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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 Organelles) 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
editing and indexing. Certain special topics are collated 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.
Alterations 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 aversionms,
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,
e.g. Vol. 31A), including: Subcellular Components (ed. G.D. Birnie;



vi Preface & Abbreviations

2nd edn.; Butterworth), Density Gradient Centrifugation (R. Hinton &
M. Dobrota, in the North-Holland/Elsevier Laboratory Techniques 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 1latter, often skimped, relies largely on judicious
assays for markers, as amplified in a Forum-derived 'manifesto'
by Morré 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/ml) is not usually stated. For mol. wts., commonly derived by
comparison with reference proteins on gels, expression in Daltons
was felt less appropriate than Mr (or kMr, analogous to kDa). All
temperatures (°) are in degrees Celsius. Units such as M (molar)

have been favoured, although not conforming to SI practices.
Abbreviations accepted by the Biochemical Journal without definition
need no explanation here - e.g. EDTA, Tris and, for absorbance,

A (not 0.D.). Other abbreviations have been defined in the articles
concerned, but some warrant collation here:

Ab, antibody (MAb = monoclonal) i.p., intraperitoneal

BSA, bovine serum albumin i.v., intravenous
ELISA, enzyme-linked immuno- LL, lipid-lowering (hypolipidaemic)
absorbent assay PAGE, polyacrylamide gel
e.m., electron microscopy/ electrophoresis
micrograph p.m., plasma membrane
e.r., endoplasmic reticulum RIA, radioimmunoassay
FFE, free-flow electrophoresis s.a., specific activity
HPLC, high-pressure liquid s.c., subcutaneous
chromatography SDS, sodium dodecyl sulphate
Guildford Academic Associates ERIC REID
72 The Chase, Guildford 15 May 1987

Surrey GU2 5UL, U.K.
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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, 100-49].

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 cellular 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
tradition 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 KNUT-JAN ANDERSEN
Haukeland Sykehus

University of Bergen

Bergen, Norway

(during sabbatical stay with

Dr. J.K. McDonald - cf. #E-6)

* 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

Robert Wattiaux, Simone Wattiaux-De Coninck
and Veronique Carbonelle

Laboratoire de Chimie Physiologique
Facultés Universitajres Notre-Dame de la Paix
61, rue de Bruxelles, B-5000 Namur, Belgium

Both differential centrifugation* and isopycnic centrifugation
are both useful for investigating membrane pathology. Two abnormal
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 permeability 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 laboratory 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) Subcell. Biochem. 1, 217].
Some 'basics' in the MS. have been curtailed (consult 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 resulting change in equilibrium
density. Another possibility is a modification of the particle content
causing its density to change, e.g. an accumulation of 1lipids 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.

DIFFERENTTAL CENTRIFUGATION

Fig. 1 illustrates how P-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.) in 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
B-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/100 g
body wt., s.c.

From ref. [3],

by permission.

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 1 h after
re-perfusion. Later, a progressive loss of B-galactosidase from
M + 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



6 R. Wattiaux et al. [#A-1

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. 1Indeed, it is difficult to imagine by
what mechanism the hydrolases 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 results from a lysosomal membrane disruption
during homogenization owing to increasing fragility of these organ-
elles. However, for the secondary rise of unsedimentable B-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 results 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 activity 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 density-
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 1is 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
density 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 subjecting
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

[etd. 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+1) 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?/n-sec.

Ordinate ('Frequency'): Q/ZQ.Ap where Q represents the activity
found in the fraction, IQ the total recovered activity, and Ap 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

Fig. 5.
Legend on
right.
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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 addition
the distribution seen 1 h and 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 0.5M (B)
sucrose, or (C) a sucrose
gradient. Time interval of
the square angular velocity:
for Percoll and sucrose
gradients, respectively
24.6 and 144 rad?/n-sec.

FREQUENCY

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/l00 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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INVESTIGATION OF SUBCELLULAR DERANGEMENTS
IN HUMAN BIOPSY MATERIAL

T.J. Peters

Division of Clinical Cell Biology
MRC Clinical Research Centre
Harrow, Middlesex HAl 3UJ, U.K.

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-B-glucosaminidase and acid phosphatase for lysosomes,
lactate dehydrogenase for cytosol) in combination with subcellular
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 ensyme synthesis. 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 with 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]F 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. 1In 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-
morphonuclear 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 results 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.

Neutrophils Neutrophils  Myelomonocytes
Vitamin B;z binding Myeloperoxidase, Lysozyme,
capacity, pg/mg mU/mg protein pg/mg
Sample type protein protein
Controls (15) 88 +40 42.9 5.1 0.66 *0.10
Ulcerative colitis:
active (11) 336 +115P 75.6 +16.1° 2.5 +1,2P
quiescent (15) 120 *40 50.2 6.2 0.35 #0.15
Crohn's colitis (16) 217 #45° 68.5 £12.1% 2.7 £1.4P

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 f-glucuronidase
(not shown) show a significant decrease in activity in the biopsies
from patients with ulcerative colitis, both acute and, less markedly,
in remission. Activities in Crohn's disease are normal. Lactate
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-f-glucosaminidase activity,
expressed as 7% 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 12 = N-Acetyl-B-Glucosaminidase
of rectal mucosa from control
subjects ( ) and patients with
acute ulcerative colitis (‘s }):

mean distribution of lysosomal 4

marker enzyme. Activity at low d's

is due to soluble (non-latent) enz- 0 ' | : !
yme. ['Frequency': fractional activ- 1.05 115 1.25

ity % fractional density span (g/ml)]. Density
From ref. [5], by permission.

oo

F

Relative frequency
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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-f- Acid Lactate
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 0.782 4.20 #1.202 78 +13
quiescent (24) 4.80 +0.848 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 (mitochondria/
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

@ p <0.05 (both Tables) @ 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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without apparent clinical involvement of small bowel. 1In 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 [10, 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 vitro technique will avoid
such variables as gastric emptying, G-I transit, mucosal blood flow,
blood volume and renal excretion of absorbed probes [l1]. 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 (K5%). In con-
trast, damaged mucosa showed increased permeability to all probes, but
for small probes the changes in mucosal architecture leads to a major
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 3!Cr-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
with 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 of G-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. Ky and viax
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 difficult 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 radio-
activity. Net uptake is determined by correcting for adherent medium
with extracellular fluid markers [16]. Several different nutrients
including Ca®*, Fe?*, Fe3', P; and 3-O-methylglucose 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?* absorption has been investigated in normal subjects and
patients with renal stones. Fig. 3 shows diagrammatically the
technique used to study “°Ca?* absorption ism vitro. 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 vitro measurement Fig. 4. Mean (*S.E.) uptake of

of calcium absorption: 45Cq2t by duodenal mucosa, correc-
duodenal fragments in oxygen- ted for adherent medium with >7Co-
ated medium containing *3Ca?*  vitamin B;,. Control subjects, e;
with °7Co-vitamin B;2 as an patients with idiopathic hyper-
extracellular fluid marker. calciuria, o. From ref. [21].

Fig. 4 shows the in vitro uptake of “5Ca?* by biopsies from
control subjects and patients with idiopathic hypercalciuria. 1In
both groups the uptake is linearly related to the Ca?* 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 Ds. Subcellular fractionation techniques
are now being applied to follow the labelled “5Ca?*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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Lipid metabolism in alcoholic fatty liver

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 H,0 as a measure
of absolute lipogenesis rates, fragments of needle biopsy specimens
were incubated with 3H,0 in Krebs-bicarbonate buffer containing
glucose and amino acids. After 2 h the lipid fraction of the tissue
was isolated, saponified 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-'4C]palmitate in physiological buffer, and CO,, ketone body
and TG formation were measured [30]. The results 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 *61 380 *74
Esterification to TG 420 81 570 +106 580 +832
€0, production 88.5 +17.5 60.0 +10.9° 53.1 +13.39
Total metabolism 949 221 1010 il80C 1010 *170¢

~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, '“C0, 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, 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 that impaired TCA cycle activity still occurs. Similarly
impaired !'*#C0O, production from palmitate occurs even after one month's
abstention in patients with alcoholic fatty liver. Addition of malate
increases '“#CO, 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 1liver 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 organelle
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. Although 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 1iver 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.
Ultrastructural 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
alterations 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 results 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
with 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 [6-10].

N-Acetyl-B- 5'Nucleo~ N a-gluco- Glutamate Catalase

Patient glucosamininidase tidase sidase®  dehyd'ase (peroxi-
group (lysosomes) (p.m.) (e.r.) (mito'dria) somes)
Controls 2.03 x0.28 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 +15° 199 #29

(21) (21) (21) (12) (5)
Alcoholic 3.07 x0.94 21.2 5.4 0.76 *0.14 - -
hepatitis (7) (7) (7)
Cirrhosis 2.66 *0.27 22.3 +3.6%0.63 *0.06 - -

(16) (16) (16)

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

5'-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 ¢ oxidase) showed similar activ-
ities in tissue from control and alcoholic fatty liver disease patients.
Centrifugation studies confirmed these results 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 per se [1l].

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® The results are shown
in Table 2. Apart from a small increase in latent and sedimentable
N-acetyl-B-glucosaminidase in biopsies from 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 lipids on lysosomes

®Cf. R.Wattiaux et al.,#A-1, this vol.: 'free'=non-sedimentable activity.
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Table 2. Hepatic lysosomal integrity in alcoholic liver disease.
Values are % of total activity (& see Table 1l heading). Data from [9].

N-Acetyl-f-glucosaminidase Acid phosphatase
Patient group Latent Sedimentable Sedimentable
Controls 64.7 1.7 (23) 56.1 $2.8 (9) 50.6 *2.4 (9) ;’<0 oL
Fatty liver 71.8 +1.7 (132 69.4 1.0 (8)° 52.7 4.5 (7) |b,
Alcoholic _ ' p <0.001
hepatitis 58.8 4.4 (10) 38, 45 (2)
Cirrhosis 57.5 2.6 (11) 57.1 5.3 (7) 46.0 #3.0 (6)
[15, 16]. In addition, there may be 1lipid 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 results 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 (K-acetyl-f-
glucosaminidase) shows a decrease in median density . Acid phosphatase
shows a small shift, but f-glucuronidase is unaffected. This probably
reflects the 1lipid associated with hepatocyte lysosomes, reducing
their equilibrium density in the sucrose gradients. As the latent
or sedimentable activity was unaffected, this increased N-acetyl-B-
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].

B-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
alteration 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. [18]. This result
indicates that there is a relative increase in the proportion of
smooth e.r. in alcoholic 1liver 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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15 5' Nucleotidose 4 ¥-Glutamyl transpeptidase

Fig. 1. Isopycnic centrifugation
of post-nuclear supernatant from
control (+++) and cirrhotic (&)
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 1liver 1is a characteristic of alcoholic 1liver 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 ~507% of the lipid is PL with a PL:free cholesterol
ratio of nearly 8. Free fatty acids and TG each contribute ~20%
of the 1lipid. 1In fatty liver there is an ~10-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 1lipid. The PL:free cholesterol ratio

is unchanged.



30 T.J. Peters [#A-3

Table 3. Major lipid classes in alcoholic liver disease. Values
are umol/mg DNA, mean *S.E. (with no. of patients, and % 1lipid is
tabulated thus, (..%). From ref. [21], by permission.

Free Cholesteryl Phospho- |Free fatty Trigly- |TOTAL
Patient group cholesterol ester lipid, PL |acids ceride, TG{LIPID
Control (7) 3.0 #0.6 0.4 #0.1 23.5 +3.6 8.7 0.8 8.9 £2.0 l44.5
(7%) (1%) (52%) (20%) (20%) +5.9
Fatty liver 5.8 t1.4 1.4 0.3 30.8 #5.7/8.6 1.8 96.5 122.5b|143b
(10) (4%) (1%) (28%) (8%) (56%) |+40
a
Cirrhosis 4.4 *1.4 0.51 +0.11 17.4 *2.6;5.0 tO.Sa 34.8 111.9162.1
(6) (7%) (1%) 128%) (8%) (56%) ltlS.S

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

In cirrhosis the total 1lipid 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 1lipid 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. 0'Connell et al.,
#A-9, this vol.-Ed.). There is a reduction in the proportion of
polyunsaturated fatty acids that may be due to enhanced 1lipid 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. 1,
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Needle biopsy

Gentle homogenisation in 2ml 0.15mol/I NaCl containing NaN,; + Na,EDTA
[Density 1.006 g/mli]

Centrifuge 26,0009 for 30 minutes at 20 C == Supernatant [Macro droplets]
Infranatant + pellet vigorously rehomogenised

Centrifuge 100,000g for 18 hours at 10 C
|

Pellet [Membranes) Supernatant [Micro droplets}

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 Membranes Macrodroplets Microdroplets
Controls (6) 37.1+8.2 (84%) 4.5 £1.7 (9%) 3.3 £1.2 (7%)
Fatty liver (6) 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-1ipid
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 >807 of the lipid is membrane-
bound. Surprisingly, even in severe fatty liver, although there
was a 3- to 4-fold increase in lipid in the floating lipid fractionms,
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 1liver biopsies were subjected to
analyltical 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 = 1.13. This corresponds to Golgi marker enzymes.
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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].

It is thus concluded that a significant proportion of the accumulating
lipid in alcoholic fatty liver is membrane-bound 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 exocytic vesicles, possibly consequent upon the
changes in membrane fluidity referred to above, remains to be determined.
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The study of Mt and Px B-oxidation (which diseases or zenobiotics
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 B-oxidation by Mt (incl. chain-length aspects; assay
conditions; polarographic measurement; radiolabelled substrates;
spectrophotometric assays).

#Preparation and use of Px fractions.

- Isolation of Px fractions. - Measurement of Px B-oxidation (incl.
photometric assays; radiolabelled substrates). - Assay of Px B-oxida-
tion with isolated fractions (incl. media; factors influencing rate;
FFA vs. acylCoA as substrate; CoA and BSA roles; post-incubation
gradient-centrifugation Px patterns).

#Radio-HPLC analysis of acylCoA metabolic intermediates (incl.
monitoring; metabolite recovery).

For Px 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 hydroxytoluene; BSA, bovine serum albumin; DIT,
dithiothreitoly; PCA, perchloric acid; RCR/RCI, respiratory control
ratio/index; s.a., specific (radio)activity; THF, tetrahydrofuran.
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Mt and/or Px pB-oxidation (as reviewed:- [1]), whose character-
istics somewhat differ, 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 p-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 B-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 questionm.
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 fractioms
- 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 B-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
procédure 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-'“C]lpyCn 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 involves condensing
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N,K-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 acylCn'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 BHT
(0.005% w/w) in all solvents used. They are best stored at-70° as
methanolic solutions (of defined' concentrations) containing BHT.
On the day of use, small aliquots are withdrawn, methanol is evaporated
with a N, stream, and the residue dissolved in a set volume of water;
5 or 10 mM is a convenient working strength. Saturated or mono-
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 1-!“C-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 (<10-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
F-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° for several months.
In 10-20% molar excess, reaction with 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 with 50 mM DIT for ~30 min; the DTT is then removed by passage
through a Sephadex G-10 or G-15 column. This approach has furnished
14c-1abelled 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 -OH 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 HC1) unless the FA is <10-C. Repeated solvent-extraction
steps lead to a white solid. Where the FA is <10-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 ([l4]; 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 mM glutamate + 1 mM
malate). The RCR is the ratio of the rate with ADP present in limiting
amount (usually ~10 mM; 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 B-oxidation rates. This can
be particularly important for many polyunsaturated FA's whose B-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 Preface (clso 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?* released during homogenization: e.g. 300 mM
mannitol, 10 mM Hepes, 0.1 mM 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 B-oxidation
[9], attributable to dehydration of the matrix; cardiac or skeletal
muscle Mt hardly show this effect (H.0., 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 B-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 f-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 pM) will be B-oxidized directly, while acylCoA's
also need added Cn (L, to 0.5 mM) in the incubations. With long-chain
FFA's (10-20 uM), Cn, CoA-SH (0.1 mM) and ATP (1 mM) are all needed,
and the ADP/ATP ratio may require adjustment to get maximal B-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, B-oxidation only required ADP (+ phos-
phate) to stimulate the flux.

Polarographic measurements of S-oxidation.- Direct polarographic
measurements of B-oxidation are feasible with liver Mt in state 3
or state 4 (uncoupled) when the citrate cycle is inoperative (e.g.
with 5 mM malonate or 50 pM 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 B-oxidation [23]. 1In state 3 some of the NADH formed during
B-oxidation reduces acetoacetate to 3-hydroxybutyrate, so that the
B-oxidation rate slightly exceeds that indicated by recorded oxygen
uptake [24]. If malonate is replaced by 2 mM 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 B-oxidation
to operate [1, 25].

Ideally all B-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 B-oxida-
tion. CO, 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 B-oxidation
is decreased, since the oxidation proceeds only as far as butyryl-
CoA [27].

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

® 34 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 1liver, ketone bodies; with isolated hepatocytes, glucose).
B-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 radiocactivity plus '“CO, com-
prise the total flux through B-oxidation.

PCA precipitation is non-quantitative for FA's below 12-C, for
which the acylCoA de'ases may be genetically deficient such that
fibroblasts oxidize the FA's poorly. Only !'“#CO, can therefore be
measured in simple experiments with these FA's as substrates. Using
[!%Cloctanoate, 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 cytochrome 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 f-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 ¢ from the acylCoA de'ase reaction [30]. A
high concentration of oxaloacetate (10 mM) 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 B-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 mM ATP present [28]. With
skeletal muscle Mt the reaction tends to accelerate before reaching
a steady state. When B-oxidation is deficient, it may be useful
to measure also the oxidation of 10 mM succinate (omit oxaloacetate)
or of 10 mM 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 PB-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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requiring only 50-110 pg 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 (ITII) [not commercially available] whose absorption coefficient
is ~2.6 times that of ferricyanide (D.M. Turnbull et al.; see [28]).

Cytochrome ¢ (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 MgCl,, 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 ¢ is followed at 550 nm has been applied
to skeletal muscle homogenates oxidizing pyCn [31]; but the extent
of non-specific reduction is unclear. 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 f-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) B-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 PB-hydroxyacyl-CoA de'ase on an intermediate formed
by this oxidase [see 1]. This problem can be overcome by assaying
the acylCoA-dependent H,0, 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
[1-1%C]- or [U-!'“C]-pyCoA, B-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 Mt, e.g. a tissue homogenate.
It is of course possible to block Mt f-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. 1In general the assay procedure
can provide meaningful results where, as after hypolipidaemic drugs
[cf. R.K. Berge, #A-5 in this vol.] there is a large change in B-oxidat-
ive activity [47].

A similar but more precise approach [48] entails measuring the
ratio of oxidation rates obtained with [1-!“C]- compared with
[16-!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 B-oxidation - which will usually not degrade
the FA's sufficiently to generate acid-soluble !“%C from [16-!%C]-
palmitate as occurs with Mt B-oxidation. Use of the latter therefore
serves to correct for remaining antimycin-sensitive Mt B-oxidation.
This approach has been used to get an estimate of Px f-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 B-oxidation with isolated fractioms

Media.- In classical studies such as those of C. de Duve, Px
B-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 1incubation 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 KC1 medium [11].

p-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 B-oxidative activity exhibits latency. (The difference in
substrate between Fig. 1 and Fig. 2 is not pertinent.)

FFA vs. acylCoA as substrate.- With FFA, conversely to the above
effect, p-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 14C~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
B-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 conditions are solubilizing or non-solubilizing
(Fig. 5). FA's must be added as BSA complexes, since commonly used
organic solvents inhibit Px f-oxidation (Fig. 6). FFA's incubated
with isolated Px under non-solubilizing conditions are chain-shortened
by 2-3 cycles of B-oxidation [l4], analogous to findings using acyl-
CoA's [10, 45].



#A-4] Subcellular fractions and B-oxidation 45

Fig. 1. Effect of incubation conditions on 60
acylCoA B-oxidation by a Px fraction (from >
liver of rats fed for ~10 days on a diet =
containing 0.5% w/w clofibrate; isolated in 3 a0k
a Percoll gradient [see 11]; 1.5 mg protein 3
/assay), with 50 pM (~5000 dpm/nmol) [9,10- ® ot
(n)3H]pyCoA in 2 ml of a medium containing: -
o: 130 mM KC1, 10 mM Hepes, 0.1 mM EGTA, §20'
2 mg defatted BSA/ml, 0.5 mM pyruvate, 1 mM . |
NH4,C1, 0.5 mM NADY, 0.1 mM NADP*, 1 mM DTT; w
10 pg antimycin and 2 mU LDH/ml; pH 7.2; or od L ”
O, 30 mM K phosphate; NAD*, NADP*+, DTT, LDH, e tine. o
NH4Cl and antimycin as in o 0.2 mM CoA-SH,
0.005% (v/v) Triton X-100; pH 7.5.
During the incubation (37° shaking water
bath) 200 pl aliquots were added to 200 pl
ice-cold 5% (w/v) PCA and centrifuged; the
radioactivity in the supernatant was measured.
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Fig. 2. AcylCoA B-oxidation Fig. 3. FA B-oxidation by Px:0,

rates: e, non-solubilizing con- non-solubilizing conditions, vs. e,
ditions as for o in Fig. 1, vs. solubilizing conditions but with 2mg

O, solubilizing conditions as BSA/ml. Other details: Fig. l legend.
for O in Fig. 1 but with 2 mg Mg-ATP (5 mM) present to aid FA acti-
BSA/ml. Other details as in vation by the acylCoA synthase. Subs-
Fig. 1 legend, but with [1-C]- trate: [1-'%C]linolenic acid (50 pM,

oleyl-CoA (50 uM, 6700 dpm/nmol) 4500 dpm/nmol); very similar results
and 0.6 mg Px protein. found with [1-'%CJoleic acid.
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Fig. 4. p-Oxidation by Px fractions
(1.4 mg protein), under non-solubilizing
conditions, of [l+t%C]-oleic acid () and
-oleoyl-CoA (O), each 50 pM (6500 and
6700 dpm/nmol respectively). Incubates
as in Fig. 1 (2 ml vol.), with 5 mM Mg-
ATP in e, as in Fig. 3 legend.

Fig. 5, below. Effect of added CoA-SH
on B-oxidation by Px fractions (l.1 mg
protein), under non-solubilizing condi-
tions, of [1-!%Clpalmitic acid (50 uM;
3400 dpm/nmol). Incubates as in Fig. 4,
with Mg-ATP. No CoA, 03 0.2 mM CoA, A.
With Triton X-100 (0.005% v/v):

no CoA, o; 0.2 mM CoA, (.

[

nmol [1-1%C]palmitate as acid-sol radioactivity/mg protein

0 1

£

nmol fatty acid as acid-sol.
radioactivity/mg protein

S

T

[#A-4

1 1

1
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Incubation time, min

15
Incubation time,
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Fig. 6. Effects of various > 30

solvents on g-oxidation by S

Px fractions (180 pg protein), b

under non-solubilizing conditions, 3

of 50 yM (solid symbols) or 10 M I3

(open symbols) [1-!'“C]linoleic =

acid (4500 dpm/nmol). MgATP (5 mM) a

present; incubation in 200 ul, for T ar

10 min; 200 pl ice-cold 5% PCA -

added for termination. Details °

otherwise as in Fig. 1 legend. S

Solvents present (concn. as given o

in the Fig.): 2 ok

o,e: ethanol; £

O,m: dimethylsulphoxide; =

A,A: dimethylformamide. i,%’ %
g€
< 0 1 1 1

)
‘ 5 10
% (v/v) solvent in incub. medium

Post-incubation gradient centrifugation.- Percoll gradient runs
with marker enzyme assays were performed on iso-osmotic KC1 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 (fraction7) 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 B-oxidation fluxes
to be determined. However, overall rates may not throw light on
sites at which drugs or disease may impair B-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 B-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° 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-100.
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, 50] 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 '“C- 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 (100 ul) and washed
with diethyl ether (3x5 ml); saturated (NH4;),SO, (100 pl) is added,
then chloroform/methanol (l1:2 by vol.; 6 ml, added slowly). After
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Fig. 8. HPLC, with radio-
monitoring (lower panel), of
rat-liver Mt incubated with
120 uM [U-}“C]palmitate

(5 pCi/pmol), in the presence
of rotenone (10 pg) [49] and
also 5 mM 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].

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
N, stream is suspended in 50 mM K phosphate (pH 5.3; 400 pl), and
200 pl is chromatographed. Recoveries (mean *S.E.M.; n=3) as estab-
lished with authentic acylCoA's were 99 *3, 100 34 and 68*5%Z for
butyryl-CoA, octanoyl-CoA and tetradecanoyl CoA respectively. The
essentiality of the (NH,),SO, treatment was evidenced by the lower
recoveries if it were omitted: 74 *2, 12 t4 and 8 *1% respectively.
In preliminary studies, liver Mt were incubated with [U-!%C]palmitate
and the incubates treated and analyzed as above. The accumulation
of U-!'“C-intermediates was satisfactory, especially in the presence
of rotenone to slow the flux through f-oxidation. Fig. 8 shows a
representative run.
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PHARMACOLOGICAL AND TOXICOLOGICAL ASPECTS OF
PEROXISOME PROLIFERATORS

R.K, Berge, N. Aarsather, A. Aarsland and T. Ghezai

Laboratory of Clinical Biochemistry
University of Bergen
N-5016 Haukeland Sykehus, Bergen, Norway

In male rats, LL* drugs including clofibrate, tiadenol, niadenate,
nicotinic acid and cholestyramine differed in their effects on hepatic
engymic activities involved in long-chain fatty acyl-Cod (pyCoA)
formation and breakdown, and on peroxisome § 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-CoA
content was strongly correlated with pyCod hydrolase and peroxisomal
B-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-CoA. Hence the acyl-Cod 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

*gbbreviations - by author: see text, e.g. M =a centrifugal fraction;
editorial: antihyperlipidaemic/lipid-lowering/hypolipidaemic, LL;
palmitoyl-CoA, pyCoA; specific activity, s.a.; centrifugal integral
(‘effect') as measure of g-min, ci=,ffpm?dt x 1078 min.
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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 1lipolysis, 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-f-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 f-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 peroxisome
B-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 B-oxidation, the hydrolase and B-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 mM pH 7.4 Hepes) at 0-4° by a procedure [17] based on that of
de Duve et al. [18], using a Sorvall RC-5 centrifuge and a HB-4 rotor
(rad. 4.8 cm min., 14.6 cm max.). 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); L,, 1light mitochondrial
(ci 433 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.- Mry: 19,000, 59,000 (1 subunit in
each); szo,w (8): 2.1, 4.3; Stoke's radius: 19, 31 &; pI: 6.0, 6.9;
susceptible substrates: C-10 to C-18 and C-7 to C-18 (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 ahigh 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 peroxisome-enriched fraction (L;) 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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and (l1.3-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 hydrolyase activity [l4, 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 B-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 1.8-fold and the cyto-
solic activity 1.5-fold, but hardly affected the L-fraction activity.

Approaches entailing isopycnic equilibration

The foregoing classical centrifugation approach gives insuffici-
ent resolution to determine whether acyl-CoA hydrolase activity is
also present in the peroxisomes. As an alternative to L;, a fraction
designated L, enriched in mitochondria and peroxisomes was prepared
(between ci = 2.1 and ci = 12). 1In order to prepare pure peroxi-
somes, L, was further fractionated in a linear gradient of 38-49%
(w/w) sucrose, using a vertical rotor, Sorvall TV850 [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, and
L,) after subcellular fractionation depended on the centrifugal cut
taken.
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Observed influences.~ With both L; and L, the recovery and (see
Fig. 2) the s.a. of catalase fell after clofibrate or tiadenol adminis-
tration, and the s.a. of peroxisomal B-oxidation activity rose. L,
also had decreased urate oxidase s.a. Both recovery and s.a. of
pyCoA hydrolase rose in L; and fell in L, following treatment with LL
agents, indicating that most of the extra activity after administration
of peroxisomal proliferators is localized in particles that have 3§
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 S to be estimated [17] for peroxisomes,

lysosomes and mitochondria.-
t

(¥/100) 1} - z2s[xem’ 4t

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

(‘2'=) logjo{l - [1 - (R, /R_)

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 § values of 20,650 S and 4400 S for clofibrate-treated animals
and 19,500 S and 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 § 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, a single
population of particles was evident for mitochondria in normal rats
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Fig. 3. Sedimentation profiles, normal (o) and after clofibrate (@),
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 (P,), heavy (Py) and light (P ). Figs. 3 (in part)
& 4 are from ref. [17], by permission.

or after clofibrate (3 = 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,
s = 11,860 and 4,240; the latter was notable in having a high s.a.
for pyCoA-dependent dehydrogenase activity compared with urate oxidase
and catalase [23]. Peroxisomal B-oxidation surpassed catalase in
polydispersity: clofibrate gave § = 11,860 and a range from 4,200
to 850, compared with a single 5 value (6,160) in normal rats.

Lysosomes show no change in acid phosphatase s.a. or polydisper-
sity after pevoxisomal 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 S 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 L, fractionm, which
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Fig. 4. Determination of 5, normal (o) 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 B-OXIDATION, LONG-CHAIN ACYL-CoA
HYDROLASE ACTIVITY AND PEROXISOME PROLIFERATION

With all four of the absorbable drugs tested, there are increases
in peroxisomal B-oxidation and in pyCoA Thydrolase 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 [l4].
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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 B-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 B—-OXIDATION AND pyCoA HYDROLASE

In our experiments niadenate and tiadenol were considerably
more potent than clofibrate in inducing enlargement of the 1liver
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 f-oxidation, a common
regulatory mechanism for these two enzyme systems is plausible.
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Long-chain acyl-CoA, the substrate for both pyCoA hydrolase
and peroxisomal PB-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-CoA content,
but not the free CoA-SH, VUS. pyCoA hydrolase and peroxisomal S-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 f-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)-1,10-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 B-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 PB-oxidation. Lipid accumulation in
the livers of chlorpromazine-treated rats is well documented, but
is not accompanied by peroxisomal proliferation ([31]; cf. #A-1, 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 My 60,000 is reported to hydrolyse

propanidid and aspirin [32]. Recently 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, immunoprecipitation 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),
although 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/10T1/2 Cl18), we have looked for 'Type III foci',
which are of 2-10 mm 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):
#0ne treatment only

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

#Two treatments

2nd with 0.5% acetone; first: same - 1/54 [relative plating effi-

ciency taken as 100%]; MCA, 3.7 uM-10/42 [69]; 0.37 pM~2/41 [87];
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First with MCA, 0.37 uM; second with -
#12-0O-tetradecanoylphorbol-13-acetate (TPA; a known promoter): 24/50
[68];
#niadenate, 5 uM -4/29 [112], 20 pM- 9/35 [94]; clofibrate, 5 pM -
8/23 [55]; tiadenol 2 uM-2/24 [96], 5 pM-0/11 [not determined],
20 pM -~ 0/17 [74].

Evidently MCA-treated Cl8 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 B-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 H,0, 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 mutagenic: (2) both induce peroxisomal
B-oxidation in vivo andin vitro; (3) both lead to lipid accumulation.

For LL drugs, increased synthesis of the peroxisomal B-oxidation
enzyme, which generates H,0,, 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 H,0, 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 LL® 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
showed 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. 4s 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 tr'ase.

The LL drugs related to clofibrate have been intensively studied
over recent years. They are not mutagenic in a wide variety of prokary-
otic and eukaryotic test systems [l], 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

e bbreviations: LL, lipid-lowering (hypolipidaemic); DEHP, as in
title; e.m., electron microscopy/micrograph; GA tr'ase, UDP-glucuronyl
transferase; oGP 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. Although 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,
#fA-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
Unit. 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 1limited
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 pum sections), but frozen
fixed material was used for 0il Red O staining. Besides H & E, the
following stains were used.- Periodic acid-Schiff for polysaccharide
with and without diastase digestion to remove glycogen, 0il Red O
for neutral lipid [12]; and Nile Blue for acidic 1lipid, Schmorl's
stain for lipofuscin, Perl's Prussian Blue for iron, Masson-Fontana
stain for melanin [13]. For e.m., tissue cubes (~0.5 mm, cut with
2 disposable microtome blades) were fixed for 6-8 h, washed overnight
in the buffer, and counter-fixed for 2 h; 0sO, 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?*-free pH 7.4 buffers - Krebs-Ringer
phosphate (PBS), and HCO37/95% 0,-5% CO, (C). The rats (male) were
anaesthetized with pentobarbital. The portal vein was cannulated
22 swg x 32 mm 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 mM CaCl,. 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 10® with via-
bilities >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 [#A-4, #A-5, #A-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.

- (¢) 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.



#A-6] Effects of hypolipidaemic agents 71

iv) The lysosomes were not stained by Masson & Fontana's stain
or by Perl's Prussian Blue, indicating absence of melanin and iron.

These results are consistent with accumulation of peroxidized
lipid within the lysosomes. This conclusion is supported by e.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, B-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). 1607 §0mg/kg/day
Taking account of later WO Ty FENORIBRATE
experiments, the appar- 21201

ent change in T3 was E s

insignificant. Lower ST E %'l | % T2 2 2 3 % Weds {5 WEEKS
or higher doses gave S 80y TN T \ai\%\
the same trends of T4 o LN/ ™, e

change. It was also ¥ e’

seen with clofibrate
(400 mg/kg per day).
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Fig. 2. Thyroid e.m.'s: gbove: control; apposite p-: after DEHP

treatment (! 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% 0s0,/0.1 M cacodylate. Counterstaining with
uranyl acetate and Pb citrate. Bars = 1pm. 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.



#A-6] Effects of hypolipidaemic agents 73

- (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; lower: after
clofibrate treatment (400 mg/kg per day for 21 days). Processed as for
Fig. 2; bar = 1 pm. G, Golgi zone;SG,secretion granules (IS, immature); N,

nucleus.
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Fig. 4. Photomicrographs
of kidney sections: right
control; below, 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.

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 !2?®I-T3 to the nuclear receptor
to be only slightly affected by clofibrate: there was ~15% displacement
at 0.1 uM 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 alterations in thyroxine metabolism in the 1liver.
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 induction [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. o-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 upmol/min per mg protein: mean *S.E.M. (& no. of animals).

GA tr'ase aGP de'ase
Control 4.02 *1.60 (4) 45.6 *5.9 (8)
DEHP 3.57 *1.22 (4) 74.6 4.3 (4) each p <0.05
Arochlor 7.01 *0.75 (4) 24.9 3.5 (4) v8, control

apparent fall in the plasma half-life of T4, but saw no significant
increase in biliary excretion of !25I-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 result is sustained induction
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 glucose-6—phosphatase
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
although 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 proliferating agents. The changes are indicative of hyper-
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activity. Prolonged administration of corn o0il 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 [l] 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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THE USE OF CYTOCHROME P-450 ISOENZYMES AS AN
INDEX OF ENDOPLASMIC RETICULUM CHANGES

G. Gordon Gibson and Raj Sharma

Department of Biochemistry
Division of Pharmacology and Toxicology
University of Surrey, Guildford GU2 5XH, U.K.

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 methodology and hence data interpretation.

GENERAL PROPERTIES OF CYTOCHROME P-450

Before discussing in detail the role of cytochrome P-450 analysis
in the monitoring of subcellular derangements, it is informative
to consider some of the enzyme's general properties in order that
the reader can fully appreciate the analytical problems concerned.

- The enzyme is a haemoprotein of monomeric kMy ~45-55.

- Ubiquitous distribution, occurring in prokaryotic and eukaryotic
cells. Detectable in almost all mammalian tissues, the liver being
the richest source, and localized in the e.r.

- Terminal haemoprotein component of the mixed-function oxidase system
and catalytically functions as a hydroxylase enzyme. Additionally
has NADPH-oxidase and peroxidase activity.

- Responsible for the metabolism of hundreds of drugs and chemicals
and endogenous substrates including steroids, fatty acids, vitamins,
prostaglandins and leukotrienes.

- Exists as isoenzymes (multiple forms), the relative proportions
of which may be modulated by xenobiotics.

- Plays a role in both the pharmacological deactivation and toxico-
logical activation of drugs and chemicals.

SPECTRAL DETERMINATION OF CYTOCHROME P-450

The original method of Omura & Sato [l] takes advantage of the
fact that cytochrome P-450, when in the reduced ferrous state, complexes
CO resulting in the formation of a strong 'soret' band at 450 nm.
As the extinction peak for this soret peak is known [l], the gross
cytochrome P-450 content is readily determined. However, this
technique suffers from several disadvantages including the following.

- The assay method only quantitates the holoenzyme (i.e. incorporating
the CO-reactive haem prosthetic group) and does not take into account
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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 comntent, 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 rationalized 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-léa-carbonitrile;
ARO, Arochlor 1254; 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 PB PCN ARO MC
Ethylmorphine 13.7 #0.8 16.8 4.3 24.9 *#3.9 9.5 *1.2 6.4 0.5
Benzphetamine 12.5 *1.2  45.7 *14.0 6.6 *0.7 15.8 *2.7 5.7 *1.1
Benzo(a)pyrene 0.14 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

Cytochrome P-450 . 1.14  1.90 ;mol/mg proteln .. ...
F#-Demethylases:
benzphetamine 12.00 *0.01 4.90 *0.09

nmol HCHO product formed
/omol cytochrome P-450/min

aminopyrine 11.87 #1.26  5:93 20.10 e sereeenese e sessen s
Lauric acid =TT total 11-OH + 12-0OH formed
hydroxylase 1.53 +0.25 7.55 #0.20 /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 P-452

substrate specificity with that of cytochrome P-450y).

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-450y, = a major PB-induced
isoenzyme, purified to electrophoretic homogeneity. The tabulated
activities are nmol product formed/nmol P-450/min. Derived from [7].

Substrate P-452 isoenzyme P-450p isoenzyme
Lauric acid (w-hydroxylation) 43.0 6.7
Benzphetamine (N-demethylation) not detectable 281.0
Testosterone Ta " " not detectable
(hydroxylation) 160 " " 5.2
68 " " 4.6
ZB " n 3.0
Ethoxyresorufin (0O-deethylase) " " 0.4
fatty acid B-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 f-oxidation system.
Sustained proliferation of peroxisomes in rodents almost always results
in hepatocellular carcinomas [8], and the above short-term changes
in both cytochrome P-450 and peroxisomal B-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.

IMMUNOCHEMICAL 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, including
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 immuno-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 A,q9g 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's to rat-liver cytochrome
P-450 in both rabbit and sheep. 1In our experience, the immunization
schedule is very, important. For example, if low initial doses (~100 pg
antigen) are given followed by infrequent boosts, then a specific
Ab will result. However, if high initial doses (~500-1000 pg) 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 B-naphthoflavone [7]. Furthermore, this
Ab reccgnizes 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 12-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;
controls received 5 ml/kg). Values are means *S.D. (6 individual
animals). Significant differences (Student's t test) vs. control:
! = 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) 7.41%0.383 1.48+0.31? 0.297+0.0603[20.20%2.29°
DEHP (1200) 7.10%0.38° 1.54:0.143  0.280%0.0453(18.30%3.14°
MEHP (100) 6.30%0.542 1.27+0.09'  0.108+0.0303| 8.47+2.15°
Aspirin (500) 6.56+0.61% 1.54+0.39? 0.148+0.0583| 9.55¢2.543
Bezafibrate (200) 7.80%0.703 1.21%0.25 0.347+0.1073(30.38.793
Nafenopin (180) 7.45+0,593 1.27+0.14 0.340%0.0943[26.53%5.483
Clofibrate (250) 6.80+0.403 1.43+0.16'  0.317+0.0633{22.2%4.553
Clobuzarit (50) 6.95+0.18° 1.55+0.26'  0.317%0.0533|20.63+2.26°

Either 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 12-hydroxylase activity, the latter possibility is the more
plausible.

As mentioned above, hypolipidaemic agents induce both hepato-
megaly and lauric acid 12-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 inducers, 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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Correlation matrix to show the inter-relationship between

hypolipidaemic-induced subcellular liver changes. (Enzyme activities:
x, oxidase or hydroxylase; t, transferase; dm & de, desalkylases.)

dxee &oﬂ\’ enoyl- o

lauric acid @ %% % CoA & 2 &
& PR £ 2

O hydroxylase Q)ov’e Q/'boé, GQ%;@" Y ﬁ\r‘b @o" N4

N e A0S %0 & FTLT (e

NN Y AR S S S ¥ &
< » .9 Q W 4:_’\« < ,(/&0' < > dp« R & g

PR AN NV R VY o'bgob O & vq}‘ Q'b &S 07 Peroxi-
cyt cyt' zL'!' xL'? “zP tCA tCP ecA ‘ecA' dmB deE  SUM3l
cyt 0.391 0.311 0.482 0.268 0.121 0.198 0.301 0.280 -0.299 -0.405 0.186
cyt' 0.690 0.776 0.945 0.922 0.907 0.739 0.747 -0.731 -0.932 0.973
xLlt 0.894 0.736 0.778 0.725 0.544 0.559 -0.309 -0.549 0.646
zL!? 0.768 0.741 0.752 0.450 0.464 -0.512 -0.656 0.750
xP 0.964 0.949 0.837 0.845 -0.630 -0.920 0.970
tCA 0.919 0.779 0.795 -0.624 -0.867 0.962
tCP 0.792 0.794 -0.667 -0.884 0.938
ecA 0.999 -0.398 -0.794 0.741
ecA' -0.398 -0.795 0.741
dmB -0.844 -0.746
deE -0.937

order to highlight any relationship (or lack thereof) that may exist

between the various liver parameters assayed.

the outcome.

Table 5 summarizes

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 [10].

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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DRUG-INDUCED MITOCHONDRIAL PROLIFERATION
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Although proliferation of mitochondria has been noted in the
liver of patients suffering from a number of illnesses, the relation
of this phenomenon to the disease is not known. Several liver carcino-
gens are known to induce mitochondrial proliferation shortly after
administration; but again, the relationship to hepatocarcinogenesis
is not known. Several carcinogens having this effect are not detectably
mutagenic, suggesting that their effect on mitochondria might be
related to carcinogenesis. The most notable mitochondrial-prolifer-
ation carcinogens are methapyrilene (formerly a commonly used anti-
histaminic), diethylhexylphthalate (DEHP; a widely used plasticizer),
nitrosodiethanolamine and nitrosomethylethanolamine (both contaminants
of cutting oils and cosmetics). Methapyrilene induces liver tumours
in rats, but not in other species, and several structurdlly close
analogues are not carcinogenic. These analogues do not induce mito-
chondrial proliferation, nor does methapyrilene in-species other
than the rat.

Proliferation of mitochondria is not a very common situation
in cells, but has been noted in the 1liver of various hospitalized
patients: in about one-third there was an association with chronic
hepatitis 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 ultrastructural 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 vitro or in vivo, have failed [8].

POSSIBLE BINDING OF METHAPYRILENE 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 nilj;
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%), 0.27.



#A-8] Mitochondrial proliferation 91

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 mitochond-
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 mitochond-
rial proliferation is not transient: it persists if the treatment
is continued, and is seen in thehepatocellular 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 METHAPYRILENE 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



#A-8] Mitochondrial proliferation 93

Fig. 2. Cell from hepatocellular carcinoma in rat treated with
methapyrilene hydrochloride for 1 year. x6400.

[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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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
methapyrilene, it was added to liver-cell cultures (25 pg/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 culture, 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-Schiller & 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
mitochondrial increase was less spectacular. The positive 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 1liver. 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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ULTRASTRUCTURAL MORPHOMETRIC/BIOCHEMICAL APPROACHES
TO ASSESSING METAL-INDUCED CELL INJURY

Bruce A. Fowler

National Institute of Environmental Health Sciences
P.0. Box 12233, Research Triangle Park, NC 27709, U.S.A.

Correlated approaches (as in title) have been used to assess
mechanisms of metal- or 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 or 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 3'P-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, 8-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
injury have led to the use of ultrastructural 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. Morré 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 [1], 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
results emerged from evaluation of mitochondrial membrane struct-
ure vs. 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 CAMT 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?* 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
Cd2* or CAMT in vitro at concentrations in excess of those measured
in kidney lysosome pellets from im 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, opposgite)
a rat injected with indium chloride (20 mg/kg, i.p.) 16 h earlier
showing e.r. dilatation and degranulation. x11,200.

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 results 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 functional indices, it is
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Fig. 2. Kidney proximal tubule cell from a rat injected with CdMT,
showing apical vesiculation (arrow) 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 intranuc-
lear lead inclusion bodies (arrows). x9,400. (Dose: 3 mg Pb/kg.)

Fig. 4.

Hypothesized roles for Pb-binding proteins in mediating Pb effects
in a renal proximal tubule cell in respect of both the haem biosyn-
thetic 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 would 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.? 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 within normal intact
cells can be illuminated by such study of relationships between bio-

chemical functionality and organelle structure. .
[ t*Footnote opposite
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Table 1. Hepatic parameters in control and indium-treated rats -
adapted from Tables in ref. [3], 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; !=p < 0.06, 2=p <0.05, 3=p <0.01.
For la and 1b (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 7.0 7.3* p <0.01
Vacuoles 12 92 62 5° p <0.05

1b: Surface densities of different membrane types, m®/cm® 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 6.54° p <0.01
Rough e.r. 2.92 3.22 3.81% 4.25° p <0.01
Smooth e.r. 0.06 0.22 0.21 0.41* p <0.05

lc: Microsomal enzyme activities, mmol/substrate converted/min/mg protein

Aminopyrine demethylase 5.2 5.5 5.8 5.3 NS
Aniline hydroxylase 47.5 34.9%2 30.12 30.7° p <0.01
Ethoxyresorufin-0O-deethylase 23.6 21.4 16.5 17.0% p <0.05
NADPH cyt. c¢ reductase 105 96 96 86 NS
Acid phosphatase 27.5 23.8% 22.7% 20.3° p <0.001
B-Glucuronidase 7.0 8.8 9.2 6.7 NS
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Tissue damage due to iron excess is an important clinical problem.
Ferritin is the main iron protein in normal liver. However, in iron
overload haemosiderin is predominant. It accumulates in lysosomes
and is associated with increased fragility of these organelles [1].
Ferritin and haemosiderin will stimulate free radical reactions in
vitro [2, 3] and such species may therefore mediate lysosomal damage
in vivo. Methodology for the preparation and analysis of haemosiderin
and lysosomal 1lipids 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 1. 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
B~thalassaemia. Apoferritin and apohaemosiderin were prepared by
dialysis 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 ~407% 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 conjugated 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 LYSOSOMES 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/100 g body wt.)
for 3 days before sacrifice to increase the density of hepatic lyso-
somes. Liver homogenates (5%w/vin 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 1layered onto discontinuous sucrose
gradients (5 ml 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-B-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 hydroxytoluene. 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 7 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 1lysosomes. 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 (pg/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 Iron-loaded
Total iron 4.3 x1.5  25.4 +16.7 | 0.36 +0.10 0.61 *0.20
Arachidonate 16.2 *2.2 10.2 *1.7%{20.8 +0.8 17.6 +1.2%
DBI/S 2.13 #0.32 1.49 #0.18% 3.61 *#0.23  3.09 #0.41*
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Lysosomal storage diseases are characterized by a massive intra-
lysosomal accumulation of undegraded material, causing dysfunction
of the cells involved [1]. The storage can have different causes,
viz. (1) a generalized deficiency of one or more enzymes in the lysoso-
mes, (2) deficiency of a cofactor required for the stability of one
or more enzymes, or (3) deficiency of a cofactor required for expression
of activity in vivo [2-5].

To obtain information on the molecular basis of lysosomal storage
diseases it is essential to study ensymological and cell-biological
properties of the enzyme(s) involved in tissues and cells from eontrol
subjects and from affected 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 of glucosylceramide,
the substrate for the deficient enzyme GCase*, accumulate [6].

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

@ Address for correspondence.

* Editor's abbreviations: 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 hydrophobic 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 B-glucosidases
are discussed in part below.

1. B-GLUCOSIDASES IN TISSUE

Using the artificial substrate &4-methyl-umbellipheryl-8-gluco-
side (4MU-8-glu), one can discriminate between 3 different B-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-B-epoxide (CBE), and is unable to hydro-
lyze the glycolipid glucosylceramide. 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
kMy value of ~60 [22].

Table 1 summarizes the properties of this enzyme, and of a second
B-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 1lipid 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 polyclonal or monoclonal
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Table 1. Properties of PB-glucosidases present in human spleen,
including a membrane-associated (memb.) enzyme; n.d. =not determined,
inhibn.= inhibition, activn. = activation; GC = glucosylceramide.

B-Glucosidase Glucocerebrosidase (GCase)
Property soluble memb. form 1 form 2
Activity with 4MU-B-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 - - + -
kMy: 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
[217].

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 kMy ~200 by gel-permeation HPLC, consisting
of GCase (monomeric kMy ~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. B-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-100
[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
affinity 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 im vivo the enzyme will
interact with (phospho)lipids. To obtain a preparation which is
devoid of 1lipid 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 [10]. 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 for
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
vitro. 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 wusually 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 KN-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. Morré arts. and 'Glyco...' Index entries; 0. Touster
in Vol. 4 touches on Gaucher disease.
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Lipid-P-P-[GlcNAc],-[Man]g-[Glc]g
| ]

Thr or Ser Thr or Ser
+ >:< _>§|{ + Lipid-p-P
Asn ?sn—[GlcNAc]2-[Man]9—[G1c]3

|
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 kMy 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 kMp
(65-68) are generated [41, 42], through hydrolysis of mannose linkages
in the enzyme's oligosaccharide moiety and subsequent addition of
N-acetylglucosamine, galactose and sialic acid groups. The diffuse
appearance of higher My material suggests a considerable heterogeneity
within this moiety at this stage of transport to the lysosome. Enzyme
of kMy 59 (by SDS-PAGE) then appears in considerable amount, arising
from the high My material by partial removal of some of the added
saccharide groups [41, 42]. Evidencing this glycosidic degradation,
GCase of kMy ~67 occurs in cells lacking sialidase and of kMry ~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 (kMy 65-63) to the mature form
(kMy 59), and also that the highly sialylated form is a Golgi—> lysosome
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]g—[Glc]3_17—> R—[Man]g—[Glc]z_;—-> R-[Man] 4
N

N
® N ®
N g AW g0 r.e.r. -mannosidase
o o Y
mannosidase 1/2,
|glycosyltransferases
R-[Man]g_g R-[Man]3-[GlcNAc];-[Gal]ls-[NANA] 4
phosphorylation of ) ,
mannose residues: complex
'high mannose' excretion
plasma membrane
lysosome
lysosome

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

For transport to the lysosome many lysosomal enzymes rely on
Golgi-located 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 [32?P]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 [3°S]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 l-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);
l-deoxymannojirimycin (mannosidase 1 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+4GlcNAc—GlcNAc—~

- complex and high-mannose chains: glycopeptidase A, K-glycanase;
Cleavage between GlcNAc's: Asm—GlcNAc~+-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
[491).

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 [41l, 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 kMy's between 62 and 67 [54]. Sometimes
also a trace of mature (My 59) GCase can be detected (S. van Weely
unpublished). The conclusion should be noted that with type 1 ce11;
the amount of cross-reactive material in the cell is not reduced 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-1 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 kM, 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 1 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 [!®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 1lipid
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-12, 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 1l 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-B-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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#A-12
CYTOCHEMICAL TECHNIQUES APPLIED TO WHOLE TISSUE
AND TISSUE HOMOGENATES

J.T.R. Fitzsimons

Electron Microscopy Unit

Department of Neurophysiology

University of Southampton

Bassett Crescent East, Southampton S09 3TU, U.K.

Biochemical studies can benefit from various approaches now
outlined: ensyme cytochemistry applied to homogenates; negative
staining of cell fragments, bacteria and viruses; autoradiography
for fine-structural localiszation; tracer use of peroxidase whereby
specific Ig's may be labelled; and gold probes. X-ray and computer
aids to quantitation are indicated.

Cvtochemistry, especially that relating to enzyme localization,
has advanced dramatically sirnce the pioneering work of Gomori [1]
and Takamatu [2], who back in 1939 developed a method for alkaline
phosphatase localization. Although 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 usually a two-step reaction:

enzyme capturing
substrate ——>primary reaction product X final
(PRP) agent, e.g. P 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 cationsuch 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
vorax, fixed in 1% glutaraldehyde for 30 min and incubated (20°) in an
ATPase medium for 1 h. The microtubules 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]:

Ezsggﬁggagé> gold-adenosine + phosphate [i.e. PRP = FRP]

gold-AMP
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 fractions.- 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 [cf. 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 IMMUNOCHEMIST

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 modificationms.

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. [ll1] allows the gold particles
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SILVER PRECIPITATE

Fig. 4. Approach for localizing x X;/
antigenic sites by light micros- X |' xx
copy, entailing successive use ///
of a primary Ab, an Ab raised to GOLD PARTICLE SECONDARY ANTIBODY
this Ab and labelled with gold,
and silver for visualization. N
PRIMARY ANTIBODY
ANTIGEN\’.\
Igi TISSUE SECTION 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 albsmin,
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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#INC(A)
NOTE and COMMENTS related to
INVESTIGATIVE APPROACHES TO ORGANELLE DISTURBANCES

Comments on #A-1: 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 vitro. T.J. Peters replied to J.M. 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 contents rather than the membrane, i.e. 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. McDonald.- Iron-
carbonyl complexes being (I recollect) photo-dissociable, will the
Fe?*™-CO complex form only in the absence of light and so be difficult
to work with? Reply.- This complex is notably stable even in the
presence of 1light, and so presents absolutely no analytical problems.

FA T TTIAA e, . . . . .
Culled by Senior Ed. from Vol.7: clofibrate is "immediately and quantita-
tively hydrolyzed” in vivo [Gugler,R. & Jensen, C. (1976) J. Chrom. 117, 175-179].
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Comments on #A-8: W. Lijinsky - MITOCHONDRIAL PROLIFERATION
and #A-9: B.A. Fowler - METAL-INDUCED CELL INJURY

Lijinsky, answering M. Milton.- 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. Cellul. Physiol.
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-1). 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-10: M.J. O'Connell et al. - IRON OVERLOAD
and #A-11: 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 'B-glucosidase', or whether the latter is
unable to remove terminal B-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 B-glucosidases in the cytosol and in an unknown membrane
location (see #A-11). Reply to P. Bohley: in normal cells GCase
has a half-life of 40 h. Comment by Wattiaux: the seemingly high
turnover of GCase is unusual for a lysosomal enzyme.

M. Mareel (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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A Note on

IMMUNOELECTRON MICROSCOPICAL LOCALIZATION OF LYSOSOMAL
HYDROLASES IN NORMAL AND I-CELL FIBROBLASTS

R. Willemsen, A.T. Hoogeveen,
A.J.J. Reuser and J.M. van Dongen*
Department of Cell Biology and Genetics
Erasmus University, P.0. Box 1738

3000 DR Rotterdam, The Netherlands

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
activities of many lysosomal enzymes (notably acid a-glucosidase,
N-acetyl-B-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-f-hexosaminidase, acid phosphatase (tartrate-inhibit-
able) and glucocerebrosidase in cultured 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 Fig. 2. Localization of gluco-
a-glucosidase in normal human cerebrosidase in normal human
fibroblasts. (Fixation: in 1% fibroblasts. Gold particles
acrolein/0.4% glutaraldehyde are located on the lysosomal

in 0.1 M phosphate buffer, membrane. x 95,000.

pH 7.3.) Gold particles are
randomly distributed within
the lysosomes. 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-B-hexosaminidase within the lysosomes was observed,
whereas glucocerebrosidase and acid phosphatase were mainly found
tobe 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 1localization
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-11: 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)-1: 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 refs. contributed by Senior 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.
Pharmacol. 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) Cire. Shock 15, 15-26.

The neurotoxin l-methyl-4-phenyl-1,2,3,6-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 F%armacol Sei. 7, 473-475.

Methylglyoxal bis(guanylhydrazone) (MGBG), a polyamlne-type drug,
damages mitochondria and inhibits B-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, L.J., Brady, P.S. & Gandour, R.D.
(1987) Biochem. Pharmacol. 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, L. & Afzelius, B.
(1962) J. Clin. 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. Clin. Pharmacol. Res. 3, 437-441. Two surveysby Gillette, J.R.,
Lau, S. & Monks, T.J.:(1984) Biochem. Soc. Trans. 12,4-7; (with L.R. Pohl)
in IUPHAR Proc. (9th Int. Congr. Pharmacol.) (Paton, W.R., et al., eds.),
Macmillan, Vol. 2, pp. 251-257 [in Section on free-radical injury].

Prevention of CCly hepatotoxicity in mice (due to the 'CClz free
radical) by methoxsalen, 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 al., ibid. 527-536.

Epoxide hydrolases; peroxisome proliferators

Investigations on activities in particular fractions, cytosolic
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: Schladt, L., Hartmann, R.,
Timms, C., Strolin-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 O, 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 metabolite.- Sinha, B., Trush, M.A.
& Kalyaraman, B. (1985) Biochem. Pharmacol. 34, 2036-2040.

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

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

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

Other organelle refs., including nucleus and ribosomes (p. 240), are
in later #NC Sections. Ion movements, notably Ca?*, and other back-
ground refs.: see especially #NC(C)-1 (B.F. Trump).
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FREE FLOW ELECTROPHORESIS: ITS APPLICATION TO
THE SEPARATION OF CELLS AND CELL MEMBRANES

J.M. Graham, R.B.J. Wilson and K. Patel

Department of Biochemistry
St. George's Hospital Medical School
Cranmer Terrace, London SW17 ORE, U.K.

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 or 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 centrifugation. Although the technique 1is
primarily a preparative one it can be used in an analytical mode.
Indeed, although there are certain restrictions on the composition
of the separation buffer which do not apply to the more widely used
technique of cytopherometry (microelectrophoresis), the ability of
FFE to provide electrophoretic mobility data on millions of cells
very rapidly is a distinet advantage over cytopherometry 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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electrophoresis apparatus.

A, electrophoresis buffer reservoir;
B, bubble trap;

C, sample inlet port;

D, refrigerated sample syringe;

E, water-filled syringe;

F, worm-gear driven plunger;

G, 90 outlet ports.
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Fig. 1. Diagrammatic represen-
* B tation of Elphor Vap 5 free-flow

PERISTALTIC
PUMP

il

A

wy

THE APPARATUS

The most widely available machines are those produced by Bender
& Hobein (Munichj; 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.l) which is normally 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:

. ) -~ 1xAxK
Apparent electrophoretic mobility U T Ixt
where 1 = migration distance (cm), A = cross-sectional area of
chamber (em?), K = specific conductivity of medium (Siemens.cm™!),

2

vV,
I current (A), t = residence time in chamber (sec): t =3 6§
k

where Vi = chamber vol. (cm?®),
Qx = chamber buffer flow rate (cm3.sec”™!).

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 Vap 5) the maximum permissible buffer conductivity was
1500 umho/cm, while in later models (e.g. Elphor Vap 11) this factor
was increased to 7500 pmho/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 MgCl, or CaCl, is quite a common practice. The
retrictions imposed by the later models (Vap ll, 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 CaCl, or

MgCl,, 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 CaCl,/MgCl,
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 injected 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 mM), pH 7.6; flow rate 600 ml/h. Electrode buffer contains
0.1 M triethanolamine/acetic acid, pH 7.6. Separations are at 6°
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 vg. 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 Mg?* on the elution positions of trypano-
somes and host rat erythrocytes: peak fractions, and cathodic shift
due to Mg2*.

Cell type pH 7.4/+Mg?* pH7.4/-Mg?* Shift|pH8.0/+Mg?* pH8.0/-Mg?" Shift

Trypanosomes 62-64 44-46 18 48-50 32-34 16
Erythrocytes 48-50 36 12-14] 38-40 34-36 4

FFE conditions.- Electrophoresis separation buffer [cf. (h)
above] contains 0.25 M glucose, 1 mM NaCl, 0.5 mM MgSO,, 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, ~997 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 Mg?* 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 Mg?* 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, particularly at pH <7.4, low
concentrations of NaCl (1-10 mM) may actually cause an increase in
mobility which is reversed at higher salt concentrations {4]. What
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 of the use of FFE in cell separations have
been reported, including the following: kidney cells [5-7], T and
B lymphocytes [8, 9], B 1lymphocyte subpopulations [10, 11],
plasmodium-infected and non-infected erythrocytes and malarial
parasites ([12] & Vol. 8, this series).

APPLICATIONS TO MEMBRANES

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 electrophoresis buffer is an advantage.

FFE conditions.- Electrophoresis separation buffer contains
0.25 M sucrose, 10 mM 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 fractioms.

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
Nat/Kt-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: 1isolation 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 vs. 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 ¢ 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 viability
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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COUNTER-CURRENT CHROMATOGRAPHY AS A TOOL
IN SUBCELLULAR STUDIES

Ian A. Sutherland and Deborah Heywood-Waddington

National Institute for Medical Research
Mill Hill, London NW7 1AA, U.K.

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 CCC 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 CCC 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 CCC.

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

*
Abbreviations include CCC = 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 CCC apparatus
have been outlined and guidelines given for use and application.
This article reviews the latest CCC techniques used for separations
of subcellular particles with aqueous/aqueous phase systems.

There are two essential requirements for successful CCC: 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 immiscible aqueous
phases are formed and, with suitable additives, can provide a gentie
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 [15].

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 1lighter 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.

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 proposed for industrial-scale
enzyme and protein purification [5, 21].
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Fig. 2. Schematic layout of CCC 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 CCC 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-500, 5.4% PEG-6000,
10 mM Na phosphate/phosphoric acid buffer (pH 7.4), 0.26 M sucrose,
0.05 mM Na,EDTA and 1 mM ethanol, in both the toroidal coil [17]
and the epicyclic coil planet centrifuge [16]. 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 al. [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 Rkerlund [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, 3.8%
(w/w) PEG-8000, 5 mM Na phosphate pH 7.4, and 15 mM NaCl [23].
The distributions of [!2?3I]-a-bungarotoxin-labelled membrane (
and protein (----) are shown, a) with no ligand PEG, and b) with
hexaethonium-PEG replacing 0.05% of the PEG. From [23], by permis-
sion of Marcel Dekker, Inc.

)

sample recoveries. The lack of solid support minimizes 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

Institute 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 information 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 followed. 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 powerful method for following derangements in the cell
eycle.

Another common application is the enumeration of cell 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 FLOW 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
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- dichroic mirror
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- quartz flow cell
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laser beam)
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D2 - forward-scattered light

Fig. 1. Representation of & D3 - orthogonally scattered light
flow cell. The channel cut in 4 - red fluorescent light

the rectangular quartz cell is D5 - green fluorescent %i ht
shown. Bht.

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 1liquid
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 suitably 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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Fig. 3. Sorting cells.
For detailed explanation,
see text.

+5000 v

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-lymphocyte 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 psec 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 5000/sec). It gives
statistically accurate information on populations of cells, enabling
different sub-sets of cells to be distinguished and counted. 1In
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 precision of the instrument can be used with
the sorter to purify sub-sets from a population of cells. Purities
of ~987% 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. Sometimes it is necessary to perform a pre-
purification using another technique such as centrifugal elutriation,
or free-flow electrophoresis [see J.M. Graham, #B-1, 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.)
D, diploid cells; T, tetra-
ploid cells having twice

the DNA content. The phases
of the cell cycle are
marked.

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 G0/Gl 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; Gl 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/Gl, S and 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 Gl and G2. (Sample
prepared by Mrs. K. Steele.)

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. Aft