = ubiquitin: all 3H-labelled 
by reductive methylation, performed on purified proteins (as will 
be published for ODe and TAT). 

(except perhaps short-lived cytosol proteins) at appreciable rates. 
This agrees well with the very low autoproteolysis of cytosol (see 
above) and also with many earlier investigations [1, 10j. This finding 
seems to warrant investigation of the extent to which the proteinase 
inhibitors in the cytosol might be responsible for this low proteolysis 
and whether cytosol proteins in vivo might be degraded in other 
organelles. Yet such experiments with isolated subcellular fractions 
cannot give full information on such processes in the living cells. 
For instance, the transport of the substrate proteins into the degrad
ative organelles might be the rate-limiting step in intracellular 
proteolysis. Therefore we investigated this problem in more detail 
by introducing the double-labelled proteins from cultured hepatocytes 
into unlabelled hepatocytes in monolayer. 
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Fig. 3. Intracellular distributions of labelled cytosol proteins -
short-lived (3H) and long-lived (14C) - in hepatocyte monolayers 
[2, 3 or 4 days of pre-exposure culture; no bearing on results] 
following introduction of the proteins in hypertonic pinosomes and 
then selective lysis of these pinosomes (as in [3]) and incubation 
for the times indicated. See text for the preparation of the 
labelled proteins including amino acid removal by Sephadex; Fig. 1 
summarizes the Fig. 3 approach. TCA-insoluble radiolabel is repres
ented as relative specific activity (r.s.a.; 'Q' values) compared 
with homogenate on a protein-N basis; the vertical bars signify S.D. 
(6-8 expts.). For degradation (TCA-soluble label) see text. 
Subcellular fractions are designated as in Fig. 2. 

INTRACELLULAR DISTRIBUTION AND DEGRADATION OF INTRODUCED CYTOSOL 
PROTEINS 

As is shown in Fig. 3, immediate 1 y af ter the in t roduc tion of 
the labelled cytoRol proteins they were found mainly in the cytosol 
fraction. Yet at this time substantial amounts were also found in 
nuclei, mitochondria and especially lysosomes. This might be at 
least partly due to fusion of the newly formed pinosomes (containing 
labelled proteins) during the 16-min introduction period. However, 
it is unclear why the introduced cytosol proteins also bind to nuclei 
and mitochondria; possibly they have truly accumulated in the nuclei, 
but it seems more likely that they have associated with structures 
which co-sediment with nuclei, as has been suggested for a close 
association of introduced proteins with the cytoskeleton before their 
degradation by lysosomes [4]. 
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Whereas the pattern of long-lived e tJC-labelled) introduced 
proteins did not change significantly during incubation of the 
recipient cultured hepatocytes for 15 or 45 min, a remarkable change 
in short-lived eH) proteins was observed after 15 min: their cytosolic 
specific activity decreased markedly, especially after 45 min, hand
in-hand with a rise in the lysosomal fraction in particular. 

Concomitantly (not illustrated), the amount of TCA-soluble radio
activity increased in all subcellular fractions and in the extra
cellular incubation medium. From this increase, an overall degradation 
of 7% of the introduced 3H-proteins after 15 min and of 19% after 
45 min was calculated. The degradation of ItJC-proteins was <1% of 
all introduced proteins after 45 min. It was not possible to dis
criminate between translocation and degradation of these proteins 
in the cells by such methods. 

The very small proteolytic activity in cytosol after its very 
rapid isolation in an 'Airfuge' (see Fig. 2) is not sufficient to 
explain the rapid loss of labelled proteins from this fraction. 
Thus we assume an intracellular cooperation in degradation of these 
proteins whereby lysosomes are responsible for their rapid uptake 
(see Fig. 3) and for their subsequent degradation. This assumption 
is supported by the very rapid degradation of endogenously labelled 
proteins in hepatocyte cultures: >30% of thevery-short-lived proteins 
eH-labelling for 30 min) in the lysosomal fraction were degraded 
in the first hour after the labelling. 

CONCLUDING REMARKS 

Our results do not support the assumption that the selective 
degradation of introduced proteins occurs principally in the cytosol 
rather than in lysosomes (which has been based on experiments with 
[ltJC]sucrose-labelled bovine serum albumin or pyruvate kinase [12]) 
nor on the assumption that lysosomes degrade mainly the long-lived 
proteins [13-15]. These assumptions were made before the discovery 
that a large proportion (up to 40%) of cellular proteins of mammalian 
cells are very short-lived. It is now important to identify the 
endogenous proteinases which are responsible for this rapid intra
cellular proteolysis. Experiments with cultured cells using specific 
inhibitors of lysosomal proteinases are in progress in our laboratory. 

Proteins that turn over rapidly exhibit increased surface hydro
phobicity [16-19] - a property that may be important for the control 
of proteolysis not only to permit protein entry into the degradative 
environment but because many cellular proteinases preferentially 
attack peptide bonds adjacent to hydrophobic residues [review: 1]. 

We plan to investigate whether changes in the surface hydro
phobicity of substrate proteins may be important for the control 
of proteolysis of very-short-lived proteins in cultured hepatocytes. 
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The liver is a major target for insulin, up to 50% of the circula
ting insulin being taken-up after a single pass. Uptake is receptor
mediated. It has been postulated that the site of insulin degradation 
following internalization is lysosomal. We have studied the uptake 
and cell processing of radiolabelled insulin using a combination 
of ex vivo liver perfusion and subcellular fractionation on sucrose 
density gradients. It appears that the processing of insulin is 
non-lysosomal. Various aspects of the processing pathway can be 
differentiated using weak bases: e.g. methylamine inhibits both uptake 
and processing whereas chloroquine affects only processing. 

Non-lysosomal processing was confirmed by the isolation of the 
vesicles concerned. * The processing of insulin continues within 
the isolated vesicles and is markedly inhibited by chloroquine (95% 
depression). The pate of ppocessing in the vesicles can account 
for at least 25% of the observed hepatic insulin clearance. Inhibition 
of insulin processing is of clinical relevance since in a small clinical 
trial we showed significant improvement in glucose tolerance in Type II 
diabetics on short-term treatment with chloroquine. 

The uptake and processing of ligands by various cell types is 
an area of cell biology that is currently under intense investigation 
[I] • Al though cuI tured cell systems are often used to study this 
process, the liver offers an accessible means to study these phenomena 
in the intact organ. This article outlines some of the techniques 
employed in our laboratory to investigate this process, using as 
an example the uptake and processing of insulin by rat liver. 

* In the ligand 'trafficking' context, W.H. Evans and co-workers have 
likewise studied vesicle isolatioR and features ~ E-I & Vol. 13).-E~ 
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THE LIVER-PERFUSION APPROACH 

One of the most common approaches is to use an iodinated ligand 
and to merely inject it into the animal's hepatic portal vein or 
jugular vein. This suffices if only qualitative data are required 
such as determining the cell type or subcellular locus to which the 
ligand is internalized. It does not allow control of the concentration 
or duration of exposure of the organ to the ligand. When this is 
required, perfusion of the liver is the preferred method. We have 
found that perfusion with oxygenated Krebs-bicarbonate Ringer 
containing 1 nM insulin and 4.4 x 105 Bq/ml of A14-iodo-insulin for 
2 min followed by perfusion with Ringer alone for between 2.5 and 
20 min represents suitable conditions to follow the uptake and sub
cellular processing of insulin. 

In the first instance, examination of the perfusate itself may 
give valuable information on the uptake and processing of the ligand 
under investigation. Thus the effluent perfusate can be monitored 
to detect the appearance of radioactive label during the processing 
phase. In the case of insulin, both total radioactivity and that 
soluble in trichloroacetic acid (TCA) were measured to give an estimate 
of ligand degradation. These experiments showed that 50% of the 
insulin in the in going perfusate was taken up by the liver. Of 
the material taken up, very little emerged as intact insulin; a peak 
of degraded material comprising -65% of the internalized material 
was detected at 13 min. The perfusion system also allows examination 
of the effect of various agents on uptake and processing by including 
them in the perfusion medium. In this instance addition of chloroquine 
(to 1 roM) to the perfusion medium not only prevented degradation, 
but also caused the ligand to be retained in the liver (Fig. 1). 

Detailed kinetic analysis of binding and uptake parameters is 
feasible if the volume of the bolus of radioactive material is minimal 
(only 0.5 ml) and, moreover, if radioactive markers for blood and 
extracellular spaces are used and if perfusate effluent is collected 
at 1 sec intervals. We have used this technique in conjunction with 
a mathematical modelling package (MLAB) to construct a model of the 
perfused liver. The model consists of a double catenary of compartments 
and has shown that in the perfused rat liver endocytosis of insulin 
is very rapid, having a half-life of 19 sec [2]. 

SUBCELLULAR STUDIES WITH PERFUSED LIVER 

These perfusion experiments can not only provide detailed infor
mation on the amount of ligand taken up by the liver but also can 
illuminate the subcellular processing pathway of the ligand within 
the hepatocytes. In our investigations of insulin processing, we 
have combined in vivo perfusion with analytical subcellular fractiona
tion of whole-liver homogenates on sucrose density gradients. 
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Fig. 1. Time course of the appearance of insulin degradation 
products in rat liver perfusate. Livers were perfused for 2.5 min 
with Krebs-Ringer containing 1 nM insulin and [A-14]-iodo-tyrosyl
insulin as a tracer, in the presence and absence of lmMchloroquine. 
The liver was then perfused with Ringer, with and without chloro
quine but in the absence of insulin. Perfusate samples were 
assayed for TCA-soluble (A) and TCA-precipitable (e) radioactivity. 

Fractionation following perfusion at 4 ° such that binding can 
occur but not internaliZation showed that the insulin was associated 
with the plasma membrane [3]. After perfusion at 37°, fractionation 
showed that the label was associated with low-density membranes 
(1.12 g/ml). These membranes have a similar equilibrium density 
to the Golgi as marked by galactosyl transferase, but may be dis
tinguished by the action of digitonin [4]. We have termed these 
membranes Zigandosomes. and they probably represent a class of endo
cytic vesicles. 

Another factor that can be varied in a perfusion model is the 
time allowed for the liver to process the ligand. This is done by 
altering the time allowed for the wash period with Ringer alone. 
In our experiments this interval was increased to 15 min. Under 
these conditions, fractionation showed that although the amount of 
label associated with the liver decreased by >60% over this time, 
most of the label was still associated with ligandosomes. 

The integrity of the ligand associated with the gradient fractions 
can also be estimated from the TCA-solubility of the radiolabel. 
For insulin. although no evidence was found at any time point for 
association of insulin with the lysosomes, examination of its integ
rity, as described above, showed that even at early time points at 
least 30% of the label in the ligandosome fraction was in a degraded 
form. Inclusion of chloroquine in the perfusion medium as before, 
followed by subfractionation, showed that not only did chloroquine 
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Fig. 2. Variation with time in the subcellular distribution of 
TCA-precipitable insulin: effect of chloroquine. Perfusion was 
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as in Fig. 1 with or without chloroquine, for 2 min with the wash 
period indicated. The liver was removed, a 2 g sample homogenized, 
and then subjected to analytical subcellular fractionation on a 
sucrose density gradient . The gradient fractions were assayed for 
TCA-precipitable radioactivity as a marker for intact insulin. The 
data were reprocessed mathematically to show the total amount of 
intact insulin over 4 discrete density intervals. 

cause the ligand to be retained in ligandosomes, but in addition the 
amount of degraded material associated with these membranes was 
drastically reduced (Fig . 2) . 

These results suggested that insulin was not only being internal
ized in endocytic vesicles, but was also undergoing at least partial 
degradation therein. However, the analytical fractionation experi
ments cannot rule out a small but rapid flux through the lysosomes. 
One way of testing the hypothesis that insulin can undergo degradation 
in endocytic vesicles is to attempt to prepare vesicles that contain 
the internalized ligand but are relatively uncontaminated with lyso
somes. 

The equilibrium density of the ligandosome fraction obtained 
in the analytical fractionation experiments can be used as a starting 
point to determine optimum conditions for preparation of the membrane .. 
Thus a membrane preparation, enriched in ligandosomes, was prepared 
from liver perfused with radio labelled insulin. The vesicles are 
obtained by layering the liver homogenate onto a two-step discontinuous 
sucrose gradient (d 1. 09-1.14) and centrifuging at 100,000 g for 
60 min. The ligandosome-enriched membranes are obtained at the inter
face and contain 60% of the internalized insulin but <4% of the lyso
somal marker enzymes [5], meeting the aim of a high insulin recovery 
with minimal lysosomes rather than a purified endosomal preparation. 
(The vesicles contained 76% of a putative endosomal marker, latent 
NADH pyrophosphatase, and 72% of the Golgi marker galactosyl trans~ 
ferase; there was <10% p.m. and e.r., and <1% mitochondria . ) 
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Fig. 3. Intravesicular degradation of insulin: effect of weak 
bases. Low-density vesicles enriched in endocytosed insulin were 
prepared as described in the text. The vesicles were incubated in 
isotonic sucrose containing 10 mM imidazole buffer, pH 7.2, in the 
presence (-----) or absence (-e-e-) of the indicated concentrations 
of weak bases. Samples were removed at various time intervals and 
assayed for TCA-precipitable radioactivity. 

INSULIN PROCESSING IN ISOLATED VESICLES 

Incubation of the ligandosome-enriched vesicles in isotonic 
medium and assay of TCA-solubility of the radiolabel at various time 
intervals confirmed that degradation of the insulin continued in 
vitro [6]. This isolated vesicle preparation provides a very useful 
means of investigating the properties of the insulin-processing system. 
Thus, use of detergents (Brij) and inhibitors of the proteolysis 
(Ag+, bacitracin) confirmed that degradation was indeed intravesicular 
[6]. Incubation in the presence of weak bases showed a differential 
effect in that methylamine and ammonium chloride had no effect on 
the rate of degradation, whereas chloroquine produced a marked inhibi
tion (Fig. 3). The inhibition was unaffected by the presence of 
detergents, indicating that this was not an effect produced by the 
'acidotrophic' mechanism normally associated with chloroquine. 

The rate at which insulin is degraded in the vesicles also provides 
valuable information. Kinetic analysis of the degradation curves 
showed that the process can be described as two concurrent first-order 
reactions, one of which is -20 times faster than the other. The 
faster process has a rate constant of 0.08 min- 1 [6]. This is of 
the same order as that described for insulin degradation in intact 
hepatocytes [7] and for insulin clearance by the liver [8], suggesting 
that the process being observed is capable of supporting physiological 
rates of insulin clearance. Furthermore, the effect of chloroquine 
seemingly is to reduce the degradation process to a single first-order 
reaction, equal to the slower process observed in the absence of 
an inhibitor. The mechanism of this inhibition is not at pre'sent 
clear. 
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Fig. 4. HPLC of intravesicular degradation products of endocytosed 
insulin. Low-density vesicles wre prepared from the liver of a 
rat 2.5 min after portal vein injection of radiolabelled insulin. 
The vesicles were extracted with an equal volume of 40 roM HCI con
taining 0.1% Triton X-lOO and then centrifuged at 100,000 g for 
30 min. A 200 III sample of the freeze-dried supernatant dissolved 
in elution buffer was chromatographed [9]. Peak A is TCA-soluble, 
and elutes with the solvent front; B is TCA-precipitable, and C 
corresponds in elution position to intact [A14]-iodo-tyrosyl-insulin. 

The vesicle preparation may also be used to study the products 
of ligand processing. In this instance we can use HPLC of a detergent 
extract of the vesicles to follow the appearance of iodinated degrada
tion products with continuing incubation. HPLC with the conditions 
previously described [9] showed the conversion of intact 125I-insulin 
to TCA-soluble products with the appearance of a small amount of 
an intermediate product that was still TCA-precipitable, indicating 
only minimal degradation (Fig. 4). In the presence of chloroquine, 
all the radio label was in the form of intact native insulin, suggesting 
that the step inhibited by chloroquine is early in the processing 
pathway. 

APPLICABILITY OF THE CHLOROQUINE EFFECT TO TREATING DIABETICS 

The potent inhibition of insulin processing shown by chloroquine 
may prove to be of value in the treatment of diabetes. A recent 
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small-scale clinical trial [10] showed that the short-term adminis
tration of chloroquine to normal subjects had little effect on glucose 
and insulin homeostasis on glucose challenge. However, in Type-II 
diabetics there was a marked improvement in the glucose tolerance 
that was parallelled by an increase in plasma insulin concentration. 
These changes were not accompanied by an alteration in the plasma 
C-peptide, suggesting that the effect of chloroquine was not mediated 
by an increase of pancreatic output but was a result of increased 
bioavailability of insulin, perhaps by decreased hepatic breakdown. 
Al though chloroquine is not the drug of choice in view of the possible 
side-effects during long-term administration, the in-vitro isolated 
vesicle test system offers a relatively easy means of screening other 
cqmpounds for enhanced inhibitory activity. 
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In ol'del' to evaluate the influence of cellulaI' del'angements 
on hepatic endocytosis, its pathways have to be elucidated. Ways 
are now descl'ibed to separ(1,te diffel'ent cell types concel'ned, and 
to follOUJ the endocytosis of diffel'ent labelled ligands by subcellulal' 
fl'actionation techniques employing SUCl'ose, Nycodenz 01' Pel'coll 
density gl'adients. The fl'actions Wel'e analyzed fol' degl'aded (acid
soluble) and undegl'aded ligands and fol' l'elevant mal'kel' enzymes (mOl'e 
meaningfvl because of the use of pUl'ified cell types). Diffel'ent 
cell types diffel'ed in the intracellulal' pl'ocessing of the ligands. 
Endocytosis has been studied in cultul'es also. The steps seem to be: 
... small, then laragera, endosomes ... (degraadation) lysosome praograession. 

The liver removes by endocytosis a variety of macromolecules 
from blood. Many of them are proteins that function as transporters 
of other molecules: transferrin [1, 2], lipoproteins [3], ceruloplasmin 
[4], aI-macroglobulin [5], RBP* [6) and haptoglobin [7]. In addition, 
the liver removes from the blood peptide hormones [8], intracellular 
enzymes that have leaked out of cells [9, 10], denatured proteins 
[ 11], glycosaminoglycans [ 12] and various glycoproteins [13]. A 
derangement of any of these uptake processes may have profound homeo
static consequences. 

* Abbreviations: RBP = retinol-binding protein, ASOM = asialooroso
mucoid, CMR = chylomicron remnants; HDL, LDL: normal lipoprotein 
connotation. Liver cells: PC = parenchymal, NPC = non-parenchymal -
EC = endothelial, KC = Kupffer, SC = stellatp. See below (LIGANDS) 
for FSA, TC. Specific activity denoted s.a.; p.m., plasma membrane. 



316 T. Berg & co-authors [#E-4 

At least 4 different cell types, viz. PC (hepatocytes), EC, 
KC and SC, are involved in endocytosis [14]. In each cell type the 
process depends on several subcellular structures: p.m., various 
endosome types, lysosomes, microtubules and microfilaments [15]. The 
endocytic process has a thermodynamic requirement for input of external 
energy [16] and may therefore also depend on proper mitochondrial 
function. 

Hepatic endocytosis consists of several steps, each of which 
may be a target for detrimental influences from drugs, carcinogens, 
reduced temperature, nutritional step-down conditions, etc. In order 
to determine the step{s) at which a given factor acts it is necessary 
to have methods available to follow the sequence of events in the 
endocytic process. We have fOllowed the hepatic endocytosis of various 
ligands by means of subcellular fractionation techniques, with density 
gradients of sucrose, Nycodenz (Nyegaard) or Percoll (Pharmacia). 

Subcellular fractionation involves the use of marker enzymes, 
and this presents a problem when working with whole liver homogenates: 
the distribution of a marker enzyme may not be representative of 
the cell in which a specific ligand is endocytosed. We have tried 
to solve this problem by purifying the various liver cell types prior 
to subcellular fractionation. We have also studied the endocytic 
processes in isolated cells in vitro, though the processes may of 
course deviate from those taking place in vivo. However, the use 
of isolated cells makes it possible to measure the effects of 
detrimental influences under precisely controlled conditions, and 
in homogeneous cell cultures. 

The purpose of this article is to describe (a) methods for 
preparing purified, isolated rat-liver cells, and (b) cell fraction
ation methods for studying the intracellular transport and degradation 
of labelled ligands in rat-liver PC and NPC in vivo and in vitro. 
[Arts. IfE-l, -2 & -3 in this vol. are also pertinent to (b), and 
Vol. 8 to (a).- Ed. ]. 

PREPARATION OF PURIFIED RAT-LIVER CELLS 

The starting material for separating liver cells is a cell suspen
sion prepared by collagenase perfusion of the liver [17-19]. PC 
can be separated from NPC by differential centrifugation of the total 
cell suspension (50 g, 30 sec) [11]. If highly purified PC are needed, 
this can be achieved by centrifugal elutriation of the PC obtained 
by differential centrifugation ([ 20], & Vol. 8, this series, e. g. IfB-I.) 
Of the three methods that have been used to obtain a preparation 
of NPC (EC, KC and SC), the simplest is to start with the supernatant 
after sedimenting the PC (see above) [11]: it is centrifuged for 
3.5 min at 400 g. The pellet is resuspended and similarly recentri
fuged 3 times, then resuspended and centrifuged for 20 sec at 50 g 
to remove remaining PC. This procedure furnishes -25% of the hepatic 
NPC. 
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Two methods for obtaining highly purified NPC in high yield 
involve selective destruction of the PC, either with pronase [19] 
or with enterotoxin from Clostridium perfringens [20]. The initial 
suspension (-10 6 PC/ml) is incubated at 3r with 0.25% pronase 
- which disintegrates all PC after 45 min - or 10 ~g/ml of the entero
toxin, which renders the PC leaky (as judged by trypan blue uptake) 
after -15 min. After pronase the NPC can be separated from the damaged 
PC by repeated centrifugations (5 x 3.5 min) and washings. After 
enterotoxin the NPC can be separated from the leaky PC by flotation 
in a solution containing 18% (w/v) Nycodenz, in which the leaky cells 
sediment while the viable NPC move to the top of the solution. This 
method may be applied in general for the efficient separation of 
viable from permeabilized cells. Separation of EC and KC can be 
achieved by centrifugal elutriation [20] or by the selective adherence 
method described by Munthe-Kaas et al. [21] and Smedsr~d et al. [22]. 

HOMOGENIZATION OF LIVER AND ISOLATED CELLS 

A Dounce homogenizer was used for whole liver and PC, with 0.25 M 
sucrose medium. For liver this contained 1 roM Hepes/1 roM EDTA (pH 7.2): 
after 5 strokes with a loose-fitting and 10 with a tight-fitting 
pestle, the homogenate was centrifuged for 2 min at 2000 g. The 
nuclear fraction, resuspended in sucrose solution, was rehomogenized 
(5 strokes, tight pestle) and similarly centrifuged, and the super
natants combined for gradient separation. 

Homogenates of suspended PC (tight pestle, 25 strokes) were 
centrifuged; the pellet containing unbroken cells and nuclei was 
rehomogenized (15 strokes), and the supernatants combined. 

For NPC homogenization several methods have been tested, including 
Dounce, Potter-Elvehjem and sonication; we favoured the LoX-Press, 
used essentially according to Tagesson et al. [23]. NPC suspensions 
in sucrose/Hepes/EDTA (as above) were exposed to an increasing pressure 
up to 10-15 Kp/cm2 in the cylindrical chamber, with monitoring in 
the presence of trypan blue by counting apparently intact cells in 
a Burker chamber before and after extrusion; 80-90% of the cells 
were disintegrated at 15 Kp/cm2 operating pressure. Then, after 
5 strokes (Dounce, tight pestle), the homogenate was centrifuged 
(2 min, 2000 g) and the crude nuclear fraction resuspended and rehomo
genized; the supernatants were pooled. 

SUBCELLULAR FRACTIONATION 

In preparing the linear density gradients, tubes ff tting the 
Sorvall TST 41-14 (10 ml) or Beckman SW 27 (34 ml) rotor were used 
for sucrose or Nycodenz. Tubes (14 ml) fitting the Sorvall SS-34 
rotor were used for the Percoll gradients, self-generated from 10 ml 
of 30% (v/v) Percoll in 0.25 M sucrose. The sucrose gradients were 
prepared by mixing 20% and 58% (w/w) solutions supplemented with 
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Hepes/EDTA as above. The Nycodenz gradients were prepared by mixing 
0.25 M sucrose (-containing Hepes/EDTA) and 40% (w/v) Nycodenz in 
1.2 mM KCl/O.l mM Ca,Na-EDTA/O.l mM NaCl/0.2 mM Tris-HCl, pH 7.5. 
Onto the gradients in the 34 and 10 ml tubes were placed 4 and 2 ml 
of post-nuclear fraction respectively; to the 14 ml tubes containing 
Percoll, 2 ml was added. The sucrose and Nycodenz gradients were 
centrifuged at 85,000 g for 4 hand 45 min respectively, and the 
Percoll tubes at 40,000 g for 1 h. 

LIGANDS [See foot of title p. for some abbreviations] 

We have studied the intracellular transport of the following 
ligands: asialofetuin [18, 24], ASOM [25-27], CMR containing labelled 
retinyl ester [28-30], HDL [31], LDL [32], invertase [33] and formal

. dehyde-treated serum albumin (FSA) [34, 35]. Polyvinylpyrrolidone 
has been used as a marker for fluid-phase endocytosis [36]. 

Here we consider the applicability of subcellular fractionation 
to ASOM and FSA, which are taken up exclusively in PC and EC respec
tively. They can be labelled directly with 125!. However, there 
is the advantage of trapping labelled degradation products at the 
site of formation if the ligand is labelled with either 1qC-sucrose 
or 125I-tyramine-cellobiose (125I_TC), and we have applied both 
labelling procedures [37] to ASOM and FSA. Only labelling with 
125I_TC is considered here, since it gives higher s.a. and eliminates 
quenching problems. 

LIVER FRACTIONATION AFTER ASOM AND FSA INJECTION 

125I-TC-ASOM or 125I-TC-FSA was injected Lv. into rats. At 
varying times the liver was perfused with ice-cold 0.25 M sucrose. 
Tissue samples were homogenized and fractionated by gradient centri
fugation: Nycodenz gradients were preferable for the study of intra
cellular ASOM transport, while sucrose gradients seemed more efficient 
in separating the steps in FSA endocytosis. 

Fig. 1 shows the distribution of degraded and undegraded ligands 
in density gradients at different times. Evidently with Nycodenz 
gradients 125I-TC-ASOM was in a relatively slow-sedimenting vesicle 
during the first minute and subsequently in denser endosomes (d = 
1.09). The degradation products were detected in the gradient after 
-15 min and accumulated later in the same gradient region as the 
lysosomal enzyme ~-acetylglucosaminidase. Undegraded ASOM remained 
relatively long in the denser endosomes, and the rate-limiting step 
in transport is probably from the endosomes to the lysosomes. 

The kinetics of the endocytosis of 125I-TC-FSA was distinctly 
different from that of 125I-TC-ASOM (Fig. 1). Fractionation in sucrose 
gradients revealed three steps in the intracellular transport. The 
ligand was first at d = 1.14 and then rapidly transferred to an endosome 
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Fig. 1. Density-gradient 
fractionations of post-nuclear 
fractions from rats given a 
labelled ligand i.v. For 
conditions, see text. 
Radioactivity of fractions, in 
relation to density: e, acid-
precipitable; 0, acid-soluble. 

Upper panels: 125I-TC-ASOM, at 
times ranging from 45 sec (A) 
to 60 min (E). Linear Nycodenz 
gradient. 
Panel F: distribution of 
~-acetylglucosaminidase. 

Lower panels: 125I-TC-FSA, at 
times ranging from 1 min (A) 
to 24 min (F). Linear 
sucrose gradient. 
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of d = 1.17. After 6 min it started to be transferred to a lysosomal 
compartment (d = 1.21) and already after 12 min this transfer was 
almost quantitative. Owing to this rapid transfer, undegraded 
ligand accumulated in the lysosomes, which therefore became rate
limiting in the intracellular degradation of this ligand. 

DISTRIBUTION OF A LYSOSOMAL ENZYME IN FRACTIONS FROM PC AND NPC 

If hepatic endocytosis is studied by means of subcellular fraction
ation it is crucial to know if the lysosomal marker enzymes are 
representative for the lysosomes of the cells in which the endocytosis 
under study takes place. We have fractionated PC and NPC in sucrose 
and Nycodenz gradients and measured a lysosomal enzyme. Moreover, 
we have labelled the lysosomes with two ligands which are selectively 
taken up in PC and EC and whose degradation products, as Fig. 1 showed 
for whole liver, eventually accumulate in the lysosomes. 

The results for ~-acetylglucosaminidase distribution (Fig. 2) 
indicate that in sucrose gradients the EC contain slightly denser 
lysosomes than the PC, the peaks being at d = 1.19 and 1.21 respec
tively. Conversely, the peak activities are at 1.11 and 1.14 respec
tively in Nycodenz gradients. Taking account of Fig. 1, the subcellular 
distribution of enzymes in the isolated cells probably reflects the 
situation for the two cell types in situ. 

INTRACELLULAR TRANSPORT OF 125I-TC-ASOM IN ISOLATED PC 

In order to synchronize the intracellular transport of this 
ligand, isolated PC may first be incubated at 4 ° in the presence 
of the ligand. The cells are then centrifugally washed 3 times and 
re-incubated in fresh medium at 37°. At various time points, cell 
aliquots are homogenized and fractionated in the sucrose, Nycodenz 
and Percoll gradients, Fig. 3 shows the distributions of degraded 
and undegraded 125I-TC-ASOM in the gradients. After 30 min of incub
ation the labelled degradation products are mostly in a low-density 

Fig. 2. Distribution of the 
lysosomal enzyme ~-acetyl
glucosaminidase following 
fractionation of PC and NPC 
in sucrose and Nycodenz 
gradients: % of total 
gradient activity vs. density 
for each fraction. 
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Fig. 3. Fractionation of isolated hepatocytes in Nycodenz, sucrose 
and Percoll gradients. The cells had been incubated for 1 h at 4° 
in the presence of 50 nM 125!-TC-ASOM and then, after removing 
extracellular ligand, at 37°: cell aliquots were removed at 30 and 
60 min, homogenized, and fractionated. Radioactivity:., acid
precipitable; 0, acid-soluble. 

region in all gradient systems, bur after 1 h degradation products 
accumulate in a compartment of higher density. 

The data are, then, compatible with the notion that degradation 
is initiated in a pre-Iysosomal/endosomal vesicle [27]. Very little 
undegraded 125!-TC-ASOM is found in the lysosomal region of the 
gradient, suggesting that degradation of the glycoprotein in the 
secondary lysosomes is very efficient. The rate-limiting step in 
the intracellular transport in the isolated cells - as in the intact 
liver - is therefore the transfer from the endosomes to the lysosomes. 

We believe that Nycodenz gradients are particularly well suited 
for separating the steps in the endocytic process. Fig. 4 shows 
the distribution of degraded and undegraded 125!-TC-ASOM for cells 
incubated for 1-90 min after starting the 37° incubation. Evidently 
the ligand is first «1 min) in a slowly sedimenting vesicle and 
subsequently in vesicles banding at a higher density (1.08). Degrada
tion products are first found at d = 1.09 but subsequently in denser 
structures coinciding with the lysosomal enzyme ~-acetylglucosamini
dase. The 'early' vesicle containing ligand <1 min after the start 
of the uptake has an equilibrium density of -1.10. However, because 
of its small size it does not reach density equilibrium during 45 min 
of centrifugation [26]. 
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Fig. 4. Subcellular fractionation of hepatocytes containing acid
soluble (0; degraded) and acid-precipitable (.; undegraded) 125I_TC_ 
ASOM, after incubation in its presence (50 nM) for I h at 4°, then 
at 37° after removing extracellular ligand: at the indicated times 
cell aliquots were removed, homogenized, and fractionated in linear 
Nycodenz gradients. A-E: radioactivity distributions, as % of total 
cell-associated radioactivity at start of 37° incubation. F: distri
of ~-acetylglucosaminidase after incubation for 0 (~) or 90 (.) min, 
as % of toal activity in the gradient. A: results from one typical 
experiment; B-F: results are means ±S.E. from 6 experiments. 
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Fig. 5. Subcellular fractionation of 
endothelial cells (EC) containing 
degraded (0) and undegraded (e) 1251_ 
TC-FSA, fractionated in a sucrose 
gradient after incubation for 60 min 
at 37° in the continued presence of 
the ligand (cf. Fig. 4). Also 
shown (~): distribution of ~-acetyl
glucosaminidase. 
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Altogether these data indicate that 4 steps in the intracellular 
transport can be discerned: (a) uptake in small endosomes, (b) trans
fer to large endosomes, (c) initiation of degradation in a pre lysosomal 
vesicle, and (d) final degradation in a secondary lysosome. In addition 
the binding and internalization of ligand can easily be studied in 
the isolated cells [25]. [For 'lysosomal shift', see also IINC(E)-3.] 

In earlier work [38] the effect of monensin on the subcellular 
distribution of 125I-TC-ASOM indicated that the ligand may be inter
nalized into two separate compartments, 'acid' and 'neutral'. When 
monensin was added to cells that had been incubated at 37°, e.g. 
for 10 min, it led to a dual distribution of undegraded ligapd in 
the Nycodenz gradients: part remained at the original density (1.09) 
but the rest was diverted into a lighter vesicle (d = 1.06) [38]. 
In other words, there exist monensin-sensitive and monensin-insensi
tive compartments; this may relate to the finding by Weigel [39] 
that the ligand is internalized into two separate compartments in 
the cells. 

INTRACELLULAR TRANSPORT OF 125I-TC-FSA IN EC 

We have previously shown that isolated EC in suspension effec
tively take up and degrade 125I-FSA [35]. Fig. 5 illustrates pre
liminary experiments in which EC incubated with ligand have been 
fractionated in a sucrose gradient. The EC bind very little ligand 
at 0°, which precluded pre-binding of the ligand at 0° and following 
its intracellular transport at 37°. In Nycodenz gradients the distrib
utions of degraded and undegraded 125I-TC-FSA coincided, suggesting 
that the endosomes and lysosomes do not separate in this medium. 
In sucrose gradients acid-soluble radioactivity accumulated in the 
density range 1.15-1. 20, as did ~-acetylglucosaminidase. The lysosomes 
became progressively lighter with time of incubation. This may be 
due to autophagy which in PC is accompanied by a reduction in the 
buoyant density of the lysosomes [40]. 

These preliminary data show that receptor-mediated endocytosis 
of 125I-TC-labelled ligands may be followed in isolated rat-liver 
NPC by means of subcellular fractionation. The method may be improved 
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by testing the cell culture conditions, by employing monolayers rather 
than cell suspensions, and by using other cell culture media. 
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The idea of mimicking the structure of the protein metabolite 
cleaved by enzymes of the humoral defence systems has been very fruit
ful. Synthetic peptide substrates with a chromophore at the cleaved 
bond often prove to be more selective than the natural substrate. 
Chromogenic peptide substrates exist not only for most coagulation, 
fibrinolysis, kallikrein and complement enzymes but also for chymo
trypsin-, elastase- and papain-type enzymes. Various venoms and 
cell enzymes also show high sensitivity towards certain peptide sub
strates. Using well-defined substrates and other reagents, it has 
often been easy to opimize assay conditions. In a few cases inhibitors 
have been used to improve specificity. 

Assay simplicity has also enabled factors regulating such enzymes 
to be determined. By adding a purified enzyme to a biological sample, 
the amount or activity of inhibitors therein can be determined. 
Proenzymes can be quantified after total activation. Activators 
and various moderators can be determined by having all factops except 
the analyte in excess. Such methods can be made very specific and 
can notably aid proteolytic enzyme research. The rapid results from 
manual as well as automated procedures make it possible to follow 
various processes in biological fluids. Both research and clinical 
practice may benefit, because proteolysis regulates many metabolic 
and defence reactions. 

CHROMOGENIC PEPTIDE SUBSTRATES 

The first synthetic peptide substrates, designed to ml.ml.C the 
natural protein substrates (Fig. 1), were found to be more sensitive 
and selective than the previously used amino acid derivatives. Since 
then there has been a rapid development in this area. Synthetic 
peptide substrates can be v&ried in three ways (Table 1): in respect 
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Fig. 1. The synthetic 
peptide substrate is 
made to mimic the 
natural protein 
substrate. In this 
example, pNA denotes 
p-nitroaniline. 

P. Friberger 

Natural substrate 

ENZYME 
site 

[#E-5 

Synthetic 
substrate 

of the marker group, of the peptide sequence (important for selec
ti vity) , and of the N-terminal protec ting group. Changes in any 
of these three parts of the peptide substrate can significantly influ
ence several properties important for their usefulness. 

Chromogenic and fluorogenic substrates can be used in direct 
kinetic assays. This holds also for certain measurements based on 
electrochemical properties. Luminogenic*, radiometric and certain 
indirect chromogenic procedures need an extra stage for the measure
ment, after the marker ('reporter') group has been split off. The 
fluorogenic and luminogenic assay techniques can be made more sensitive 
than the chromogenic. Then it is necessary, however, to consider 
technical difficulties that can appear when handling very low concen
trations of enzymes, especially in purified systems [1]. 

Regarding the peptide sequence, the trypsin-like enzymes split 
on the C-terminal side of Arg or Lys, chymotrypsin-like enzymes split 
C-terminal to Phe, Tyr or Trp, while elastase-like enzymes prefer 
Ala or Val. There is virtually no cross-reactivity between these 
types of serine proteases. Collagenase-like enzymes do not seem 
to split the present type of peptide substrates. However, certain 
bacterial enzymes have been found to split C-terminal to Pro while 
others split C-terminal to Arg, Lys, Phe, Val, Met or Cit [2-4]; 
further delineation of specificities has yet to be made. 

Among the trypsin-like proteases, some including plasmin and 
plasma kallikrein prefer the Phe-Arg sequence, while trypsin, factor 
Xa , acrosin and urokinase prefer Gly-Arg, and thrombin, factor X1a 
and activated Protein C prefer the Pro-Arg sequence. Further selecti
vity information has appeared elsewhere [1, 5]. From such data it 
can be concluded that selectivity is usually of the order of 10-
to lOO-fold on a molar basis. The reaction conditions are of course 
selected to favour selectivity. Besides, a number of more or less 
selective inhibitors can be used to quench interfering activity. 

* 'Luminogenic' here connotes phosphorescence. 
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Table 1. Different types of synthetic peptide substrates consisting 
of three moieties as tabulated (also, see text). Cbo = carbobenzoxy. 

N-terminal group 

Hydrophobic: Bz, Cbo 
Aliphatic: Ac 
Hydrophilic: Suc 
D-amino acid 
Protected D-amino acid 
Unprotected 

Peptide sequence 

X-X-Arg,Lys 
X-X-Phe,Tyr 
X-X-Ala,Val 
X-Phe-Arg 
X-Phe-Arg 
X-Pro-Arg 

Marker-group feature 

Chromogenic, ester or amide 
Fluorigenic 
Luminogenic 
Radioactive 
Electric property 
Indirect chromogenic 

The N-terminal group of the peptide substrate can be varied 
to fit the demands of the enzyme as well as to increase substrate 
solubility. This group can also protect the substrate from degradation, 
e.g. by aminopeptidase which is present in many biological samples. 

Besides the obviously necessary requirements such as being well 
defined, pure [1] and stable, the kinetic data and the solubility 
are the most important parameters for synthetic peptide substrates. 
The kinetic constants determine the selectivity of the substrates, but 
from the practical viewpoint the concentrations of the various prote
ases in the reaction mixture as well as their proteolytic efficiency 
are equally important. All these factors should be considered each 
time a substrate for a certain enzyme is chosen as a reagent in a 
particular assay. Furthermore, it could be argued that a substrate 
should contain amino acids on both sides of the bond to be split, 
making it more like a protein substrate. The amino acids next to 
pNA (cf. Fig 1) would afterwards be split off by another protease, 
e. g. aminopeptidase, present in excess. This protease, however, 
should not split the intact substrate to any significant extent. 
Such a system has to be used for enzymes which really need certain 
amino acids on both sides of the susceptible bond, e.g. renin and 
pepsin. 

Spatial conformation and charge distribution within the substrate 
are important for the enzyme to recognize its substrate. Some affinity 
sites of the enzymes may be situated at a distance from the active 
site and thus cannot influence the reaction with substrates of low 
mol. wt. There are a couple of cases reported where defects in the 
enzyme are undetectable with small peptide substrates but detectable 
with the natural protein substrates [1]. Yet more information about 
the enzyme is obtainable by using the two types of substrate in 
parallel. The possibility of being thus misled must be kept in mind. 

The synthesis of >500 peptide substrates and their testing on 
available enzyme preparations has been very informative about these 
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Fig. 2. Comparison of u.v. 
absorbance curves for intact 
(pNA-containing) substrate (5) 
and pNA as split off from it 
(both 50 ].lM; pH 5-10). 
Liberated pNA as the index of 
enzyme activity is measured at 
405 nm, where the substrate 
contribution is <1%. 
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reactions. We are, however, only at the beginning of a new era of 
investigation of limited proteolysis in metabolic and defence 
mechanisms. 

METHODOLOGY 

The basis for use of a peptide-pNA substrate is the difference 
in absorbance between the pNA split off from the peptide and the 
intact substrate. At 405 nm, the wavelength most commonly used, 
substrate absorbance is <1% of that of an equimolar amount of pNA 
(Fig. 2). As photometers can be of various types and are widely 
available, such assays are facile. 

Chromogenic substrates are now available for numerous proteases:
thrombin, trypsin and chymotrypsin; CIs, cTr; factors Xa , XIa and 
XIIa; plasma and tissue kallikreins; plasmin, urokinase and tissue 
plasminogen activators; protein Ca ; cathepsin G; leucocyte and 
pancreatic elastase; acrosin; snake venoms; Limulus and crayfish 
lysates; papain-type enzymes; bacterial and fungal prot eases . The 
wide availability of these substrates has spurred the ever-increasing 
study of limited proteolysis. 

Protease determination being simple, the approach can readily 
be extended to enzyme-inhibitor assay merely by adding a known amount 
of the purified enzyme to the sample, incubating it for a suitable 
time, and then measuring the residual ac ti vi ty. The spe cifici ty 
of inhibitory assays depends on the choice of enzyme as well as the 
use of supplements such as heparin which potentiates antithrombin, 
or methylamine which ensures that Q2-macroglobulin-enzyme complexes 
are not formed. Proe~zymes can be determined after activation. 
Usually it has been feasible to use selective activators, and different 
strategies have been used to avoid inhibition. Dilution of the test 
sample has been effective in several cases. 

Activators have been determined as such by using an excess of 
the proenzyme which they activate. This type of assay can be both 
specific and highly sensitive. If a single-stage procedure is used 
the method is also very simple to perform. Other types of moderators 
of protease systems can be determined using all reagents except the 
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analyte in excess. Numerous articles [e. g. I, 2, 6 ] give methodological 
details. For automated operation, which reduces error and assay 
cost, special precautions may be needed [I, 6]. 

Available assays are exemplified by the following.
Enzyme standardization: plasmin, urokinase. 
Enzyme activity in biological samples: urinary kallikrein; plasma 
plasmin-like activity. 
For the following, kits are available.-
Enzyme inhibitors: antithrombin, antiplasmin; CI-esterase inhibitor; 
a2-macroglobulin; at-antitrypsin; t-PA inhibitor. 
Proenzymes: prothrombin, factor X, plasminogen, prekallikrein, 
protein C. 
Enzyme activators: t-PA, endotoxin. 
Moderators: factor VIII, heparin. 

ASSAY APPLICATIONS 

Numerous physiological and pathological systems are regulated 
by limited proteolysis, involving proteolytic enzymes, inhibitors 
and various types of cofactor. Examples include: regulation of diges
t;ive enzymes;" coagulation and fibrinolysis; blood pressure regulation; 
cell lysis; chemotaxis; inflammation; toxin release; hormonal regulat
ion; fertilization; tumour development; aggregation of blood cells; 
activation of various protein-degrading enzymes; pathological protein 
degradation; bacterial defence systems (Ig-ase); food metabolism 
and energy conversion. 

Proteases in the saliva, stomach and intestines are important 
for the absorption of various food elements. Trypsin and chymotrypsin 
are secreted as proenzymes and, once activated, are also regulated 
by intestinal inhibitors. Blood coagulation and fibrinolysis are 
two cascade oxidants consisting of several proenzymes, inhibitors, 
and cofactors for both activation and inhibition. Recently a negative 
feedback process regulated by a proteolytic enzyme (protein C) which 
destroys two key factors has been discovered within coagulation. 
Such regulation has long been known in the complement system. 

There exists a haemostatic balance consisting of four forces, 
viz. coagulating enzymes, fibrinolytic enzymes and inhibitors of 
the two oxidants. If there is imbalance a trigger in any direction 
will lead to thrombo-embolic or bleeding complications. 

Blood pressure is regulated by proteolytic enzymes and connected 
factors, viz. kallikreins, .renin and angiotensin-converting enzyme 
as well as kininogens and angiotensinogen. 

Protection of the host when attacked by foreign cells invol'ves, 
besides antibodies, complement factors and, for bacterial invasion, 
leucocyte and macrophage factors. 
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Regulation similar to that in vivo is prevalent in isolated 
cells too. Proteolytic enzymes may be discharged from the cell and 
found either on the cell surface or in the extracellular space, or 
else the release may be significant only when the plasma membrane 
is broken. These three cases call for different techniques of measure
ment. Discharged enzymes can be measured in the medium after centri
fugation or, if cell-bound, in a cell suspension with a suitable 
medium; intracellular enzymes can be measured after dispersing and 
centrifuging down the plasma membrane. 

Bacterial protease assays may be used for bacterial typing as 
well as for investigating virulent properties of the species. 
Proteolytic enzymes can be studied in various cultures or various 
cells including microorganisms such as yeasts and bacteria. Moreover, 
genetic manipulations can be used to study the consequences of defective 
proteases, inhibitors and other regulators, e.g. in the areas of 
fertilization/reproduction, metabolism, and the defence system uuder 
different conditions. Synthetic peptide substrates obviously aid 
such studies, and existing assay procedures can furnish adequate 
sensitivity. 

With enzyme systems from Limulus or crayfish it is possible 
to determine very small amounts of endotoxins and ~-l ,3-glycans 
respectively. These substances from cell membranes of gram-negative 
bacteria and fungi respectively are potent triggers of mammalian 
protease systems. For study of histological sections and detection 
of separated prot eases in gels, both chromogenic and fluorogenic 
substrates have been used [7, 8]. 

Concluding comments. - Chromogenic peptide substrates will be 
increasingly exploited in research work. Many are routinely used 
in the pharmaceutical industry where specific procedures are 
appreciated. There is increasing routine use, especially in diagnosis 
and therapeutic monitoring, in medical areas including the following.
Internal medicine: ischaemic heart disease, allergic diseases, acute 
leukaemia, diabetes, hypertension, liver disease, RES dysfunction, 
haemodialysis, cancer. 
Haematology: coagulation profile, liver cirrhosis, DV~ vascular 
disorders, angina pectoris, thromboembolism, cancer. 
Obstetrics/Gynaecology: pre-eclampsia, DIC, DVT. 
Nephrology: nephrotic syndrome, transplant rejection. 
Surgery: major surgery, CPB, abdominal surgery, tumour surgery, major 
trauma, sepsis, vascular surgery, embolism. 
Orthopaedics: DVT, embolism. 
Anaesthesiology/Intensive care: severe burns, pancreatitis, peri
tonitis, respiratory distress, DIC, shock. 
Infectious diseases: sepsis, bacteraemia, viraemia. 
Geriatrics: circulatory diseases, rheumatoid arthritis. 

® DVT, deep venous thrombosis; DIC, disseminated intravascular 
coagulation; CPB, cardiopulmonary bypass 
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An outline is given of the properties and substrate specificities 
of three lysosomal peptidases, and of efforts to elucidate their 
potential role in the intracellular degradation of collagen. Use 
of specific fluorogenic substrates such as Gly-Phe-NNap*, Lys-Ala-NNap 
and Gly-FTo-Met-NMec allows direct assay of DPP I, DPP II and TPP I 
respectively. They may hydrolyze macromolecules as exemplified by 
insulin A and B chains and by poly(Gly-FTo-Ala) as a model collagen 
a.-chain. These are extensively hydrolyzed at acidic pH by the coupled 
action of the three exopeptidases, ~hich could explain the degradation 
of proline-rich, collagen-derived polypeptides ~thin lysosomes 
lacking any kno~n endopeptidases active at prolyl bonds. 

With suitable derivatives of specific peptide sequences, the 
above exopeptidases can be Zocalized by light- and electron-microscopy 
in cryostat sections of a range of connective tissues and invasive 
reproductive and metastatic cells. A method for detecting and locali
zing endopeptidases of general or undefined specificity, in reZation 
to specific cells and tissue structures, is also illustrated. It 
involves incubating cells or cryostat tissue sections on a glutar
aldehyde-fixed, India ink-containing gelatin membrane that is sensi
tive to a ~ide range of proteinase activities including that of 
mammalian collagenase. Examples include the remodelling (relaxin
induced) pubic symphysis, spermatozoa, and the implanting blastocyst. 

Collagen is the major extracellular protein of connective tissue 
and the most abundant vertebrate protein. Its primary function is 
to provide a stabilizing architecture for cell support, attachment 

* Abbreviations.- In amide context: NNap =2-naphthylamine, NMec = 7-
(4-methyl)coumarylamine, NNapOMe =2-(4-methoxy)naphthylamine. OPP, dipep
tidyl peptidase; TPP, tripeptidyl peptidase. 
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and migration. Whereas the interstitial collagens, types I, II and 
III, form fibrils that provide the major source of mechanical strength 
for the extracellular matrix [1], type IV collagen forms the mat-like 
network of basement membranes [2] that functions as a filtration 
and structural barrier between epithelial cells and underlying connec
tive tissue. Despite their chemical and functional differences, 
all of the known collagen types display repeating Gly-X-Y triplet 
sequences (where X is frequently proline) as well as non-triplet 
regions that are presumably globular in nature [3]. 

The catabolism of insoluble (cross-linked) interstitial collagen 
fibrils appears to follow two possible pathways: an extracellular 
route that occurs primarily at neutral pH and involves either metallo
endopeptidases (physiological) or serine endopeptidases (pathological), 
and an intracellular route that occurs primarily at acidic pH and 
involves lysosomal cysteine and aspartic endopeptidases [4] • 
Apparently the accelerated rate of connective tissue breakdown seen 
during rapid physiological remodelling (simultaneous degradation and 
synthesis), as well as that associated with pathological damage, 
is a local exaggeration or derangement of a normal process. Diseases 
such as arthritis and periodontitis have long been associated with 
excessive (uncontrolled) rates of interstitial collagen breakdown, 
and the metastatic potential of tumour cells correlates well with 
their ability to destroy basement membrane (type IV) collagen [5, 6]. 

Fibroblasts involved in the rapid remodelling of connective 
tissues, as in Nound repair [7-9], as well as in fibroblastic and 
osteoblastic cells present in invasive human sarcomas [10, 11], contain 
native (banded) collagen fibrils within secondary lysosomes (phago
lysosomes) • Al though lysosomal endopeptidases such as cathepsins 
B, H, Land N are commonly cited as being responsible for the degradation 
of endocytosed collagen fibrils [12-16], none of these enzymes is 
capable of catalyzing the hydrolysis of the prolyl and hydroxyprolyl 
linkages [17] that constitute about one-quarter of the polypeptide 
(a-chain) residues [18, 19]. On the other hand, studies summarized 
here suggest that certain lysosomal exopeptidases could make an 
important contribution to the intracellular degradation of collagen
derived, proline-rich a-chains. The properties and substrate specifi
cities of these exopeptidases are summarized herein. Specific fluori
metric and histochemical methods are illustrated for their assay 
and localization, and a general detection method is described for 
localizing endopeptidase (gelatinase) activity in cells and cryostat 
sections of fresh tissues. 

CLASSIFICATION OF THE PEPTIDASES ('PROTEASES') 

Whereas the endopeptidases (proteinases) are classified ac~ording 
to their catalytic mechanism as 'serine', 'cysteine', 'aspartic' 
or 'metallo' [17, 20], the exopeptidases are classified according 
to their specificity [20, 21], as illustrated in Fig. 1. Although 
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Fig. 1. Trivial terms currently recommended by the I.U.B.'s Nomen
clature Committee for peptidase classes - based on specificity 
determinants for exopeptidases but on catalytic mechanism for the 
endopeptidases. 

the I.U.B. favours replacing the 
the term 'proteinase' has been 
synonymous with 'endopeptidase'. 
changes has been offered [23]. 

term 'protease' by 'peptidase' [22], 
retained, and is considered to be 
A rationale for these nomenclature 

Insofar as the terms 'endopeptidase' and 'exopeptidase' were 
in t r0dticed - 50 years ago [ 24 ], it is rather surprising that they 
have not enj oyed the same widespread usage as have the analogous 
terms applied to the glycosidases, viz. endoglycosidase and exoglycos
idase. 

Herein, emphasis is given to the lysosomal members of classes 
#2 and #3 on left of Fig. 1. They include OPP I, OPP II and TPP I, 
generally described as N-terminal exopeptidases because their specifi
cities are characteristically for the unsubstituted N-termini of 
polypeptide substrates (as surveyed: [21, 25]). The Opp's ('dipeptidyl 
peptide hydrolases'), originally termed 'dipeptidyl aminopeptidases' 
[26], remove two amino acids at a time, while the TPP's remove three 
at a time, and were named by analogy with the Opp's [27]. 

OIPEPTIDYL PEPTIDASE I (OPP I) 

OPP I (EC 3.4.14.1) was initially recognized as an SH-activated 
pituitary-gland enzyme having an absolute halide requirement [28], 
a lysosomal localization [29, 30] and an exceptionally broad specifi
city [26]. It can degrade large polypeptides, exemplified by insulin 
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A CHAIN OF REDUCED (CARBOXYIIETHYLATED) BOVINE INSULIN 

~"'~~~~~~~~ 
~-~-~-~-~-~-~-~-~-~-~-~-~-~~~-~-~-~~~~~-~ 
I 2 3 I I 10 I 14 15 16 17 18 19 I 

HODCH2CS SCH2COOH SCH2COOH SCH2COOH 

B CHAIN OF OXIDIZED BOVINE INSULIN 

--...."'~~~~~~~~~~~ 
Phe-Val- Asn- Gin - His-Leu- Cy- Gly-~-His-Leu-Val- Glu-Ala- Leu-Tyr-Leu-VaI- Cy- Gly- Glu- Arg- Gly- Phe-Phe-Tyr-Thr-Pro-Lys-Ala 
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S03H S~H 

Fig. 2. Degradation of the A and B chains of bovine insulin by 
DPP I at pH5.5 in the presence of -SH and Cl- as activators. 

chains (Fig. 2), through rapid and successive release of a wide range 
of dipeptides [30]; although attack is confined to the unprotected 
N termini, in fact, as Barrett [31] pointed out, the 13 bonds cleaved 
in the insulin B chain (Fig. 2) exceed the number cleaved by the 
combined actions of trypsin, chymotrypsin and pepsin. Polypeptide 
fragmentation is, however, halted by either a prolyl residue or by 
the emergence of an N-terminal Arg or Lys. Hence when DPP I is used 
as a sequencing reagent, it has been recommended [32] that tryptic 
fragments be employed as a means of placing all arginyl and lysyl 
residues in C-terminal positions. Penul timate basic residues, on 
the other hand, are among the most rapidly hydrolyzed linkages. Some 
DPP I properties (above; general surveys in [21, 33]) were unpreceden
ted when first reported; but reinvestigation of cathepsin C [26] 
(detected in 1948 in porcine kidney by H.R. Gutmann & J.S. Fruton) 
disclosed a common identity. 

Fluorimetric assay of DPP I in tissue extracts can be performed 
specifically (pH 6.0, 37°) with Gly-Phe-NNap or, with 10- to 20-fold 
sensitivity gain, Gly-Arg-NNap, plus Cl- and -SH activators [26]. 
A chart record of 410 nm emission (336 nm excitation) gives directly 
the rate of NNap release. Colorimetry of NNap is also feasible [34]. 

Localization by fluorescence enzyme histochemistry 

Pro-Arg-NNapOMe, a substrate originally developed for DPP I 
azo dye histochemistry [30], offers maximal sensitivity and selectivity 
because of its penultimate arginyl residue and terminal prolyl residue. 
The latter endows the substrate with resistance to breakdown by various 
aminopeptidases. The 4-methoxy substituent on the naphthalene ring 
reduces the aqueous solubility of the NNapOMe leaving group and, 
in the detection step, enhances its rate of coupling to 5-nitrosalicyl
aldehyde and increases the substantivity of the resulting Schiff-base 
- which fluoresces at 595 nm (365 nm excitation) and can be readily 
visualized by fluorescence microscopy [35]. Because the coupling 
agent is unaffected by the presence of thiols included in incubations 
with cysteine peptidases such as DPP I, the procedure is an excellent 
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Table 1. 
DPP II. 

Substrate specificities and properties of bovine DPP I and 
Data ~ollated from refs. [26, 29, 36, 37J. 

Feature DPP I DPP II 

Assay substrates Gly-Phe-NNap Lys-Ala-NNap 
Pro-Arg-NNap Lys-Pro-NNap 

pH optimum 6.0 5.5 
Activators -SH, Cl- None 

Inhibitors SH reagents Dip-F 
Gly-Phe-CHN2 Lys-Ala-CH2 Cl 

Catalytic class Cysteine Serine 

Mr 200,000 l30,000 

Subcellular localization Lysosomal Lysosomal 

alternative to azo-dye techniques that involve the use of reactive 
diazonium salts in simultaneous coupling procedures (as described 
below for DPP II histochemistry) which thiols disrupt. 

Illustrative studies, e.g. on remodelling.- We have used this 
approach to follow and localize DPP I in fresh-frozen sections of 
cartilagenous connective tissues that were hormonally induced to 
undergo remodelling. As depicted elsewhere [38], large increases in 
activity were attributable to regions of the mouse pubic symphysis 
that were rapidly remodelling in response to relaxin administered 
to oestrogen-primed animals. Parallel, quantitative determination 
of DPP I activity were conducted by excising and extracting symphyseal 
tissue for assay by direct fluorimetry as above. The histochemistry 
approach has been used by others to demonstrate DPP I in skeletal, 
cardiac and vascular smooth muscles [39]. 

The visualization, by innnunofluorescent staining, of collagen 
types I and II in the remodelling pubic symphysis revealed that type II 
was degraded following relaxin administration. These unpublished 
studies employed a method [40] that utilizes antibodies raised against 
specific collagen types. 

DIPEPTIDYL PEPTIDASE II (DPP II) 

Properties and specificity (sunnnarized in Table 1) • - DPP II 
(EC 3.4.14.2) is the other known lysosomal member of the exopeptidase 
class being considered. It was first distinguished from DPP I on 
the basis of its indifference to -SH and cr activators and its ability, 
which DPP I lacks, to release Lys-Ala from Lys-Ala-NNap [29]. It 
was subsequently shown to be a cation-sensitive, lysosomal peptidase 
[29, 30] whose range of action on NNap derivatives, although very 
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narrow [41], included the unique ability to hydrolyze pro1yl ary1amide 
bonds as readily as alanyl arylamide bonds, as in Lys-Ala-NNap and 
Lys-Pro-NNap [36]. This unusual substrate specificity was first 
encountered during studies employing preparations of DPP II derived 
from a bovine connective tissue source [36]. Later [42] a novel 
(porcine) form was uncovered that displayed a remarkable (7-fold 
greater) preference for the prolyl linkage in Phe-Pro-NNap as compared 
to that in Lys-Pro-NNap. 

Whereas DPP I could act on polypeptides of virtually any length, 
the bovine DPP II was manifestly restricted to tripeptides, especially 
those having Ala or Pro in the central position, as shown by the 
following relative rates [36, 41] (10 roM substrate; pH 5.0, 37°).-

Ala-Ala-Ala 100%, Lys-Ala-Pro or Lys-Ala-Ala 125%; 
Lys-Pro-Ala 44%, Gly-Pro-Ala 36%, Ala-Pro-Ala 31%; 
Nil for N-Acetyl-Ala-Ala-Ala, Gly-Pro-Ala-Gly, Ala~, Ala5' Ala6 or 

Poly(Ala) • 
DPP II purified from rat kidney [43] and porcine ovary [42] displayed 
the same overriding preference for tripeptides. A fuller summary, 
including distributions, has been published recently [21]. 

Fluorimetric assay.- DPP II in tissue extracts can be assayed 
specifically with Lys-Ala-NNap or Lys-Pro-NNap at pH 5 (37°) similarly 
to DPP I (above; details in [29, 36]). 

Localization by azo-dye histochemistry 

Since NNap, the leaving group in commonly used substrates for 
fluorimetry and colorimetry, displays appreciable aqueous solubility 
and a relatively slow coupling rate to diazonium salt~, NNapOMe was 
adopted, in accordance with Nachlas et al. [44], as an improved leaving 
group for localizing peptidase activity in tissue sections. Reaction
product diffusion was greatly reduced owing to the lower aqueous 
solubility and the faster (40-fold) rate of coupling (at pH 6.5) 
to the diazonium salt, fast blue B (t~trazotized diorthoanisidine) 
which gives a bright-red insoluble azo dye readily seen by light 
microscopy. Even the colour intensity of the resulting azo dye is 
-3-fold greater [45]. 

To exploit these findings, Lys-Ala-NNapOMe was prepared and 
tested as a possible histochemical substrate for DPP II localization. 
The success of this approach was manifested by the appearance of 
an intense (bright-red) granular staining in the follicular (secretory) 
epithelium of the rat thyroid [30, 46], a tissue known to be a rich 
source of DPP II from a survey employing the foregoing fluorimetric 
assay [29]. More recently, the guinea pig epididymis was found to 
be a rich source of DPP II. The acrosomal cap on the guinea pig 
spermatozoon, a structure believed to mediate ovum penetration, was 
clearly delineated (Fig. 3) when stained for DPP II by a published 
procedure [46]. A lysosomal localization has since been shown for 
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Fig. 3. Formalin-fixed spermatozoa from guinea pig epididymis, 
stained for DPP II by simultaneous incubation with Lys-Ala-NNapOMe 
and fast blue B at pH 5.5 Note azo-dye reaction product, vizL dark 
crescents [bright red], in the acrosomes of individual sperm. 
xl55 and (inset) x390. 

DPP II in diverse cells and tissues and a subcellular lysosomal 
distribution has consistently been shown. The prominence of DPP II 
in the guinea pig acrosome therefore appears to support the contention 
that this invasive organelle is a lysosomal derivative [47]. 

Other biological material.- DPP II is a prominent lysosomal 
enzyme in most cell types of bone and associated connective tissues, 
including osteocytes, osteoblasts, chondrocytes, chondroblasts, 
fibroblasts and macrophages. Furthermore, since DPP II is stable 
to the harsh conditions of fixation and decalcification, which are 
pre-requisite to the sectioning and staining of bone, the discrete, 
bright-red reaction product generated by this exopeptidase has made 
it possible to visualize and identify cells present in these connective 
tissues [48]. Cells located in skeletpl tissues, as well as in the 
fibroblasts of ligaments, were highly re~ctive for DPP II, especially 
in the transition regions between ligament and fibrocartilage - a 
zone where matrix turnover is believed to be particularly high. 
Chondrocytes of articular cartilage, and the cells of synovium and 
periosteum, were also very reactive, as were macrophages in all sites 
[48] • 

P.L. Sannes and B.H. Schofield at the Johns Hopkins Medical 
School (personal communication) have utilized DPP II histochemistry 
to identify metastatic myeloma cells in bone biopsies, and to visualize 
invasion routes associated with matrix erosion. Similar observations 
were made for bone invaded by metastatic cells arising from large-cell 
tumours of the lung. 
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Fig. 4. Electron micrograph of a rat peritoneal macrophage fixed 
with glutaraldehyde and incubated simultaneously with Lys-Ala-NNapOMe 
and hexazotized pararosaniline at pH 5.5, showing DPP II reaction 
product (as the azo dye shown on left) principally confined to 
lysosomal structures. Procedures as in [46]. x5,500. 

Localization by electron microscopy 

Attempts to develop an azo-dye metal chelate useful for the 
ul trastructural localization of peptidases led to the adoption of 
hexazotized pararosaniline, a diazonium salt that yields a large 
azo-dye complex containing three NNapOMe leaving groups (Fig. 4, 
left). This dye was found in Dr. Robert Smith's laboratory to show 
a substantivity and osmiophilia (3 atoms of Os/mol of azo dye) which 
significantly exceeded that obtained with fast blue B and several 
other diazonium salts. Furthermore, there were no extra-lysosomal 
artifacts, as found with fast blue B due to displacement of reaction 
product [46]. 

What is believed to be the first example of a discrete ultra
structural demonstration of a lysosomal peptidase was accomplished 
when rat-thyroid follicular cells were found to be the locus of DPP-II. 
Glutaraldehyde-fixed sections were incubated at pH 5.5 with 
Lys-Ala-NNapOMe and freshly prepared hexazotized pararosaniline, as 
amplified and illustrated elsewhere [30, 46]. Biochemical and cyto
chemical procedures were later used jointly to demonstrate that DPP II 
was also a prominent peptidase in macrophages (Fig. 4, right). 
Interestingly, DPP II was seen to be present in many but not all 
of the cytoplasmic dense bodies recognized as secondary lysosomes 
or phagolysosomes. Such evidence of lysosomal heterogeneity was 
seen in peritoneal and bone-marrow macro phages [49] and in pulmonary 
alveolar macrophages [50] as well. 
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Fig. 5. Model fluorigenic substrates based on repeating triplet 
sequences present in the a-chains at the N terminus of the triple 
helical regions of type I collagen. 

TRIPEPTIDYL PEPTIDASE I (TPP I) 
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A description [51] of a bovine pituitary exopeptidase that can 
release tripeptides sequentially from the N terminus of growth hormone 
prompted us to look in the ovary, where collagenolytic activity is 
hormonally regulated [52], for a similar peptidase able to depolymerize 
the repeating triplet sequence (Gly-X-Y) found in the collagen a
chains. For this purpose, specially designed fluorigenic substrates 
were used as probes. They included two tripeptide NMec's (Fig. 5) 
corresponding to the first and third tripeptides found (in both a1 
and a2 chains) at the start of the triple helical regions of type I 
collagen [19]. Thereby an exopeptidase, now termed TPP I [21], was 
found in hog ovary [53]. Assays performed at pH 5.0 (37°; 0.15 M 
substrate) [53] gave the following values for enzyme specific activity 
as mU/mg (and relative activity) with different substrates.-

Gly-Pro-MetNMec 1660 (100%), Gly-Pro-Arg-NMec 160 (10%). 
Nil activity: Pro-Met-NMec, Met-Nec, Suc(MeO)-Gly-Pr~et-NMec; 

Z-Arg-Arg-NMec, Arg-NMec. ['Suc(MeO)' = succinic mono-methyl ester.] 
Evidently TPP I requires a free N-terminal ex-amino group and a tripepti
dyl moiety attached to the NMec leaving group. Its ability to hydrolyze 
the arginyl bond in GlyProArg-NMec was indicative of a relatively 
broad specificity. Like DPP II, TPP I exhibited a serine catalytic 
mechanism [53]. As sunnnarized elsewhere [21], TPP I was found to 
be a lysosomal peptidase (Mr -55,000) whose pH optimum was 4.0-4.5, 
with a wide tissue distribution. 

Action on poly{Gly-Pro-Ala).- The ability of purified TPP-I 
to depolymerize this model ~ollagen a-chain to its constituent 
Gly-Pro-Ala tripeptides [53] was of special interest, in relation 
to novel mechanisms of collagen-chain degradation. When the reaction 
was coupled to DPP II, the fragments were further reduced to Gly-Pro 
and free Ala [53], products that would be expected to diffuse to 
the cytosol [54] where proline dipeptidase (' prolidase') could complete 
the breakdown of collagen to its constituent amino acids. Thus, 
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Fig. 6. Proposed 
contribution of a 
coupled exopeptidase 
mechanism (TPP I/DPP 
n/'prolidase') to 
intracellular degra
dation of a-chain 
sequences (amplified 
in text). 
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a coupled TPP I/DPP I mechanism, as illustrated in Fig. 6 for 
(Gly-Pro-Ala)n breakdown, could substantially contribute to the task 
of reducing proline-rich, collagen-derived oligopeptides to free 
amino acids. The terminal action of DPP II, like the action of DPP I 
on tripeptides lacking proline serves to reduce tripeptides (which 
are believed to be incapable of permeating the lysosomal membrane) 
to dipeptides and free amino acids, products which are able to permeate 
it [54]. 

Fluorimetric assay.- A version [53] of a method outlined above 
allows TPP 1 in extracts to be assayed specifically with 
Gly-Pro-Met-NMec or Gly-Pro-Met-NNap, in pH 5.5 Na acetate buffer 
at 37°. 

Azo~dye histochemistry.- The above readily hydrolyzable fluori
genic substrates were resynthesized as NNapOMe derivatives as potential 
histochemical substrates. Disappointingly, the hydrolysis rates 
were only -2% of those for the corresponding NNap derivatives. This 
unprecedented lack of activity on the slightly bulkier NNapOMe deriva
tives was recently circumvented by substituting I-naphthol (ONap) 
as the leaving group, giving -IO-fold faster cleavage than for the 
NNap derivatives. Preliminary trial of these substrates in TPP I 
histochemical reactions coupled to fast blue B has yielded promising 
results with fresh-frozen rat ovary sections. 

LOCALIZATION OF TISSUE PROTEINASES USING FIXED GELATIN MEMBRANES 

We utilize a glutaraldehyde-denatured India ink-impregnated gela
tin membrane fixed to a microscope slide as a general substrate for 
detecting the activity of a range of tissue proteinases and simultan
eously assigning them to particular cells and structures. The membrane 
(which resists boiling water and acids) is exquisitely sensitive 
to proteinases possessing a range of specificities, as illustrated 
in Fig. 7 for trypsin and Fig. 8 for two mammalian collagenases. 
Areas of digestion of the gelatin are seen as clear zones (with the 
aid of back lighting), attributable to celease of the India ink (carbon) 
partlc1es. Digestion (area of lysis) of the membrane by trypsin 
was time- and concentration-dependent over the trypsin range 0.3-300 ng 
(Fig. 7). 
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Figs. 7 & 8. Sensitivity of 
gelatin-India ink membranes 
to a range of enzyme concen
trations per 3 ~l drop. 
7.- Trypsin: (from top to 
bottom) 300,30,3 & 0.3ng. 
Buffer: 1 mM CaC1 2 /150 mM 
glycerol/0.001% Triton X-I 00 
/30 mM Tris-iHC1 pH 8.0. 
Sensitivity is increased 
>1000-fold if incubation 
(37°) 18 h rather than 1 h . 

8.- Co1lagenases . Trypsin as 
used for procollagenase acti
vation was inactivated (with 
soybean trypsin inhibitor, 
SBTI) in controls. 
Buffer: 0.1 M NaCl/10 mM 
CaC1 2 /O.05% Br i j 35/50 mM 
Tris-HCl pH 7.5. 

3 

I CUBATION TIME (M'Nl 370 
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Evidently (Fig. 8) two trypsin-activated collagenases, one 
purified from rat uterus and the other from cultured human skin fibro
blasts, were readily detected at the l-~g level on the gelatin membrane. 
Lysis of the membrane was attributed to the intrinsic gelatinolytic 
activity displayed by mammalian collagenase [55]. Fig . 8 shows no 
action on the membrane in controls where the trypsin used for procol
lagenase activation was pre-treated with SBTI as normally used to 
remove residual trypsin. The metallopeptidase nature of the two 
collagenases was evidenced by Ca 2 + activation and EDTA inhibition. 

Preparing the membranes, with denatured gelatin (area covered: 
-25 x 45 mm) on microscope slides (25 x 75 mm).- Working solution of 
gelatin: mix 10 ml 6.8% (w/v) aqueous stock solution (37°) with 10 ml 
water (37°) containing 0.55 ml Higgins India ink (#4465, waterproof) 
pre-shaken vigorously by hand for 1 min and left for 15 min before 
drawing from the supernatant. Gently ' mix to suspend the ink in the 
gelatin solution, leave 10-30 min at 37°, then allow to come to 29° 
(or the lowest temp. at which still a sol) just prior to adding 0.1 
ml to each slide. Spread drop over the set area (using the edge 
of another slide or a glass rod), place slide on an absolutely level 
surface and allow film to air-dry at room temp. (not >23°). Ideally 
there should be very little retraction of the gelatin film along 
the edges of the slide. Fixation.- Submerge the slides (on edge in 
a 20-place dipping rack) in freshly prepared 0.05% glutaraldehyde 
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Fig. 9. Pubic 
symphysis cryostat 
section, incubated 
at pH 5.5 for 18 h 
at 37° on a gela
tin/India ink mem
brane. Clear 
(white) areas 
indicate proteoly
tic action; note 
regions of acid 
protease activity 
associated with 
the cartilage caps 
and bone under
going remodelling. 
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in 25 mM Na phosphate buffer pH 7.0, at ambient temp. After 2 min, 
rinse (2 x 10 sec) in phosphate buffer and again, when dry, in water 
(3 x 2 min). Shake off excess water, allow to dry, and store. 

Slide testing.- To check thermal stability, submerge represen
tative slides in 95° water for 10 min and 37° water for 24 h; the 
membranes should not dissolve if gelatin fixation is complete. To 
check sensitivity, apply 3-\11 drops of serial (l: 10) dilutions of 
trypsin in buffer (Fig. 7 legend). Sensitivity (clear zones of lysis) 
should be 0.3-300 ng trypsin with a l-h incubation (Fig. 7), 0.03-30 pg 
with 18 h; use a moist chamber (to prevent drops from drying) at 
37°. Slide storage: at room temp. on edge in a covered slide box; 
sensitivity to proteases survives >1 year. 

Applicability to remodelling and invasive tissues.- Fluorescence 
histochemistry for DPP I as outlined earlier, with mouse pubic symphy
sis undergoing relaxin-induced remodelling, was for localization of 
a specific peptidase. In contrast, detection of general proteinase 
activity was achieved with the gelatin membrane in a similar (adjacent) 
tissue section (Fig. 9). The 10 to 20-fold widening of the symphysis 
to -3 mm and the replacement of the firm cartilagenous attachments 
by an interpubic ligament manifest extensive connective remodelling. 
The clear zones (Fig. 9 legend) displayed little or no acid (lysosomal) 
protein~se activity prior to inducing remodelling. 

In contrast with the azo-dye method that showed specific DPP II 
location in spermatozoan acrosomes (Fig. 3), where DPP I could not 
be detected, with the gelatin membrane sperm acrosomes were shown 
(Fig. lOA) to be loci for general (neutral) proteinase activity. 
The lysis zones appear as 'halos' around the acrosomal caps. 
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Fig. 10. Localization of proteolytic activity in cells and tissue 
sections following incubation for 18 h at 37° on the gelatin memb
ranes. A: a smear of fresh epididymal sperm (in pH 7 veronal 
acetate buffer) from a Cebus monkey, showing zones of neutral 
proteinase activity (clear zones) associated with heads, but not 
with the midpiece or tail segments . x170. B: a cryostat section 
of fresh tissue conceptus taken from a rat following implantation 
of the invading blastocyst in the uterine wall, showing a clear 
(white) zone of proteolytic activity (at pH 5.0) surrounding the 
oval-shaped (late-stage) blastocyst. Maternal (background) 
tissue shows little or no proteolytic activity. x60. 

The gelatin membrane may also be used to visualize 'invasion 
fronts' by exploiting the presence of associated proteinase activity. 
The clear zone of lysis seen in Fig. lOB surrounds a rat blastocyst 
(in cross-secti0n) that is in the process of implanting in the uterine 
wall. 
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A syngeneic invasion system where cell aggregates from foetal 
rat brain are used as a target for glioma cell invasion is described. 
With this model system we have been able to demonstrate different 
invasion patterns for different continuous glioma cell lines. When 
grown in a serum-free chemically defined medium the glioma cell lines 
studied secreted glycosidases and also collagenolytic peptidases, 
for which increased activity was recorded in the medium from the 
cell line causing the more seVere tissue destruction. 

Tumour cell invasion into adjacent normal tissue, and metastatic 
spread to other sites, are important features of malignant behaviour. 
These properties may depend on the intrinsic abilities of tumour 
cells to penetrate into the normal tissue, and on the composition 
of the surrounding normal tissue. Primary brain tumours are regarded 
as highly invasive with little or no ability to metastasize. The 
clinical experience is that these tumours cannot be radically excised 
due to the fact that malignant cells are already beyond the stage 
of surgical respectability. 

At present the relationship between invasiveness and other bio
logical properties of brain tumour cells is unclear. The specific 
mechanisms involved in the invasive behaviour of brain tumours are 
still largely unknown. Since primary brain tumours consist of hetero
geneous tumour cell populations, it is likely that several different 
mechanisms are involved in tumour invasion. As will be shown, the 
development and modification of cell culture techniques for normal 
as well as malignant cells may give valuable information on the mechan
isms involved during invasive growth. 
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EXPERIMENTAL SYSTEMS FOR STUDYING BRAIN TUMOUR INVASION 

In vivo experiments.- Selective induction of malignant tumours 
of the nervous system by resorptive carcinogens has given valuable 
information regarding the pathogenesis and morphology of gliomas 
in rodents [1-3]. Frequently the induced tumours have been cultured 
in vitro and transplanted intracranially for invasion studies [3]. 
However, there are several limitations of such transplantation studies. 
Firstly, it is difficult to obtain a dynamic picture of the invasive 
process since observations are done on static images of histopatho
logical preparations. Secondly, the implantation procedure may induce 
wound healing as well as inflammatory and other reactions, which 
in turn may influence the invasive process. Thirdly, inter-experi
mental variations frequently occur even though inbred animals are 
used. 

I~ vitpo experiments.- Several in vitro systems have been des
cribed for tumour cell invasion studies [4, 5]. Although data obtained 
from in vitro studies should be interpreted with some reservation, 
in vitro models of invasion may give a dynamic picture of the processes 
taking place and also allow direct observations of interactions between 
the tumour cells and the normal tissue. By the use of 3-dimensional 
confrontation culture systems it has been demonstrated that both 
rat and human neurogenic cell lines can invade and destroy embryonic 
chick heart fragments in vitro [6, 7]. In addition, recent studies 
have shown that invasive behaviour in vitro correlates closely with 
in vivo observations [2] (cf. M. Mareel et al., #E-8 in this vol.). 

Recently we have described a syngeneic invasion system (Fig. 1) 
where both foetal rat brain fragments and cell aggregates from foetal 
rat brain have been used as target in glioma cell invasion experiments 
[8-12]. With this model system we have been able to demonstrate 
individual differences in the invasion patterns for two different 
continuous glioma cell lines [11]. One line (BT5C) invaded the brain 
tissue by massive replacement of the normal tissue, causing severe 
tissue destruction of normal structures (Figs. 2 & 3). The other 
cell line (BT,+Cn) showed single-cell invasion with little initial 
tissue destruction of normal tissue (Fig. 4). Moreover, when normal 
brain aggregates were incubated in BT5C c.ell-cunditioned media, the 
normal cells were observed to degenerate [9]. This was not the case 
for the BT,+Cn cell line. These observations indicated that the BT5C 
cells secrete soluble factors into the medium that directly or 
indirectly cause destruction of the normal tissue. These in vitro 
results were verified by intracranial implantation of the same cell 
lines; two different invasion patterns were manifest [11]. 

EXTRACELLULAR ACCUMULATION OF 'LYSOSOMAL' ENZYMES 

It has been proposed by several groups that malignant cells 
secrete matrix~degrading enzymes, usually found within cellular 
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Fig. 1. Brains from foetal rats are minced and trypsinized to 
obtain a single-cell suspension, which is seeded into medium-agar 
coated multi-wells . During 48 h the cells will form multicellular 
aggregates, which are then cultured individually for 20 days. At 
this time the cellular differentiation is complete, and the aggreg
ates are confronted with tumour cells, which are also implanted 
intracranially into rats. Both in vivo and in vitro invasion 
patterns are evaluated by histology . 

lysosomes, to facilitate their invasion into surrounding tissues 
[12-15]. From our morphological observations ~igs. 2-4) it is evident 
that different mechanisms may be involved in the invasive. process. 
We have therefore been screening culture media obtained from monolayer 
cultures of several human and rat glioma cell lines, and have found 
that these cells secrete variable amounts of glycosidases as well 
as endo- and exo-peptidases involved in extracellular matrix degrada
tion in addition to cell surface modulation [14]. Due to the presence 
of hydrolytic activity and also natural peptidase inhibitors in serum, 
cells in the late exponential phase were transferred to a serum-free 
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Fig. 2. A. Semi-thin toluidine-stained section of a foetal rat brain 
aggregate (N) 72 h after confrontation with BTsC cells (T). 
Tissue destruction is observed in the normal tissue distant from 
the .tumour cells (arrows). x400. 
B. After 144 h a distinct border (arrows) can be seen between 
the tumour cells (T) and normal tissue (N). Much normal tissue has 
been replaced by tumour cells, in C likewise. x400. 
C. After 292 h, normal-tissue destruction is severe (arrows). x700. 

chemically defined medium found to support growth of a broad variety 
of glioma cell lines. After 48 h the medium was assayed for glyco
sidases [16] and collagenolytic peptidases [17]. With both cell 
lines (Table 1) an extracellular accumulation of acid hydrolases 
was observed, although acti vi ty levels differed. We have reason 
to believe that these enzymic activities reflect secreted or released 
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Fig. 3. Transmission electron micrographs (x 3200) showing the 
contact zone between BT5C cells and normal tissue, (A) 24 h, and 
(8) 96 h after confrontation. No tissue destruction is observed 
after 24 h, while after 96 h the neutrophil has fallen completely 
apart. Arrowed: normal tissue within the tumour cell population. 

enzymes and not cell death, as the DNA content [16] of exposed media 
was found to be <1 ~g/ml. 

Of particular interest to us was the presence of both tripeptidyl 
peptidase I and dipeptidyl peptidase II in the medium, as Gly-Pro-X 
tripeptides released from collagen-like structures by tripeptidyl 
peptidase I would be favoured substrates for attack by dipeptidyl 
peptidase II [17]. Also noteworthy is the observed increased activity 
of both enzymes in medium from the BT5C cells found to cause severe 
tissue destruction of normal structures (Figs. 2 & 3). 

However, it would be premature to correlate the proteolytic 
activity of some tumour cells with invasive behaviour, pending more 
studies including several cell lines. 
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Table 1. Extracellular accumulation (mU/ml) of 'lysosomal' enzymes. 

Enzyme BT5C cell line BT,!Cn cell line 

Acid phosphatase 0.18 0.49 
Acid ~-galactosidase 0.03 0.03 
Acid ~-glucuronidase 0.10 0.10 
N-Acetyl-~-glucosaminidase 1.01 0.36 

Cathepsin B 0.06 
Tripeptidyl peptidase I 0.18 0.04 
Dipeptidyl peptidase II 1.0 0.19 

Fig. 4. Brain cell aggregates confronted with BT4Cn cells. (A), (B): 
semi-thin sections after 96 and 144 h respectively. Single-cell 
invasion is observed with little initial destruction of normal tissue. 
x 460. (C): a transmission electron micrograph of the contact zone 
between tumour cells and normal tissue. Single-cell invasion is 
observed (arrows); no massive tissue destruction. (D): After 292 h 
of co-culture only remnants of normal tissue are evident. x 700. 
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Methods cUr'r'ently used in our' laboroator'ies to analyze the invasive 
and metastatic capabilities of cell populations in vitro and in vivo 
a!'e as fol101.f)s: confr'ontation of cell cluster's Or' cellula!' aggr'egates 
with fr'agments of embr'yonic chick hear't in or'gan cultur'e; implanta
tion of cells aggr'egated to collagen sponges under' the r'enal capsule 
of syngeneic mice and r'ats; s. c., i. p. Or' i. v. injection of ce II suspen
sions and s. c. implantation of cellular' aggr'egates in syngeneic and 
immunodeficient animals. Qualitative and quantitative techniques, 
mainly m~!'phological, a!'e used to scor'e for' invasion and metastasis. 
These methods cover' var'ious aspects of the mul ti-step pr'ocess of 
invasion and metastasis fr'om ' natur'a l' tumour'S. We discuss her'e 
those aspects of our' methods that influence the exper'imental r'esults 
and determine the reZevance of these resuZts to the 'natural' situation. 

Invasion and metastasis are hallmarks of malignant tumours. 
Methods of analyzing these activities are rather crude, because little 
is known about the molecular mechanisms underlying them. Invasion is 
defined as the loss of tissue barriers with break-through of cells 
into surrounding tissue domains. Metastasis comprises invasion of 
cells into the vasculature (intravasation), transport and survival 
in the vasculature, adhesion to the capillary wall, egression from 
the capillary lumen (extravasation), and growth at a distant site. 
Most methods entail confronting a 'tumour' with a 'host' either in 
vivo or in vitr'o. Such confrontations are different from the natural 
situation where a tumour develops, possibly from a single cell, inside 
and in continuous interaction with its host. Experimental procedures 
unquestionably simplify this interaction, with the risk of producing 
results irrelevant to the behaviour of natural tumours. 
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In respect of the 'tumour', maj or concerns are sampling and 
selection. The weight of these factors increases from taking a biopsy 
from a heterogeneous tumour, through preparing a cell suspension 
and establishing a cell line, to isolating a clone. In respect of 
the 'host', major concerns are lack of neurohumoral and immunological 
influences and loss of histiotypical structure. The weight of these 
factors increases from use of immunosuppressed animals in vivo, to 
isolation and maintenance in vitro of organs, tissues, cells and 
extracellular matrices. For the two partners in conj unc tion, the 
main concern is the unwitting production of false images of invasion 
and metastasis. 

We discuss here some aspects of the methods currently used in 
our laboratories. .An extensive review of methods for studying invasion 
and metastasis was published by Easty & Easty [1]. 

SEPARATE ASSAYS FOR INVASION AND METASTASIS 

There are arguments in favour of the acquisition of invasiveness 
and of metastatic capability being discrete steps in tumour progression 
towards increasing malignancy (discussed in [21; cf. S. Zucker, p. 374). 

So far, we have been able to predict in most cases the invasiveness 
in vivo of cells on the basis of an assay in vitro. However, we 
found no correlation between metastatic capability (in Vivo) and 
invasiveness in vitro. One low-metastatic and two high-metastatic 
B16 mouse melanoma sublines were equally invasive in vitro [3]. 
Similar results were obtained with 2 nono-metastatic, 3 high-metastatic 
and 3 low-metastatic Lewis lung carcinoma sublines (unpublished work, 
with G. Vaes & A. Van Lamsweerde), with 2 non-metastatic and 3 metas
tatic sub lines from a Balb-3T3/A31 cell family (unpublished work, 
with A. Raz), and with the non-metastatic DX3 V8. the metastatic 
DX3-ara C melanoma cell lines (unpublished work, with 1. Hart & 
J. Ormerod). These findings accord with those of Waller et al. [4] 
who described an Eb mouse lymphoma subline that was low-metastatic 
but highly invasive in vitro. The interpretation of these results 
is that invasion is needed for metastasis but not necessarily accom
panied by it, or sufficient to cause it. 

To characterize cell populations in our current experiments, 
we use a series of methods that score for either invasion or metastasis 
or for both. One advantage is that correlations between the results 
from separate assays strengthen the relevance of each assay. 

CURRENT TECHNIQUES 

To characterize matched cell populations [e.g. 5], to evaluate 
potential anti-invasive drugs [e.g. 6-8] and to study the role of 
certain molecules in invasion [9], we use confrontations of tumour 
cells with fragments of embryonic chick heart in organ culture [10]. 
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The relevance of this assay in vitro to invasiveness in vivo has 
been discussed [11]. The' tumour' usually consists of a cell aggregate 
(Scheme 1). When cells do not produce aggregates, we use a drop 
of a dense cell suspension or a cluster of cells mechanically removed 
from the tissue culture substrate. The latter is also used when 
we suspect from morphotypic heterogeneity that pre-cultured aggregates 
contain a subpopulation of cells that might not be representative 
of the whole population. The volume of the' tumour' can be standardized 
in the case of aggregates hut not of suspensions or cell clusters. 

As 'host' we routinely use 9-day old embryunic chick heart because 
the viability of heart fragments (0.4 rnm diam.) can be easily judged 
from their beating function; but most other organs serve as well 
[12]. In order to conserve the organotypic structure of the heart, 
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it is either kept on top of a semi-solid agar medium or suspended 
by Gyrotory shaking in liquid medium. Adhesion of the fragment to 
any solid tissue culture substrate leads to outgrowth of cells and 
loss of organotypic structure. 

The invasive and metastatic capabilities of cell populations 
are also examined in vivo through transplantation into syngeneic 
or immunodeficient animals in four ways distinguished by the injection 
sites, and by the organization and volume of the inoculum (Scheme 2). 

Inj ection of tumour cells i. v. leads to formation of lung colonies, 
also termed artificial metastases. This method bypasses some of 
the steps of spontaneous metastasis, namely release of cells from 
the primary tumour and invasion into the vessels (intravasation). 
It is, therefore, not surprising that the ability of cells to form 
artificial metastases does not always correlate with their ability 
to form spontaneous metastases. 

Injection s.c. into the flank permits large inocula, but with 
possible troubles: irregular distributipn of cells in natural 
cleavage planes, producing false images of invasion at least at the 
onset; accidental i.v. injection, leading to artificial metastases 
in the lungs; accidental penetration of the injection needle into 
the abdominal cavity, producing false images of invasion through 
the abdominal wall. 

Immediately after Lp. injection, cells are in a non-invasive 
state with respect to the tissues to be invaded, except for those 
cells that are trapped in the abdominal wall upon withdrawal of the 
inj ec tion needle. Wi th this method, nodules inside the thoracic 
cavity are not unquestionably metastases, since direct invasion through 
the diaphragm is difficult to exclude. 

Implantation of an aggregate (0.3 mm diam.) s.c. into the tail 
is our method of choice for studying the metastatic capability of 
a cell line. The spontaneous character of metastases from tail tumours 
is verified through amputation of the tail from I day to 3 weeks after 
implantation. For the tumour cells examined so far, metastases are 
found mainly in the gluteal, ileac and para-aortic lymph nodes and 
in the lungs. 

In experiments in vivo, evaluation is as follows. All animals 
are examined twice per week and calliper measurements of the smaller 
(a) and larger (b) diameters of flank tumours and tail tumours are 
made. The choice of the time of killing is subj ec ti ve, since it 
depends on the observer's judgement of the general state of health 
of the tumour-bearing animal. We do not consider spontaneous death 
as a usable end-point because it hampers autopsy and histological 
examination. For flank and tail tumours the following values are 
considered: (i) volumes of the primary tumour calculated from the 
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diameters: V = 0.4 x a2 x b (a<b) according to Attia & Weiss [13]; 
(ii) time of observation, L e. the time between inj ection and sacrifice 
(also for Lp. tumours); (iii) latency period, Le. time between 
injection and appearance of palpable tumours; (iv) minimum tumour
bearing period, i.e. the time of observation minus the latency period. 
Obviously, for individual tumours these values are related to the 
occurrence of metastases. However, variations of these values could 
not entirely account for differences in metastasis between different 
types of tumour [2]. 

Careful macroscopic observation is most important when scoring 
for metastasis, since systematic histological examination of even 
a few organs 'is too time-consuming. So far [2, 5] we have found 
metastatic and non-metastatic variants within single cell families. 
All primary tumours of mesenchymal origin examined by us were invasive, 
and non-invasive variants were not observed in vivo. Possible 
explanations for this finding are that invasiveness is acquired by 
these cell lines before or simultaneously with tumorogenicity or 

,that invasion is needed for tumour formation by these cells. 

STANDARDIZING THE INOCULUM 

Amongst the in vivo methods, s.c. implantation of an aggregate 
in the tail gave the most reproducible results, presumably because 
an aggregate is a standardized well-delineated implant from which 
invasion and growth starts in a reproducible way [14]. Aggregates 
have two main limit a tions: many cell types do not produce viable 
aggregates of a useful size; the number of cells in an aggregate 
is limited to -1 x 10" because of central necrosis, so that cells 
with a higher TD50 (no. of cells required to produce a tumour in 
50% of the animals) do not form tumours from a single implanted aggreg
ate. We therefore sought an alternative technique that should be 
more widely applicable but retain the advantages of aggregates. 
From a limited number of experiments including cell types that form 
aggregates only poorly, it 'appears that cel1s aggregated to a col1agen 
sponge as suggested by Kraemer et al. [15] meet the need. The steps 
are as follows.-

(i) Cut cubes of -1 mm3 from dry (-8 mm3 when wet) collagen sponges 
(Spongostan standard, Ferrosan, Denmark). 
(ii) Put into 50 ml Erlenmeyer flasks 6 ml of culture medium (suitable 
for cell type used), 10 or 20 sponge cubes, and 0.5 or 1 xlO G cells, 
and incubate on a Gyrotory shaker (70 rpm) at 37° in 5% CO 2 /95% air 
for 2-3 days. 
(iii) Pour flask contents into a Petri dish and transfer individual 
sponges with 1 ml fresh culture medium into the wells of a 24 multiwell 
dish (Nunc, Roskilde, Denmark). Incubate in 5% CO 2 /95% air at 100% 
humidity. 
(iv) Sample 3 sponges, measure their sides under a Macroscope (Wild, 
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Heerbrugg, Switzerland; x25), calculate their outer surface, and 
incubate them for -2 h with 25 ml Puck's saline containing 50 mg 
bacterial collagenase and 100 mg BSA [16]. 
(v) Count the cells in a haemocytometer, and determine cell viability. 
(vi) Infer no. of cells on other sponges from no. on the 3 samples 
with correction for sponge surface. 
(vii) Implant sponges in 2 ~l serum-free medium with a micropipet tor 
as described for aggregates [14]. 

All 16 cell types tested so far aggregated to sponges, the no. 
of cells per sponge varying from 1 x 103 to 5 x 105 • The presence 
of the sponge did not affect tumorigenicity, invasiveness or metastatic 
capability of the cell types tested. Sponges cannot be used in the 
organ-culture assay since cells from the normal tissue colonize the 
sponge with loss of histiotypic structure. 

METASTASIS AND THE SITE OF INOCULATION 

Few authors [review:. 17] provide us with the reason why they 
chose a given cell site for the inoculation of cells in tumorigenicity 
tests. . The following recent reports demonstrate the necessity of 
taking the inoculation site into account in the analysis of invasion 
and metastasis. ECA109 human oesophageal carcinoma cells produced 
non-invasive tumours after s.c. injection into nu/nu mice, whereas 
tumours invading most abdominal organs were found after i.p. injection 
[18] . M04 cell aggregates implanted s. c. either in the pinna or 
in the tail of syngeneic C3 H mice produced invasive tumours of 
comparable size at both sites but only tail tumours were metastatic 
[14]. Site-dependence of metastasis has also been observed with 
human colorectal carcinoma cells in nude mice [19] and with mammary 
carcinoma cells in syngeneic mice [20]. 

Table 1 shows data about tail and flank tumours from our recent 
experiments on the role of oncogenes in invasion and metastasis 
[2, 5 & unpublished results]. The overall frequency of metastasis 
from tail tumours is -2-fold higher than that from flank tumours. 
Cell types that produce metastatic flank tumours invariably give 
rise to metastases from tail tumours. In 5 cell types there was 
a clear-cut difference between flank and tail tumours. Flank tumours 
were not metastatic, tail tumours were always metastatic. 

In the experiments shown in Table 1, the inocula giving rise 
to tail rather than flank tumours are relatively fewer, leading to 
longer latency periods and longer periods of observation for tail 
tumours. Nevertheless, these data confirmed that s.c. implantation 
in the tail is a specific test for metastasis. We do not know whether 
the tail environment favours the proliferation of a small pre-existing 
metastatic subpopulation (selection) or non-metastatic cells become 
metastatic under the influence of tail factors (adaptation). 
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Table 1. Frequency of metastasis (as no. of tumour-bearing rats 
with metastasis/no. of rats examined) from flank tumours as compared 
with tail tumours in F.344 Fischer rats. The cited refs. describe 
the origin of the cell lines. 

Cell type: code [& ref.] from flank tumours from tail tumours 

PyT21 [21] 0/3 0/2 
RatlW [22] 3/4 6/7 
Rat1pEJ6.6 [23] 0/2 2/2 
Rat2pT24B4 [5] 0/6 4/6 
REFpEJmcyN7 [23] 10/11 3/3 
Rat2TD2A [5] 0/4 4/4-
BPV3 [24] 2/4 3/3 
BPV6 [24] 1/4 3/3 
BPV1TD3 [24] 5/5 6/6 
BPV3TD1 [24] 3/3 3/3 
RVLC12 [25] 0/4 2/2 
RVLC53 [25] 4/4 3/3 
RV69l-TDI [25] 0/4 2/2 

Total 28/58 (48%) 41/46 

$ Cells aggregated onto a collagen sponge were used for 
implantation instead of a cellular aggregate. 

SCORING INVASION 

(89%) 

With 3-dimensional confrontations in organ culture, as with most 
assays in vivo, invasion has to be reconstructed from histological 
sections of tissues fixed after various time intervals. Since the 
critical activity of invasive cells is unknown, we have to score invasion 
on the basis of the resul ts of this activity: occupation of the normal 
tissue, which is usually accompanied by degeneration of the normal 
tissue. In the chick-heart organ-cuI ture assay (Scheme l) the analysis 
of occupation and degeneration is facilitated by immuno-staining 
of the sections with an antiserum that recognizes the heart tissue 
but not the confronting cells [3]. 

To compare the invasiveness in vitpo of various cell types and 
to examine the anti-invasive activity of drugs, a scale (grading from 
o to IV) was established [26] as follows.-

Grade 0.- Serial sections of the entire culture showed no confronting 
cells, as when these attached poorly to the pre-cultured heart fragments 
so that they were released into the culture medium, or they died 
under the cuI ture conditions of the assay. With one cell-line family, 
deri ved from a mouse mammarY' carcinoma, grade 0 was scored in cuI tures 
fixed after 14 days. Surprisingly, a number of cultures fixed after 
28 days showed invasion of the heart tissue by mouse cells. Immuno-
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Fig. 1. Consecutive sections from a confrontation of mouse mammary 
tumour cells with chick-heart fragments in organ culture. Fixation 
after 14 days; staining with (a) haematoxylin-eosin, (b) an anti
serum against chick heart, and (c) an antiserum against mouse cells. 
Scale bar = 0 . 1 mm. (Unpublished work with A. Sonnenberg and J. Hilgers.) 

staining of sections from the grade 0 cultures with an antiserum 
against mouse cells revealed within the heart a few mouse cells 
that were not manifest in sections stained with haematoxylin-eosin 
or with an anti-chick heart antiserum (Fig. 1). This observation 
demonstrated the need, at least in grade 0 cultures, for a double 
immuno-staining either on the same or on consecutive sections. Poor 
attachment of confronting cells to the heart tissue can be overcome 
by prolonged incubation on semi-solid medium before transfer of the 
confronting pair to fluid medium. For only a few cell types tried 
in this assay has non-survival hampered testing. 

Grade 1.- Confronting cells surrounded the heart fragment, and were 
separated from the core of muscle cells by a connective-tissue layer 
which, pre-confrontation but after pre-culturing, was manifest at 
the fragment's periphery and probably represented some kind of wound 
healing. Grade I cultures are rare. So far, they have been seen 
with cells from the canine kidney-cell line MDCK [27] and from the 
human mammary carcinoma cell line MCF-7 (unpublished results), and 
after treatment with the antbinvasive flavonoid (+)-catechin [26]. 
We interpret grade I cultures as modelling the natural situation 
of epithelia in the case of these cells, and for (+ )-catechir. as 
a drug-mediated stabilization of the fragment's peripheral layers. 

Grade 11.- As reviewed [12], when two normal tissues are confronted 
with each other in organ cuI ture either they fuse at the site ·of 
attachment, or one of the confronting partners surrounds the other. 
Since in our assay for invasion one of the partners is always the 
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Fig. 2. Cell occupation (OCC) 
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same (chick heart), we have distinguished .between grades IIa and 
IIb. In neither is the outer layer of chick connective tissue still 
visible. Grade IIa indicates that the confronting cells have formed 
a cap at the pole of attachment or have surrounded the cardiac muscle. 
Grade lIb indicates that the cardiac muscle has surrounded the nodule 
of confronting cells with a minimal area of contact (circular on 
sections) between both partners. Grade IIa and IIb cultures were 
observed when non-invasive cells were confronted with heart fragments. 
With both grades the disposition of the partners is acquired during 
the first 2 days and remains stable during further culture. Treatment 
with most anti-invasive agents resulted in Grade IIa cultures. 

Grades III and IV.- Here the confronting cells have occupied <t 
(grade III) or >t (grade IV) of the cardiac muscle; with most such 
cell types there was accompanying degeneration and disappearance 
of the heart tissue. Most of the invasive cells produced grade III 
after 4-7 days, progressing towards grade IV during further incuba
tion, and thus fulfilling all criteria of invasiveness. With some 
cell types progression from grade III to IV was not demonstrated; 
these were anchorage-dependent for their growth and produced invasive 
tumours in syngeneic animals with long latency periods. Improved 
organ-cuI ture conditions are needed to model more closely the behaviour 
in vivo of the latter cell types. 

Analysis of invasion through this grading, although subjective, 
gave reproducible results and showed a good correlation .between scores 
o.btained by independent observers on blindly coded preparations. 

As Fig. 2 illustrates, using a computer-assisted image-analysis 
program, De Neve et al. [28] have quantitated separately two aspects 
of invasion in the organ culture assay. Occupation of heart tissue 
by MOq cells was scored on the basis of distances between MOq areas 
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separated by heart tissue. Degeneration was scored as a decrease 
in the amount of immunoreactive heart material. Complex combinations 
of occupation and degeneration showed a new qualitative aspect of 
invasion that was different in various invasive cell types (exemplified 
in Fig. 2). 

Numerical assessment of invasion in vivo can be done with the 
subrenal capsule assay (E. Boghaert, W. Distelmans, R. Van Ginckel 
& M. Mareel, in preparation). In this assay, cells aggregated to 
sponges as described above are transplanted under the renal capsule 
of male rats or mice, and then the animals are killed at regular 
intervals. The kidneys are hemisectioned, and the total thickness 
of the tumour (T) as well as its invasive part (I = distance between 
the original site of contact and the deepest point of invasion) are 
measured. Cell types are characterized by an invasion rate (Ir= Til) 
plotted against time after implantation (exemplified in Fig. 3). 
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NOTES and COMMENTS related to 

STUDIES FOCUSED ON ENDOCYTOSIS, PROTEASES 
OR INVASIVENESS 

Comments on #E-l: P. N. Strong & W. H. Evans - UPTAKE OF A TOXIN 
#E-2: P. Bohley et al. - LYSOSOMAL PROTEOLYSIS * 

371 

and #E-4: T. Berg & co-authors- ENDOCYTOSIS BY LIVER CELLS 

H. Sjostrom/W.H. Evans.- Some workers have claimed 2-way transport 
between Golgi and endosomes. Pulse-chase experiments with an endosome 
preparation could help in examining whether newly synthesized material 
passes the endosome compartment. T. Berg asked Bohley whether, in 
view of his biochemical evidence that exogenous proteins are seques
tered mainly in lysosomes, the content of such proteins in lysosomal 
fractions is increased by inhibitors of lysosomal proteases. Reply.
This indeed happens, as shown by adding leupeptin. 

J.K. McDonald (to Bohley).- In view of your surprising finding 
of more cathepsin L in hepatocytes than in Kupffer cells, the cell-type 
distribution of other cysteine proteases, e.g. cathepsins Band H, 
would be of interest. Reply.- Kupffer-cell enrichment is known for 
B (Katunuma & co-workers) and D (s.a. -30-fold higher than for paren
chymal cells); hence D seems to be the proteinase mainly responsible 
for heterophagy, and L for autophagy. 

Remark by J .K. McDonald to T. Berg. - Your unexplained observation 
of a Ca z+ requirement for endocytosis could relate to a conceivable 
role of a p.m. transglutaminase, which has been reported to be involved 
in the binding and uptake of <xzM-protease complexes by (I believe) 
pulmonary macrophages and to be Caz+-dependent. 

Comment on #E-5: P. Friberger - CHROMOGENIC PEPTIDE SUBSTRATES 

J .K. McDonald asked Friberger whether methods or special sub
strates have been developed to assay plasma proteases such as plasmin 
or plasminogen activator in the presence of the plasma protease inhibi
tors. Reply.- Indeed one has to consider the effect of inhibitors 
in the assay of enzymes and proenzymes. Success with plasminogen 
has corne from use of a technique to activate it with streptokinase 

* Relevant to #E-2: a citation on p. 393 
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and obtain an enzyme which is not inhibited by plasmin or other inhibi
tors in plasma. For tissue plasminogen activator, the plasma or 
blood sample has to be treated with 1 M acetic acid, pH 3.9, to destroy 
the inhibitors. 

Comment on #E-7: K-J. Andersen et al. - BRAIN TUMOUR-CELL INVASION 
and #E-8 M. Mareel et al. - TUMOUR-INVASION MECHANISMS 

Remarks by S. Zucker.- It might be inferred from the assay systems 
in the two presentations that similar proteolytic enzymes mediate 
neoplastic destruction of host connective tissue and normal host 
cells. Alternatively, through a mechanism independent of proteolytic 
activity, cancer cells might, as suggested by our investigations, 
produce a cytolytic factor which although needing calcium is not 
a protease, but is similar to complement in activity as has been 
described for lywphocyte 'cytolysin-perforin'. 

Supplementary refs. contributed by Senior Editor 

Various observations on proteases or connective tissue degradation 

Tissue and organelle localization of the enzymes featured in 
a thorough review of control of proteolysis.- Holzer, H. & Heinrich, P.C. 
(1980) Annu. Rev. Biochem. 49, 63-91; few derangements are mentioned. 
To help searches for neuropeptide-specific peptidases, a useful survey 
has been published on the well characterized microvillar peptidases 
found in intestine and especially in kidney.- Turner, A.J., Matsas, R. 
& Kenn~, A.J. (1985) Biochem. Pharmacol. 34, 1347-1356. 

Endogenous protein degradation in resting hepatic cells - largely 
lysosomal - has been studied by lysosomal morphometry during liver 
perfusion with the proteolytic inhibitor leupeptin present, and by 
study of subcellular fractions including lysosomes plus functional 
inhibitors.- Glaumann, H., Ahlberg, J., Berkenstam, M., Falk, M. & 
Henell, F. (1985) Biochem. Soc. Trans. 13. 1010-1012. 

The effect of swainsonine on glycoprotein degradation by 1ysosomes 
has been examined.- Segal, H.L. & Winkler, J.R. (1985) Frog. Clin. 
Biol. Res. 180, 491-494. 

Assessment of collagen breakdown, especially in arthritic 
patients, is the focus of studies involving the Strangeways Laboratory 
in relation to ubiquitous molecules: inter1eukin-1 [J.T. Dingle et 
al.] and TIMP, viz. tissue inhibitor of meta1loproteinases [G. Murphy, 
J.J. Reynolds; see Docherty, A.J.P. et al. (1985) Nature 318. 66-69.] 

In a review (from the Kennedy Inst. of Rheumatology; with a 
sketch of lysosome biochemistry and storage diseases), pre-1980 work 
is considered to furnish circumstantial evidence for a maj or role 
of extracell ul ar lysosomal enzymes in connec ti ve tissue diseases.
Bitensky, L. (1978) J. Clin. 81th. 31, Suppl. 12, 105-116. 

{CONTINUATION: p. 393 
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There has been considerable interest in the mechanism by which 
cancer cells invade and destroy normal host tissues and cells during 
the process of cancer invasion [1, 2]. Initial studies with tumours 
were based on the observation that cancer cells release plasminogen 
activator, a serine proteinase that is responsible for the initiation 
of fibrin digestion [3]. More recently, it has been demonstrated 
that cancer cells release other types of proteinase, besides hydrolases 
other than proteinases, that appear to be responsible for the digestion 
of connective tissue structural proteins, e.g. interstitial and 
basement- membrane collagens, fibronectin and laminin, and proteo
glycan-like ground substances [1, 2] (cf. J.K. McDonald et al., #E-6, 
this vol.-Ed.). Fig. 1 provides an overview of the steps postulated 
to be requisite for cancer cells to invade and destroy normal tissue. 
They must be able not only to digest host tissue but also to migrate 
from the primary tumour mass to penetrate capillaries and venules, 
thereby gaining access to the bloodstream. 

Our studies concern whether the crucial proteinases required 
for cancer invasion are bound to the surface of cancer cells or are 
secreted into the surrounding environment [4-7]. We have employed 
subcellular fractionation techniques to validate the localization 
of proteinases within the p.m.* Recently we have focused our attention 
on highly invasive and metastatic human pancreatic ductal and small
cell lung cancers. Here we describe experiments showing that the 
p.m. 's of these cancer cells are highly enriched in proteolytic enzymes 
that we propose are responsible for the capacity of cancer cells 
to invade and destroy normal tissues. 

*Abbreviations: p.m., plasma membrane; e.m., electron microscopy 
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Fig. 1. Postulated 6 sequential steps in cancer- cell invasion and 
destruction of normal tissues and in the host responses . The exact 
order of the stages is uncertain, and in fact may vary according to 
the cancer type and the organ invaded . The requisite Tumour Angio
genesis Factor participates at several stages (arrowed) . Although 
the secreted enzymes are listed separately from membrane-bound 
proteinases, there is evidence to suggest that secreted plasminogen 
activator, collagenase, and cathepsin B have their origins in the 
p.m. For further details, see refs . [1, 2, 5 & 6] . 

PREPARATIOd AND SUBCELLULAR FRACTIONATION OF CANCER CELL LINES 

The human NCIH69 and NCIH82 small-cell lung cancer lines were 
generously provided by Dr . J. D. Minna and propagated in vitro as 
floating aggregates of cells [8]. The human RWP-l pancreatic cancer 
cell line was kindly provided by Dr . D.L. Dexter and propagated as 
an adherent celL line [5]. Cancer ce lls (107/flask) propagating i n 
vitro in flasks or in vivo in tumour masses in nude mice were collected 
non-enzymatically, re-suspended in cold, hypotonic lysis buf f er 
containing 25 mM sucrose,S mM CaCl 2 and 5 ~~ Tris-HCI, pH 7. 4 . For 
nitrogen cavitation they were placed in a Parr bomb which was exposed 
to 500 psi (lung) or 200 psi (pancreatic) of N2 at 4° for 30 min. The 
homogenate was centrifuged at 770 g for 15 min at 4°. The nuclei
enriched pellet was discarded and the supernatant was centrifuged 
at 50,000 g for 20 min, resulting in a pellet enriched in cell 
organelles and a supernatant containing soluble cytosol proteins . 
The re-suspended pellet was layered onto a 20-50% (w/v) discontinuous 
sucrose density gradient and centrifuged at 100,000 g for 3 h; visible 
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membrane bands were removed, washed by dilution and centrifugation, 
and examined by marker-enzyme assay and bye. m. [4, 5]. Band I, 
overlying the 25% sucrose layer, showed the greatest enrichment in 
5'-nucleotidase (16- to l8-fold) and by e.m. showed abundant round 
profiles consistent with p.m. [5]. 

METHODOLOGY FOR METALLOPROTEINASES AND MEMBRANE PROTEINS 

From the proteins in the tumour cell cytosol, metalloproteinases 
were isolated by sequential steps: 25-60% (w/v) ammonium sulphate 
precipitation; anion-exchange chromatography on a Mono Q H5/5 column 
(attached to a Pharmacia FPLC system); Superose-12 gel filtration 
chromatography (FPLC - Pharmacia); and zinc-chelated Sepharose column 
chromatography as we recently described [9]. After each chromatography 
step the fractions rich in collagenase-gelatinase activity were 
combined, dialyzed against sodium cacodylate buffer, pH 7.2, and 
concentrated by ultrafiltration. Apparent mol. wts. were estimated 
using known mol. wt. standards. A discontinuous system for non-reduced 
SDS-PAGE was employed [10]. 

Degradation of native collagen and heat-treated collagen (gelatin) 
was measured using acid-soluble lathyritic rat-skin type I [3H-methyl} 
collagen labelled in vitro with [3H]formaldehyde [5]. Fluorograms 
showing the digestion of this substrate by tumour subcellular fractions 
were prepared by the method of Sodek et al. [11]. Cysteine proteinase 
activity was determined using benzoyloxcarboxyl-phenylalanyl-L
arginyl-7(4-methyl)-coumarylamide, which is degraded by cathepsins 
Band L as previously described [4]. Enzyme inhibitor assays [4] 
entailed a 2-h pre-incubation with drugs. 

Membrane proteins. - To remove non-integral membrane proteins, 
crude tumour-cell membranes derived by pelleting of the post-nuclear 
supernatant at 100,000 g for 2 h were repeatedly washed with 10 mM 
Hepes-buffered NaCl (150 mM), pH 7.4, and then kept in 2 M KCl or 
buffer (as control) for 30 min at 4 0

, finally with washing steps 
(buffer or KCl) entailing centrifugation at 50,000 g for 20 min. 
Integral membrane proteins were solubilized by treatment with 1% 
n-octylglucoside (non-ionic detergent) for 1 h. The resulting pellets 
and washes (after dialysis against Hepes buffer to remove KCl and 
detergent) were then tested for proteinase activity. Metalloprotein
ase was associated with solubilized integral membrane proteins. 

Partial purification of collagenase-gelatinase.- Starting with 
lung-cancer cytosol, 900-fold enrichment was achieved (Fig. 3) by 
ammonium sulphate precipitation (to 60%) and chromatography (zinc
chelated column, anion-exchange, then gel filtration). The partially 
purified enzyme, of kMr 59 by SDS-PAGE, demonstrated both collagenolytic 
and gelatinolytic activity and was inhibited by metal chelators and 
diluted (x 10) human serum. 
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Fig. 2. Comparison of gelatinolytic, collagenolytic (trypsin-activ
ated) and Cys proteinase activities in small-cell lung cancers and 
pancreatic cancer: means ±S.D. for subcellular fractions. Values 
are specific activities, expressed as % degradation of 1 ~g of subs
trate or, for Cys protease, ~ degraded. 
See text for pre-activation (DTT and EDTA) and substrate in the Cys 
proteinase assay. and for the organelle bands. There was significant 
enrichment (p <0.05) of Cys proteinase activity (compared with homo
genate) in the crude organellestand, along with collagenolytic and 
gelatinolytic activities, in membrane bands 1-3; the latter activi
ties were most enriched in p.m. bands 1 & 2 wi th the lung cell lines 
an~ in the microvilli-containing band 3 with the pancreatic cells. 

[tso,OOO g pellet (see text) 
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Fig. 3. Purification of pancreatic cancer (RWP-l) metalloprotein
ases: pattern from a gel filtration column (Pharmacia Superose-12HR) 
loaded with pooled cytosol proteins from anion-exchange (Mono Q) 
separation. Fractions (1.5 ml) were pooled for assay. Mol. wt. 
calibration was with BSA, ovalbumin and soybean trypsin inhibitor. 

DISCUSSION AND CONCLUSIONS 

We have shown that: (1) human lung and pancreatic cancer-cell 
p.m~'s contain proteinases with collagenolytic, gelatinolytic and 
cathepsin B-like activity; (2) metalloproteinases are integral p.m. 
proteins; (3) different types of human cancer cells differ in the 
localization of proteinases in the p.m. domains; and (4) collagen
ase-gelatinase purification from cancer cytosol gave a protein of 
Mr 59,000. Concerning (2), earlier studies [12, 13] had not sought 
to determine whether the rnetalloproteinases isolated from tumour 
cell extracts resided in a subcellular organelle or the cytosol; 
our p.m. attribution is supported by morphological and biochemical 
evidence of connective tissuE; degradation occurring primarily at 
the tumour-cell surface, especially at focal sites of pseudopodial 
projections [14-16]. 

Our findings (2) and (4) tally with our recent localization 
~nd/or purification of similar metalloproteinases in mouse malignant 
melanoma cells and rat breast-cancer cells [5, 17, 18]. The data 
from different tumour-cell lines and species suggest that these 
proteinases are a common component of invasive cancer cells, and 
are not limited to specific tumour types. Of pertinence to cathepsin B 
being an extrinsic membrane protein in human cancer cells is its 
presence in mouse-melanoma p.m. too [17, 18]. Our observation that 
the partially purified human-lung metalloproteinase has both collageno
lytic and gelatinolytic activity is contrary to most studies of collagen
ases 12] but not to those on a mouse melanoma metalloproteinase [4]. 
In summary, then, with membrane extraction procedures we have been 
able to characterize a metalloproteinase and a cysteine proteinase 
and demonstrate localization on the surface of invasive cancer cells. 
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PROTEASES AND OXIDANTS IN INJURY TO ALVEOLAR EPITHELIAL 
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This contribution concerns leucocyte-mediated 1nJury in the 
alveolar region of the lung. Inflammatory leucocytes accumulate 
in this region in a range of chronic and acute conditions [1]. Whilst 
undoubtedly performing a defensive function in normal inflammatory 
responses within the lung, persistent or extensive accumulation of 
activated leucocytes within the fragile structure of the lung parenchyma 
is associated with damage to the alveolar septa which may be mediated 
by leucocyte products [2]. The outcome of this damage may be either 
fibroplasia within the septal interstitium or destruction of 
septa [1]. 

We set out to develop a model for detecting injurious effects 
of inflammatory leucocytes on one element of the alveolar septa, 
the alveolar epithelial cells. Leucocytes which accumulate in the 
alveolar spaces during alveolitis [1] are in close contact with these 
cells, and we sought to reproduce this situation in the assay. Here 
we describe preliminary results from experiments aimed at elucidating 
the mechanism of inflammatory cell-mediated injury to epithelial 
cells in vitro. The benefits of the assay system are also discussed. 

THE ASSAY SYSTEM 

The target cells were a Type II alveolar epithelial cell line 
A549 [3] which we ascertained by e.m. to be virus- and mycoplasma-free. 
The cells were cultured under standard conditions in Eagle's Minimum 
Essential Medium + 10% Foetal calf serum. For assay, 5 x 10q cells 
were seeded into microtitre plate wells with 100 111 of complete medium, 
and incubated overnight in the presence of 74 KBq of 51Cr. The cells 
were washed to remove free 5 1Cr, and effector cells were added, viz. 
two different populations of cells obtained by bronchoalveolar lavage 
of inbred, SPF, PVG rats: (i) control cells (98% alveolar macrophages); 
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Fig. 1. Dose-dependent detachment 
of A549 alveolar epithelial cells 
caused by co-culture with control 
and inflammatory cells (see text). 
The latter caused detachment (P<O.OOl) 
at ratios other than the lowest (vs. 
no effector); none occurred with 
control cells at any ratio. 
Neither cell population caused 
significant lysis. 
Vertical bars denote S.E.M. 'so 
Data from triplicate wells in three 
separate experiments. 
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(ii) 16 h after instillation of 1.4 mg of heat-killed C~nebacterium 
parvum into the lung (-90% neutrophils). Effectors and targets were 
co-cultured for 4 h at effector/target ratios of 0.1 to 20. Both 
lytic injury and non-lethal detachment injury were assessed [4]. 

OBSERVATIONS ON EPITHELIAL CELL DETACHMENT 

Depending on the effector/target ratio, inflammatory leucocytes 
differed significantly from control bronchoalveolar cells in producing 
detachment of epithelial cells in vitro (Fig. 1). Neither of these 
populations caused lytic damage to the epithelial cells. 

The most obvious candidates for causing epithelial detachment 
amongst the leucocytp products are oxidants and proteases, both of 
which have already been implicated in tissue damage [2]. We therefore 
used exogenous proteases and oxidants for attempted mimicking of 
the detachment injury caused by inflammatory leucocytes. 

Exogenous proteases.- The four proteases used all caused statis
tically significant dose-dependent detachment (Fig. 2), much more 
so with trypsin or elastase than with pronase or microbial collagenase. 
None of the proteases caused lytic damage. 

Hydrogen peroxide or superoxide anion. - Dose-dependent detachment 
of significant extent resulted from H202 addition (Fig. 2). The 
decrease in det...lchment at the highest concentration (500 pM) was 
due to extensive lysis which decreased the available detachable cells. 
Increased de1.dchment (215% of control; P<0.001) likewise occurred 
with acetaldehyde/xanthine oxidase, a system which generated super
oxide anion (-30 ~mol). However, we later discovered that the system 
also generated 20 ~ol of H2 02 which itself caused some detachment 
(Fig. 2). 
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Fig. 2. Dose-dependent detachment 
. of epithelial cells caused by 
exogenous proteases or H2 02 • All 
data normalized to control (100%); 
error bars omitted for clarity, but 
S.E. 's were all <10% of the mean. 
All treatments caused significant 
detachment (P <0.05 to P <0.001). 
No lysis was caused by any treat
ment except for 500 ~ H2 02 • 

1--
ZE 500 
W.o
~c: 

i5 8 400 
~~ 
~~ 300 

o 1 10 100 1000 
PROTEASE~g ml)/ 

HYDROGEN PEROXIDE(.umotarl 

381 

Use of anti-oxidants or anti-proteases.- The use of specific 
inhibitors gave the following results for % inhibition of the detachment 
caused by inflammatory bronchoalveolar cells: aI-protease inhibitor, 
100% (P <0.001); catalase, 17.4%; superoxide dismutase, 67.8% 
(P <0.00l). 

Conclusion.- Evidently the in vitro detachment injury caused 
to alveolar epithelial cells by leucocytes from the bronchoalveolar 
space of acutely inflamed lung is mediated both by leucocytic proteases 
and by superoxide anion. These agents could also damage the other 
cellular or matrix elements of the alveolar septum, and subsequent 
re-modelling may lead to alveolar fibrosis or destruction of septa. 

METHODOLOGICAL CONSIDERATIONS 

The co-culture model used has several points of advantage for 
studies of leucocyte-mediated cellular injury.-

1. Sub-lethal injury in vitro - The loss of integrity of cellular 
barriers such as epithelium and endothelium are impor'tant factors 
in many pathobiological processes, but cell killing does not have 
to occur for the integrity of such a barrier to be threatened. Sub
lethal injury, detectable as loss of attachment to substratum, is 
detectable in the assay described here, while lytic injury can also 
be measured if it occurs. 

2. Role of cell attachment factors.- All cells, and particularly 
mesenchymal and epithelial cells, have important associations 
with their surrounding extracellular matrix, and these may be of 
particular importance during cell inj ury. Coating of wells with 
elements of the extracellular matrix before culturing cells on them 
enables their role in any subsequent injury to be assessed. 

3. Triggering of leucocytes.- Leucocytes exist in a range of 
secretory states which can be altered by both exogenous agents and 
endogenous signals generated during inflammation and immunity. These 
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triggers can be included in the assay to assess their significance 
for leucocyte-mediated injury during inflammation or immune responses. 

4. Mechanism of the injury. - The system easily allows the inclusion 
of agents which block particular effector pathways (e.g. anti-oxidants 
or anti-proteases) so that the mechanism of leucocyte-mediated injury 
can be dissected. 
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Cellular autophagy is inducible by reduction in nutrient supply 
or by the accumulation of macromolecules which are rendered ineffective 
or potentially toxic [1]. The process may be a response to cell 
derangements and may serve to degrade cytoplasmic constituents during 
remodelling of tissues. 

Overt autophagy in rat hepatocytes is induced by 'nutritional 
step-down' conditions [2]. Autophagosomes formed initially (possibly 
from the e.r.) fuse with lysosomes which thereby are rendered more 
buoyant in gradients of Nycodenz (Nyegaard) [3]. We have attempted 
to analyze autophagic activity in cultured rat hepatocytes by sub
cellular fractionation in Nycodenz gradients. Before the cells were 
prepared and seeded, the rats were injected i.v. with 125I-tyramine 
cellobiose-asialoorosomucoid (TC-ASOM): labelled degradation products 
from the 125I_TC serve as a marker for lysosomes, being trapped therein 
( [4], & IIE-4, this vol.). 

Liver parenchymal cells were prepared from male Wistar rats 
(200 g) by collagenase perfusion [5]. The cells were seeded (6-8 x 104 
/cm2) in Costar plastic flasks. The complete culture medium used 
(0.15 ml/cm2) was bicarbonate-buffered Dulbecco's modified Eagle 
medium (DMEM) supplemented with horse serum (2.5%), penicillin 
(l00 U/ml), streptomycin (0.1 mg/ml), dexamethasone (0.25 IJM) and 
insulin (400 nM). The flasks were gassed with 95% air/5% CO2, and 
kept overnight in culture prior to each experiment. 

To induce autophagy the cells were incubated in a minimal salt 
medium (MSM; gassed as above): 7.0 g NaCl, 0.4 g KCl, 60 mg Na2HP04. 
2H20, 47 mg KH 2P04 , 0.2 g MgS04.7H20, 2.5 g NaHC0 3 , 0.29 g CaC1 2.2H20 
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and water to 1000 ml; pH adj usted to 7.5 by NaOH addition. After 
repeated washes (0.9% NaCI, x 3; 0.25 M sucrose/l mM Hepes/l mM EDTA 
pH 7.3, x 2), the cells were removed using a rubber policeman, and 
-5 x 106 cells in 3 ml of the sucrose solution were homogenized (tightly 
fitting Dounce, 6 strokes). 

The homogenate was centrifuged for 115 sec at 2000 g, and the 
pellet was re-suspended, re-homogenized (6 strokes) and re-centri
fuged. From the combined supernatants, 2 ml was layered onto 10 ml 
(in a 14 ml tube) of a linear Nycodenz gradient, prepared by mixing 
0.25 M sucrose solution with 35% (w/v) Nycodenz (dissolved in 3 mM 
KCI/0.3 mM(Ca,Na)-EDTA and 5 mM Tris-HCI, pH 7.5). After centrifuging 
in a Sorvall TST 41-14 rotor (85,000 g, 45 min), 16 fractions were 
collected, using Maxidenz for upwards displacement; their densities 
were obtained from the refractive index at 20° (n) by the formula 
[6] d = (n·3.4l) - 3.55. The acid-soluble radioactivity (unpre
cipitated by TCA to 10% w/v; Kontron gamma counter) was the measure 
of degraded 125I-TC-ASOM. Its distribution closely coincided with 
that of lysosomal markers, notably acid phosphatase which served 
to identify lysosomes in the gradient (Fig. 1, B). 

CONVERSION OF DENSE INTO LIGHT LYSOSOMES DURING AUTOPHAGY 

During the 3-h post-injection period the 125I-TC-ASOM was 
completely degraded. The cells then isolated were pre-incubated 
overnight in DMEM; their whole lysosomal population was therefore 
assumed to have a homogeneous distribution of the 125I_TC marker. 
Af ter 3 washes with 0.9% NaCI, the ce 11 s were incubated in MSM. 
After 10-240 min (Fig. 1, A) the cells were removed, homogenized and 
fractionated in Nycodenz gradients. For control cells (0 and 240 min) 
the medium was DMEM. During incubation in MSM the cells gradually 
became more buoyant, and after 4 h the radioactivity and enzyme-activ
ity peaks had moved from d = 1. 14 to d = 1. 08. Seemingly there is 
both a dense lysosomal population and a light one which is formed 
from it during the period of increased autophagy. 

To test the possibility that the formation of light lysosomes 
was a sign of irreversible cell damage, we incubated cultured hepato
cytes for 2 h in the MSM and then replaced this 'poor' medium by 
DMEM, with before-and-after determination of 125I_TC distribution 
in Nycodenz gradients (Fig. 1, C). There was complete reversal of 
the change in density distribution of the lysosomal marker, which 
after the 2-h period resembled that for cells incubated continuously 
in DMEM. 

INSULIN PREVENTS THE LYSOSOMAL DENSITY SHIFT 

To determine the medium composition required to prevent the 
density shift, parallel incubations of cells were performed (Fig. 2) 
in five media: MSM, cuI ture medium (DMEM), MSM with amino acids, 
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Fig. 1. Distributions (% of total in 
the gradient) of intralysosomal 125I_TC 
(formed by ligand removal in vivo; see 
text) and lysosomal marker enzyme in 
hepatocytes incubated for up to 4 h, 
usually in a minimum salt medium (MSM), 
and fractionated in Nycodenz gradients. 

A: acid-soluble radioactivity with 
different incubation times. 
B: complete medium (DMEM; ~,.) for 
the 4-h incubation, compared with 
MSM (0,_), showing acid phosphatase 
and, giving very similar distributions, 
acid-soluble radioactivity (the MSM 
curve, 0, being the same as in A). 
C: acid-soluble radioactivity distri
butions which show that the lysosomal 
density changes induced by incubation 
in deficient medium are reversible:
after 2 h in MSM ('KRB '; distribution 
denoted 0) either this incubation was 
continued to 4 h (0) or the cells were 
washed and DMEM added for the 2 h con
tinuation (.); cells were also incuba
ted v'1Hh DMEM throughout the 4 h (_). 

Fig. 2. Insulin effect on lysosomal 
distribution, in Nycodenz gradients, in 
hepatocytes initially containing 125I_TC 
(as in Fig. 1) and incubated for 4 h. 
Acid phosphatase (not shown) and acid
soluble radioactivity curves were identi
cal. The curve _ is for complete medium 
(DMEM). Otherwise the incubation was in 
MSM, alone (.) or with supplements: ~, 
insulin; 0, amino acids; 0, both insulin 
and amino acids. 
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MSM with insulin and MSM with both amiQo acids and insulin. Since 
lysosomal marker-enzyme results were identical with those for acid
soluble radioactivity, only the latter is shown (Fig. 2) in the 4-h 
distributions. Evidently the addition of insulin to MSM supplemented 
with amino acids is sufficient to prevent the density shift completely. 
This insulin effect is compatible with the finding by Pfeifer [7] 
that insulin inhibits cellular autophagy. 

This research was financially supported by the Norwegian Cancer 
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Type I collagen is a highly organized rod-like molecule consisting 
of three a-chains arranged in a triple helix in the native form. 
Proteolytic degradation in vivo is initiated by collagenase cleaving 
the three a-chains at a precisely defined location which results 
in the helix unwinding. A combination of intra- and extra-cellular 
cross-links prevents the immediate removal of the disrupted ·helices. 
The possibility that antigenic determinants unique to denatured 
collagen may be exposed during proteolysis makes collagen a particu
larly suitable candidate for immunolocalization in tissue in a degraded 
form. 

The routine production of polyc1onal anti bodies (Ab' s) is perfor
med by the intradermal injection of an emulsion of adjuvant and antigen 
of choice [1, 2]. The isolation of Ab's directed against the injected 
antigen is then achieved by chromatography with an immunoabsorbent [31. 
The Ab's thus produced can be used for a variety of immunochemical 
procedures including immunocytochemical localization of antigens 
within tissues [4], estimation of antigen in body tissues or hydroly
sates of tissue by ELISA or RIA [5, 6], immunodetection of Western
blotted proteins [7] and isolation of antigens from complex mixtures 
using the Ab covalently bound to a rigid support [8]. 

In this article we demonstrate how collagen antigens in a native 
form injected into sheep can elicit a response to both native and 
denatured states of the antigen, and describe the separation of these 
polyclonal Ab's and their application to ELISA and immunolocalization 
procedures, exemplified by kidney. 

MATERIALS 

Isolation of Type I collagen from skin.- The 0.5 M acetic acid 
soluble fraction from adult rat skin was subjected to differential 
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salt precipitation at 4° [9]. A fraction which precipitated between 
2.2 M and 2.5 M NaCl in 50 roM Tris-HCl (pH 7.4) was found to contain 
highly purified type I collagen as judged by SDS-PAGE. This material 
was dialyzed against water and freeze-dried. 

Injection schedule.- The type I collagen (4 mg) was suspended in 
phosphate-buffered saline (PBS; 1 ml) and emulsified with 1 vol. 
of Freund's complete adjuvant. Sheep were immunized intradermally 
at 2-week intervals and blood was collected 10 days after the third 
injection. 

Preparation of antibodies by column chromatography 

Column preparation (2 forms).- (i) Rat skin type I collagen 
was dissolved (1 mg/ml) in 0.1 M acetic acid at 4° to preserve native 
structure. This material was dialyzed against 0.1 M NaHC0 3 -0.2:M.NaCl 
and then linked to Sepharose 4B-CNBr (Sigma Chemical Co.) for 16 h 
at 4° at a concentration of 10 mg collagen/ml settled gel. Before 
use the column was washed with 0.2 M glycine/HCl-0.5 M NaCl (pH 2.8) 
and re-equilibrated with PBS. (ii) Denaturation of rat skin type I 
collagen was performed by heating a solution in coupling buffer 
(10 mg/ml) at 60° for 30 min. After coupling to the Sepharose at 
37° for 4 h, washing and re-equilibration were performed as in (i), 
and the column stored at 37° in PBS containing 0.2% NaN 3 to retain 
denatured structure. 

Antibody isolation.- To a 5 ml column, (i) or (ii), 3-5 ml of 
serum was applied at 5 ml/h. The column was washed with PBS until 
the absorbance (280 nm, 1 cm) was <0.01, then eluted with pH 2.8 
buffer [see (i)]. The eluate was immediately pH-adjusted with 1.0 M 
Tris-HCl (pH 7.6) and then dialyzed against PBS. The Ab' s thus obtained 
were tested by ELISA to verify specificity. 

ELISA PROCEDURES 

Type I collagen was dissolved at 4 ° in 0.1 M a,cetic acid at 1 mg/ml 
and diluted in cold PBS to 5 ~g/ml. A similar solution was heated 
at 60° for 30 min to denature the collagen. These solutions were 
used to coat 96-well microtitre plates (Gibco-BRL, Paisley, Scotland) 
at 200 ~l/well either at 4° for 16 h (native) or at 37° for 4 h (denat
ured), after which time the plates were washed 3 times with PBS 
containing 0.05% Tween-20 before assay using the appropriate Ab. 
After Ab isolation and ELISA screening it was found that cross-reacting 
Ab's were present. To ensure monospecificity, material initially 
absorbed to the native type I collagen-Sepharose column was passed 
through the denatured type I collagen column, and conversely. Unbound 
material in each case was tested by ELISA. The preparations were 
then specific for the particular antigen form tested (Fig. 1). 
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Fig. 1. ELISA test of anti-collagen type I specificity. Ab directed 

against (a) denatured type I collagen or (b) native type I collagen 

reacted with: 6, denatured typeI collagen 0, type I collagen CNBr 

peptides; or 0, native type I collagen (all 0.1 Mg/200 MI well). 

From these preliminary results it is apparent that some degra

dation of the collagen molecule must occur after intradermal injection 

of the antigen in its native form. It is probable that endogenous 

collagenase can cleave the a-chains of the native molecule, causing 

it to unwind and subsequently produce an immunogenic response to 

the denatured protein. Our unpublished follow-up of this finding 

suggests; that in the sheep the response to the denatured type I collagen 

is more pronounced than that towards the native molecule. Furthermore, 

the positive ELISA response towards cyanogen bromide peptides of 

type I collagen [10] by the Ab against denatured collagen (but not 

by Ab to native collagen) indicated that the Ab's can be distinguished 

on the basis of sequence- (denatured) or conformation-dependent 

(native) antigeniC determinants. 

TISSUE STUDIES 

The kidneys from 10 week-old rats were fixed with 2.5% para

formaldehyde in 30 roM Pipes buffer (pH 7.2) for 24 h at room temperature 

and processed to paraffin blocks. Sections (6 Mm) were cut and de-waxed 

in preparation for immunostaining. 

Immunostaining 

Immunolocalization of different collagen antigens was performed 

using the indirect imrnunoperoxidase method as already described [11]. 
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Fig. 2. Immunolocalization of type I collagen in normal rat kidney: 
left, native type I collagen; right, denatured type I collagen. 
Mag. x 70. 

Ab's directed against native type I collagen in normal rat kidney 
showed staining around the glomeruli, proximal and distal tubules 
and blood vessels. The staining was localized in the extracellular 
interstitium, but was not associated with the basement membrane in 
the regions specified above or within the glomerular tuft (Fig. 2a). 
The capsule surrounding the kidney also stained strongly for this 
Ab. 

The Ab' s to denatured type I collagen exhibit a different staining 
pattern compared with the native state (Fig. 2b). The staining occurred 
around renal blood vessels and in the capsule surrounding the kidney. 
However, the interstitial connective tissue surrounding the tubules 
was unstained, but intracellular staining was seen in the proximal 
tubule region and appears to be localized in the brush border region 
of these epithelial cells. Since collagen is found in the extracellular 
space in the native form (and in the denatured form transiently during 
normal degradative processes) it is probable that the immunopositive 
material present in the proximal tubule cells represents fragments 
of degraded collagen molecules arising from the large body pools 
of type I collagen - skin, bone and tendon. These fragments, normally 
degraded to component amino acids by concerted proteolytic action 
at the site of initial cleavage, may evade these catalytic procedures 
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Fig. 3. Immunolocalization of type I collagen in rat kidney 
containing calcareous deposits: left, native type I collagen; 
right, denatured type I collagen. F, fibrosis; C, calcareous 
deposit. x 70. 
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and are resorbed by the proximal tubule cells after glomerular 
filtration. The plethora of lysosomal proteases present in kidney 
proximal tubule epithelia completes the degradative process, as con
sidered elsewhere in this volume (K-J. Andersen & M. Dobrota, IIF-4; 
J.K. McDonald et al., IIE-6). 

The staining pattern found in an example of a kidney containing 
calcareous deposits was also of interest. The very extensive fibrosis 
surrounding these deposits contained both native and denatured type I 
collagen (Fig. 3), indicating that degradation and/or remodelling 
of the fibrotic region was in progress. The absence of staining 
with the Ab against denatured type I collagen in interstitial areas 
of the normal kidney may indicate much lower rates of degradation 
in these regions. 

The above findings have prompted an extension to our studies, 
and currently we are attempting to characterize the tumour invasion 
process in rat brain by glioma cell lines using these Ab' s. The 
brain neuro pil has a very low collagen content which appears to 
be confined to the vascular tissue [12]; but the response of the 
extracellular matrix to tumour invasion is not known. The degradation 
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of collagen as detected by the irnmunochemical techniques described 
here may provide an insight into the invasion process by these highly 
destructive tumours. 

References 

1. Herbert, W.J. (1978) in Handbook of Experimental Immunology, 
3rd edn., Vol. 3 (Weir, D.M., ed.), Blackwell, Oxford, pp. A3.1-A3.15. 

2. Dresser, D.W. (1986) Immunochemistry, 4th edn., Vo.!. 1 (Weir, D.M., 
ed.), Blackwell, Oxford, pp. 8.1-8.21. 

3. Fuchs, S. & Sela, M. (1986) in Immunochemistry, 4th edn., Vol. 1 
(Weir, D.M., ed.), Blackwell, Oxford, pp. 16.1-16.5. 

4. Bullock, G.R. & Perusz, P. (1982) Techniques in Immunocytochemis
try (Bullock, G.R. & Perusz, P., eds.), Acad. Press, London, 306 pp. 

5. Nakamura, R.M., Voller, A. & Bidwell, D.E. (1986) in Immunocyto
chemistry, 4thedn. Vol. 1 (Weir, D.M., ed.), Blackwell, Oxford, 
pp. 27.1-27.20. 

6. Bolton, A.E. & Hunter, W.M. (1986) in Immunochemistry, 4th edn., 
Vol. 1 (Weir, D.M., ed.), Blackwell, Oxford, pp. 26.1-26.56. 

7. Gershoni, J.M. & Palade, G.E. (1983) Anal. Biochem. 131, 1-15. 
8. Chase, H.A. (1984) Chem. Eng. Sci. 39, 1099-1125. 
9. Chung, & & Miller, E.J. (1974) Science 183, 1200-1201. 
10. Reiser, K.M. & Last, J.A. (1983) Conn. Tiss. Res. 12, 1-16. 
11. Rucklidge, G.J., Riddoch, G.I. & Robins, S.P. (1986) Coll. Rel. 

.Res. 6, 41-49. 
12. Maxwell, W.L., Duance, V.C., Lehto, M., Ashurst, D.E. & Berry, M. 

(1984) Histochem. J. 16, 1219-1229. 



#NC (E) 1 Section #E: Supplementary items 393 

Comments on #NC(E)-2: K. Donaldson et al. -ALVEOLAR CELL INJURY 
and #NC(E)-4: G. J. Rucklidge & V. Dean - COLLAGEN DEGRADATION 

Iona Pratt asked Donaldson whether the effect of activated macro
phages on his cell detachment system had been looked at, in the context 
of elastase (microbial) being a strong promoter of detachment, as 
also caused by a mixed inflammatory cell population but not by normal 
alveolar macrophages; both the neutrophil and the activated macrophage 
are known to produce elastase. Reply. - We have not yet studied a 
pure population of activated macro phages ; but time studies on the 
inflammatory response to Corynebacterium in the lung showed a mixed 
macrophage/neutrophil response; seemingly macrophage elastase also 
contributes to the observed detachment phenomena. 

Rucklidge was asked whether possibly the tumour cells produce 
collagen, possibly explaining the presence of native collagen in 
the brain in invaded tissue. His reply: no, the collagen could not 
come from the tumour cells; but Mareel remarked that the tumour cells 
do produce collagen. R.C. Price remarked on the interest of the 
observation concerning the distribution in the proximal tubule of 
peptidases with collagenolytic activity, particulary membrane-bound 
tripeptidyl peptidase. One wonders about the role of these enzymes, 
taking into account that the availability of the substrate in the 
tubule will depend on molecular size and its ability to pass the 
glomerular filter (cut-off 68,000 KDa). Reply.- Enzymes playa 
scavenging role but may be involved in fibrosis in interstitial tissue. 

Supplementary refs. contributed by Senior Editor 
Proteases/Connective tissue degradation, continued from p. 372 

Genetic deficiencies involving 8-galactosidase may be attribut
able to lack of certain proteins that normally protect against intra
lysosomal proteolysis of the enzyme; fibroblast studies have shown 
that in galactosialidosis the loss of the enzyme (and of sialidase) 
is due to degradation of the monomeric form which normally becomes 
aggregated, with participation of the protective proteins, to a high 
mol. wt. form with enzyme activity.- Hoogeveen, A., Verheijen, F.W. 
& Galjaard, H. (1983) J. Biol. Chem. 258, 12143-12146. 

Citation relevant to #E-2 (P. Bohley et al.): Gonza1ez-Cadavid, N.F., 
Bravo, M. & Campbell, P.N. (1968) Biochem. J. 107,523-529.- In homogen
ates, mitochondrial cytochrome c partly leaks into the 'cytosol' and 
and then becomes adsorbed to microsomes (fragments of e.r., the site 
where cytochrome c biosynthesis occurs). 
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lH-NMR* can facilitate study of the metabolism and biochemical 
effects of fopeign compounds, with no need fop tailoping analytical 
conditions to papticulaP metabolite classes and with minimal ppe
tpeatment of the sample. Hepe, NMR and conventional biochemical 
analyses have been used to investigate the physiological effects 
of ACZ (a penal caPbonic anhydPase inhibitop) and the nephpotoxic 
effects of Hg2+ and pAP in the Pat. ACZ caused a Papid peducHon 
in excpetion of citpate cycle intemediates, peflecting incpeased 
mitochondPial utilization. Hg2+ affected theip-excpetions diffepen
tty, as did pAP which also caused glycosupia, amino acidupia and 
lactic acidupia. In compapison with biochemical assessment including 
GGT and NAG deteminations, NMR gave, with little effopt, a much 
mope complete pictupe of the nephpotoxic lesions, chaPactepistic 
of the nephpotoxin type. 

Knowledge of the detailed composition of the urine can illuminate 
the functional state of the kidney and the nature, severity and location 
of structural or biochemical lesions. Many urinalysis procedures 
are, however, rather insensitive and may detect only gross functional 
changes associated with significant structural damage. Despite recent 
maj or developments in biochemical toxicology and analytical bio
chemistry, there have been few advances in methods for detecting 
nephrotoxic lesions or studY1ng the molecular actions of nephrotoxins. 
Here we describe a novel non-invasive approach to renal function 
assessment, using 1 H-NMR to measure urinary metabolite excretion 
profiles. 

* lH-NMR signifies proton NMR spectroscopy; Hg2+ = mercury II (chloride). 
Abbpeviations (some by Editop): GGT, y-glutamyltransferase; NAG, ~ 
acetyl~~lucosaminidase; aKG, a-ketoglutarate; ACZ, acetazolamide; 
pAP, p-aminophenol; FID, TSP - see text. 
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Many low mol. wt. compounds present in plasma, urine, cells 
and cell extracts can be measured simultaneously by IH-NMR [1-6] 
(& J.K. Nicholson et al. in Vol. 16, this series). Advantages over 
HPLC and GC are that little or no sample pre-treatment is necessary 
and a wide screen of many IH-containing metabolites in the mM range 
can be run within a few minutes. Only 0.3 ml of sample is required, 
and the technique is non-destructive and does not perturb equilibrium 
mixtures of compounds. These features are invaluable in metabolism 
studies on small animals, where only limited volumes of sample are 
available that must serve for a number of biochemical assays, or 
in experiments that involve the production of unstable metabolites 
that would decompose under conventional sample 'clean-up' or isolation 
procedures. 

Specific conventional assays are often more sensitive for the 
detection of metabolites than NMR; but in toxicology the question 
is often "Which metabolite or biochemical change should be studied?". 
Many metabolites are suffiently abundant in biological materials 
to be measured by IH-NMR directly. Thereby information on many bio
chemical pathways can be obtained, without pre-selection of detection 
condi ti'ons for 'expected changes' in metabolic profiles due to the 
effects of a given xenobiotic, and toxicological mechanisms can be 
elucidated. Our quantitative analytical studies suggest that IH-NMR 
methods offer a sensitive multi-parametric indicator of renal damage, 
and other metabolic information that may relate to basic mechanisms 
of toxicity or renal disease [4, 5]. Furthermore, in the early stages 
of drug development, information on potential toxic side-effects 
is sparse, and could be forthcoming from suitable NMR techniques 
in toxicological screening. 

MATERIALS AND METHODS 

Animals and urine samples.- Animals (3 per group) were housed 
individually in metabolic cages (with water ad lib.) to readily get 
timed urine samples including a pre-treatment 24-h sample, collected 
over ice. In ACZ and Hg2+ studies, each with 5 treatment groups, 
Sprague-Dawley rats (-250 g) were used, with post-dose feeding ad 
lib. (ACZ) or withdrawn (Hg 2 +). The ACZ injection (15 mg/kg in 0.9% 
NaCl) was given i.m., and urine collected during 0-4 hand 4-24 h, 
noting pH and volume for each collection. HgC1 2 was given i.p. as 
a single dose:- 0 (control), 0.5,1,1.5 or 2 mg/kg. Urine was collected 
for 24 h (and assayed for GGT [7]), then all animals were killed and 
their kidneys prepared for histology by standard techniques. 

In pAP studies, with male Fischer 344 rats (-200 g) allocated 
at random to 4 groups, a single i.p. injection of a 100 mg/ml solution 
in 0.9% NaCl was given: 0, 25, 50 or 100 mg/kg. The urine collected 
8, 24, 32 and 48 h after dosing was centrifuged and then frozen prior 
to NMR assay; assays for NAG [8] were performed. Post-dose feeding 
was ad lib. 
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Histopathology after Hg2+ or pAP dosing.- Small cubes of kidney 
were immersed in 2% Karnovsky's fixative, dehydrated, resin-embedded, 
sectioned (1 ~m) and stained with toluidine blue. For electron micros
copy (e.m.) ultrathin sections mounted on formvar-coated grids were 
stained with uranyl nitrate and lead citrate. 

lH-NMR.- Spectra were recorded on a Bruker (WH400) spectrometer 
operating at 400 MHz with quadrature detection. To 0.4 ml urine 
was added 0.1 ml 2H:zO (to provide a field frequency signal) containing 
Na 3-(trimethylsilyi)-[2,2,3,3- 2H]-l-propionate (TSP) which provided 
a concentration standard (2 rnM) and the internal chemical shift 
reference (0 = 0 ppm). Typically, for each sample, 64 free induction 
decays (FID's) were collected into 16384 computer points (acquisition 
time 1.7 sec) using a 50° pulse angle, and a total pulse recycle 
time of 5.6 sec to allow complete Tl relaxation of solute protons. 
A continuous secondary irradiation field was applied at the resonance 
frequency of water in order to suppress the signal and allow optimal 
digitization of the solute proton signals [2]. 

RESULTS AND DISCUSSION 

To illustrate the potential of NMR urinalysis in the study of 
perturbed renal function, we describe three NMR case studies of agents 
which significantly modify the renal physiology and biochemistry 
of experimental rats after a single injection. 

Biochemical effects of acetazolamide (ACZ) 

ACZ is a commonly used drug which produces a marked osmotic 
diuresis in man and other mammals. Its molecular action is inhibition 
of renal tubular carbonic anhydrase [10, ll], preventing reabsorption 
of bicarbonate (Fig. 1) whose tubular concentrations therefore rise 
and exert an osmotic 'drag' on tubular water, producing a dilute 
alkaline urine. The reduced bicarbonate reabsorption results in 

.......== blaad 

• 
HCO; from glomerulus lumen 

tubule cell. 

~ encIwater 
pass out In urIne 

• 

Fig. 1. Processes connected with bicarbonate reabsorption and 
excretion in the nephron. 
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Fig. 2. Aliphatic regions of 400 mHz IH-NMR spectra of rat urine: 
control (A), and during 0-4 h (B) or 4-24 h (C) after lSmg/kg ACZ. 

a fall in intracellular pH and classical renal tubular acidosis occurs, 
causing significant changes in renal substrate metabolism. We 
have used NMR urinalysis to investigate the metabolic effects of 
ACZ, as nephrotoxic states may often be accompanied by changes in 
renal acid-base balance; if NMR is to be useful in elucidating toxic 
mechanisms, biochemical changes due to al tered acid-base balance 
must be distinguishable from changes due to the direct toxic effects 
of the xenobiotic. 

In aqueous solution ACZ has only one NMR-observable proton signal, 
that of the II-acetyl methyl group (6 = 2.01 ppm). This resonance 
can be detected in IH-NMR spectra of urine from animals and subjects 
treated wi th the drug, and rats also show maj or changes in the excretion 
patterns of NMR-detectable metabolites (Fig. 2). These changes in 
excretion profiles of low mol. wt. compounds reflect drug-induced 
subtle alterations in renal physiology and biochemistry, most notably 
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Table 1. Effect of ACZ on excretion of citrate cycle intermediates 
and creatinine, as ~mol/kg body wt. per h (mean ±S.E.M.; n = 3). 
For spin-spin coupling pattern (proton signal): s, singlet; t, trip
let; AB, 2nd-order spin system; approx. chemical shifts at pH 7 (TSP 
o = 0 ppm) are given. Control = pre-dose 24-h collection. 

Metabolite NMR signal 
0 

Control rate 0-4 h 4-24 h 

Succinate CH2 [s] 2.42 1.86 ±0.27 1.80 ±O.ll 0.94 ±O.ll 

aKG (CH2 )2 [t] 3.02 2.15 ±0.2l 1.21 ±0.32 not 
detected 

Citrate (CH2 h [AB] 2.64 3.40 ±0.24 2.47 ±0.29 0.36 ±0.08 

Creatinine CH2 [s] 4.06 19.3 ±1.25 21.9 ± 1.30 21.3 ±0.52 

a sudden rapid decline in the excretion rate of citrate and two other 
cycle intermediates, succinate and aKG. Their concentrations can 
be measured directly from the proton NMR spectra of urine, quantitation 
being achieved by integration of the area of the metabolite resonances 
relative to that of the TSP standard. Excretion rates can then be 
easily calculated, taking into account the collection volume and 
the molar equivalent number of protons contributing to the measured 
resonance. Table 1 shows metabolite excretion data for rats given 
15 mg/kg of ACZ. Creatinine excretion being unchanged, we conclude 
that the glomerular filtration rate is hardly affected. Citrate 
excretion data obtained by conventional biochemical assays [9] agreed 
well with the NMR values. 

The biochemical basis of these observations is as follows. 
Intracellular pH and bicarbonate concentration are important factors 
in the mitochondrial utilization of substrates and in particular 
citrate cycle intermediates such as citrate [10]. Recent evidence 
suggests that the effects of acid-base changes in the kidney are 
mediated by a1 teration in the pH gradient across the inner mitochondrial 
membrane. Metabolic acidosis causes intracellular bicarbonate to 
decrease, with an associated increase in the mitochondrial pH gradient. 
This stimulates the tricarboxylic carrier and increases the flux 
of citrate into the mitochondrial matrix compartment [10]. The cyto
plasmic citrate level is therefore reduced and so tubular and peri
tubular uptake is increased with a consequent reduction in the urinary 
citrate clearance [10]. Our data also show that aKG and succinate 
reabsorption from the urine follows the same pattern as citrate, 
when the animal is treated with ACZ (Fig. 2 & Table 1). Here we 
have shown that NMR quantitative data on citrate cycle intermediates 
can provide direct information on renal carbonic anhydrase activity. 
Understanding the changing excretion profiles produced in situations 
of perturbed acid-base balance is important if al terations in excretion 
profiles caused by nephrotoxins are to be understood and distinguished 
from indirect physiological and biochemical effects (see below). 
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Fig. 3. Aliphatic regions of 400 MHz IH-NMR spectra of 24 h rat 
urines: control (A), and after treatment with 1 mg/kg (B) or 
2 mg/kg (C) HgC1 2 . 

Biochemical effects of exposure to mercury II chloride 

HgC1 2 is a potent nephrotoxin reproducibly causing severe 
necrosis of the pars recta of the proximal tubule after an i.p. 1nJec
tion of >1.5 mg/kg [12, 13]. As for other authors ([14] & this vol.) 
who have used Hg2+ to model acute renal failure, we have chosen this 
agent for the present critical assessment of the merits of NMR urin
alysis for detecting nephrotoxic lesions. The damage to the proximal 
tubule results in blocked reabsorption from the tubular lumen and 
hence produces an acquired Fanconi syndrome with amino aciduria, 
glycosuria, calciuria and low mol. wt. proteinuria [15]. Uncoupling 
of oxidative phorphorylation and decreased respiratory control in 
proximal tubule mitochondria has been thought to account for the 
renal damage [16]. Following proximal tubular dysfunction, secondary 
anoxic damage to the tubular epithelium follows because of the reduction 
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in renal blood flow, due to massive disruption of the renin/ 
angiotensin-mediated glomerulotubular feedback mechanism [14]; the 
main degenerative changes are cloudy swelling and hydropic degeneration 
followed by necrosis of the pars recta. The renal histopathology 
of Hg2+ poisoning has been fully described [13, 17, 18]. At the 
e.m. level the most striking degenerative change prior to tubular 
necrosis and autolysis is severe mitochondrial swelling [13]. 

We previously reported profound changes in the excretion profiles 
of 14 out of 24 NMR-detectable endogenous urinary metabolites in 
Hg 2+-treated rats [4]. Fig. 3 illustrates the wealth of biochemical 
data that can be derived from IH-NMR urinalysis in toxic episodes. 
The l';'MR fingerprints in Hg2+-NMR poisoning are grossly abnormal, demons
trating that NMR is potentially a good detector of acute renal damage. 
Since, moreover, the metabolite excretion patterns relate to functional 
changes in the renal tubules after exposure to the metal, interpretation 
of these patterns can also illuminate the basic mechanism of the 
Hg2+-induced renal damage. 

Alanine and glycine levels were greatly increased after Hg2+ 
treatment (Fig. 3). These appear to be good NMR markers for proximal 
tubular toxicity as they are abundant in plasma and so readily overflow 
into the urine after tubular damage; they also give well resolved, 
simple NMR signals and therefore are easy to detect. Their presence 
in the urine at high concentration is an immediate indication of 
proximal tubular damage. 

Other striking changes in the NMR spectra included an increase 
in the intensity of the succinate and aKG signals and the complete 
absence of the citrate signal at high HgC1 2 doses (>1.5 mg/kg). 
Table 2 shows the effect of various Hg2+ doses on NMR-derived excretion 
rates of these metabolites and creatinine. The data seemingly conflict 
wi th those from the ACZ experiments, where metabolite excretion 
changes were always parallel and in the same direction (Table 1). 
We interpreted this in terms of the combined effects of carbonic 
anhydrase inhibition (resulting in enhanced citrate catabolism and 

Table 2. Effect of Hg2+ on excretion of citrate cycle intermediates 
and lactate, as ~mol/kg body wt. per h (mean ±S.E.M.; n = 3), at 
different HgC1 2 dose levels expressed as mg/kg. 

Metabolite HgC12: 0 0.5 1.0 1.5 2.0 

Succinate 2.75 ±0.58 1.12 ±0.27 4.12 ±1.4 4.04 ±1.3 10.6 ±1. 79 
a:KG 0.85 ±0.O8 0.27 ±0.06 1.83 ±0.37 2.29 ±O.50 2.58 ±0.S4 

Citrate 2.02 ±1.18 0.58 ±0.16 0.83 ±O.45 none detected 

Lactate 0.38 ±0.18 0.09 ±0.01 1.12 ±O.08 1.50 ±0.58 8.42 ±2.67 
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reduced renal clearance) and the inhibition by Hg2+ of mitochondrial 
malate and succinate dehydrogenases, leading to accumulation of aKG 
and succinate in the cell and consequently to increased renal clearance 
of these compounds. The reduced ac ti vity of the proximal tubular 
citrate cycle pathway is also reflected in the massive increase 
in lactate excretion (Fig. 3 & Table 2) due to increased utilization 
of anaerobic pathways [4]. 

Interestingly, high doses of Hg2+ also cause ethanol excretion 
due to inhibition of liver alcohol dehydrogenase, this in turn leading 
to accumulation of ethanol derived from fermentation reactions in 
the gut [4]. This unexpected finding indicates the power of NMR 
in detecting novel markers of toxicity and enzyme inhibition. The 
significance of raised urinary acetate levels (Fig. 3) is not known, 
al though preliminary data suggest a relationship to altered renal 
fatty acid metabolism (unpublished). 

Biochemical effects of p-aminophenol (pAP) 

pAP, which causes severe proximal tubular necrosis after a single 
injection, is a metabolite of phenacetin and paracetamol and has 
been used to study experimental analgesic nephropathy [19, 20]. 
It causes a dose-dependent depletion of renal (but not hepatic) reduced 
GSH, and it has been suggested that pAP-induced nephrotoxicity results 
from the covalent binding to protein of a reactive intermediate, 
possibly the benzoquinone imine [21]. Like Hg2+, pAP causes degenera
tive changes in proximal tubular mitochondria prior to cellular 
necrosis [21]. However, the molecular mechanisms of toxicity are 
likely to be very different from those of Hg2+. Hence the patterns 
of toxin-induced metabolite excretion should be significantly differ
ent, despite the similarity of the histopathological manifestations 
of toxicity and the topographical localization of the pAP- and Hg2+_ 
induced renal lesions. 

The 400 MHz IH-NMR spectra (aliphatic region only) of rat urine 
collected 0-8 h after different pAP doses are shown in Fig. 4. 
Examination of the changes in pattern of excreted metabolites (shown 
by NMR spectra) indicates that the threshold toxic dose is between 
25 and 50 mg/kg in the Fischer 344 rat. This is consistent with 
the findings of previous workers [19, 20]. Profound dose-related 
glycosuria, lactic aciduria and amino acidurias were observed with 
>25 mg/kg (Fig. 4). 

With only 25 mg/kg (Fig. 4, B) no significant changes were seen 
in the profiles for low mol. wt. metabolites. The presence of the 
I-acetyl singlet of paracetamol sulphate (0 = 2.18 ppm) confirms 
that metabolism (i.e. N-acetylation) of the pAP has occurred. With 
50 mg/kg (Fig. 4, C) significant elevations were seen in urinary 
levels of glucose, lactate, alanine, glutamine and valine, during 
the first 8 h after dosing, indicating a functional proximal tubular 
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Fig. 4. Aliphatic regions of 400 MHz IH-NMR spectra of rat urine: 
control (A) or after injection of pAP: 25 (B), 50 (C) or 100 (D) mg/kg. 
Post-dose period 8 h. 

defect and hence reduced solute reabsorption efficiency. At this 
dose level the glycosuria, lactic aciduria and alaninuria are most 
elevated over the period 8-24 h after dosing; but after 24 h the 
levels fell, approaching those of controls at 48 h (Fig. 5). 

The highest dose of pAP (100 mg/kg, Fig. 4, D) resulted in gross 
and sustained elevations in urinary glucose, lactic acid, alanine 
and other amino acids, the increases being greatest during 8-24 h 
and persisting until at least 48 h (data not shown), suggesting that 
more severe or irreversible structural damage had occurred. Conven
tional assays for glucose and lactate confirmed the NMR values. 
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Fig. 5. Aliphatic regions of 400 MHz IH-NMR spectra of rats given 
50 mg/kg pAP: 24 h pre-dose (A), and 0-8 (B), 8-24 (C) and 24-48 h 
(0) post-dose. 

The urinary excretion of damage marker enzymes (NAG, GGT) was signifi
cantly elevated, maximally at -8 h, with 50 or 100 mg/kg, but not 
with 25 mg/kg - supporting the indications from NMR that there was 
no toxicity. 

Comparison of pAP and Hg2+, both producing acute proximal tubular 
lesions, in respect of urinary metabolites shows significant differ
ences although there were features in connnon, e.g. the alaninuria 
reflecting a generalized reduction in .solute reabsorption effiency 
in the proximal tubule. Toxins such as pAP and Hg2+ cause lactic 
aciduria, especially severe with Hg2+. Besides having reduced reab
sorptive capacity (for ultrafiltered lactate), the degenerating 
proximal cells also over-produce lactate through more use of anaerobic 
pathways. With pAP the excretion of citrate cycle intermediates 
was less severely disrupted. But glycosuria was much more apparent 
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(as confirmed by conventional assays). This suggested that besides 
a gross pathological lesion in the proximal tubule's pars recta, 
there was also a functional defect in the pars convoluta, the main 
site of urinary glucose reabsorption. Sodium chromate, a toxin that 
specifically damages the pars convoluta, produces an even more severe 
glycosuria (unpublished). 

CONCLUSIONS 

IH-NMR urinalysis was found to be at least as sensitive as conven
tional methods of analytical biochemistry, histopathology and urinary 
enzyme assays for the detection of renal lesions. In the case of 
Hg2+, NMR measurements on urine provided novel mul ti-parametric indices 
of renal function, and also enabled information on the basic mechanisms 
of nephrotoxic action to be derived by interpreting changes in metabol
ite excretion patterns. Different classes of nephrotoxin produce 
characteristic changes in the patterns, closely relating to specific 
biochemical lesions of mechanistic importance. 
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A combination of non-invasive and histopathological techniques 
is particularly valuable in assessing the nephrotoxicity of dr'ugs 
and in the diagnosis of renal disease. Morphological evaluation 
and microdissection techniques have been used to establish the site 
of the twin tubular lesions in streptozotocin-diabetic rats. A feature 
of enzymuria following the initiation of diabetes was the excretion 
of brush-border and lysosomal enzymes, suggesting that these ol'gal1elles 
are perturbed early in renal damage. However, no biochemical change 
was apparent in the brush border, suggesting that in this case the 
lesion may be at the functional level. 

Changes in renal brush border resulting from the injection of 
mercuric chloride were accompanied by an immediate elevation of NAG* 
and LAP in the urine; the levels then fell to normal, whereas urinary 
NAG activity in diabetic rats remained elevated for )6 months. A 
complete understanding of the biochemical mechanisms which underlie 
renal disease will require use of a wide range of subcellular and 
morphological techniques. However, the excretion of renal enzymes 
provides a convenient way of monitoring the development of renal 
disease and evaluating the nephrotoxicity of drugs. 

The kidney is particularly vulnerable to toxins because of its 
high blood supply and metabolic activity, while renal involvement 
is often an important feature of major disorders, e.g. diabetes. 
A characteristic of renal damage is that it often occurs initially 
in a specific region of the nephron. The release of enzymes into 
the urine is a sensitive indicator of renal disease and the pattern 
of enzyme release reflects the site and severity of damage [1]. 

*Abbreviations: NAG, N-acetyl-~-D-glucosaminidase; LAP, leucine 
aminopeptidase; PAGE, polyacrylamide gel electrophoresis; e.m., 
electron microscopy. 
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A wide range of procedures is used to characterize renal damage 
but the firial diagnosis has usually depended on morphological evidence. 
However, since histopathological procedures are carried out on biopsy 
material these investigations are justifiable only when the disease 
is well established. In animal studies the histopathological investi
gations are usually carried out on renal material obtained by autopsy. 
A further problem is that as the kidney has a large functional reserve, 
up to 65% of the capacity of the nephrons can be lost before ~hanges 
are observed with the parameters used to assess renal function, e.g. 
glomerular filtration rate and tubular reabsorptive capacity. 

Because of the insensitivity of physiological techniques and the 
difficulties -encountered in obtaining material for pathology, 
considerable interest has developed in non-invasive tests which allow 
continuous monitoring of renal damage. Initially these procedures 
attracted interest as simple screening methods, but the ultimate 
aim will be to use them in differential diagnosis. The kidney has 
only a limited number of ways of responding to damage, and as many 
types of renal disease are classified on the basis of morphology 
it may not be possible to achieve a specific diagnosis on the basis 
of urine data alone. However, the combination of non-invasive tests 
with histopathology and simple tests of renal function has great 
potential both for monitoring the development of disease and in differ
ential diagnosis. Careful selection of the tests to be used . can 
allow the determination of the initial site of damage, allowing 
glomerular and tubular damage to be readily distinguished; the urinary 
pattern will also change if damage affects a second region of the 
nephron., 

Understanding the basis of renal damage and disease calls for 
studies at the cellular and molecular level. Since the kidney contains 
numerous cell types [2], besides 'the nephron region the cells initially 
affected should be determined by histocnemical and/or e.m. techniques. 

Once the region and target cells have been identified, the next 
step is to determine the organelle or biochemical system that is 
perturbed. A wide range of organelles and subcellular systems are 
affected by drugs, and the mechanisms involved are little understood, 
although molecular probes can now be used to determine whether changes 
have occurred in protein synthesis. Drugs are known to affect the 
cytochrome P-450 system [3] and lysosomes [4]; the luminal membrane 
is a target for heavy metals [5], while other agents affect the mito
chondria [6]. The glomerulus is adversely affected in many types 
of renal disease (as discussed in #F-3 later in this vol.). To illus
trate how the urinary excretion of enzymes can be related to renal 
disease and nephrotoxicity, the effect of mercuric chloride and, 
streptozotocin diabetes on the cells of the proximal tubule of rat 
kidney will be discussed. 
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THE NON-INVASIVE APPROACH 

Urinary enzymes are sensitive indicators of renal damage or 
disease, and are elevated in urine prior to changes in classical 
renal function tests [7] and usually before gross proteinuria. The 
enzymes assayed are usually chosen on the basis of their distribution 
in the cell: 
- NAG, widely used as a lysosomal enzyme; 
- LAP or alanine aminopeptidase, commonly used as a brush-border 
enzyme; 
- lactate dehydrogenase (LDH) or ~-glucosidase (cytosolic), indicative 
of loss of material into the tubular lumen, and often measured. 

Stability in urine is a crucial factor and has limited the number 
of enzymes which can be conveniently used [1]; brush-border, lysosomal 
or cytosolic enzymes are preferred to mitochondrial enzymes which 
are inherently unstable in urine. The metabolism and ·functional 
specialization of the cells along the nephron is associated' with 
a high degree of specialization at the biochemical level, and each 
segment has a characteristic complement of enzymes [8]. The ratio 
of different enzymic activities in urine gives an indication of the 
initial site of damage [9]. 

Data obtained on urinary enzyme excretion is often enhanced 
if other simple tests of renal function are also performed. A wide 
range of different tests can be used, the following being the most 
useful.-
Renal function: 
- volume, specific gravity, osmolarity; 
- creatinine (index of concentration); 
- protein, glucose (indices of reabsorption); 
- pH; electrolytes - Na+, K+, Mg2+, Ca 2+. 
Celluria: 
~ bacteria, blood cells. 
Proteins: 
- specific (RIA or ELISA available): albumin [10] (diabetes); retinol 
binding protein [11] (proximal tubular damage); ~2-microglobulin 

[12] > !ll-microglobulin [l3]; Tamm-Horsf all glycoprotein [14] (distal 
tubule); 
- general: electrophoresis (mol. size separation). 
Isoenzymes: NAG, LDH. 

Routinely a small number of tests are usually performed, the 
choice depending on the circumstances - normally including one or 
two urinary enzymes and protein. Further tests can be carried out 
to confirm or extend diagnostic information: e.g. urina,ry volume 
and glucose and protein excretion, reflecting tubular reabsorptive 
capacity, and changes in pH and electrolytes - likewise easy to 
measure and reflecting the functional efficiency of the tubular cells. 
The qualitati~e nature of proteinuria can be characterized by SDS-PAGE 
[15] or by 2-D electrophoresis [16]; the molecular size profile may 
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indicate glomerular, tubular or mixed proteinuria [17]. Immunological 
procedures can be used to determine the amount of an individual protein 
present in urine, as indicated above. 

THE INVASIVE APPROACH 

Previous studies [5] established that necrosis of the proximal 
tubule cells was a characteristic feature of acute proximal-tubule 
damage following HgC1 2 administration. Early loss of microvilli was 
seen by e.m., and the necrotic process was para11e11ed by a fa11 
in the activity of brush-border marker enzymes in preparations of 
brush-border membranes. These changes occurred concomitantly with 
an increase in urinary enzyme excretion, exemplified in Fig. 1 by 
LAP (brush border), and also by NAG which increased as a result of 
damage to the lysosomes as well as to the luminal membrane. Both 
activities returned to normal as the tubular ce11s recovered from 
the nephrotoxin. 

Morphological studies using light and electron microscopy demons
trated two tubular lesions in streptozotocin-diabetic rat kidney 
(P.N. Boyd, unpublished data). A marked accumulation of glycogen
like, PAS-positive material was observed in the distal tubule, and 
its loc,ation between the start of the c'ortical straight tubule and 
the macula densa was confirmed by microdissection studies. Although 
the morphology of the proximal tubule ce11s appeared normal there 
was a faster rate of thickening of the tubular basement membrane 
over the 6 months. Both lesions were fully developed after 2 months 
of diabetes. Although the proximal tubule cells were normal, both 
NAG and LAP activities showed a sustained elevation in urine (Fig. 2). 
Indeed, increased excretion of urinary NAG is a feature of diabetes 
[18], markedly contrasting with its return to normal following damage 
by HgC1 2 • The molecular size of both enzymes is too great to allow 
them to pass through the filtration barrier of the glomerulus. Hence 
they must originate from cells of the nephron; but as no morphological 
damage was discernibie they must be excreted at an accelerated rate 
owing to a functional abnormality which may be related to the thickening 
seen in the tubular basement membrane. 

Figs. 1 and 2 exemplify two possible modes of expressing enzyme 
activity data. One mode is units/mmol creatinine: it allows for urine 
flow variation. This mode is preferable when random urine samples 
are assayed. When accurately timed samples can be obtained it is 
convenient to express enzyme activity as a daily excretion rate 
(u/24 h). 

THE ORGANELLE LEVEL 

Plasma membranes were isolated from the renal cortices of normal 
and HgC1 2-injected rats by rate-zonal centrifugation in a B-XIV rotor, 
and compared at different stages of the necrotic process [5]. The 
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Fig. 1. Comparison of NAG and LAP 
activities in the urine of rats 
given HgC12 (3 mg/kg, i.p.) on Day 0 
(normal excretion levels before then). 
Values are means ±S.D. (6 rats), as 
~mol MNP released/h/mmol creatinine 
[MNP = 2-methoxy-4-(2'-nitrovinyl)phenol.] 
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Fig. 2. Urinary NAG and LAP 
over a 6-month period in rats 
injected i.v. with a placebo 
(_) or streptozotocin, 65 mgt 
kg; e). Values are means 
±S.E.M. (10 rats), as units/ 
24 h. 

recovered activities of brush-border marker enzymes (alkaline phos
phatase, LAP, maltase and 5'-nucleotidase) were all decreased, while 
that of a basolateral membrane marker enzyme, (Na-K)-ATPase, was 
unchanged. 

Brush-border membranes were prepared from diabetic and control 
rat renal cortices using a modification of the Mg2+ precipitation 
method of Booth & Kenny [19]. The following modifications improved 
the yield of membranes and increased the relative specific activities 
of the marker enzymes. (1) The homogenate was 5% rather than 10%. 
(2) Homogenization was carried out in an Atomix blender at full speed 
for 8 x 5 sec with appropriate cooling. (3) The initial low-speed 
centrifugation step [19] was omitted. (4) No separation of the P2 
pellet into layers was made. (5) The final centrifugation step was 
increased from 180,000 to 1,500,000 g-min to recover microvilli 
remaining in the P4 fraction. Renal brush-border preparations thus 
isolated showed enrichments of l2-fold for maltase and l7-fold for 
LAP, with -30% recoveries. 

No differences in LAP activity were observed when membrane 
isolated from rats 2 weeks after diabetes onset was compared with 
control preparations (Table 1). Indeed, no significant differences 
in the protein, lipid or enzymic activity of isolated microvillar 
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Table 1. LAP and NAG in 'P4' preparations of kidney brush border 
from normal and 2 week-diabetic rats: means ±S.D. (n = 10). Enzyme 
activities expressed as ~mol/h, protein as mg. 

Total act./amount Relative specific act. % Recovery 

LAP: control 1277 ±399 16.72 ±3.34 33.4 ±5.8 
diabetic 777 t31? 16.25 t4.02 2?3 tB.l 

NAG: control 2.0 ±1.2 0.45 ±0.26 1.9 ±0.7 
diabetic 1.9 to.? 0.26 to.13 0.6 to.l 

Protein: control 10.4 ±2.4 2.1 ±0.5 
diabetic 13.0 t6.5 2.0 to.4 

preparations was found over the 6-month period of the study (unpublished 
data). However, differences in the (Na-K)-ATPase activity of baso
lateral membrane preparations have been reported [20], and (P. N. Boyd, 
G. Mann and R.G. Price, unpublished) we were able to demonstrate 
in perfusion experiments with isolated kidney that streptozotocin 
diabetes caused a decrease in glutamine and serine uptake at both 
the brush border and basolateral surfaces. 

These experiments confirm that functional abnormalities do occur 
in the proximal tubular cells in diabetes. The elevated excretion 
of NAG may result from an increased rate of exocytosis which may 
also involve the loss of enzymes from the brush border. Why such 
a loss is not reflected in the composition of the membrane fractions 
is not clear at present. Further understanding of this problem will 
require more detailed biochemical studies at the organelle and 
functional level. 

CONCLUSIONS 

The elevation of enzyme activities in urine is a sensitive 
indicator of renal cellular damage: activities rise rapidly to a 
peak in acute damage and return to normal levels with recovery. 
In long-standing conditions such as diabetes, enzyme levels may remain 
abnormally high over an extended period, indicating that functional 
abnormalities have occurred in the kidney. When the rises in urinary 
enzyme activity occur in conjunction with other parameters such 
as microalbuminuria, they provide an excellent means of monitoring 
the progress of the disease. 

Maximum information is obtained regarding the sequence of events 
in renal damage when urinary enzyme excretion is correlated with 
subcellular studies and sequential histopathology. Isolation of 
the target organelle from normal and pathological tissue should provide 
information on the basic pathological mechanism involved. Urinary 
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enzymes are most effective when assayed in conjunction with other 
indices of renal function [21]. The enzymes of choice are those 
which are highly active in the kidney, exist as isoenzymes, are stable 
in urine, and have a discrete localization in a defined region of 
the nephron. Urinary enzymes have now found a place in human and 
animal chemical pathology, in occupational medicine, and in the 
screening for early signs of renal disease. The next phase should 
involve the assessment of the molecular perturbations occurring in 
the kidney that give rise to well defined excretion patterns. 
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Particular chemicals in vivo specifically damage the glomeruli, 
the medullary cells or the proximal tubular cells. Elucidation of 
the mechanism(s) of such unique interactions between the target cell 
and the toxin has proved most difficult using conventional biochemical 
methods. Histochemical methods may be helpful, e.g. to define toxin 
distributions or the location of enzymes that effect requisite activ
ation. Isolated renal cells may be used to study the molecular basis 
of target cell toxicity, provided that - as we have shown for several 
such chemicals - the same cell type is damaged in vitro. 

Freshly isolated proximal tubular fragments and cultured proximal 
tubular cells need an intact renal anion-transport system for the 
toxicity of the haloalkene conjugates. Cultured renal medullary 
interstitial cells* (and various cell lines) have been used to show 
that the toxicity of 2-bromoethanaminet is closely related to the 
presence of peroxidative enzyme actiVity and intracellular lipid 
droplets, suggesting a role for lipid peroxidation. The selective 
toxic effects of adriamycin towards the epithelial cells of freshly 
isolated and cultured glomeruli appears to be related to the selective 
uptake into epithelial cells, where peroxidative activation or redox 
cycling may explain the toxicity. 

Many medicines and both industrial and agricultural chemicals 
cause renal lesions [1-5] that are similar to naturally occurring 
diseases. These chemicals often target selectively for a group of 
cells or a single morphologically distinguishable cell type [4]. 

* termed RMIC's below; t BEA. Other abbreviations include: HCBD, 
hexachloro-1:3-butadiene; PAN, puramycin aminonucleoside; PG, pros
taglandin; SOD, superoxide dismutase. 
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There is a very important need to identify the mechanism(s) of injury, 
but this depends on the ability to differentiate between the primary 
pathophysiological events that led from insult to cell death, as 
opposed to those processes that are an indirect consequence. The 
complexity of the kidney has limited the identification of most 
molecular mechanisms. In vivo the number of affected cells is very 
small compared to the total cell population, which makes conventional 
biochemical methods of subcellular investigation inappropriate. Thus 
special subcellular techniques have to be used to study the biochemical 
changes. 

Histochemistry has been applied to define the biochemical 
properties of individual cells in terms of their micromolecular and 
macromolecular components and how endogenous and exogenous molecules 
are distributed within the cell. Isolated cells from the affected 
region offer a simple biological system in which the interaction 
between a cell and a chemical can be studied, and identify the primary 
molecular mechanism(s) and the cascade of degenerative changes that 
follow. Provided that isolated cells are sensitive to the same range 
of chemicals that cause lesions in vivo, then it is likely that 
whatever is learned about the mcehanism(s) will be directly applicable 
to the intact organ. 

Any attempt to define the mechanism of selective target-selective 
toxicity in vit!!o depends on ability to show a priori that the injury 
mechanism continues to operate in isolated cells, and furthermore 
that the cells are not sensitive to toxic substances that do not 
damage them in the living animal. 

KIDNEY TOXICITY 

There is a marked biochemical and morphological heterogeneity 
both along and between nephrons [4]. It is not certain what chemicals 
reach the kidney because of extra-renal and renal metabolism. Further
more, compartmentalization [6] within the kidney is very complex 
due to a series of transcellular pH gradients, solute and/or solvent 
permeability. intracellular binding of molecules and the counter
current concentration mechanism. Each of these processes can trap 
or exclude metabolites selectively in (or from) one of the different 
cell types. Some filtered chemicals are actively reabsorbed from 
the nephron lumen, whereas others are secreted into it. The combination 
of these physiological factors contributes to the distribution of 
chemicals within the kidney and may also explain target selectivity. 
The accumulation or exclusion of substances from renal cells also 
makes it difficult to choose test concentrations of chemicals for 
in vitro studies that are realistic to the in vivo situation, and 
not excessive and therefore non-specifically cytotoxic. 



#F-3) Cell changes in nephrotoxicity 419 

RENAL METABOLISM AND METABOLIC ACTIVATION OF CHEMICALS 

The molecular basis of renal cell inj ury [1-5, 7] may hinge 
on direct interaction between the chemical and the target cell. 
These interactions may entail an accumulation of the xenobiotic or 
endogenous molecules, interference with normal intermediary metabol
ism, and especially detoxification or metabolism to toxic products 
such as electrophilic intermediates, unstable reactive intermediates 
or free radicals [7]. Cellular constituents - free-radical scavengers 
(e.g. carotenoids and retinoids), anti-oxidants (e.g. a-tocopherol 
and ascorbic acid) and the nuc1eophile, reduced GSH - combine with 
the reactive species to protect cells. Reactive oxygen species such 
as the superoxide anion (0;-), hydroxy radicals (OH') or hydrogen 
peroxide (H2 02 ) may also be generated, directly or as a secondary 
consequence of the presence of other unstable intermediates [8]. 

The inactivation of these reactive oxygen (and other) species 
depends on the compartment in which they are generated, and on the 
presence of the protective anti-oxidants, nucleophiles, etc., and/or 
those enzyme systems that can change each intermediate. Neither the 
supero~ide anion nor H2 02 per se represents the ultimate toxic oxygen 
species, provided that the enzymes are present to deactivate them 
by conversion, respectively, to H20 2 + water (SOn) and to water + 
oxygen (catalase) [9]. Hydroxy radicals do not have an enzyme system 
that converts them to less active species, and once formed their 
toxic potential will be reduced only by anti-oxidants, free-radical 
scavengers and nucleophiles. 

It is not certain how cell death is caused by the reactive inter
mediate(s); but if these protective mechanisms are absent or depleted 
the reactive intermediates may bind to essential small molecules 
and/or macromolecules, e.g. lipids, proteins and nucleic acids, or 
may cause metabolic injury, etc. [7]. In the absence of anti-oxidants, 
reactive species can also interact with polyunsaturated fatty acids 
to form peroxylipid free radicals, which give rise to a chain reaction. 
Most of the lipid peroxidation processes linked to cell degeneration 
are envisaged to be confined to cellular membranes, but free poly
unsaturated phospholipid droplets would also support lipid peroxid
ation [10]. 

PROXIMAL TUBULAR INJURY 

A number of chemicals damage the proximal tubules, and many 
of these injuries are thought to be mediated by reactive intermediates 
[11-16]. The biotransformation capacity of the proximal tubules 
is qualit~tively similar to that of the liver (but quantitatively 
less), as shown by the presence of the cytochrome P-450 mixed-function 
oxidase system [11]. Antibodies to cytochrome P-450 show localization 
of this enzyme in the proximal tubule [17]. Paracetamol (acetaminophen) 
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damages the proximal tubule following P-450-mediated metabolic activ
ation to a quinolimine, and causes GSH depletion and covalent binding 
of material derived from the parent compound [12]. There is now 
significant evidence to suggest that the deacetylated metabolite 
of paracetamol, p-aminophenol, is the proximate toxin [13] which 
is also activated to a quinolimine. 

High doses of paracetamol decrease GSH and increase covalent 
binding [18]. The formation of the GSH conj ugate has been shmvn 
by the presence of both the paracetamol-mercapturic acid and the 
cysteine conjugate in urine and by its formation in isolated renal 
cells [19]. The essential protective role of GSH was also shown 
by the marked exacerbatory effect of pre-dosing with any compound 
that depletes GSH [20]. Relatively little is known about the renal 
distribution of protective molecules such as free-radical scavengers 
and anti-oxidants, GSH (21], SOD [22] and catalase [23] are all 
located in the proximal tubule. 

There are other oxidative systems in the kidney that may form 
reactive intermediates from chemicals. For example, peroxisomes 
are confined to the P3 portion of the proximal tubule, being absent 
from the glomeruli and the distal nephron [24]. These organelles 
contain urate oxidase, catalase, and D-amino acid oxidase [25]. 
The renal roles of the peroxisomes remain ill-defined. It is generally 
assumed that urate oxidase is responsible for the conversion of uric 
acid to urea [26], but the physiological function of the enzyme is far 
from certain. Reddy [14] has speculated on the role of D-amino acid 
oxidase in the genesis of the highly localized necrosis confined 
to the P3 region of the nephron following the administration of D
serine, because of the release of H2 0 2 when the D-amino acids are 
oxidized to their a-pyruvate derivatives. Normally deactivation 
by catalase would be expected, and a mechanistic explanation for 
this specifically localized and rapidly developing lesion is still 
needed. (Editor's note.- Ref. [26] deals with chick embryo.) 

There are also non-oxidative mechanisms that may mediate proximal 
tubular inj ury. A single inj ection of HCBD selectively necroses 
the pars recta in the rat [15]. HCBD is metabolized in the liver 
to its GSH conjugate; this is excreted via the kidney, where it is 
metabolized by y-glutamyl transferase and cysteinyl glycinase, giving 
the cysteine conjugate. The transferase is sharply confined to the 
brush border of the proximal tubule. Before this conjugate is metabol
ized to the mercapturate (by acetylation) in the pars recta, ~-lyase 
cleaves the C-S bond (generating pyruvate and ammonia), and thio
chlorobutadiene - a potent alkylating sulphur mustard - is formed 
[16] . At present there is no known physiological role for renal 
~-lyase. 

Recently the organic anionic transport blocking agent, 
probenecid, has been shown to inhibit the uptake of the cysteine 
conj ugate of HCBD and protect the kidney both in vivo and in renal 
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slices [27]. The proximal tubule is selectively damaged in vitro 
by the proximate metabolite HCBD-N-acetylcysteine (HCBD-NaC) which 
effectively inhibits the incorporation of amino acids into proximal 
tubular macromolecules [28, 29]. Probenecid protects animals exposed 
to HCBD or HCBD-NaC in vivo [27, 30], and tubular fragments pre-exposed 
to HCBD-NaC almost completely regain their protein-synthetic capacity 
when exposed to 400 pM probenecid [29]. HCBD-NaC also selectively 
targets for cultured proximal tubular cells (C. P. Ketley, unpublished), 
but has no adverse effect on fresh or cultured glomeruli (I. Ahmed, 
unpublished) • 

MEDULLARY INJURY 

Renal papillary necrosis is a consequence of long-term mixed 
analgesic abuse [31], and can be induced in experimental animals 
using analgesics and non-steroidal anti-inflammatory drugs over 
6-12 months or acutely by a single dose of BEA hydrobromide. Avariety 
of mechanisms have been proposed [31], and chronically induced renal 
papillary necrosis has been explained in terms of metabolic activation 
[31]. The fact that the medulla is very low in mixed-function oxidase 
enzymes [32] excludes P-450-mediated reactive intermediates, because 
the short half-life of the 'ultimate' toxic intermediates means that 
they can only exert their toxic effects at or very close to the site 
of formation [7]. 

PG synthase, an enzyme with two discrete and biochemically differ
ent activities (cyclo-oxygenase and PG endoperoxidase), also activates 
both paracetamol [33-36] and p-phenetidine [35, 36] to produce bio
logically reactive quinolimine species which bind protein [35, 37], 
GSH [36] and/or nucleic acids [38]. This is due to arachidonic acid
dependent PG endoperoxidase-mediated activation. Cyclo-oxygenase 
acti vity occurs in the medulla [39], where its loci are the interstitial 
cells, collecting ducts, arteriolar endothelial cells and glomerular 
endothelial cells as shown by use of an antibody raised to this enzyme 
[40]. Individual PG's show a discrete distribution [41]. Arachidonic 
acid-dependent diaminobenzidine oxidation shows intense staining of 
the medullary collecting ducts and interstitial cells [42] which 
may represent PG hydroperoxidase or a lipoxygenase. 

Role of renal medullary interstitial cells (RMIC's) 

The high levels of peroxidative enzymes in the medulla may, 
then, be pertinent to the generation of reactive intermediates; but 
the widespread localization of PG synthesis or peroxidation in the 
medulla (or elsewhere in the kidney) makes it difficult to explain 
why the papillotoxic compounds target selectively for the medullary 
interstitial cells, unless other predisposing factors are also 
involved. 

The RMIC' s have very low GSH levels [43], and both catalase 
[23, 25] and SOD [22] activities are absent. This suggests that 
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reactive intermediates formed in the medulla would not be quenched. 
More importantly, the RMIC's contain very numerous lipid droplets, 
the distribution of which has been well characterized light
microscopically [44] and ultrastructurally [45]. Ultracentrifugation 
[46] and chemical analysis [47] of these lipid droplets has shown 
that they are particularly rich in polyunsaturated fatty acids, which 
would provide an ideal fuel to sustain lipid peroxidation, if free 
radicals were generated by the peroxidation of papillotoxic chemicals. 
Thus, the RMIC's have an extensive quantity of fuel for oxidation 
and would have a propensity to form free radicals and peroxidative 
chain reactions, once such an event was initiated [31]. 

A single dose of BEA hydro bromide damages the renal medulla 
within a few days. The RMIC's undergo the earliest degenerative 
changes [48], which parallel the target selectivity of other papillo
toxins including analgesics and non-steroidal anti-inflammatories. 
At present there is no full explanation for this highly selective 
targeting for interstitial cells, but BEA is amenable to oxidation 
to a reactive intermediate via its halide group, or it forms an alkyla
ting agent which could generate reactive oxygen species and/or initiate 
lipid peroxidation [31]. 

We have cultured rodent RMIC's and shown that they are sensitive 
to established papillotoxins in vitro [49]. Fluorescent probes have 
shown high levels of peroxidase activity and/or peroxides, and Nile 
Red confirms the presence of lipid droplets [50]. The mechanism 
of medullary necrosis is thought to be linked to the peroxidative activ
ation of analgesics to form reactive intermediates [51]. In an attempt 
to confirm this association, we have also studied the sensitivity 
of cell lin~s to papillotoxins. Both RMIC' sand '3T3 fibroblasts 
are sensi ti ve to BEA [50], but there were no cytotoxic changes in 
MDCK or HaK cells exposed to a la-fold increased concentration of 
BEA for 4 times as long. RMIC's are thought to be fibroblastic in 
origin, hence the comparison with 3T3 cells, whereas HaK and MDCK 
represent renal epithelial ceUs [50]. The absence of lipid droplets 
and peroxidase activity from HaK and MDCK cells may explain the lack 
of BEA cytotoxicity. 

GLOMERULAR INJURY 

Puramycin aminonucleoside (PAN) selectively damages glomerular 
epithelial cells in vivo and causes loss of the basement membrane
associated polyanion, retraction of the podocytes and a proteinuria 
[52] • PAN also damages the epithelial (but not mesangial) cells 
in cultured glomeruli [53]. We are ignorant about the molecular 
changes that develop within the epithelia. The glomeruli contain 
both PG synthase and lipoxygenase activity [54], but little is known 
about the presence of protective substances, although both SOD [22] 
and catalase [23] are absent from this region of the kidney. 
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PAN is broken down to hypoxanthine, a substrate for xanthine 
oxidase (or perhaps other oxidases) which forms uric acid and the 
superoxide anion. The level of xanthine oxidase is lower in kidney 
than in other organs (liver, spleen), but its distribution is unknown. 
A role for the superoxide anion seems likely, because the co-adminis
tration of SOD, but not catalase or dimethylsulphoxide, protects 
in vivo. Allopurinol, a selective inhibitor of xanthine oxidase, 
also inhibited the PAN-induced proteinuria [55]. 

Adriamycin also damages the glomerular epithelial cells [56], 
causing fusion of podocytes, loss of basement membrane polyanions, 
and a proteinuria. Its toxicity has also been related to the NAD(P)H
dependent reduction to a free radical that is easily oxidized back 
to the parent compound [57], due to the comparatively high O2 tens
ion. This redox cycling produces the superoxide anion radical (0. 2 ) 
making the parent compound available for reduction to the radicals. 
The superoxide anion may be the reactive oxygen species that causes 
the cell lesion, because of the absence of catalase and SOD [22, 
23], which would facilitate the generation of other reactive oxygen 
species - especially the hydroxyl radical (OH·), which in the absence 
of anti-oxidants, free-radical scavengers, etc., has the potential 
to cause cell death. 

Whereas adriamycin at levels of <0.05 mM inhibits amino acid 
incorporation into freshly isolated rat and pig glomerular protein 
and basement membrane, similar effects are observed in proximal tubular 
fragments when concentrations are >0.5 mM (L. Dela Cruz, C.P. Ketley 
& 1. Ahmed, unpublished data). If glomeruli are cultured to allow 
the individual outgrowth of epithelial and mesangial cells, it is 
only the former that are affected. The use of fluorescent microscopy 
has suggested that adriamycin is taken up selectively into epithelial 
but not mesangial cells [50]. 

CONCLUSION 

Exploiting the subcellular approach for elucidating the mechanisms 
of target cell injury can be effected using histochemistry and is'olated 
cells from different regions of the kidney, and offers the potential 
to understand intracellular events that lead to cell death or injury. 
This approach also could lead to development of rational in vitro 
tests for evaluating chemical safety and facilitate drug design at 
an early stage. 
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HETEROGENEITY AND FUNCTION OF KIDNEY CORTEX LYSOSOHES 
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Reliable distribution profiles have been obtained for rat cortical 
lysosomal populations, fractionated by rate and isopycnic sedimen
tation and characterized comprehensively by employing marker enzyzes 
and labelled proteins as population probes. The known distributions 
of lysosomal enzymes manifest along the intact nephron and the 
morphological ly observed variety of lysosomes in the different cortical 
cell types suggest considerable lysosomal heterogeneity. With cortical 
homogenates we have shown heterogeneous lysosomal populations, 
reflecting the variety of lysosomes in the major cel l type of the 
cortex and cell-type heterogeneity, viz. (1) large lysosomes, which 
band at d = 1.235 in sucrose gradients and probably represent protein 
droplets originating from the proximal tubule cells; (2) small dense 
lysosomes, also banding at d = 1.235 which are also probably from 
proximal tubule cells; (3) small light lysosomes, banding at d = 1.20, 
which are probably a mixture of lysosomes from distal and proximal 
regions of the nephron. 

Experiments with 125I-lysozyme and l09Cd-thionein administered 
i.v. suggest that all the lysosomal populations identified are at 
some stage involved with uptake and catabolism of these two proteins. 
Their preferential accumulation in the small lysosomes may reflect 
their rapid digestion in the large protein drop lets, whereas they 
remain for longer periods in the small lysosomes whose content of 
proteases is relatively lower. 

From the earliest work on the subfractionation of kidney organ
elles [I, 2] it was clear that cortical lysosomes were heterogeneous 
in terms of their enzyme content and morphology. This heterogeneity 
may partly be due to the complex cellular heterogeneity of the kidney 
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[3] where cellular hydrolases are present, in varying proportions, 
in all the segments of the nephron [4] suggesting considerable heterogen
eity of lysosomal populations attributable to different physiological 
functions of the various cell types of the nephron. In addition, 
lysosomal heterogeneity such as differences in lysosomal size and 
density most certainly reflect dynamic changes within the cell which 
take place as a result of membrane fusion following endocytosis, 
membrane recycling, and the fusion of membranes involved in the 
formation of autophagic vacuoles. For several years we have been 
studying heterogeneity in relation to kidney cortex lysosome function. 
This article outlines the e;x:perimental approach used [5-7] to delineate 
the most likely cellular origin of the different lysosomal populations 
found in the kidney cortex homogenate, and also to study the lysosomal 
involvement in nephrotoxicity and in renal diseases. 

EXPERIMENTAL APPROACH 

Through the experimental approach outlined in Scheme 1 we have 
been able to separate three distinct populations of 1ysosomes from 
the rat kidney cortex [5, 7], namely: 
(1) large lysosomes, at d 1.235, probably protein droplets from proximal 
tubule cells; 
(2) small dense lysosomes, at d 1.235, probably from proximal tubule 
cells likewise; 
(3) small 'light' lysosomes, at d 1.20, probably from .both proximal 
and distal regions. 
In addition our microsomal fraction at d 1.18-1.20 contained (4) some 
very small particles containing acid hydrolases, in a heterogeneous 
mixture (cf. Fig. 1 legend). 

The properties of lysosomal populations isolated from rat kidney cortex 
are summarized in Fig. 1 as a classical S-p diagram, showing the 
relationship of approximate sedimentation rate or size to banding 
density in sucrose [8]. 

LYSOSOMAL FUNCTION IN RELATION TO HETEROGENEITY 

Renal accumulation of low mol. wt. proteins occurs mainly in 
the convoluted proximal tubule and also, to a lesser extent, in the 
straight proximal tubule. Following i.v. injection of 125I-lysozyme 
and 109 Cd-thionein which are both avidly taken up by the proximal 
tubule cells, we have shown that these two proteins are indeed rapidly 
incorporated into all the lysosomal populations identified [7, 9, 
10], demonstrating that they are involved with uptake and catabolism 
of proteins. However, recent observations have demonstrated that 
cathepsin B and cathepsin D, which have similar distributions, are 
located mainly in the dense lysosomes [11]. This may explain the 
significant accumulation of 125I-lysozyme and 109Cd-thionein in the 
small 1ysosomes [7, 9] as these are relatively poorer in proteases. 
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Cortices (from 8-12 rats) 

jHomogenized in 0.25 M sucrose, 5 mM pH 7.4 
Tris; filtered through tea strainer 

Homogenate (H) 

12,000 rev/min, 2 min (700 gav ) Supernatant~ ~ 
Pellet +--I 

Re-suspended; /re-spun as above 
Supernatant ( - l Pellet, nuclear (N) 

10,000 rev/min, 3 min 
I------~-:-:--:-:-::---,---~ Pe 11 et (ML) 

(10,000 gav) Re-suspended; rate-zonal sedimentation 
Supernatant in HS zonal rotor 
1105,000 g, 60 min 
--------~------------~~ Pellet, microsomal (MIC) 

Supernatant - cytosol Re-suspended in 2 M sucrose and floated 
(SUP) to equilibrium in a B-14 zonal rotor 

Scheme 1. Preparation of subcellular fractions, providing reliable 
distribution profiles for cortical 'lysosomal' populations which 
have been further fractionated by rate and isopycnic sedimentation 
and characterized by employing a comprehensive range of marker 
enzymes, by using labelled proteins as probes for various lysosomal 
populations, and by morphological examination [5-7]. 
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Fig. 1. S-p diagram, showing approx. S values (based on values 
given by Hinton & Dobrota [8]) and isopycnic (equilibrium) banding 
of cortical lysosomal populations fractionated in sucrose gradients. 
See text for nephron attributions of (1)- (3). Both (1), 'protein 
droplets', and (2), possibly a subpopulation of large lysosomes, 
contain all assayed lysosomal enzymes; (3) contain acid glycosi
dases but not cathepsin B or D, nor acid RNase. (4)= very small 
(microsomal) 'light' lysosomes, probably including lysosomal frag
ments and endocytic vesicles from various cell types of the nephron. 
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Table 1. Time course of uptake and processing of 3H-labelled 
Cd-thionein: % distribution of 3H label in cortex subcellular 
fractions following i.v. injection into rats. The labelled thionein 
was injected at the stated times before sacrifice and sub-fractiona
tion of the cortical homogenate (H; Scheme 1). 3H % values for small 
and large lysosomes relate to total activity in ML as subjected to 
rate-sedimentation to furnish these two regions; the peaks were 
distinguished by scrutiny of acid hydrolase distributions. 

Time % of H: ML HIe % of ML: Small lysosomes Large lysosomes 

10 min 
30 min 
1.5h 

25.7 
31.1 
79.8 

26.4 
16.0 
<0.1 

53.8 
43.3 
40.9 

3.5 
9.1 

26.4 

The loss, with time of 3H-labelled thionein from 'microsomes' 
and the corresponding increase of 3H in fraction 'ML' of Scheme 1, 
as also observed for the large lysosomes (Table 1), strongly suggest 
transfer of some undegraded Cd-thionein from endocytic vesicles to 
small lysosomes and then to large lysosomes (further discussed in 
#F-5, which follows). 

From the time-course studies with 3H-labelled Cd,-thionein [7] 
it is apparent that this protein is broken down exremely rapidly. 
This breakdown probably starts in the endosome compartment, which 
in macrophages has been reported [12] to possess proteolytiC activity. 
Application of the procedure of W. H. Evans [13] for preparing the 
liver 'endosome' fraction did not reveal any endo- or exo-peptidases 
in the endosome subfractions (Fig. 2). However, the recovery of a 
significant amount of latent R-acetyl-~-glucosaminidase (NAG) activity 
in the' late' endosomal fraction, banding at d = 1.10 in sucrose medium, 
may explain the early increase in the urinary excretion of this 
particular enzyme under pathological conditions [15]. 
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For studying uptake, redistribution and toxic mechanisms of 
metals (which associate with macromolecules), subcellular techniques 
are ideal. Their application to study of the renal handling of thionein 
labelled both with l09Cd and with 3B, administered i.v., indicates 
significant differerJ.C!es between the distributions of the two isotopic 
labels amongst the subcellular organelles. The rapid appearance 
and retention of l09Cd (Cd*) in the cytosol strongly suggests that 
the endosomal/lysosomal acidification and proteolytic enzymes cause 
a release of Cd2+ from the thionein and transfer to the cytosol where 
it binds to endogenous Zn-MT, whilst the thionein moiety is rapidly 
degraded. Thus Cd does not appear to accumulate in lysosomes although 
the very active endosomes/lysosomes system of the proximal tubule 
cells appears to be instrumental in the delivery and retention of 
the metal in the cytosol. 

Preliminary experiments on renal handling of Au, Ni and Pt at 
the subcellular level suggest that lysosomes may also play a role 
in the uptake, retention and nephrotoxicity of these metals. 

Lysosomal association and accumulation of many heavy metals 
may lead to their inactivation or alternatively to a potentiation 
of toxic effects. In the mammalian kidney, Au, Hg, Pb, U, etc. are 
accumulated in lysosomes of the proximal tubule cells where these 
and other metals (e.g. Cd, Cu) may cause significant cellular damage 
and subsequently renal failure [1]. Probably the uptake and accumu-

* Representation adopted by Editor: Cd = l09Cd, Au = 195Au, Ni= 63Ni. 
Elements represented by symbols (e.g. Cd, not cadmium) even where 
name used in author's text. MT = metallothionein. ML signifies 
a centrifugal fraction containing mitochondria and lysosomes. 
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lation of heavy metals into kidney lysosomes occurs because they 
are inherently lysosomotropic and are delivered aboard carrier proteins 
or directly by virtue of diffusion, lipophilicity or pH. Since toxicity 
may arise because of uncoupling or the metal from its ligand, it 
is important to .embrace in the lysosomal compartment the 'endosome' 
where dissociation of receptor and ligand takes place and degradation 
of ligand may indeed begin. 

The processes of uptake and intracellular transport of metals 
are clearly very important in understanding their toxic mechanisms. 
Preliminary studies on uptake and renal handling of Cd-thionein [2] 
have illustrated the usefulness of carefully developed subcellular 
approaches as employed in this study to examine the association of 
metals with the various lysosomal populations of the kidney. 

EXPERIMENTAL 

Male Wistar albino rats were used in the studies described. 
The classical subfractions of the kidney cortex homogenate were 
prepared by differential pelleting exactly as in Fig. 1 of the 
preceding article (#F-4). ML was further fractionated by rate-zonal 
sedimentation in the HS-type zonal rotor (MSE Scientific lnsts.) 
in order to resolve the various lysosomal populations and other 
organelles. Details are described elsewhere [3]. 

Dual-labelled Cd-thionein was prepared by incubating purified 
hepatic MT-I with CdC1 2, isolating the protein, then labelling with 
succinimidyl [3H]propionate (Amersham lnternatl.) and finally 
isolating the pure protein from the reaction mixture by Sephadex 
G-25 chromatography. Gold (Au) sodium aurothiomalate was prepared 
and administered as described by Taylor et al. [4]. Ni{HIS)2 was 
prepared by mixing NiC1 2 and histidine at the appropriate molar con
centrations. 

Sephadex G-75 chromatography was employed to fractionate low 
mol. wt. proteins from the kidney cytosols. The 3H and Cd isotopes 
were counted with an LKB Rackbeta 'Spectral' (Model 1219) counter 
using automatic dual label correction. 

RESULTS AND DISCUSSION 

Cadmium [Cd signifies I09Cd] 

The time course of uptake and intracellular processing of dual
labelled Cd-thionein administered i.v. is shown in Table 1 as % of 
the dose recovered in the kidney cortex and also as % distribution 
of the cortical label found in the classical subfractions. It is 
important to note that the % of Cd label retained in the cortex remains 
constant during the period 10 min-24 h with a steady transfer of 
Cd from particles to cytosol over this period. Whilst the proportion 
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Table 1. Recovery in kidney cortex (% of the i. v. dose) and in 
classical subfractions (% of homogenate) of thionein labels -
3H(itaZics) and l09Cd (Cd), at different times after injection of 
0.2 ml containing 0.38 mg thionein, 1.92 ~Ci3H and 4.21 ~Ci Cd. 
Each time point represents 1 expt. with cortices from 5 animals. 

Time % in cortex Nuclear HI. 

10 min 25, 26 11, 12 26, 26 

30 min 15, 23 17, 23 32, 27 

1.5h 3, 25 19, 15 80, 11 

24 h <0.1, 29 <0.1, 8 <0.1, 5 

Fig. 1. Distribution patterns 
of 3H and l09Cd (Cd) after 
subfractionation of the cortical 
HI. fraction by rate-zonal 
sedimentation at the 4 time 
points after administration of 
the dual-labelled Cd-thionein. 
Radioactivity expressed as 
cpm x 103 /0.5 ml of fraction. 
The long bar at centre of 
gradient represents the region 
of 'small lysosomes', and the 
short bar indicates the position 
of the 'large lysosomes'. 
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of the cortical Cd recovered in HI. steadily decreases with time, 
the 3H reaches a peak of 80% at 1.5 h, indicating that a proportion 
of the thionein moiety is broken down in lysosomes. 

When HI. is subfractionated by a rate-sedimentation method 
developed specifically to resolve the various lysosomal populations 
([3], & preceding article), the distribution patterns of Cd and 3H 
appear to be closely associated with these lysosomes (Fig. 1). Although 
no marker enzymes are illustrated in Fig. 1, the patterns for both 
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isotopes closely follow the distribution patterns of lysosomal acid 
hydrolases as shown in our earlier study [2]. In establishing the 
association of Cd with lysosomes it should firstly be noted that 
over the period 10-30 min there is an increase in the Cd peak in 
the large lysosomes (Fig. 1) whilst right-hand peak sizes already show 
a shift of Cd from particles to the cytosol. Secondly, the distinct 
3H peak in the large lysosomes at 1.5 h suggests that the thionein 
is being degraded in these lysosomes. When the relative proportions 
of 3H in the small- and large-lysosomal regions are expressed as % of 
the total 3H label in KL (see Table 1 in the preceding art.), it 
is apparent that with time there is a distinct shift of MT as indicated 
by 3H from small to large lysosomes. 

The disappearance with time of 3H and Cd from the microsomal 
fraction (Table 1), which most likely contains a significant proportion 
of endocytic vesicles present in the cortical homogenate, and the 
relative increase in 3H label in KL, suggest that MT is first trans
ferred from endocytic vesicles to small lysosomes. 

It was initially surprising to find 23% of the label in the 
cytosol fraction at the 10 min time-point, especially since subsequent 
chromatography on Sephadex G-75 showed that the cytosolic 3H label 
was associated exclusively with the intact MT molecule. Since the 
exogenously administered MT is not likely to cross cellular membranes 
it is most likely that its apparent cytosolic location is attributable 
to disruption of the endosome compartment and the release of the 
undegraded protein into the cytosol (supernatant fraction). This 
in turn would suggest that the uptake of Cd-thionein in the proximal 
tubule occurs mainly via fluid-phase endocytosis. 

Fractionation of the cytosols from subsequent time-points by 
G-75 chromatography shows, from the 3H patterns, that even by 30 min 
most of the MT is degraded to oligopeptides of low mol. wt. It thus 
appears that most of the MT is degraded very rapidly in the endosome 
compartment. Since at these early time-points (and also at 24 h) 
Cd is associated only with intact MT, it appears that Cd is transferred 
rapidly from the exogenous to the endogenous MT. 

Altogether it appears that in the form of Cd-thionein, which 
is known to be considerably more nephrotoxic than Cd 2 + [5] and which 
is also the form in which Cd (after subchronic exposure) is normally 
delivered. to the kidney, it is the acidification and degradation 
in the endosome and lysosome compartments .that are instrumental in 
the retention and accumulation of Cd and its toxicity in the kidney. 

Gold [Au signifies 195Au] 

The kidney plays an important role in Au metabolism. Its rapid 
accumulation in the kidney after a single i.p. dose of sodium auro
thiomalate leads to extensive tubular necrosis followed by regeneration 
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Table 2. Recovery in kidney cortex (% of the i.v. dose) and in 
classical subfractions (% of homogenate) of 63 Ni-histidine complex, 
Ni(HIS)2, at different times after injection (200 ~g Ni/kg). 

Time % in cortex Nuclear ML Microsomal Supernatant 

10 min 5.1 9.2 18.9 14.0 55.0 

1.5h 7.8 11.9 27.4 19.6 56.8 

3 h 6.1 11.9 28.3 14.6 48.0 

24 h 0.9 18.7 48.3 13.5 32.9 

[4] during whj ch the Au levels in the kidney continue to increase. 
At the subcellular level these changes are characterized by a re
distribution of Au radiolabel from the cytosol into particles, notably 
the lysosome-containing ML fraction: 
- at 30 min: nuclear 12.7%, ML 9.7%, microsomal 14.0%, supernatant 
63.4%; 
- at 48 h: nuclear 22.7%, ML 33.3%, microsomal 5.6%, supernatant 
32.6%. 

During this Au transfer there is an overall increase of renal 
Cu [see also R.J. Ward in Vol. 14, this series - Ed.] which appears 
to be attributable to an increase of Cu-thionein. These observations 
suggest that Au nephrotoxicity may be due to changes in Cu homeostasis 
and that the transfer of Au from the cytosol into lysosomes may play 
a role in this process. 

Nickel [Ni signifies 63Ni] 

Although Ni is efficiently excreted via the kidneys it is also 
reported to cause nephrotoxicity in experimental animals [6]. The 
resul ts shown in Table 2 represent the renal uptake and subcellular 
distribution of Ni, after administration of Ni(HIS)2 complex (the 
main physiological form of Ni in the circulation) at a typical pharmaco
logical dose. The decrease in cortical Ni with time illustrates 
the rapid excretion of Ni via the kidneys. However, over the period 
10 min-24 h there is a 'relative' increase in the % of cortical Ni 
present in ML. Possibly the basic nature of Ni(HIS)2 is responsible 
for this complex being lysosomotropic and thus being retained in 
renal lysosomes. It is proposed that the association of Ni with 
the various lysosomal populations may thus be particularly useful 
for studying Ni nephrotoxicity. 

Platinum 

From their study on the subcellular distribution of Pt in the 
kidney, Choie et al. [7] concluded that Pt is associated with nuclei, 
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mitochondria and microsomes. Whilst these authors make no reference 
to lysosomes, a similar study by Sharma & Edwards [8] indicated that 
following a single i.p. dose of cis-pt (CDDP) the peak of Pt in the 
kidney is reached at 24 h. At this time-point the highest proportion 
of Pt was found in the cytosol, with the second- and third-highest 
concentrations in the microsomal and lysosomal fractions. As pre
liminary X-ray microprobe studies also suggest that Pt is associated 
with kidney lysosomes, it is intended to apply the subcellular 
approaches adopted to study the renal handling of Cd-thionein to 
examine in detail the association of Pt with the various populations 
of kidney cortical lysosomes. 
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With a view to elucidating functional relationships among rat 
lysosomal populations from nephron regions, we induced acute nephritis 
immunologically, marked by heavy proteinuria and increased urinary 
activity of acid hydrolases. Acid hydrolases rose too in preparations 
of large lysosomes (protein droplets) derived from kidney proximal 
tubules and concerned in protein degradation. Isopycnic centrifugation 
of small lysosomes yielded a neW population of lysosomes with a 
relatively high membrane content probably resulting from increased 
membrane turnover induced by the increase in protein uptake. 

The lysosomes ih rat kidney cortex are more heterogeneous than 
in liver with respect to size, enzyme content and density ([11, & 
#F- 4, this vol.). This heterogeneity may be due to different lysosomal 
populations or different cellular origins, or possibly the various 
lysosomal populations represent quite distinct cellular pathways, 
e.g. those derived from the autophagic route [21 and those containing 
exogenous proteins. In order to get a better understanding of the 
functional relationship between the various populations, they were 
studied in homogenates of kidney cortices from rats with heavy protein
uria induced immunologically in two ways. 

EXPERIMENTAL 

The rats were male Wistars of wt. 130-170 g. Acute passive Heyman 
nephritis was induced by i.v. injection of heterologous antibodies 
(rabbit) against tubular antigen (FxIA) as described by Iversen et 
al. [3]. Rats injected with normal rabbit serum served as controls. 



440 H-J. Haga et al. [#F-6 

Overflow proteinuria was induced as described by Lawrence et al. 
[4]: 0.87 g bovine serum albumin (BSA; Cohn fraction I, flA-2153) 
was injected Lp. twice daily for 8 days, and controls received buffered 
saline instead. The nephritic rats were killed 2 weeks after induction 
of nephritis, and the BSA rats 8 days after the first injection. 
Urine was collected over the last 24 h before sacrifice. 

Renal cortices (including deep cortex) were homogenized in 0.25 M 
sucrose/5 mM Tris-HCl pH 7.4, giving a 10% homogenate [1]. The homo
genates in each experimental group (8 rats) were pooled and centrifuged 
([1], & f1F-4 in this vol.) to give fractions: nuclear, N; mitochon
drial/lysosomal, ML; microsomal, Hie, and supernatant, Sup. ML was 
subfractionated by rate sedimentation in an HS zonal rotor, with pooling 
of specific regions for further fractionation by equilibrium banding 
[1]. The various subfractions were assayed for protein, N-acetyl
~-glucosaminidase (NAG) and acid S-galactosidase [1]. The total activ
ities of acid hydrolases were assayed. by including digitonin (0.0016% 
w/v) in the enzyme assays. Protein in urine was measured by the biuret 
method with BSA as standard [5]. 

RESULTS 

Proteinuria was detectable 4-6 days after induction of nephritis, 
maximally at 2 weeks after induction (342 mg/24 h). With BSA 
inj ections, urinary protein excretion reached a maximum 1-2 days after 
the start and remained high (263 mg/24 h) during continued L p. 
injection of BSA (8 days). Protein excretion in controls never exceeded 
20 mg/24 h. 

After differential pelleting of the cortical homogenates, the 
% recovery of NAG and acid ~-galactosidase in the N fraction was 
significantly higher in nephritic and BSA rats than in controls 
(Fig. 1), whilst only minor differences were observed in the other 
subcellular fractions. After rate-zonal centrifugation of the ML 
fraction the acid hydrolases were recovered in the fast-sedimenting 
band (fractions 31-35) containing the large lysosomes and in the slower 
sedimenting broad band (fractions 12-24) containing the small lysosomes 
[1]. As shown in Fig. 2, the distribution of acid hydrolases in the 
rate-zonal spin is essentially the same in control, nephritic and 
BSA rats, while the recovery of acid hydrolases was significantly 
higher in the large lysosomes from proteinuric rats compared to 
controls. 

The lysosomal nature of the acid hydrolases found in the rate
zonal spin was verified by demonstrating latency in fractions 10-40. 
The small-lysosome region (fractions 12-24) was pooled and spun to 
equilibrium: in controls the acid hydrolases banded at three densities 
which probably represent lysosomal fragments (d 1.11-1.15), light 
lysosomes (d 1.20) and dense lysosomes (d 1.235). As shown in Fig. 3, 
the acid hydro lases banded at d = 1.22 in proteinuric rats and a1so~ 
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Fig. 1. Distributions of NAG, acid ~-galactosidase and protein in 
subcellular fractions (see text) prepared from cortical homogenates 
by differential pelleting. Recoveries were >80%. RSA denotes 
relative specific activity (homogenate = 1). 

to a significant extent, at d = 1.20 and 1.185 but only to a slight 
extent at d = 1. 235, in contrast with normal rats. All acid hydrolases 
recovered in the density region 1.185-1.235 showed latency in protein
uric and control rats, demonstrating the presence of intact lysosomes. 
Isopycnically, the large lysosomes from the rate-zonal spin (fractions 
31-35) banded at the same density (1.235) in proteinuric and control 
rats. 

DISCUSSION 

Consistent with the observations made by Straus [6] in proteinuric 
rats, heavy proteinuria caused by nephritis or overflow-proteinuria 
induces a significant increase in the recovery of acid hydrolases 
in the large lysosomes or 'protein droplets' present in the N fraction 
and in the fast-sedimenting band in the rate-zonal spin. The large 
lysosomes are derived essentially from the proximal tubule where most 
of the reabsorption of urinary proteins has been shown to occur [7]; 
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Fig. 2. Distributions of NAG, acid ~-galactosidase and protein 
after rate-sedimentation of the ML fraction in an HS zonal rotor. 
The rotor contained a 550 ml exponential sucrose gradient from 
0.5 M to 1.7 M and 150 m1 of 2 M sucrose as the cushion. After 
loading the resuspended ML fraction the rotor was spun at 8000 rev/ 
min for 1 h. Protein is presented as mg/fraction, and enzyme 
activities are given as ~mol/min/fraction. 

the association of the 'protein droplets' with reabsorbed labelled 
proteins [8] indicates that these lysosomes are actively engaged in 
the degradation of reabsorbed proteins. The populations of small 
lysosomes banding at d = 1. 20 and 1. 235 are also associated with 
labelled reabsorbed proteins, and likewise the populations of small 
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Fig. 3. Distributions (as i'n Fig. 2) after isopycnic sedimentation 
of the small lysosomes (fractions 12-24, pooled) from the rate spin 
in Fig. 1 in a B14 zonal rotor (45,000 rev/min, 16 h). Protein and 
enzyme activities expressed as in Fig. 2. Density positions: 
A, 1.16; B, 1.185; C, 1.20; D, 1.235. 

lysosomes in proteinuric rats banding at slightly lower densities 
(1.185 and 1.22) [8]. 

Possibly the light lysosomes appeared because of higher protein 
uptake increasing the membrane turnover, which may result in secondary 
lysosomes having a higher membrane content and hence a fall in overall 
lysosomal density. Seglen et ale [9] have demonstrated that dense 
lysosomes are converted to light lysosomes when the lysosomes are 
activated in rat liver a feature common to autophagy, fluid 
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pinocytosis and receptor-mediated endo.cytosis. The appearance of 
small light lysosomes in rat kidney cortex may indicate that the small 
lysosomes are activated by increased reabsorption of urinary proteins, 
while the absence of large light lysosomes in proteinuric rats may 
indicate that increased membrane turnover has no influence on the 
'densi ty of large lysosomes, or that the membrane turnover is less 
pronounced in large compared to small lysosomes. 
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Toxin-induced nephropathies represent an increasing cause of 
renal injury. Injected HgCl a induces autoimmunity, furnishing a 
model system, in animals of a susceptible species and strain. With 
Brown-Norway (BN) rats we have studied features of this action; thus, 
T-cells exposed to HgCl a in vivo or in vitro become autoreactive. 
We have concluded that (1) a toxic agent can act at the cellular 
level and induce a dysregulation of the immune system, and (2) depending 
on the genetic background, the same agent may cause either autoimmunity 
or immunosuppression. 

Toxin-induced autoimmune nephropathies have long been recognized, 
and represent an important problem in nephrology. Mercury and gold 
salts, D-penicillamine and related drugs are the best known culprits 
[1]. Although this action is demonstrable with many drugs, the 
mechanisms await elucidation. A rat model using HgCl z as an induc
ing agent has been developed. We had observed that HgCl z induces in 
30% 'of outbred Wistar rats a nephritis of immune-complex type [2]. 
We decided to study the susceptibility of various strains, since 
the induction of immune responses [3] and of autoimmune diseases 
[4] including drug-induced autoimmunity [5] are well known to be 
genetically determined. We found that susceptibility indeed greatly 
depends on the strain tested. 

First we describe the autoimmune manifestations observed in 
Brown Norway (BN) rats after HgClz injections, and we summarize our 
findings on mechanism of action. Then we describe the susceptibility 
of other strains and the genetic control of susceptibility in BN 
rats, and consider possible mechanisms for resistance in Lewis (LEW) 
rats. 
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THE AUTOIMMUNE DISEASE IN BN RATS 

In most of the experiments reported here, non-toxic doses of 
HgC1 2 , 0.1 mg in 0.1 ml/lOO g body wt., were injected s.c. twice weekly 
for 2 months. Controls received dist. water equivalent in vol. and 
pH (3.8). The autoimmune abnormalities become manifest from day 
7 or 8, reach a peak between days 14 and 21, then decline progressively 
even if HgC1 2 injections are pursued [6-9]. The abnormalities are 
as follows: 

(a) lymphoproliferation; 
(b) increase in total serum Ig level (mainly IgE); 
(c) production of autoantibodies (autoAb's) - anti-glomerular basement 
membrane (anti-GBM), anti-DNA; 
(d) circulating immune complexes; 
(e) autoimmune glomerulonephritis [cf. Haga et al., ttF-6, this vol. 
-Ed.]. 

The lymphoproliferation, (a), is characterized by an increased 
number of spleen cells and lymph-node cells [9]. The increase in 
Ig (b), related to (a), is most marked - al though seemingly non-specific -
for IgE [10]. Also (c) amongst the host of autoAb's synthesized, 
some are harmful mainly to the kidney; the anti-GBM Ab's recognize 
all the basement membranes but in vivo are fixed mainly on the 
glomerular basement membrane (GBM). The exact determinants recognized 
are still unknown. Deposited Ab' s are responsible for the typical 
smooth, linear pattern of fixation of fluoresceinated anti-rat Ig 
conjugates along the GBM [6-8]. Such Ab's are responsible for a 
heavy proteinuria and the nephrotic syndrome without renal failure 
and for a moderate influx of macrophages to the glomeruli [11]. 
There is -50% mortality during the third week, probably because of 
intravascular coagulation U2]. 

Circulating complexes (d), of unknown composition, probably 
account for a disease of immune-complex type, usually observed during 
the second month [7, 8]. Granular IgG deposits are found in the 
GBM together with subepithelial electron-dense deposits, and also 
in the walls of most of the small vessels [7, 13]. Such deposition probably 
causes the second phase of a bipnasic glomerular disease, the first 
phase being due to anti-GBM Ab deposition. 

MECHANISMS OF ACTION OF HgC1 2 IN BN RATS 

Drugs may act as haptens or they may bind to and modify auto
antigens resulting in the production of autoAb' s against both the 
denatured and the native antigen. Al though these mechanisms have 
been implicated in drug-induced haemolytic anaemia, rarely have they 
been demonstrated in drug-induced nephropathies. A quite distinct 
way for toxic agents to induce autoimmunity is to disturb the regulation 
of the immune system. Autoimmunity may be due to a decrease in 
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suppressor T-cells, an increase in helper T-cells, to a direct poly
clonal activation of B-cells, or a combination of these mechanisms. 

(1) HgCl2 induces aT-dependent polyclonal activation of B-cells 

The multiple abnormalities observed during this disease suggested 
to us that HgCl 2 could disturb immune regulation.-
- Spleen cells exposed to HgCl 2 in vivo or in vitro can produce Ab' s 
towards exogenous antigens (without immunization). 

- Helper T-cells and B-cells proliferate in lymphoid organs. 
- BN rats deprived of T-cells do not develop autoimmunity. 
- T-cells exposed to HgCl 2 induce syngeneic normal T- and B-cells 
to proliferate in vivo. 
- HgCl 2 induces autoreactive T-cells. 

To examine this hypothesis we first investigated whether the 
number of plaque-forming cells was increased by spleen cells from 
rats injected with HgCl 2 or normal cells exposed in vitro to non-toxic 
amounts of HgCI 2 • We observed [9] that spleen cells from such rats 
contained an increased number of B-cells that synthesized IgG and 
IgM anti-TNP and anti-sheep-erythrocyte Ab' s without prior immun
ization. In other experiments we showed in vitro that T-cells were 
required for this polyclonal activation to occur [9]. These data 
suggested that helper T-cells were essential. 

Another demonstration that HgCl 2 induces polyclonal activation 
in BN rats was obtained from fusion experiments. When spleen cells 
from HgCl 2 -injected rats were fused with non-secreting myeloma cells, 
a number of hybrids were obtained. These hybrids produced a variety 
of autoAb's (anti-GBM, anti-DNA, etc.) and also anti-TNP Ab's [14]. 

(2) T-cells are required for autoimmunity to occur in vivo 

Using BN rats deprived of T-cells, their role has recently been 
confirmed (to be published). The nude mutation was transferred in 
BN rats. Such rats (BN rnu/rnu) did not develop autoimmunity, yet 
when crossed with BN rats they again became susceptible. In the 
same strain, BN 'B' rats (thymectomized, irradiated and replenished 
with foetal liver cells) were not susceptible, while autoimmunity 
was again observed when BN 'B' rats were replenished with normal 
T-cells. 

(3) Phenotype of lymphoid cells in HgCl 2 -injected BN rats 

Another interesting finding underlining the role of T-cells 
emerged from study of the phenotype of spleen and lymph-node cells 
of HgCl 2 -injected BN rats. Cell types were enumerated by the classical 
technique of membrane immunofluorescence with specific antisera or 
monoclonal Ab's. With BN rats given HgCl 2 injections, during days 
7-14 we found a significant increase in the numbers of B-cells, 
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total T-cells and helper T-cells but not of suppressor T-cells. 
In contrast, the latter increased in number after day 15 while B
and helper T-cells decreased in number. 

These findings suggested that helper T-cells were activated 
in this model, resulting in activation of B-cells. This could explain 
the activation phase. In contrast, the secondary increase in OX-8+ 
cells (suppressor/cytotoxic cells) suggested that suppressor cells 
are activated as a secondary event and'that they could be responsible 
for the autoregulation observed. These data accord with other experi
ments [15] showing that suppressor T-cells collected at the time 
the BN rats had recovered were able to attenuate the disease process 
when injected into na1ve BN rats. 

(4) Cellular mechanisms 

The role of T-cells and the effect of HgC1 2 exposure was then 
further assessed. Helper T-cells were purified from HgC1 2-injected 
rats, or from normal rats by using petri plates coated with goat 
anti-rat Ig Ab's [16, 17]. Normal T cells were then exposed in v-itro 
to HgC1 2 • 

In both cases, T-cell injection into the rear footpad of normal 
syngeneic BN rats caused an increase in the number of helper T- and 
B-cells in the draining popliteal lymph nodes [16], suggesting that 
T-cells exposed to HgC1 2 can stimulate normal syngeneic lymphocytes 
in vivo. 

Different cells or cell subsets exposed in vivo or in vitro 
to HgC1 2 were irradiated and co-cultured with normal syngeneic 
lymphocytes. Thymidine incorporation was measured. With la-positive 
normal cells also present, helper T-cells exposed to HgC1 2 were then 
found to stimulate normal helper T-cells to proliferate [17]. Ia 
determinants are encoded by immune response genes of the major histo
compatibility complex, and are essential for antigen presentation 
and for cell cooperation. 

These results strongly suggest that in BN rats HgC1 2 can gener
ate or expand autoreactive T-cells that recognize Ia determinants. 
Such anti-Ia T-cells would then polyclonally stimulate B-cells. 

GENETIC CONTROL OF SUSCEPTIBILITY 

The response to HgC1 2 differed markedly amongst different rat 
strains tested (Rt-l haplotype listed parenthetically): both anti-GBM 
Ab's and immune-complex nephritis developed in strain BN (n), but 
nei ther developed in LEW (1), in F, 344, AS or BS (1), or in WAG, 
WF or LOU (u). The nephritis but not anti-GBM Ab's developed in 
PVG/c and AUG (c), in AVN and DA (a), and in BD V (d), BUF (b), aKA (k) 
and AS 2 (f). There is some evidence that anti-nuclear Ab's could 
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play a pathogenic role at least in PVG/c rats [18-20]. In this 
strain too, HgCl 2 could inhibit suppressor T-cells. Evidently, then, 
a toxic agent can induce autoimmunity in different ways, depending 
on the strain tested. 

Interestingly, we observed that several strains with a given 
haplotype [specified thus () above] at the major histocompatibility 
complex (MHC) - RT-I in the rat - did not develop autoimmune abnormal
ities. Resistance was not dose-related [18]. This finding allowed 
us to study the genetic control of susceptibility by crossing the 
susceptible BN strain with the resistant LEW strain, with testing 
of segregants obtained between the two strains. The resul ts established 
that both the occurrence of autoimmune glomerulonephritis [21, 22] 
and the rise in total serum IgE level are genetically determined 
[23] and that 3 or 4 genes are involved - one being localized within 
the MHC. Susceptibility is inherited as an autosomal and dominant 
trait. 

Further studies are in progress to localize the various genes 
involved. There is already good evidence from studies using congenic 
and recombinant rats that the MHC-linked gene is an immune-response 
(Class II) gene. This is of interest because Class II-encoded genes 
are known to playa major role in autoimmune diseases [4] and because 
in the present model we have shown the role of Ia (Class II) deter
minants in the induction of autoimmunity. 

MECHANISMS OF THE RESISTANCE IN LEWIS RATS 

Experiments similar to those in BN rats were performed in LEW 
rats [results submitted for publication] with the idea that immune 
derangements at the cell level could also account for the resistance 
observed in that strain, wherein the effects of HgCl 2 are as follows: 

- increase in number of suppressor/cytotoxic T-cells (OX-8+); 
- depression of responsiveness to T-cell mitogens and alloantigens; 
- abrogation of local graft-va.-host reaction; 
- down-modulation of autoimmunity. 

Phenotype of cells. - The T-cell increase, shown by our usual 
methodology, was maximal by day 7 and remained at the same level 
for at least a month. 

Induced non-specific suppression.- We investigated whether the 
suppressor/cytotoxic T-cells observed in Lewis rats were indeed able 
to induce suppression. We found that responsiveness to T-cell mitogens 
(Con A and PHA) was profoundly depressed. Similarly lymphocytes 
from HgCl 2 -injected LEW rats were unable to respond to alloantigens 
in mixed lymphocyte cuI ture or to induce a local graft-Va. - host reac tion 
when injected into Fl hybrids. Moreover, the Ab response to sheep 
erythrocytes was markedly diminished in LEW rats injected with HgCI2• 



450 P. Druet et al. [#F-7 

All these data were suggestive of a non-specific immunosuppression 
probably mediated by suppressor/cytotoxic T-cells. The precise role 
of these cells was demonstrated in two ways. (1) Responsiveness 
to T-cell mitogens and to alloantigens was restored when OX-8+ (suppres
sor/cytotoxic) T-cells were removed; i.e. helper T-cells were able 
to respond normally. (2) When lymphoid cells from HgCl 2-injected 
rats were added in vitro to normal LEW lymphocytes, they were able 
to abrogate the response to alloantigens. This shows that it is 
an active suppression that has been observed. 

Down-modulation of autoimmunity in LEW rats.- Since HgCl 2 leads 
to non-specific immunosuppression, we investigated whether LEW rats 
injected with HgCl 2 would still develop autoimmunity. LEW rats are 
highly susceptible to the induction of an Ab-mediated immune nephritis 
(Heymann's nephritis) and to a cell-mediated autoimmune disease (experi
mental allergic encephalomyelitis). We found that these two diseases 
were either prevented or markedly attenuated when induced in LEW 
rats injected with HgCI 2 • 

CONCLUDING REMARKS 

HgCl 2 evidently has quite different effects depending upon the 
strain tested.-
(1) It induces autoimmunity in BN rats, probably because it generates 
or expands autoreactive (anti-Ia?) T-cells. 
(2) In contrast, the same agent causes non-specific immunosuppression 
in LEW rats, wherein it generates or augments non-specific suppressor/ 
cytotoxic T-cells by a mechanism that awaits elucidation. 

These findings are quite reminiscent of those reported for mice 
by Gleichmann et al. [24] in the graft-va.-host model. In its chronic 
form, parental T-cells recognize Ia-posi tive donor cells; this abnormal 
cell-cell cooperation leads to a lupus-like syndrome. It was postulated 
that normal Ia determinants modified by viruses or toxins could be 
recognized in a similar way by autologous T-cells [24]. Though we 
too found autoreactive T-cells probably directed towards Ia determin
ants in the mercury model, our experiments clearly show that it is 
not a modified but rather a normal Ia determinant that is recognized. 
The relationship between the two models awaits clarification. 

Gleichmann et al. [24] also showed that in other strain combin
ations in mice, there may appear an acute graft-va.-host disease, 
wherein suppressor T-cells are induced that may account for the observed 
immunosuppression. These findings are akin to ours in LEW rats. 

Finally we stress potential general interest of the rat mercury 
model. Some drugs, e.g. D-penicillamine, captopril and phenytoin, 
are well known to cause autoimmunity or immunosuppression in humans, 
as can some viruses (e.g. EBV). The cellular or subcellular basis 
is not yet known. We have demonstrated that, at least for some agents 
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such as HgCI 2 , the outcome of interaction with genetically defined 
cellular determinants can vary. That MHC-linked genes are important 
in drug-induced autoimmunity has long been known. We suggest too 
that some drugs may have an immunosuppressive effect that is genetically 
determined. 
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In diverse nephritic conditions inflammatory cells exist within 
the glomeruli and gain direct access to the GBM*. In this situation 
the phagocytes may become activated, either in response to immune 
reactants including activated complement components or by direct 
contact with the GBM. Confirming that human kidney GBM can activate 
the alternative complement pathway, the activated third component 
of complement rC3bJ was deposited under experimental conditions where 
the activation of the classical complement pathway was inhibited. 
In addition the interaction of the GBM with neutrophils in the presence 
of Ab resulted in the release of granule enzymes and in the generation 
of reactive oxygen species. These results confirm the potential 
pathological role of exposed intact or modified membrane resulting 
in the augmentation of the inflammatory process within the kidney. 

The GBM - the principal barrier for the filtration of plasma 
in the first stage of urine formation - is a specialized basement 
membrane formed from the fusion of basal laminae of two cell types: 
epi thelial (podocytes) and endothelial [l]. Like all basement memb
ranes it is a complex matrix characterized by unique molecules including 
type IV collagen, heparan sulphate proteoglycan, laminin and entactin 
[2,3]. The type IV collagen serves as a structural matrix for the 
GBM whereas proteoglycan contributes to the anionic barrier which 
restricts the passage of negatively charged molecules across the 
membrane [4]. Further components of the charge barrier may also 
include sialoglycoproteins [2]. 

In immune-mediated renal disorders deposi ts of Ig' s and complement 
components are frequently located adjacent to or within the GBM [5]. 
Some insight into the pathogenesis of immune-mediated glomeruloneph-

* Abbreviations: GBM, glomerular basement membrane; CL, chemilumin-
escence; PBS, phosphate-buffered saline; PMN, peripheral human neutro
phils; Ab, antibody; KRPG, VBS etc.: see text. 
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ri tis has been gleaned from animal studies, in particular Heymann 
nephritis, Masugi nephritis and chronic bovine serum albumin sickness 
which are models for anti-GBM disease and immune complex glomeruloneph
ritis [6-8]. The exact mechanisms by which immune deposits mediate 
glomerular damage are poorly understood; but based on data from experi
mental studies several possibilities exist. These include both 
humoral-mediated damage via Ig and the complement cascade, as well 
as cellular damage associated with neutrophil and/or mac~ophage 
infiltration and activation [5]. 

Several studies have demonstrated that in a wide variety of 
nephritic conditions inflammatory cells are present within the glomer
uli and gain direct access to the GBM by inserting themselves between 
it and the adjacent endothelial cell [9-12]. Under such conditions 
it is postulated that the phagocytes become activated, either in 
response to immune reactants or by direct contact with the GBM, 
resulting in the release of pro-inflammatory products with the poten
tial to damage the GBM. This article reviews work from our own labora
tory which investigates the interaction between inflammatory cells 
and the GBM both in the presence and the absence of humoral mediators. 

HUMAN GBM ISOLATION 

Our understanding of the func tion of the GBM in normal physiology, 
and its role in various forms of renal diseases, has been greatly 
aided by the ability to isolate this membrane in an acellular form 
devoid of tubular contamination. The first preparative step is the 
isolation of glomeruli. The method of choice for human material 
is the sieving technique of Krakower & Greenspon [13] essentially 
as described by Spiro [14]. 

All procedures were carried out in a cold-room at 50. Human 
kidneys obtained at post-mortem were processed immediately or stored 
at -20 0 until required. Kidneys were dissected free of fat, the 
capsule removed, and bisected pole-to-pole. The cortex was carefully 
removed by blunt dissection, washed in ice-cold PBS, finely sliced 
with a scalpel blade, and passed through a coarse stainless steel 
mesh (420 ~m) [Endecotts (Test Series) Ltd., London] to remove much 
of the loose connective tissue. The brie obtained was collected 
in ice-cold PBS and gently passed sequentially through sieves of 
180, 120, 105 and 90 ~m. Glomeruli were collected on either the 
105 or the 90 ~ sieve, transferred with ice-cold PBS into Universal 
containers, and washed (x 5) with ice-cold 0.15 M NaCI by centri
fugation at 600 g for 5 min until the supernatant was protein-free. 

A pure membrane preparation was obtained by sonic disruption. 
Glomeruli were suspended in 25 ml of 1 M NaCI in a glass beaker which 
in turn was placed in a 100 ml glass beaker packed with ice chips. 
The suspension was disrupted by 1 min bursts using a sonicator 
(Model 500; MSE Instruments, Crawley, U.K.) with a stainless steel 
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probe tuned to give maximal sonication. Disruption was usually achieved 
wi th 8 bursts, as assessed by phase contrast microscopy. The GBM 
was collected by centrifugation at 1800 g for 15 min at 4° and then 
washed (x 5) with 1 M NaCl by re-centrifugation at 150 g until the 
supernatant was protein-free. Finally the salt was removed by washing 
under the same conditions with distilled water (x 5) and the preparation 
lyophilized. 

The purity of the final GBM preparation was assessed by several 
methods. By phase-contrast and electron microscopy it was adjudged 
to be free of cellular and tubular contamination «1%).· Per mg dry wt. 
the GBM preparation contained <10 ].1g each of DNA (diphenylamine assay) 
and RNA (Schmidt-Thannhauser procedure). The amino acid composition 
was in agreement with published data. Alklaline phosphatase (a plasma
membrane marker) was undetectable. Proteinase activity at neutral 
pH (azocasein as substrate) and at acid pH (Hb) was also absent. 
The final preparation was free of endotoxin as assessed by the Limulus 
reaction. 

APPROACHES BASED ON CHEMILUMINESCENCE (CL) 

When phagocytes are incubated with several agents, including 
certain bacteria, zymosan particles or immune complexes, they undergo 
activation of the hexose monophosphate shunt with an increase in 
oxygen consumption and the generation of reactive oxygen products 
[15]. This process is associated with the emission of photons which 
can be readily and conveniently measured by luminol-enhanced CL [16]. 
In the experiments here described we have utilized the CL technique 
to investigate the interaction between GBM - untreated or pre-treated 
with different immune proteins - and PMN's [cf.17]. 

Using a Luminometer (LKB Wallach) for measurement, experiments 
were carried out in CL cuvettes (holder kept at 37°) into which the 
GBM was weighed directly. Human PMN were separated from peripheral 
blood, obtained by consent from laboratory staff, by centrifugation 
using Ficoll-Hypaque after dextran sedimentation essentially as 
described by Boyum [18]. Contaminating erythrocytes were removed 
by hypotonic lysis with ice-cold 0.2% NaCl. The final preparation 
was washed 3 times with ice-cold PBS, resuspended in the same buffer 
to a concentration of 5 x 106 cells/ml, and kept at 4° till required. 
Using cytocentrifuged preparations (Cytospin II; Shandon Southern 
Products, U.K.) >95% of these cells were identified as PMN by their 
morphology. 

To determine enhanced CL, 100].11 PMN (5 x 105 cells), 100].11 
luminol (Sigma), 50 pM in KRPG (viz. Krebs-Ringer-phosphate buffer 
pH 7.3 with 11 mM glucose, 0.7 mM Ca 2 +, 1.2 mM Mg 2 +) and 200 ].11 KRPG 
were pre-incubat.ed (37°) for 6 min to allow temperature equilibrium 
and establish background CL, and then transferred to the cuvette 
containing GBM. CL was recorded in mV every 2 min over a 30 min 
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Table 1. CL responses after pre-incubation of GBM wi th immune serum. 

Pre-incubation, h GBM, mg/ml CL peak max., mV Time to attain peak, min 

2 
4 

24 
4 
4 
4 

1 
1 
1 
1 
2 
4 

10 
21 
24 
25 
36 
50 

"I 
8 
9 

11 
6 
6 

incubation period. To assess the quality of each batch of PMN, 
opsonized zymosan (500 ~g/lOO ~g KRPG) was used as control. Elsewhere 
[16, 19, 20] we describe fully how suitable PMN are prepared and 
PMN-derived CL is measured. 

In experiments now summarized, the GBM was pre-incubateCi at 
37° with non-immune serum or rabbit anti-{human GBM) serum for up 
to 24 h. The serum was removed, the GBM washed (x 3) with PBS and 
resuspended in 100 ~l KRPG, and then PMN (5 x 105 cells) added. Neither 
native GBH nor GBM pre-incubated with non-immune serum initiated a 
CL response, whereas GBM pre-incubated with rabbit antiserum invoked 
a significant and prompt CL response (Table 1). It was consistently 
observed with several batches of GBM prepared from different human 
kidneys. Table 1 shows that the peak CL response was concentration
dependent, being decreased and delayed with a lesser amount of GBM, 
and was increased by prolonging the pre-incubation time, indicating 
that the GBM/anti-GBM complex was rate-limiting. A similar type of 
response has been noted with BSA/ anti-BSA immune complexes (unpublished 
work by M. Davies & M.J. Harber). 

The GBM-induced CL response was significantly (>80%) reduced 
by the inclusion of either catalase (3000 U/ml) or superoxide dismutase 
(3000 U/ml) in the reaction mixture, indicating that the response 
involves the release of toxic oxygen metabolites such as superoxide 
and hydrogen peroxide with a potential tissue-damaging function. 

Goodpasture's syndrome is a condition associated with the 
production of anti-BM Ab and clinical features of glomerulonephritis 
and pulmonary haemorrhage. The presence of anti-GBM Ab can be demons
trated as a characteristic linear deposit of IgG along the GBM, and 
circulating Ab to a BM antigen can be detected in the serum of affected 
patients. This interaction of Ig and GBM within the substance of 
the glomerulus has the potential for complement activation as well 
as the triggering of inflammatory cells. Thus the pre-incubation 
of GBM with serum obtained from a patient with Goodpasture's syndrome 
should activate PMN to generate the respiratory burst. This was 
clearly demonstrated using the CL technique, with a maximum peak 
activity of 16 mV after 6 min. 
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The technique can also be extended to study the role of complement 
in the CL response. It was demonstrated that inactivation of the 
complement activity of the rabbit antiserum by heating at 56 0 for 
30 min or by chelation with EDTA (12.5 roM) decreased but did not 
abolish the CL response compared to that given by untreated anti-GBM 
serum. A second incubation with fresh normal human serum, but not 
heat-inactivated serum, restored the CL to its original level [19]. 

COMPLEMENT ACTIVATION BY THE ALTERNATIVE PATHWAY 

These results demonstrate that complement proteins play an 
important role in that process which allows GBM, in the presence 
of Ab, to activate the inflammatory cell. Indeed, activation of 
the human complement system is associated with various forms of glomer
ulonephritis. This is evidenced by the decrease in the serum level 
of complement components [21], the appearance of complement cleavage 
products in plasma [22], and the demonstration of complement components 
by immunofluorescence techniques as deposits within glomeruli in 
biopsies from patients with nephritis [23]. In the majority of these 
patients the deposition of complement components is also associated 
with Ig deposition and activation of the complement cascade via the 
classical pathway. In the absence of detectable deposits of Ig, 
Clq and C4, however, the deposition within the glomeruli of C3, the 
C5-9 complex and P in 10% of renal biopsies suggests activation of 
complement via the alternative pathway [24]. In addition, a percentage 
of patients with persistent and progressive nephritis will often show 
the disappearance of deposited Ig but the persistence of complement 
deposits. In these cases there seems to be a switch from classical 
pathway to alternative pathway activation. 

Triggering of the alternative pathway is associated with a 
continuous fluid-phase turnover of C3 which involves the hydrolytic 
cleavage of a thio-ester bond within the C3 molecule [25]. This 
allows formation of a fluid-phase'convertase and a subsequent cleavage 
of C3 to true C3b [26], which can then bind covalently to any adjacent 
receptive surface [27]. The discrimination between activating and 
non-activating surfaces occurs following the deposition of C3, since 
the former favour the binding of B to C3b, allow its cleavage by 
D and ultimately protect the C3/C5 convertase from decay dissociation 
by the regulatory proteins H and I [28]. Thus the activity of the 
cell-bound convertase depends on a balance between the promoting 
and stabilizing effects on the one hand and regulatory or inhibitory 
events on the other. The common feature of activating surfaces such 
as zymosan, rabbit erythrocytes and desialated sheep erythrocytes 
is their capacity to provide bound C3b and the amplification convertase 
C3bBbP with a protected environment [29]. 

Based on the above histological observations we examined the 
potential for GBM to serve as an activator of the alternative pathway 
of complement. Native human GBM was isolated as described above. 



458 J.D. Williams & M. Davies [#F-8 

Fig. 1. Electron micrographs (x67,000). Left.-Isolated human GBM: 
the right-hand surface represents the denser smoother epithelial 
side of the membrane. Right.- Human GBM incubated in human serum 
chelated with Mg 2 +/EGTA and processed for immunohistochemical 
localization of C3. The dark reaction product of peroxidase is 
confined to the epithelial surface and was never seen on the inner 
endothelial aspect of the membrane. (Text mention: 2 pp. later.) 

Ultrastructural studies allowed differentiation between the epithelial 
and endothelial sides of the membrane (cf. Fig. 1). Human complement 
components, B [30], D [31], P [32], H [33] and I [34] were purified 
to apparent homogenei ty and quantified. Normal human serum was depleted 
of D by passage through a Sephadex G-75 column equilibrated in veronal
buffered saline, pH 7.5 (VBS). The effluent was then concentrated 
to its original C3 concentration. Reconstitution of this serum with 
purified D was monitored by measuring its haemolytic capacity with 
sheep erythrocytes sensitized with Ab and bearing C4b and C3b [35]. 

Activation of the human alternative complement pathway by GBM 
was assessed by the deposition of C3b. This was detected immunologic
ally by the uptake of radiolabelled monoclonal Ab to C3c and immuno
histochemically by peroxidase staining of this Ab. 
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Complement activation by isolated GBM 

In order to examine the capacity of isolated GBM to activate 
complement, samples were incubated in normal human serum diluted 
with either VBS containing 8 roM EGTA (a buffer which although chelating 
Ca2+ and blocking the classical pathway will allow the alternative 
pathway to proceed since its divalent cation requirement is only 
for Mg2+) or with VBS containing 40 roM EDTA (a buffer which will 
chelate both Ca2+ and Mg2+ and totally block complement activation). 

Following a pre-determined optimum period of incubation, membrane 
fragments were washed repeatedly and the second incubation was carried 
out with 125I-labelled monoclonal anti-human C3c. Mouse ascitic 
fluid containing monoclonal anti-human C3c (which recognized C3, 
C3b and C3c) was applied to a protein A-Sepharose column equilibrated 
to pH 7 with 2 M Tris buffer pH 8.0. The peak protein fraction was 
quantitated and 100 ~g was labelled with 1251 by the Iodogen method. 
The amount of Ab binding to the GBM fragments during the second incub
ation indicated the capacity of the sample to activate the alternative 
pathway of complement. 

GBM incubated in the presence of serum with Mg2+ /EGTA showed 
an uptake of 1251 of 39,000 ±9643 cpm whereas samples incubated in 
the presence of serum with EDTA had an uptake of only 12,362 ±7497 cpm 
(mean ±S.D.). This significant increase in the uptake of C3b in 
the presence of Mg2+ indicated direct activation of the alternative 
pathway by GBM with a mean deposition of 120 ng of C3b/mg of GBM. 

Further studies of the deposition of C3b on GBM clearly demons
trated that this was a time-related event. The capacity of the GBM 
to activate the alternative pathway increased progressively up to 
15 min and approached a plateau of C3b deposition by 30 min. In 
the presence of EDTA-chelated serum the uptake was maximal by 5 min 
and constant throughout the remainder of the experiment, suggesting 
a non-enzymatic process or trapping by the GBM. 

In order to confirm that the mechanism of deposition of complement 
was via the al ternati ve pathway, two further studies were carried 
out. The first demonstrated that the addition of the purified control 
proteins H and I to twice their normal serum concentration abolished 
the capacity of GBM to activate the alternative pathway. Secondly, 
the depletion of factor D from human serum removed its capacity to 
support activation of the alternative pathway. This was, however, 
restored when physiological amounts of purified D were added back 
to that serum. 

In a quite separate study [19] we demonstrated, by 2-D immunoelect
rophoresis, the fluid-phase conversion of C3 in the presence of GBM. 
This capacity was increased following enzymatic treatment of the 
GBM by neutrophil lysosome enzymes. 
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The presence of sialic acid residues on the surface of GBM has 
long been established [2], as has the capacity to convert a non-activ
ating surface to an activating surface by the removal of such residues 
[28]. Neuraminidase was isolated from Clostridium perfringens free 
of detectable protease activity [36] to a specific activity of 38 U/mg; 
0.5 U in pH 6.5 acetate buffer and 1 mg of isolated human GBM were 
incubated for 30 min at 37°, this enzyme concentration being sufficient 
to remove >50% of the surface sialic acid residues. (The total sialic 
acid concentration was determined after acid hydrolysis, and free 
sialic acid residues measured by the thiobarbituric acid method.) 
Such a procedure increased the capacity of GBM to activate the al terna
tive pathway by up to 50%. 

Morphological confirmation of alternative pathway activation 
by GBM was gained using a second-Ab technique and a horseradish peroxi
dase label [35]. GBM was incubated as before in serum diluted with 
appropriate buffer. The Ab anti-C3 was now used unlabelled, and 
a second Ab (affinity-purified goat anti-mouse IgG) was used, conju
gated to the peroxidase. Samples were fixed with 2% glutaraldehyde, 
processed in 0.05% diaminobenzidine with 0.01% H2 02 in 0.1 Mphosphate 
buffer, post-fixed in 2% osmium tetroxide, and examined by electron 
microscopy. Incubation of GBM in serum diluted in EDTA failed to 
demonstrate any specific deposition of C3b. In the presence of serum 
diluted with Mg 2 +/EGTA, however, the dense reaction product of peroxi
dase was seen on the outer denser epithelial side of the membrane 
(Fig. 1, right portion). Reaction product was never seen on the 
endothelial side. Thus it seems that human GBM has the capacity 
to serve as a surface activator of the alternative complement pathway, 
a feature which may be augmented by enzymatic modification. 

DIRECT ACTIVATION OF INFLAMMATORY CELLS; ENZYME RELEASE STUDIES 

The implications of these findings can be amplified by considering 
a role for GBM not only in the activation of complement but also 
in its capacity to activate inflammatory cells directly. Human mono
cytes and neutrophils bear on their surfaces two distinct phagocytic 
receptors. One recognizes particles bearing IgG, the Fc receptor 
[37]. The second receptor recognizes target activators of the al terna
ti ve pathway of complement [38, 39] such as zymosan, rabbit erythrocytes 
and desialated sheep erythrocytes. Although the latter recognition 
mechanism is poorly defined and ill-understood, its role in perpetu
ating the inflammatory response may be of great significance. Thus, 
having established a potential for GBM to activate the alternative 
pathway of complement, its capacity to activate inflammatory cells 
directly needs also to be investigated. 

In preliminary studies, rat GBM purified similarly to human 
GBM was able to promote the release of neutral protease from purified 
rat peritoneal macro phages as measured with azocasein as substrate. 
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Fig. 2. Release of GBM constituents by PMN. GBM (2 mg) + 250 ].11 
normal serum (NHS), 250 ].11 rabbit anti-(human GBM) serum (Anti-GBM), 
100 ].11 Goodpasture serum (G-P) or, for controls, 250 ].11 Hanks' 
Balanced Salts (HBSS) was kept for 60 min at 37°. The serum was 
removed and the GBM washed (x3) with HBSS and finally suspended in 
750 ].11 HBSS and made up to 1.0 ml with PMN (5 x 105 cells; incubated 
alone in no-GBM control). After 6 h at 37° the tubes were centri
fuged and the supernatants assayed as indicated (NAGase = N-acetyl
~-D-glucosaminidase). Details in ref. [19]. 

Such experiments suggest that under conditions where inflannnatory 
cells may be directly exposed to GBM in a modified or unmodified 
form the GBM has the potential to activate these cells. Thus GBM 
in situ, when exposed as a result of an inflannnatory process or 
when damaged and modified by lysosomal enzymes, may serve to perpetuate 
and amplify the inflannnatory reaction by its capacity to react either 
wi th the al ternati ve pathway of complement or, in the case of the 
macrophage, directly with the phagocytic cell. 

The release.of granule proteins by PMN is thought to be an integral 
part of the inflannnatory reaction and to contribute to tissue destruc
tion. In a previous series of experiments we clearly showed that 
highly purified PMN elastase and cathepsin G released soluble hydroxy
proline-containing material from native insoluble GBM [40]. At 37° 
degradation of the GBM collagen was extensive and the majority of 
products appeared as small peptides (Mr <10,000). Evidently neutral 
proteinases normally located within PMN azurophil granules [41] can 
extensively damage G·BM. GBM pre-treated with innnune serum (nephrotoxic 
or Goodpasture) initiated both neutral proteinase and N-acetyl-~-D
glucosaminidase release from human PMN (Fig. 2). Cell integrity 
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was confirmed by absence of lactate dehydrogenase from the medium; 
hence proteins had been selectively released from primary and terti
ary granules. 

The above release of lysosomal enzymes was accompanied by the 
appearance of soluble hydroxyproline material the amount of which 
indicated that, under the conditions of the experiment, between 3.5% 
and 5.7% of the hydroxyproline present in the GBM was solubilized 
(Fig. 2). Thus PMN activation by GBM/anti-GBM is accompanied by 
membrane damage. More recently these findings have been confirmed 
and extended to show that the release of reactive oxygen species 
potentiates GBM damage by lysosomal enzymes [42, 43]. 

The mechanical stability of the GBM is thought to depend on 
a large insoluble collagen network. This hypothesis is based on 
the ability of type IV monomers to form a 'spider-like' framework 
[44] • Thus the release of a neutral proteinase which cleaves the 
type IV monomer, albeit at a single site, is capable of distorting 
the collagen network. Consequently the release from PMN of neutral 
proteinases such as lysosomal elastase and cathepsin G could poten
tially initiate considerable damage to the normal GBM. 

CONCLUDING COMMENT 

The foregoing studies demonstrate that GBM and invading inflam
matory cells can interact in the presence or absence of humoral 
mediators, and suggest mechanisms both for the initiation of acute 
glomerular damage and for establishing chronic disease. 
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Immunological techniques. especially fluopescent staining. aid 
the diagnosis of immune-based g l omepu l onephpi tis. MAb' s * enab l e 
the isolation and chapactepization of BM antigens that may be involved 
in disease. TWo MAb's dipected against confoPmational and sequential 
epitopes in type IV col lagen have been investigated using potapy 
shadowing and immunoblotting techniques: one was specific fop BM 
collagens, while the othep pecognized anepitope that appeaped to 
be common to collagen types I and V as well. This apppoach can be 
used in the immunomapping of connective tissue components. 

A diffepent apppoach Was used to study Goodpastupe' s antigen. 
The low mol. wt. antigen Was peleased fpom the BM by collagenase 
digestion and could be identified by immunoblotting using sepum fpom 
a patient with Goodpastupe's disease. The antigen Was non-collagenous 
in natupe and ppobably pesides in the globulap domain of type IV 
collagen. A combination of immunological and biochemical techniques 
can now be used to chapactepize the moleculap changes in penal BM's 
in disease. 

BM's are specialized forms of extracellular matrices which adjoin 
the cells that synthesize and secrete them. They have two main bio
logical functions - as a supportive st ruc ture or microskeleton to 
which the cells can adhere, and as selective filters. The latter 
is best exemplified by the vertebrate kidney GBM, the principal barrier 
between plasma and its filtrate. It is composed of both collagenous 
and non-collagenous components as well as other glycoproteins [11. 
The principal collagenous component, comprising -40% of the GBM, 

*Abbreviations: Ab, antibody: MAb if monoclonal; BM, basement memb
rane: GBM if glomerular; PAGE, polyacrylamide gel electrophoresis; 
ELISA, FITC, NEPHGE, etc. - see text. 
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is type IV collagen [2]. The main non-collagenous 
is laminin [3] which may be involved in the adhesion 
cells to BM's [4]. (Amplification concerning these 
components can be found in reviews.) 

[#F-9 

BM component 
of epithelial 
and other BM 

In view of the importance of the GBM in renal funct:ion and disease, 
a more thorough understanding of its structure and function is required. 
GBM thickening is the hallmark of diabetic microangiopathy and is 
characterized by an increase in the amount of type IV collagen present, 
whereas Goodpasture's Syndrome is characterized by the linear 
deposition of IgG along the GBM. Further information on the nature 
of the macromolecules which contribute to the matrix will aid the 
understanding of the underlying mechanism of this disease. 

Much effort has been concentrated on establishing the composition 
and organization of the BM matrix [5]. Unfortunately, bichemical 
investigations on the assembly of BM components and their role in 
tissue interactions have been limited by the difficulty in obtaining 
homogeneous preparations of different BM's [6]. Another problem 
is that small amounts of the components which confer specificity 
are present and these may be lost during purification. The differences 
between BM's may not be entirely qualitative or quantitative, but 
may involve conformational differences in the assembly of the various 
components. Some of these inherent difficulties can be overcome 
by an immunological approach using MAb's. 

BM's are well recognized as important targets in autoimmune 
disease in man, and are especially prone to Ab-mediated injury. 
Ab's to BM components have been reported to be present in the serum 
of some patients [7, 8] and in experimentally produced renal disorders 
[9, 10]. However, the antigen(s) involved in the induction of immunity 
and the subsequent development of disease have not been identified. 

We have adopted immunochemical techniques in the study of the 
BM components involved in one such autoimmune disease of the BM, 
Goodpasture's Syndrome. This article will review briefly the appli
cation and limitations of immunological and biochemical approaches 
to the characterization of the GBM using antisera from patients with 
this syndrome and MAb's produced against BM components. 

MONOCLONAL ANTIBODY PRODUCTION 

The antigenic composition of the GBM has been studied by several 
investigators using anti-GBM Ab' s [11-13]. However, MAb' s are specific 
for single antigenic determinants (epitopes) and therefore are useful 
in localizing a particular antigen in both normal and pathological 
BM's. They have the advantage that they are generated by immortal 
cell lines. 
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Several MAb's towards type IV collagen have been reported, most 
of which are directed against the triple helical domain [14-16]. 
MAb's towards the 7S collagen domain have also been reported [17-19]. 
The two MAb's used in this study, MBM4 and MRW4, were raised against 
citrate-extracted (pH 3.2) renal BM and particulate human GBM respec
tively. The initial screening of hybridoma-containing culture wells 
was carried out by enzyme-linked immunosorbent assay (ELISA). If 
the MAb' s are to be used simply for immunohistochemical studies, 
then screening by immunofluorescence microscopy is a more appropriate 
method as this excludes any Ab's directed against epitopes that are 
masked or otherwise inaccessible. 

The two MAb' s together with Goodpasture's antisera, obtained 
through plasmapheresis, were used to study collagenase and pepsin 
digests of BM's from human and bovine kidney [20]. 

IMMUNOFLUORESCENCE STUDY OF INTACT BASEMENT MEMBRANE SECTIONS 

Immunofluorescence microscopy is widely used in the study of 
renal and skin biopsies, and in the detection of auto-Ab's. This 
method is most useful in distinguishing between anti-GBM Ab' sand 
immune complex-based renal disease. A granular staining pattern 
is characteristic of immune-complex disorder while a linear pattern 
is found in anti-GBM Ab-mediated disease. 

Experiments with Goodpasture's serum as the primary Ab (1:20) 
and fluorescein isothiocyanate- (FITC-)conjugated goat anti-human 
IgG (1:20) as the secondary Ab demonstrated a characteristic linear 
staining pattern along the entire length of the BM in renal biopsies 
(Fig. 1). A heterogeneity and spatial organization of antigens within 
the GBM which has not been previously appreciated was demonstrated 
by epifluorescence microscopy at high magnification [12]. In our 
hands minimal or a complete lack of staining of the GBM or any other 
glomerular components was observed when bovine sections were used 
as the antigen source. This could be attributed to either lower 
amounts of the Goodpasture's antigen or the epitopes being sterically 
hindered or masked. Enzymatic treatment of the sections with pepsin 
or collagenase prior to immunostaining failed to produce any positive 
reactions. However, when the sections are incubated with 6 M ureal 
0.1 M glycine (pH 3.5) at 4° for 60 min [21], the linear deposition 
of IgG along the BM is established. 

Yoshioka et a1. [22] demonstrated that nephritogenic GBM antigens, 
which were not detected by conventional indirect immunofluorescence, 
were unmasked after denaturation of tissue sections, suggesting that 
certain epi topes were concealed or restricted in native renal and 
non-renal BM. Urea is known to interfere with protein interactions 
by disrupting non-covalent, hydrophobic bonds. When a high molarity 
of urea is used, changes occur in the protein tertiary structure, 
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Fig. 1. Immunofluorescent staining of normal adult human kidney 
sections with Goodpasture serum. Ab's reacted positively along the 
GBM in a linear manner. Neither the tubular BM nor Bowman's capsule 
was stained. x310. 

possibly unmasking GBM determinants more fully . The use of pronase 
and trypsin as well as pepsin for improved localization of tissue 
antigens in immunochemistry has also been reported [23]. 

When tissue sections were stained with the MAb's (MBM4 and MRW4) 
they showed a selective localization in normal and pathological human 
renal biopsies . Two other MAb' s, MBM7 and 15, showed brilliant immuno
fluorescence staining of the GBM in a pattern similar to that observed 
in anti-GBM disease and were therefore of great interest. However, 
despite thorough exploration of conditions these Ab' s failed to immuno
stain proteins separated by SDS-PAGE and transferred to nitrocellulose 
sheets, presumably due to low affinity binding characteristics. It 
is, then, noteworthy that good reactivity in immunofluorescence is 
not necessarily indicative of suitability of MAb's in other binding 
systems such as immunoblotting or ELISA. 

ROTARY SHADOWING STUDIES 

The precise localization of the epitopes recognized by domain
specific MAb' s using strictly biochemical approaches is difficult 
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because of the large number of Type IV-like molecular fragments. 
A non-biochemical approach is required if the macromolecular organi
zation of type IV collagen is to be understood. Recent advances 
in low-angle metal rotary shadowing casting [24] have made it possible 
to envisage the individual molecular components of the BM, with 
resolution down to the level of their domain structure. Direct 
visualization of Ab-binding sites on type IV collagen has been reported 
using rotary-shadowing electron microscopy [15, 19, 25]. Thereby 
we were able to immunomap the epitope recognized by MBM4 to the carboxyl 
end of the triple helical domain. This powerful procedure has made 
a crucial contribution to the study of macromolecules and their anti
genic composition. However, it is important to be aware that this 
technique is non-quantitative, as shear forces during sample appli
cation can dissociate pre-formed antigen-Ab complexes [15]. 

Mr OF ANTIGENIC COMPONENTS USING WESTERN BLOTTING AND IMMUNOSTAINING 

One of the most widely used approaches to BM study has been 
immunoblotting [26], entailing PAGE separation of proteins followed 
by transfer of the protein bands to nitrocellulose membranes which 
can then be probed with reagents such as Ab's or lectins. Although 
proteins can be detected on gels the transfer to a solid support 
has many advantages: antigens are removed from reagents used in 
electrophoresis which include SDS and reducing agents which are harmful 
to Ab's, the nitrocellulose sheets are easy to handle, smaller amounts 
of reagents are required, processing times are generally reduced 
and transferred patterns can be stored for months prior to being 
dealt with. Recent excellent reviews [27-30] discuss the conditions 
affecting elution of proteins from gels and transfer to nitrocellulose, 
as well as applications of the method. 

Our studies on Goodpasture's antigen showed that it was present 
in the collagenase-resistant portion of human and bovine GBM. Immuno
blotting and staining of components solubilized by pepsin with 
Goodpasture's sera did not react. Antigenic activity was lost when 
2-mercaptoethanol was present in the samples, suggesting that the 
antigen contains intra-chain disulphide bonds that are essential 
for the activity of the antigen. The antigenic activity was recovered 
in dimers having apparent Mr's 44,000-49,500 and monomers having 
apparent Mr's 24,000-29,000 (Fig. 2). The dimer and monomer regions 
were each shown to be composed of at least two distinct antigenic 
polypeptides designated, D-1, D-2 and M-1, M-2 respectively. 

In contrast to the collagenase digests which reacted with 
Goodpasture Ab's, both MAb's were reactive with polypeptides obtained 
from the domains of BM after pepsin digestion. When MBW4 was tested 
against human GBM solubilized by different methods, only pepsin
digested and guanidine hydrochloride-extracted human GBMwere detected 
by the Ab on immunoblots in both preparations. High mol. wt. material 
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Fig. 2. 'Western' blotting analysis of collagen-digested human and 
bovine GBM. Proteins from bovine (lane 1J .and human (lane 2) GBM 
digests were separated by SDS-PAGE (10% gel) and blotted onto nitro
cellulose sheets. Antigenic components were stained using serum 
from a Goodpasture's patient. Anti-human IgG conjugated to biotin 
was used as secondary Ab. Colour was developed by adding avidin
horseradish peroxidase and substrate. On right: a schematic 
diagram (not to scale) of the antigenic bands; M and D refer to 
monomer and dimer regions. Manifesting incomplete breakdown of the 
antigenic components, lane 2 showed a diffuse band (kMr >150) in the 
high mol. wt. region, and lane 1 a lower mol. wt. component (kMr 39). 

of Mr >250,000 was stained. MBM4 is therefore probably directed 
against a structural epitope on a protein of collagenous nature, 
as reduction of particulate human GBM destroyed its antigenicity. 

Unlike MBM4, MRW4 is directed towards a sequential determinant 
on type IV collagen, as both native and reduced collagen are reactive. 
Three strongly stained bands were observed following immunoblotting 
of native type IV collagen (Mr = 11,000,75,000 and.60,OOO). Following 
reduction, two new immunoreactive bands appear (Mr = 140,000 and 
90,000). in the high mol. wt. region. Because of the molecular size 
of the components reacting with MRW4 it is believed that the Ab is 
directed against an epitope in the major triple helix rather than 
the 7S collagen domain of type IV collagen. 

Practical points.- When proteins transferred to nitrocellulose 
membranes were probed w·ith Ab's, an alternative buffer system for 
the immunostaining of Goodpasture's antigen was selected because 
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it resulted in a reduced background on the nitrocellulose sheet. 
Unreacted sites on the sheet were blocked using I M glycine containing 
1% bovine serum albumin and 5% dried skimmed milk; the washing steps 
(3)( 5 min) were with pH 6.8 phosphate-buffered saline (PBS) containing 
0.1% dried skimmed milk, and all Ab' s were diluted in the wash solution. 
Various brands of skimmed milk can be used, but Marvel (Cadbury Ltd.) 
dissolves almost instantaneously. The incubation times were 90 and 
60 min for primary Ab and secondary Ab respectively. When the second 
Ab used was coupled to peroxidase, staining was accomplished by 
immersing the nitrocellulose sheet in a 0.05% solution of 3,3'
diaminobenzidine-tetrahydrochloride in 0.1 M sodium phosphate/citric 
acid pH 6.0. An alternative substrate is O-chloronaphthol (BDH 
Chemicals) which dissolves more rapidly and gives a lower background. 

It is important to detect the total proteins transferred to 
the nitrocellulose sheet, as direct comparison between the immuno
stained proteins and a replica gel is unsatisfactory because the 
gel swells during the staining/destaining procedure. Nitrocellulose 
sheets could be stained with Coomassie brilliant blue G to detect 
transferred proteins, but the sheets tended to shrink, making 
comparison with immunostained sheets difficult. This problem was 
overcome using Pelikan fount india drawing ink for fountain pens 
(Pelikan AG, Hanover 1, FRG) , at a concentration of 10 1I1/ml PBS, 
as it does not alter the size of the sheet [31]. 

ANALYSIS OF HETEROGENEITY OF ANTIGENIC COMPONENTS 

Two-dimensional SDS-PAGE is becoming the method of choice for 
the study of complex mixtures of proteins. However, many of the 
proteins resolved remain unidentified. In our laboratory, antigenic 
protein spots were identified using the immunoblotting technique 
in an attempt to characterize whether the antigenic components involved 
in Goodpasture's Syndrome were heterogeneous. 

The first-dimensional separation according to charge, by non
equilibrium pH gradient electrophoresis (NEPHGE), was carried out 
by Pollard's method [26], and the second by the SDS-PAGE system intro
duced by Laemmli. The immunostainingl pattern obtained (Fig. 3) 
demonstrated that the antigenic components were localized towards 
the cationic region of the gel (pH 8.0 to 9.0) and were species-specific. 
Pathological sera were grouped into 3 sets depending on the immuno
staining pattern. The relationship of these sets to the clinical 
features of the patients has not been determined. However, the results 
obtained by this combination of both NEPHGE and SDS-PAGE and immuno
blotting have demonstrated for the dimer and monomer regions that 
considerable complexity of proteins exists which could not be fully 
appreciated by l-D gel immunoblots. 
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Fig. 3 . Two-dimensional NEPHGE/SDS-PAGE and immunoblot analysis of 
collagenase-digested bovine GBM using Goodpasture's serum as the 
primary Ab. 

SCOPE OF MONOCLONAL ANTIBODIES IN MEDICAL RESEARCH 

Ab's have served to probe complicated biosystems and to detect, 
quantify and localize trace constituents. Such studies, and the 
diagnosis and treatment of disease, are now powerfully aided by MAb's, 
some reacting with hitherto unidentified antigens, and others made 
to antigens already characterized with conventional antisera and 
offering valuable supplementation to their polyclonal counterparts 
in routine serology. The trend towards preferential use of MAb' s 
will continue , in view of their purity, specificity and availability 
in quantity from effectively immortal cell lines. Yet conventional 
antisera, being readily and inexpensively produced ,will remain in 
use. 
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INC(F) 

COMMENTS related to 

RENAL INVESTIGATIONS 

Comments on IfF-I: J.K. Nicholson et al. -NEPHROTOXICITY STUDIED BY NMR 

R.G. Price asked about the instrument price, relevant to possible 
use for toxicity studies. Reply: £250,000 at present, but prices 
will come down in time. Question by G. Land.- Is it necessary to 
have a reference compound to be able to quantitate? - Could a drug 
metabolite that is not yet synthesized be assayed using theoretical 
assumptions? Nicholson's reply.- In theory one can calculate approx. 
concentrations using only theoretical assumptions, taking into 
account signal-to-noise ratios, scanning times, sample volumes, etc. 
In practice this is often not possible. However, unknown compounds 
can still be quantified by a comparative integration with a known 
standard. The only assumption necessary is the number of protons 
(per mol of unknown) contributing to a given resonance (from the 
unknown). This is often quite easy as the functionality giving rise 
to an NMR resonance, e.g. CH z or CH;5t can often be identified from 
chemical-shift and coupling-constant data alone. 

Comments on #F-2: R.G. Price et al. - RENAL ENZYME RELEASE 
and #F-3: P.H. Bach - CELL CHANGES IN NEPHROTOXICITY 

Remarks (to Price) by J.K. McDonald.- Concerning terminology, 
I assume that your use of the term 'LAP' does not include or refer 
to the (cytosolic) classical LAP, but rather to the enzyme generally 
known as aminopeptidase M (or N). For the sake of specificity and 
sensitivity the assay substrate could advantageously be an alanyl 
arylamide. Reply.- The context is indeed a brush-border marker enzyme. 
We agree that a substrate for alanine aminopeptidase would be prefer
able, and intend to switch to this. lona Pratt asked whether the 
demonstrated functional difference in the proximal tubule of diabetic 
kidney might account for the relatively greater resistance to damage 
by nephrotoxins such as gentamicin. Price's reply.- Little is known 
about the functionality of the diabetic kidney, but the findings 
may indicate an alteration in membrane properties resulting in a 
decreased uptake of toxins into proximal tubular cells. 

lona Pratt asked Bach whether the Nile Red-positive lipid in 
epithelial cells derived from glomerular cultures is involved in 
the redox cycling of adriamycin. Reply.- This lipid is not demonstrable 
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by conventional lipid stains (Oil Red 0, Sudan Black; lipid has not 
been previously demonstrated in glomeruli). It may represent a sub
cellular pool of lipid material; we don't believe that it is involved 
in adriamycin redox cycling (via lipid peroxidation). Al though 
interstitial cells contain similar lipid material and are exquisitely 
sensitive to BEA, they are not damaged by adriamycin, and similarly 
glomerular cells are resistant to BEA. Bach, answering Price.- We 
did meet with success in efforts, at present suspended, to culture 
tubular (proximal) cells; the preparation was not pure, but did respond 
to toxins in the expected way. 

Comments on #F-4: K-J. Andersen - RENAL LYSOSOMES; #F-5: M. Dobrota 
and #F-6: H-J. Haga et al. - LYSOSOMES IN DAMAGED KIDNEY 

T. Berg asked Andersen about the cellular localization of the 
tripeptidyl peptidase for which he had shown tremendously high activity 
histochemically. Reply: not known as yet; we like to think that 
it is lysosomal but some may also be in the brush border. Remark 
by B.A. Fowler, concerning the study of degradation where the CdMT 
dose (~2 mg/rat) was probably above nephrotoxic level: the uptake 
of CdMT by the proximal tubule cells is saturable, and the % degradation 
is a function of dose. 

Dobrota, answering T. Berg: MT indeed appears first in the small 
and then in the dense lysosomes. Comments by Fowler. - Wi th the nephro
toxic CdMT dose used, normal lysosome biogenesis might be affected 
and be manifest in an alteration in sedimentation pattern (Dobrota: 
none found). In animals exposed to Cd, MT is mainly cytosolic but 
there may be adsorption onto organelles, and release from organelles 
by sonication. Remark by R. Wattiaux.- Trial of different homogeni
zation procedures might show differences in the proportion of Cd 
associated with the cytosol fraction. Dobrota' s reply. - We used 
conventional conditions (a Potter-type homogenizer, at 1000 rev/min) 
as in our studies of normal-kidney lysosomes where marker distribution 
is well established. Milder conditions might indeed help keep the 
endosomal compartment intac.t, but we have not yet devised ideal condi
tions. Remark by R.G. Price relating to the model system used being 
such as to entail proteinuria (agreed by Dobrota and Fowler): the 
simplest explanation is an overload situation, but conceivably the 
cause could be feedback as a result of damaged lysosomes. 

Raga, answering T. Berg.- Gradient separation has to contend 
with the droplets (large lysosomes) and the small, dense lysosomes 
being similar in density. The association of Cd with MT is pH-depen
dent, hence dissociation might occur in endosomes if they are acidic. 
Answer to R.G. Price relating to the onset of the urinary enzyme 
increase: increased latency was evident at 2 weeks. Points raised 
by A. Schram.- Concerning examination of urine for the neutral cyto
solic p-glucosidase.- It needs to be distinguished, e.g. by using 
detergent, from the acid lysosomal glucosidase: but (Raga's reply) 
this was a non-problem because the assay was at pH 7. A urinary 
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rise in lysosomal enzymes in nephrosis could be due to active excretion 
or to tissue damage, but (Haga) the IEF patterns suggest excretion 
rather than derivation from plasma or damaged cells; the presence 
of ~-glucosidase in normal amounts argues against mere leakage. 
It was agreed that the picture could be complicated if there were 
different molecular forms, possibly with pathological variations; 
enzyme precursors of high mol. wt. might be present, or conceivably 
degraded lysosomal enzymes. 

Comments on #F-7: P. Druet et ale - AUTO-IMMUNE NEPHROPATHIES 
and #F-8: J.D. Williams & M. Davies - GLOMERULI & INFLAMMATION 

Druet, answering C.A. Pasternak.- Various mechanisms are involved 
in the effects of Hg2+ on different lymphocytic cells; (J. Williams) 
one wonders what role macrophages might play in the activation of 
helper/suppressor cells. Davies, answering K. Donaldson.- The chemo
tactic stimulus which attracts neutrophils to the glomeruli might 
involve complement (C5a). Reply to S. Zucker who asked what role 
mesangial-cell gelatinase might play in glomerular disease: it can 
attack type IV collagen in the GBM. J.P. Luzio asked whether the 
GBM and anti-GBM effect on PMN luminescence is a complement-dependent 
phenomenon; answer - to some extent (as amplified in art.# F-8). 

Comment on #F-9:see overleaf. 

Supplementary refs. contributed by Senior Editor, on Renal studies 

Zonal-rotor methods for isolating p.m., glomeruli and tubular 
fragments were described in Vol. 3 of this series (Robinson, D., 
Price, R. G. & Taylor, D. G. ) • Rat proximal-tubular coated pits, micro
villi, endosomes and lysosomes have been compared in respect of membrane 
composition.- Rodman, J.S., Seidman, 1. & Farquhar, M.G. (1986)J.CeZZ 
Biol. 102, 77-87. 

Membrane recycling has also been studied in proximal tubule 
cells, by e.m. cytochemistry after ferritin infusion; in contrast 
with recycling between Golgi apparatus and p.m. in other cell types, 
there is fast recycling that reflects the large demand for membrane 
material posed by resorption of large fluid volumes.- Christensen, E.!. 
(1982) Eur. J. Cell BioI. 29, 43-49. 

In the context of aminoglycoside-induced tubule inj ury, the 
distribution of gentamycin (administered or added in vitro) was 
examined in rat cortical homogenates subjected to density-gradient 
centrifugation (cf. earlier studies with fibroblasts): the main locus 
was a light-membrane fraction enriched in NAG, a ly'sosomal marker.
Weinberg, J.M., Hunt, D. & Humes, H.D. (1985) Bioohem. Pharmaool. 34, 
1779-1787. 

Immunofluorescence methods have been applied to study the distri
bution of glomerular basement membrane antigens in various human 
nephropathies (e.g. with Goodpasture Ab), which manifested character-
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istic abnormalities.- Schiffer, M.S., Michael, A.F., Kim, Y. & Fish, A.J. 
(1981) Lab. Invest. 44, 234-240. 

Differences from liver, and enzyme-assay problems, feature in 
a study of the regulation of fatty acid metabolism in normal and 
streptozotocin- or alloxan-diabetic rats (cf. #F-2): ~-6 desaturase 
activity was unaffected by diabetes, but acyl-CoA formation (a rate
limiting step) was enhanced. Whole homogenates were used for assay 
of desaturase activity; it was low in p.m. and other membrane frac
tions.- Clark, D.L. & Queener, S.F. (1985) Biochem. Pharmacol. 34, 
4305-4310. 

Human kidney medulla, from which microsomes were prepared, was 
studied in respect of Na+-H+ exchange by LaBelle, E.F. (1987) Am. J. 
Physiol. 250, F232-237. 

Amplified chemiluminescence, as in #F-8, was used to investi
gate antirheumatic drugs as scavengers of oxygen radicals in phago
cytes.- MUller-Peddinghaus, R., & Wurl, M. (1987) Biochem. Pharmacol. 
36, 1125-1132. 

Comment on #F-9: M. Wong et al. - RENAL BASEMENT MEMBRANES 

P.K.C. Austwick asked whether the controls manifested a normal 
degree of BM thickening. Reply by R.G. Price. - The thickness of 
the GBM depends on the age of the animals: e.g. in 9-month old rats 
the normal is found to be 206 ±14, compared with 356 '±19 in diabetic 
and dietary model animals. 
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Subject Index 

This Index, patterned on those in previous vols. to aid back
consultation, focuses on cellular phenomena and processes (including 
abnormalities), and on bioconstituents (including organelles) and 
perturbing influences. As alerting marks (0) indicate, for some 
aspects a novel collation has to be consulted: an informative Sub-Inde:r: 
1Iihich gives cQ1I[Jlete contexts and so repays the trouble of use.
Thus, kidney studies are fuZly listed, enabling (say) Hg effects 
on kidney lysosomes to be tracked down (not readily achievable with 
a conventional Index). Indexing is comprehensive for peptidases 
and heavy metals, but not for other enzymes or agents, nor forinvesti
gative approaches. For major citations the page is represented 
(e.g.) '25-', the ensuing pp. being relevant too. 

Acetazolamide: 399-

Acidosis: 400-

Actins (0, FP): 220, 233 

Activation processes: see 
Conform ••• ., Enzymes, Fatty 
- rendering injurious (& see 

Drugs •••• met. ••• ): e.g. 140, 419 

p-Aminopheno1: 404-

Antibodies (Ab's; & see Collagen, 
Cytochem •.•• , Monoclonal): 
- as assay tools: & see ELISA, 

RIA) 
- causing cell injury: 0, 1m; & see 

Auto •••• 

Adenylate cyclase: 203, 

Adipocytes (Fat cells): 
239, 280 

- raising (polyclonal): e.g. 84, 
388 

231, 235- _ to organelles &c: see Basement 
62, 203, (& 0, BM), DNA, Nucleus, &c 

Adriamycin, esp. effects: 139, 
423, 475 

Antigens (0, ag; & see Epitopes): 
e.g. 466, 477 
- masked: 467 

Affinity separations (& see Arsenate: 0, As 
Lectins):e.g. 116, 256-, 275, 287 Asialoorosomucoid: 315, 318-, 383-
- hypotonic elution: 257 

Albumin (serum; usually bovine, 
BSA): 9l l, 318 
- 'autoimmune' response: 440, 454 
- peroxisome protectant: 44-
- uptake: 318-

Alcoholic liver disease (& see 
Ethanol): 25-

Amino acids: 21, 421 
- effect on autophagy: 386 
- radiolabelled, removal: 301 
- urinary: 402, 404 

Aspirin: 60, 62, 85 

ATPases: 0, e.g.NaK~~ entries 

Autoimmunity (& see Albumin, DNA, 
Goodpasture's, Nucleus): 140, 199, 
203-, 466 
- animal models: see Nephritis 
- kidney: 0, #Im 

Autophagic processes/vacuoles: 
383-, 443 

° signifies consul t Sub-Index, p. 490 
- 1m (e. g.) means look for 1m 
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Azo dyes, esp. as carcinogens: 90 
- as histochemical tools: 340, 344 

Basement membranes (0, BM): e.g. 
256, 336, 465 

Biliary system~ 71, 316 

Binding phenomena/interpretations 
(receptor context): 73, 173-, 195 
- influence of temp.: 179, 186 

Biopsy samples, esp. handling: 
13-, 26-, 260, 341, 410 

Blood cells: see Erythro •••• , 
Leuco •••• &c 

Brain: 0; 239, 240, 351-

Carcinogenicity, actual/putative: 
62, 67, 83, 90, 95 
- promotion: 62, 75 

Cardiac muscle (& see Heart): 239, 240 

Carnitine (incl. acyl), metabol
ism &c: 36-, 40, 86, 139 
- preparation as substrate: 36 

Catalase: see Markers, Oxygen 
- as tool: 381, 456 

Cathepsins: 0, es entries, e.g. 
esB = cathepsin B 

Cell lines: 0, CL 

Cell sorting: 94, 163, 186 

2-Bromoethanamine: 422- Cell types (& see Liver, Kidney): 
Brush-border: 0, BB, & see Microvilli 0, e.g. pC (pC if isolated) 

Cells: see Adipocytes &c, and 

Cadmium (effects: 0, Cd), cellular 
handling: 0, CdMr, Dg or T'l' 
- thionein (MT) vs. cation: 436 

Calcium (& see Probes): 
- as membrane precipitant: 256 
- effects: e.g. 233, 239, 290, 

296 
- protection: 190, 194, 231 

- Gardos Effect: 212-, 232 
- hypercalciuria: 26 
_ influx/deposition (0, Ca~): e.g. 

19, 233 
- ionophores, effects: 195-,206, 

215, 23~ 233, 239, 272 
- levels: 186, 203, 206, 212-, 

273, 281, 286 
- release from e.r.: 274 

Calmodulin: 206, 233, 281 

Cancer: see Carc •••• , Invasiveness, 
Metastases 

Carbohydrates: see 
Hexos •••• , Muco •••• 

Carbon tetrachloride: see Hydro •••• 

Carbonic anhydrase: 399, 404 

° signifies see Sub-Index, p. 490 

Cultures, Surface 
- disruption: 245, 256, 277~ 29~ 

317,374,476 
- interactions: 352, 359-, 379-

- with membranes: 453-
- on sponges: 363 

Centrifugal approaches (& see 
Choles •••• , Digi •••• , Gradient, 
Zonal, & entries for organelles): 
e.g. 3-, 42, 56, 263 
- Beaufay rotor: 14, 26, 42 
- vertical rotors: 26, 31 
- for cells: 192 

Cerebrosides (& see Glucocer ••.. ): 
113 

Channels (membrane) for ions (in 
0, some ~~ entries apply; & see 
Calcium •••• iono •.•• , Chloride): e.g. 
19, 290, 293-
- trans-membrane potential: 190 

Chemiluminescence (amplified) in 
renal studies: 203, 455-, 478 

Chloride (membrane passage): 239, 
244 

Chloroquine as insulin protectant: 
308-, 312 
- in diabetes: 313 
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Chlorpromazine, esp. influences 
on organelles: 5, 62, 113 

Cholesterol: 29, 54, 237, 257 
-membrane content VB. centrifugal 
behaviour (& see Digitonin): 122, 
133 

Cholestyramine: 54, 60 

Complement: 0, Cp 
- 'alternative pathway': 457-
- components/activation/membrane 

attack complex (MAC): 189, 196, 
199-, 231, 453-, 459-, 477 
- Ab block of MAC formation: 201 

- degradation: 328, 331 

Concanavalin A (ConA): 275 
Chromatographic procedures: see Conformation, esp. proteins: 329, Affinity 
_ for cells &c: see Counter-;&276 389,467 
- for vesicles: 264 

Chromogenic peptide substrates: 
327-

Chromium: 
- as permeability probe: 18, 194 
- effects: 407 

Cilia: 129 

Cirrhotic tissue: 27-, 89 

Citrate: see Tricarbox •••. 

Clathrin (& see Endocytosis, 
Vesicles): 263, 285 

Clofibrate & kindred drugs: 53-, 
67-, 81-, 91, 133, 140 
- metabolism: 59, 61, 133 

CoA, e.g. levels (& see Fatty): 
48, 54 
- acylCoA's: 37-

- hydrolases: 54, 55, 57-, 61-
- isolation by HPLC: 48 
- synthesis: 37 

- leakage: 40 

Coeliac disease: 260-, 285 

Colitis, ulcerative: 14-

Collagen: (0, Cg) e.g. 335, 462 
- degradation (0, Cg accompanied 

by Dg or a peptidase abbrevi
ation): e.g. 328, 343, 461 

- gelatin as peptidase substrate: 
336-, 375 

- native vs. denatured: 375, 387 
- types: 336, 339, 387, 453, 465-

- Ab's to: 339, 387 

Conjugates (drugs &c): 420 

Connective tissue, nature/break
down (& see Collagen): 336-, 339, 
359, 372 
- lysosome/protease role: 336, 372 

Counter-current chromatography 
(CCC): 153-
- of liver homogenate: 156 
- phase systems/problems: 154 

Counter-current distribution/ 
partition (CCD): 153, 157, 186 

Crohn's disease: 14-

CuI tures (0, C; & see Uptake ••.• 
induction), esp. conditions: e.g. 
257, 301-, 324, 353 

Cystic fibrosis: 282 

Cytochemistry (incl. histochem.; 
0, CyM; & see Fluor •... ): e.g. 117-, 
342 
- histochemical staining: 69, 339 

-for peptidases: 344-
- using Ab's C, IrnM): e.g. 260, 

446, 458, 460 
- with gold: 121, 128, 130, 135-

Cytochrome P-450: 70, 79-, 133, 
140 
- as indicator of cell injury: 

86 
- assay (incl. immuno)/isoenzymes: 

79-, 87, 134 
- drug-metabolizing role: e.g. 

80, 101 
- in kidney: 410, 419 
- levels/types, esp. liver: 134-
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Cytochromes, e.g. c (cf. preceding 
en t ry ): e • g • 41 
- re-distribution: 393 

Cytoskeleton: see Collagen, Endo
plasmic, Surface, Tubulin, &c 

Cytosol: 0, So; & see Latency 
- (auto)proteolysis: 299-, 304 
- rapid isolation: 300 

Degradative processes: 0, Dg & 09 
(& see Protection, Proteolysis) 
- inadvertent (& remedies): 115, 

121, 213 

Deposits, esp. in/on organelles 
(& see Imrnunoglob •... : 71, 233, 391, 
446, 457 

Detection, e.g. gels, enzyme 
incubates: see Chromo .••• , Fluoro ... , 
Irnrnunoblot ..•• 

Drugs, esp. acting adversely (0, 
Dr; & see Lipid- & particular 
names) 
- metabolism/(de)activation (& see 

Cyt ••• P-450): 61, 62, 80, 140,421 

Elastase: 328, 380, 393, 462 

Electric organ membranes: 157 

Electrofocusing: 84, 114, 115 

Electron microscopy (0, some M's; 
& see Cytochem .••• , Morphomet ry) : 
e.g. 69-, 136 
- rotary shadowing for epitopes: 

468-

Electrophoresis (& see Detection, 
Free-, Immuno ...• ), esp. gel: 
- 2-D: e.g. 106, 471 
- non-equilibrium pH gradient: 

471 
- SDS-PAGE: e.g. 205,260,294,411,471 

Detergents, e.g. for solubilization " 
(& D""t" El t SDS Electroporatlon: 168, 196 see 19l onln, ec ro.... -, 
Latency): 43, 44, 52, 116, 224, 
263, 312 
- adverse effects: 190, 193, 244 
- ~-oxidation assay aid: 44, 46 
- in proteolysis studies: 311 
- residual/removal: 469 

Diabetes (mellitus): 54, 239, 466 
- chemically induced: 409-, 475, 

478 
- chloroquine effect: 313 

Diagnosis C, Id): e.g. 14-

Dietary influences (& see Fasting): 
42, 54, 59, 70, 77,89,239, 383 

Differentiation/Re-modelling: 
335-, 383 

Digitonin, effects on organelles: 
122, 123, 300, 309, 440 

DNA (& see Gene): 20, 23, 165 
- agents affecting: 61 
- autoAb's: 447 
- eDNA: 200 

° 8ignifie8 see Sub-Index, p. 480 

ELISA use: 84, 387, 388-, 411 

Endocytosis (0, some ~ entries; 
& see Clathrin, Pino .... , Uptake): 
263, 289-, 315-, 436, 444 
- endosome types/features (0, Es 

or, if isolated, Es): 185, 309, 
371,466,467: 

- intracellular migrations (0, some 
Tr entries): 293,430 

- marker: 318-
- rate: 308 

Endoplasmic reticulum: 0, er & Me 
entries; & see Cyto .... P-450 
- disturbances: 15, 28, 54, 91, 

100 
- rough e.r.: 107, 117, 119, 274-

Endothelium: e.g. 239, 453 
- cells from (liver): 317 

Energy metabolism disturbances 
(& see Glucose, ~-Oxid •.•• , 
Tricarbox ••.• ): e.g. 402 

Enterocytes (0, i): 244-, 256-
vesicle resistance to trypsin: 
249-



Subject Index 483 

Enzymes: 0, Ez &c; & see indexed 
names, & Latency, Markers: 
- active forms/isoenzymes: e.g. 

81-, 117,330 
- leakage/secretion from organ

elles/cells(O, E entries where 
~ appears; & see Lysosomes): e.g. 
5, 149, 192, 201, 273-, 353, 460 

Fluorescence approaches, etd. 
- polarization (for fluidity): 

236, 250 
- signal groups, esp. peptides: 

338-

Free-flow electrophoresis (FFE, 
CFE): 143-, 164 
- buffer constraints: 146 
- subcellular elements: 149, 221 

Epitopes: e.g. 466, 469 
Free radicals (injury context; 

Erythrocytes: 0, rc; & see Sickling & see Oxygen): e.g. 32, 109-, 140, 419 
- anucleate VB. nucleate: 206 -affecting lysosomal membrane: 109 
- classes (density, infection): 149,212 
- coagulation: 331 Gastric mucosa: 0, g 
- 'ghosts', use of: 201, 213 - membrane features/behaviour: 243-
- haemolysis (& see Lysis): 192-, 203 - proton transport, esp. stimulated: 

Ethanol (& see Alcoholic): 
- effects: 239, 244, 251 
- gut-derived: 404 

Etoposide (VP-16): 140 

Exocytosis (0, some ~ entries; & 
see Enzymes): 231, 263, 265, 274-

Endopeptidases, En in 0. 8< see Peptidases 
Exopeptidases, Ex ' 

Fasting, effects: 54, 56, 70 

Fatty acids (& see Lipo .... , Liver) 
- catabolism VB. chain-length: 

39, 41, 54 
- membrane transport role: 271 
- oxidation (& see ~-Oxid .... ): W-, 

70; hydroxylation: 82-

Ferritin: 110-, 477 

Fibrin: 331, 373 

Fibroblasts (0, fb): 41,62,135, 
336, 345, 422 
- isolation/culture: 117 

Fibrous proteins: 0, FE; & see 
Actins, &c, and Connective 
- fibronectins: 373 

Flow cytometry: 161-, 185 

Fluidity: see Membranes 

Fluorescence approaches (cf. Cell 
sorting, Chemi .... ): e.g. 110, 117, 
164, 328 
- microscopy: e.g. 233, 338-, 467, 477 

0, e.g. H H, K~~ 
- subcellular isolations: 0, e.g. 

pm, Me 
- trypsin resistance: 248 
- ulceration: 244 

Gaucher disease: 113-, 134 

Gene expression & inferred defects: 
76, 83, 101, 106, 260 

Genetic differences (& see Inborn, 
Strain): 449 

Gliadin/Gluten: 17, 261-, 285 

Glomerulus: 0, G 
- basement membrane, incl. isolations 

(0: BM, BM, pm), Ab's to: 446-, 
453-, 466-

- injury: 0, e.g. "g, Tx, 1m; & see 
Nephritis 
- 2-stage: 446 

Glucocerebrosidase: 113-, 134, 136 

Glucosamine: see Hexosamine 

Glucose, e.g. availability/trans
port: 239, 247 

Glucosidases, usually ~- (& see 
Glycos .... ): 114, 119, 134, 354, 476 
- 0:-: 136, 246 

Glutathione (GSH) in relation to 
injury: 420, 421 

Glycoproteins/Glycosyl transfer: 
117-,120,122,225-,236,258-,411 
- deglycosylation: 117, 120 
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Glycosidases (& see Glucosidases), 
& use of: 120, 256-,258, 354 

Gold (thiomalate) (0, Au): 436 

Golgi apparatus (O,Ga; & see 
Endocytosis, Glycosyl. ... ): 22, 
32, 117-, 155, 185, 377 

Goodpasture's syndrome/Ab's: 456, 
466-, 477 

Gradient materials/centrifugal 
use: e.g. 7, 10, 42, 44, 212-, 
245, 264, 275, 280, 317, 384 
- Perco11, final removal: 280 

Haem (Heme) compounds (& see Iron): 
100-, 109-, 207 

Heart (& see Cardiac), 
test systems: 194, 360 

Hepatocytes (0, pc or, if isolated, 
pc): e.g. 62, 69-, 239, 317 

Hexosamines, incl. N-acetyl (& see 
Muco .••. ): e.g. 238 
- enzymes metabolizing (& see 

Markers): e.g. 120 

Histochemistry: see Cytochem .•.. 

Hybridomas: 447, 467 

Hydrocarbons, esp. polyhalogenated 
(e.g. CCl,,): 68, 75, 140 

Hypolipidaemic agents: see Lipid
lowering (LL) 

Immunoassays: see RIA 

Immuno-blotting (esp. Western 
blotting): e.g. 83, 87, 201, 236, 
261, 387, 471 
- practical points: 469-

Immuno-caused disease: 0, 1m; & 
see Autoimmunity, Complement, 
Nephritis 

Immunoglobulins (Ig's): 
- deposits: 446, 457 
- IgE: 446 

224, 315 

* Heavy metals - cell handling, e.g. 
Cd, or effects, e.g. Cd, appear in:-

Immunological techniques, various 
(& see Antigens, Cytochem .... , 
Cyto .•.. P-450): e.g. 26(}-, 26'h, 388~ 445-
- electrophoresis (& see Immuno-

blotting): e.g. 258, 260, 459 

Immunosuppression: 445, 450 

Inborn metabolic errors (& see 
Gaucher's): 36, 135, 140, 257, 
260, 393 

Inflammatory cells/response: 14, 
17, 172, 331 
- cell detachment: 379-
- involving GBM: 453-, 461-

Inositol phosphates/'2nd messenger': 
212, 215, 226, 274, 290 

Insulin (& see Chloroquine): 
- inhibition of autophagy: 386 
- processing/degradation: 307-, 311-
- susceptible bonds: 338 

Intestine: 0, i; & see Enterocytes 
- function assessment: 18 
- handling: 245, 256 
- large bowel: 14, 16, 150 

Invasiveness: 0, Iv 
- assay/prediction: 360-

Ions (& see Chloride, Channels): 
- effects (& see Calcium, 

Protective): 0, e.g. Hg 
- movement (& see Plasma mem ••.. ): 

0, e.g. NaK~~, Ca~, Cl~; pt, Tr 

Iron loading/processing (O,Fe~, 
& see Ferritin, Transferrin): 30, 
109-, 140, 286 

Ischaemia (& recovery): 3-, 239, 
240 

Kidney: 0; & see Cyt .... P-450, 
Glom .•.. , Nephritis, Perox •••. 
- function tests: 401, 411 
- regional differences~nzymes, 

vulnerability): 407, 411, 419, 441 
- tubular reabsorption: e.g. 399, 

402, 411, 
- bicarbonate: 399 

o $.~9.::!.~~~~, p. 490 (& a few in main Index) 
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Kupffer cells: 316 

Latency (esp. enzymes) & effects 
on: 27, 44, 122, 246, 248, 440, 
476 
- 'free' vs. cytosolic activity: 

6, 15 

Lead: ° (Kidney), Ph & Pb; & 101 

Lectins (& see Concanav •••• ): 131, 
224-, 236, 238 
- for affinity separations: e.g. 

275-
- eluting agents: 276, 285 

Leucocytes (some types indexed; 
& see 0, we): e.g. 14, 381, 453-

Ligandosomes: 309 

Lipid-lowering (LL) agents (& see 
Clofibrate, Phthalates): 53-, 67-, 
85, 139 

Lipids (& see Chol. ••• , Fatty, 
Phos •••• , Triglycerides): 
- biosynthesis: 21, 54, 70 
- droplets: 31, 70, 422 
- peroxidation (& see Oxygen): 

e.g. 30, 71, Ill, 140 

Lipolysosomes: 28 

Lipoproteins (incl. LDL &c): 54, 
257,315, 318 

Liposomes: 239, 272 

Liver: 0, & most arts. in sections 
#A & #E; & see Perfusion 
- cell types (0, pc & npc; & see 

Hepato •••• , Kup •••• ) incl. endothel
ial/stellate: 316-, 320-. 323 
fatty (e.g. alcoholic): 21, 26-, 
31, 62, 70 
wt. vs. toxicity: 54, 60, 68, 
85-

Luminescence methods (& see Chemi ••• , 
Fluor •••• ): e.g. 203, 328 

Lung (0), C1- transport: 239 

~-Lyase: 420 

° signifies see Bub-Index, p. 490 

Lymphocytes: e.g. 149, 163, 167, 
196, 200, 224, 231 
- activation: 448 
- B-cells: 447 
- proliferation/typing: 446-
- T-cells: 447-

Lysis/Sub-lytic damage: 27, 192-, 
199, 203, 372, 381 
- protection: 275 
- vs. permeabi1ization: 27, 192-, 

231 

Lysosomes: 0, Ls or, if isolated, 
Ls; & see Autophago ... , Ch10rprom ... , 
Free rad .... , Inborn .... , Latency, 
Lipo1yso •••• , Markers, Morpho •••• , 
Receptors 
- 'loaded': 111 
- membrane/externalized/secreted 

enzymes: 5, 135, 137 
- morphological changes: e.g. 70, 

101 
- types, non-renal: 57-, 122, 

320-, 342, 384-
- types, renal: 427-, 436, 440 

Lysozyme, fate: 428 

Macrophages: e.g. 232, 341, 379, 
393, 460-
Major histocompatibility complex: 
449 

Mannose groups (& see Glyco .•••. , 
Lectins, Muco •••. ): e.g. 117-, 238, 258-
- a-methyl, as eluent: 275-
- -6-phosphate (& see Receptors): 

e.g. 119, 139 

Markers for organelles: e.g. 14, 
28, 57-, 71, 221, 263, 276, 310, 
316, 383-, 411, 431 

Membranes (& see Basement, Cent ... y 

Digitonin, Ions, Mitochondria, 
Plasma •••• , Receptors, Vesicles, 
&c): 
- fluidity/lipids (0, Mb; & see 

Choles •••• ): 30, 133, 232, 235-, 
250 
- influencing permeability: 251 
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Membranes" ctd. 
- precipitation by Ca2+ or Mg2+: 

256, 263, 281, 413 
proteins/extractability (& see 
Detergents, Plasma mem ••.• ): e.g. 
257, 375 
stabilizing agents: 5, 275 
translocations/'flow' (0, Mb,Tr): 
e.g. 240 

Mercury, effects (0, H9): e.g. 140, 
233 
- resistance to: 449-

Metalloproteinases: (0, some En 
entries): 337, 345, 372, 373-

Metallothioneins (0, MT): e.g. 433 

Metastases C: L .. lv): 359-, 373-
- model system: 362, 364-
- sites: 365-

Methapyrilene: 90-, 134 
- analogues: 92 

Microfilaments (& see Actins): 
220-, 225, 228, 240, 256, 316 

Microorganisms, esp. bacteria 
(& see Toxins): e.g. 228 
- proteases: 328, 332 

Microsomes: 0, Me; & see (e.g.) 
Plasma •••• , Vesicles 

Microscopic approaches: ~ M; 
& see Cyto •••• , Electron, Morph .... 

Microtubules (& see Tubulins): 316 
agents affecting: 240, 25~ 

Microvilli (0, mVor, if isolated, 
mv; & see Brush): e.g. 225, 244, 
256 
- hepatic: 239 

Mitochondria C, Mt; & see ~-Oxid ••. ): 
e.g. 6-, 38-
- disturbances (& see Deposits): 

Mitochondria, ctd. 
_ isolation/behaviour (0, Mt): 

e.g. 7, 38-
- leakage of constituents: e.g. 

40 
- membranes, cristae: 6, 7, 27, 

101, 106-, 129 
- autoAb's to: 140 

- respiratory processes/coupling: 
38, 139 

Mitosis, & effects on: e.g. 70, 
134, 166-

Monitoring of disease/therapy: 
0, Id 

Monoclonal Antibodies (MAb's), 
esp. usefulness: 200-, 260, 466-, 
472 

Morphometry (0, Mm): 60, 96, 100-, 
372 

Mucopolysaccharides: & see 
Glyco •••• , Lectins, Mannose, Sialic 
- characterization: e.g. 120, 

236 

Muscle (& see Cardiac): 139, 203, 
220 
- smooth: 28 

Nephritis/Nephropathies: 0, e.g. 
Dr, 1m (Kidney) 
- models: 439, 445, 450, 454 
- types: 450, 454 

Neuraminidase: 118, 460 

Neurones: see Brain 

Neutrophils: see Polymorph •••. 

Nickel, as histidine complex: 437 

Nicotinic acid/Niadenate: 53-

Nitrosamines: 85-
41, 139, 140, 233, 239, 400 Nuclear magnetic resonance 
- enlargement/proliferation (& see spectroscopy (NMR; usually 

Morphometry): 26, 29, 54, 89-, lH-NMR), use & scope: 397-, 475 
140 _ in vivo: 106 

° signifies see Sub-Index, p. 490 
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Nucleus C, Nuc), effects on: 103, 
164, 437 

Organelles: indexed individually; 
& see Centrifug .... , Grad •... 
- internal pH: 119, 122, 289, 311, 

323, 400 
- looking for abnormalities: e.g. 

14-, 100-, 410 
- precipitation by Mg2+: 245, 256 

~-Oxidation (usually mitochondrial; 
& see Carn ••.• ): 21, 35-, 54, 140, 
478 
- assay problems, & BSA usefulness: 

36-, 44, 54-
- chain-type influence: 39, 41, 

54 
- peroxisomal: 35-, 54, 58 

Oxygen metabolism, maybe detrimen
tal (0, ~; & see Catalase, Lipids, 
Super .... ): 62, 455-, 462, 478 
- involving peroxisomes: 63 

Paf-acether: 171-, 186 

PAGE: see Electrophoresis 

Pancreas: 0, pa; & 67, 72 
- acinar isolation/behaviour, e.g. 

secretory: 273, 275, 277-
- islets: 71, 313 
- pancreatitis: 282 

Peptides: 
- bioactive: e.g. 315, 332 
- substrates (& see Chromo .... , 

Fluor .... ), collagen-like: 340, 
343, 375 

Perfusion techniques/studies: e.g. 
5-, 69, 308 
- intestinal, in patients: 19 

Peroxidation: see Lipids, Oxygen 

Peroxisomes (0, Px; & see Catalase: 
Kidney, ~-Oxid .... , Oxygen): 
- isolation (non-hepatic: 0, Px): 

42-, 58 
- leakage ~cytosol: 59 
- morphology/proliferation: 54, 

60, 61, 70-, 83, 94 

pH (& see Organ .... , Probes), 
influences of: 271 

Phagocytosis (& see Autophagic, 
Polymorph .... ): e.g. 220-, 460 
- activation by complement: 453-
- phagosomes: 221, 232 

Phthalates, effects: 62, 67-, 70, 
85, 95 

Phospholipids: 29, 212, 237 
- analysis: 213 

Pinocytosis (& see Uptake): 6, 318-, 
444 

Plasma membrane (p.m.): 0, pm or, 
Paracetamol (Acetaminophen), 

b 1 / ff ( A . if isolated, pm; & see Brush .... , meta 0 ism e ects & see p- rn1no~ 
phenol): 140,404,419 Channels, Complement, Endocyt .... , 

Ions, Microvilli, Surface, 
Peptidases: 0, EX/En/Hcs; & see Vesicles, &c 
Proteol.... - agents affecting: see Cytoskel. .. , 
- activation: 332, 338 Lysis, Toxins, Viral, &c 
- di-: 337- (DPP I & II) - constituents/segregation (& see 
- inhibition: 121, 305, 308, 311, Chol. ... ): e.g. 214-,225,256, 

336-, 339, 372, 381 258 
- neutral: 336, 461 - discernible damage (e.g. 
- release in cell (O,~): e.g. 460- blebbing): 206, 233, 239 
- substrate hydrophobicity: 305 -pore formationj£eatures (& see 
- tri-: 337, 343-, 393 (TPP 1) Electropor .... ): 193-
- types/nomenclature (& see - enhanced permeability (some ~ 

Cathepsins, Metallo .... ): 328, 336-, & ~ entries in ° apply; & see 
475 Calcium, Lysis, Probes): 168, 
- cleavage examples: 338 189-,192-,244, 251, 317 
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Plasmin & related molecules: 328, 
331, 371 

Platelets (& see Paf •••• ): 147, 171-, 
186, 206 

Platinum, as CDDP: 437 

Polarography: 40 

Polyamines: 139, 190, 195 

Puramycins: 422 

Radiolabelling approaches (& see 
Chromium): e.g. 17, 40, 90 
192- ' 
- dual: 300, 434 
- for HPLC: 48 
- introduction of label: 36, 172, 

257, 290, 301, 318, 434 

Polymorphonuclear leucocytes {PMN's; Receptors (& see Endocytosis, 
& see Phagocyt •••• ): 172,206,380 Mannose): 75, 119, 137, 172, 186, 
_ activation: 453- 232, 257, 460 

Probes (& see Chemilum •••• , Radio •• ), 
e.g. photoproteins: e.g. 168, 186, 
201, 238, 275-, 278 
- for membrane fluidity: 237, 250 
- for permeability/absorption: 

18, 19, 168, 191-
- for pH: 164, 168, 233 

Prostaglandins (PG's): 80, 181, 
193, 421 

Protection against injury/permea
bilization (& see Calcium, Gluta •••• ), 
e.g. 5, 140, 189, 244, 420-, 423 
- by T-cells: 448 

Protein A, use of: 131 

Protein droplets: 428, 442 

Prote{in)ases: see Peptidases 

Proteins (O, Pr; & see Albumin &c, 
& Glycosyl. ••• ): 
- biosynthesis: 20, 106, 120. 134 
- turnover differences: 133, 299-

Proteog1ycans (& see Connec •••• ): 
373, 453 

Redox state: 21, 26 
- cycling: 423, 476 

Retinol-binding protein: 315, 
318, 411 

RIA's: e.g. 75, 387, 411 

RNA/Ribosomes: 90, 117, 240 
- mRNA (& see Gene): 258 

Sialic acid groups (& see Muco .••• , 
Neuram •••• ): 118-, 148, 453, 460 

Sickling: 211-, 232 

'Sidedness': see Vesicles 

Solubilization: see Det erg •••• , 
Plasma •••• consti t •••• 

Species differences: e.g. 68 9] 
293 ' , 

Spermatozoa: 340-, 346 

Strain differences: 445-, 448 

Superoxides (& see Oxygen) 
/ dismutase (SOD): 380-, 419, 456 

Proteolysis, intracellular· ° ~ D'n. Surface of cell (& see Plasma . ,rL"',,,, R ' 
& see Cytosol, Peptidases ecep •••• ): 191, 195,236,317,353 
_ autoproteolysis: 0, #Pr, Dg; & - charge (affecting separations 

275 &c): 147,192,197,232,236,317 

- various, e.g. regulation: 331, 
372 

Proton NMR: see Nuclear 

Proton movements: 0, H~ & other 
H entries 

° signifies see Sub-Index, p. 490 

- diseases: 190 
- vs. cytoskeleton: 209-

~-Thalassaemia: 110 

Thyroid pathology/T4 & T3 levels: 
68, 71, 75, 340, 448 
- multinodular euthyroid p.m.: 

235-
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Tiadenol: 53- Urinary analytes, esp. endogenous 
molecules: 400-, 411 

Toxins (microbial, insect): e.g. _ by NMR: 397-
134, 140, 190, 192, 196, 235, 239, 115 406 411 476 289, 317 - enzymes: -, , , 

- proteins: 101, 402, 411, 446 
Transferrin: 286, 315 

Transport processes: 0, most ~~ 
& Tr entries; & see Endocytosis, 
Gl ucose, Glycosyl. ••• , &c 

Tricarboxylic cycle intermedi
ates: 400-

Triglycerides: e.g. 21, 29,75,240 
- biosynthesis: 62, 70 

Trypanosomes: 147 

Tubulins: 233, 240 

Tumours/Transformed cells (0, T; 
& see Carcino •••• , Invas •••• , 
Metas •••• ): 62, 226-, 353, 374 
- angiogenesis factor: 375 
- liver: 62, 63, 81, 90 

Ubiquitin, degradation: 302 

Uptake processes (& see Endocyt
osis, Phago •••• , Pino .••• ): e. g. 192-, 
308, 414 
- induced (esp. cultures): 168, 

195, 301-, 383 
- temp. influence: 309 

- iodocyanopindolol: 293 

- induced proteinuria: 101, 43<r-. 
476 

Vesicles: 0, e.g. Me; & see Brush, 
Endosomes 
- coated: 256-, 263, 285 
- column/filter behaviour: 264, 

279 
- 'sidedness': 44, 196, 247, 256, 

458 

Viruses, esp. interaction with 
cells: 190, 193, 196, 226-, 231, 
232, 289 

Vinca alkaloids: 240 

Vitamin D3, Dihydroxy-: 20 

Western blotting: see Immuno-

Zinc, protective effects: 190, 
194 

Zonal rotors, use of (& see 
Centrifug ••• .Beaufay): e.g. 412, 
429. 477 

Zymogen granules: 276, 277 

OVERLEAF: Sub-Inde:l: 
denoted ° above 
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SUB-INDEX 
covering kidney, digestive system and, for aspects 

marked * below, other tissues and cells 
listed by article, in 4 'blocks' as below 

SAMPLE TYPE (& see CELLUlAR FOCUS 
later headings) Nuc=nucleus 

H = human Mt = mitochondria 
T = tumour or Ls = lysosomes 

cancer-related Px = peroxisomes 
C = cell incubate - Es = endosomesl 

CL if ce 11 1 i ne coated vesicles 
we = wh i te ce 11 s Mc = microsomes 

er = endoplasmic 
M (or +M if not the ret.iculum 

main approach) pm = plasma memb. 
= microscopy: 

Mm, morphometry; 
ImM, irrrnuno; 
CyM, cytochem. 

mv = microvilli 
Ga = Golgi complex 
So = cytosol 

OOID, e.g. pm, 
IF ISOIATED ............................. mx = matrix 

- =a NIL entry. • .............................. . 
[ ] = a minor entry, not in-depth. 
Order of listing lJithin each of the 
groups belOlJ: INITIALLY collagen (Cg)/ 
proteolysis/invasiveness; THEN ions. 

CONSTITUENTS I AGENT/PARTICU-
& PHENOMENA LAR 'SLANT' 

*EcsB = cathepsin B "Heavy meta 1 s 
(similarly D, &c) denoted Hg &c. 

*En = various Dr = drug/other 
endopeptidases chemical agent 

*Ex = exopeptidases Tx = tox in 
Ez=various enzymes Cp = complement, 
incl. markers effects &c 

ag = antigen(icity) 1m = other 
FP =j'ilJrous p:t'oteins immuno effects 
Cg = collagens Iv =invasiveness 
Pr = various proteins Id = indicator for 
~ = O2 species/meta- diagnosis/therapy 
bolism; peroxidation Ij=injury/pathol-

*IONS, e.g. H = H+: ogy, various 
~ = ingress, ~ = Mb = membrane per-
exit; ~~, exchange turbations/shifts 
(Covers ATPases; also incl. fluidity 
Enzyme egress,~) I changes 
MT = metallothionein 

On right: 293- (e.g.) = p. 293 onwards; *Dg = degradation; Dg if a structu,re 
(F-2) = art. F-2. *Tr= translccation' Tr" " 

The M~IN INDEX may gi~e moz:e detail, # = auto/endogeno~s; thus #PrDg = 

~~.~~~~~~. tc::. .. ~~S:.~~.~~~ ~~~.~: ......... ~~~~P.x:.~.t.~~~II.~! .. ~I.~.~.?~~.I!!Il).u.~~~y': .... 
KIDNEY (usually cortex): G = glomerulus, P= proximal tubule, D = distal ; 

Md = medulla; U = urine; BM = basement membrane, BB = brush border (pm) 
orBM 

G (&we) I pm(GBM); +CyM(457,; mxl ctd. in next line 
ag(incl. anti-BM); Cg(45J, 461-), EcsG&c,~ (461); [Ez~, Pr~ [~: 456, 462JI 

Incl. H: GI 13M, +IrrMl ag; Cg; Exl Id 1465- (F-9)[& 475] Cp, #Im; Dgi 453-(F-8) 

[BM: 446; we] I +IrrMl agl Hg; #Iml 445- (F-7) 

PI Nuc, Ls(l03); Mml CdMl'1 [EcsD} I Cd [Pb: 101] I 99- (A-9) 

[P&D] I Ie[~; Es(430)] I CdMl', Tr&Dg[EcsB, EcsD: 428J 1- I 427- (F-4) 

- I Ie[So] I Pr&CdMT, Dg &Tr; Au, Tr(4J6); Ni&pt, Tr(4J7)1 [Au, Hg,Pb, &c: 

- I Ie I Ezj Iml 439- (F-6) 433]1 433- (F-5) 

G & UI pm(BB; mv) [Mt, Ls: 410] liM: 412] I Ex &Ez ~U); [NaK~~: 414J lId; Hg, Ij I 

C: P(419-),Md(421-,l50),G(422-)IPx&cl Ez; ~(419-)IDr,TxI419-(F-3)[&149] 409-(F-2) 

U (vs. kidney)1 [Mt, M: 403] I e.g. #citrate, #alaninel Dr, Hg; Idl 397- (F-1) 



KIDNEY, 
Md I pml - I - I 150 ,~~~~~~,~~,~ 
PI Ls, Pxi MI -I Orl 72, 76 

G I BM I ag I Ij I 477 

H: Md I Mel NaH",~ i-I 478 

G &c [& T, CL: brai n: 391J I lTlXi IrrMl 
Cg {#Cg, Dg: 389J I [Iv: 391J I 387-

C: P ( & liver, peJ I +MI 
Ca, Tr; Na", I Hg, Or I 233 

P I mv, Es, Isi +CyM I - I T r I 477 

-I Px IEz I-I 

DiGE~TiyE "S~STEM;' '~' :' ~~'~t'~i~' ~'~';i~t~ i' '~'~ i'l'~~' 'p~"~' p~'~~'~~~'~' '( '~~ i'~'i')'~ ...... 
1 = lntestlnal mucosa (enterocytes); BB= brush border, BB if isolated 

i I BBi mv [Ls: 258li Es (258, 263-, 285) [Ga: 258) i + IrrM (260, 264) I Ez; Ex( 256,259); 
Ez,Tr(258) I Trl 255- (0-2) 

9 / i I pm, (mv), Mc /pm (BB)i [+M: 247l I Na, H",~; H, K",~; n",1 [Or: 244, 253J [Mb: 

491 

i [g: 150J I BB: Mt,pm (basolateral) lEx 1-1149- 250J I 243- (0-1) [& 285J 

rectum (biopsy)[& weJ lIs, So &c I Ez (Ca" Fe-,<~: 19J I Id I 14- (A-2) 

T, CL: pa & lungl pm, Sol Cg,FP: En 109, Iv I 373- [& 372J 

pal pm [er: 274)ICa",~: 27J-, 281, 286J {Mg",~: 274JI - I 273- (0-4) 

i, BBlpml Fe", I _ I 269- colonl pml- I - I 150 
i ImvlEn I - I 372 H: il BB: mv&cl Ezi - I 286 

LIVER: pc (or, if isolated, pel, parenchymal cells (hepatocytes); 
npc (or npe), non-parenchymal cells (See also p. 233 entry above) 

C: pe I (Start or final:) Nuc, Mt, Is, Mc, So I Pr, Dg (301 & 372); Ez, Dg(302-); 
(Ecs(B, D, H, L), pc VS. npc: 37lj [Pr, Tr:304 & 371J I. - 1299- (E-2) 

pe& npel Esi Is&cl PrTr; PrDg(321) {EzTrJ 1Mb, Trl 315- (E-4) 

pel Isl Ez I Og & Tr [Oiet: 383J I 383- 1- IIsIFe ; ~I Ij I 109- (A-I0) 

- I (Final or, for Es, start) pm, Es [Ga, Ls: 309) I Pr. Dg & Trl- 1307- (E-3) 

- I Es, LsI pm ! {Ez: 294J Pr, Tr; {Pr, Dg: 293, 295J; Ko[n",~: 290J I Mb,Tr 
_ I Is &Cl E:!sC, Ez I Ij 17 (A-I) [&122J [Tx:290JI 289- (E-1) 

pc I Nuc, Mt; er, Me, Ls, So;+MmIEz I In, Tl [Hg, 101 & 140] [As, 99,101, 134J 199- (A-9) 

OTHER SAMPLE TYPES (besides foregoing citations for we, brain & lung) 
re, red cells; fb, fibroblasts 

CL: lung alveolar epith. & wei -I Cg, Dgi 379- (Cf. lung in p. 273- entry above) 

re incl. ghosts; H: muscle; fat cells; we [T, CL: 206JI - I Ca",1 Cp; Og 1199- (C-2) 

CL &cl - I Na &c~[Na, K",~: 195J; Pr'7l Cp, Tx[Hg, Cu, Cd, Zn: 196J; Mb 1189- (C-1) 

H: re, sickledl pml Ca",; K& Ch; lipids, Dg(213); [#FP, Dg: 212, 216J I Mb I 211-

we (phago), fb (transformed) I pm, phagosomes, Soi +CyM(228)IEz; FPIMbl (C-3) 

connect. tissues, glands, sperm, &c [we: 342; T: 341] I LS,lTlXi +CyM I ctd, 219-(C-4) 
Ex[EcsB&c: 336; C: 338J;Cg; En(343-);Dgl remodelling [Iv:336];Dg!335- (E-6) 

T, CL: brain (glioma)ILs,mxl En(Cg),Ex&Ez:'7IIv, Og 1351- (E-7) 

T, CL: lung,we,&cllTlXi M,ImMI-1 Iv(Og), IdI359-(E-8) 1-lmxICg,Enl-1336,371 




