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Preface

The increasing importance of cell biology in Medical Science is
becoming clear to clinicians and laboratory scientists alike. It is the
meeting ground of many traditional disciplines and forms a central
theme for many others. Its impact on subiects as diverse as im-
munology and neurobiology is already very great and one cannot but
appreciate the potential that the application of its techniques and
discipline must have for the future.

Many excellent introductory books of cell biology are available
but beyond these one has in general to pass either to reviews or to
original articles in order to probe more deeply. The present volumes
are designed for readers who already have an elementary knowledge
of cell biology; they present various aspects of the subject in depth
and try to indicate some of the directions in which contemporary cell
biology is moving and the methods it uses. No attempt is made to
provide a comprehensive cover of cell biology, but the topics are
chosen so as to produce a coherent work rather than a series of
unconnected essays. We are greatly indebted to our contributors for
their willingness to work within a number of constraints and for their
patience with a multitude of editorial requests made to help us
achieve our aims.

Volume 1 of this book is concerned with the generalized cell unit,
and its chapters deal with the biophysical and biochemical basis
of the structure and function of the chief subcellular organelles.
Volume 2 contains a series of chapters on the relationship of the cell
to developmental processes both within the cell itself and in the
organism as a whole. There follow chapters on specific cellular
specializations, particularly within the neuromuscular system. Here
morphological adaptation for specific functional purposes is described
in detail. This theme is again followed in Volume 3 where connective
tissues, various endocrines, absorptive and secretory cells are dealt
with. Volume 4 begins with three chapters on metabolic control
mechanisms, and these are followed by chapters on the relationship
between the cell and its environment in various pathological states;
immunological processes, inflammation, wound healing and carcino-
genesis are treated within this framework. '



viii PREFACE

We belicve this book will be of value to senior undergraduate
students and to research workers looking for summaries on a variety
of related topics concerned with cell structure and function. The
contributors have been asked to provide only brief bibliographies
which enable the reader to develop his own interest; the chapters do
not attempt to include an extensive review of the literature.

Like many before us, we are indebted to Academic Press for the
patience, forbcarance and unfailing courtesy of numerous members
of their staff.

F. BECK February 1974
University of Leicester

J. B, LLOYD

University of Keele



Contents of Volume 1
The Cell and 1ts Organelles

Frontisplece . ... oottt it e et e it
Contributors to Volume 1 ... ... ...ttt et et eeeneennnns v
Preface i e e vii
Contents of Volume 2 . . ...ttt ittt e xiv
Contentsof Volume 3 . ... iiiiiiiiiineiiieiioiieereanannn. Xiv
Contentsof Volume 4 ... ... ... ittt xiv

1. The Cell as a Unit
E. N. WILLMER

LIntroduction......oouviiniiiiiiiiiiini it iiiniieennnneennannnen, 3
I1. Evolutionary aspects .......................... e .4
A. Colonies and the development of micro-environments. . ............ 5

B. Control of the cellular environment ..............c.ovvvvun.... 7

I11. The units of ““the inner mass” and the origin of cell families............. 11
IV. Modification of cellular function. ........ ..o, 14
A. Differential cell divisions ............c.coiiiiiiiiiiiienan... 14

B. The genome, and the control ofitsactivity ...................... 16

V. Thesub-cellularunits. . . .. . ... oottt ittt iieiereanannnn 23
A. The importance of phospholipids .................... N 24

B. Vacuolesand lysosomes ....... .. ... .. i, 25

C. Surface contacts .......... ettt teieae et 30
D.Ciliaetc ... o ittt ittt ittt et eeeraanns 31

E. Electron-microscopic jnformation ..............ccoi0iinnann... 33
F.Cell polarity ... ..ot ieirianennnn, 36

VI. Dynamic characterof cells..................... e 36
References . ...ttt it et e e 37

2. Membranes and Trans-Membrane Transport

J. A. LUCY
I. Generalintroduction . ........... . iiiuiiiiiii ittt iiiaaaa, 39
I1. Structures of membranes. . .........c.cciiiiiiiiiiiiiiieiiiiieaa.. 40
A . Introduction ............c. i, PP 40
B. Chemical composition .......cceeviieeeiaeann. i 41
C. Origin of the bilayer concept. ... .............oo..L. e 43
D. Electrical properties: lipid bilayer membranes .................. 45
E. X-ray diffraction studies .............. ... .o i i, 46
F. Electron microscopystudies .........c.coiiiiieiiinnnieeeennn... 48



X CONTENTS

G. Studies with optical, thermal, nuclear magnetic resonance and

spin-labelling techniques ......... ... ool 55

H. Membrane synthesis and dynamic aspects of membrane behaviour. .58

I1I. Transport through membranes. ..........ooviriiieiiiiiiaia., 59
A. Introduction ...........coontn e eeteisetaearraeneanans 59

g. Diffusion of lipid-soluble substances .............. ..ol 61

. Small, polar substances: diffusion restricted by size alone ......... 61

D. Passive permeability to ions: liposomes: ionophorous antibiotics. .. .63

E. Facilitated diffusion (passive mediated transport)................. 68

F. ACHIVE tIANSPOTL . vvvvreineeeetae e ainneaateaneconnnese 69
References and recommended reading . .........c. it 73

3. The Cell Surface

G. R. MOORES and T. A. PARTRIDGE 3
I CONSEEULION &+ 2o v v e nveeseenneaanresesesarerasearotecescsoesnsons 76
A. The appearance of the cell surface ..........oovvieiiiiniann.. 76
B. Chemical analysis of the cell surface ......... teetsensssseaasirons 78
C. Enzymesofthecellsurface.........oovviininiiiiiinnn. 78
D. Surfacecharge. ... ..ovvventoreneneneiettiraracieitacnancnenns 79
E. Cellsurface antigens. . ... ..oovuunnnerineerraencneaes Geeeeaanne 80
TL. FUNCHOMS « v v v v s avnvsereonnnseeaannnessaanssesseaeansesotorannes 81
A. Trans-membrane potential..........c.oviiiiiiiiiiiiiiiennn, 81
B. Cell adhesion........ e S R 83
C. Cell loCOMOLON .+« v o v v e v evveiiiaanaasaserssesssnssaeeseenons 94
D. Surface turnover and biosynthesis. .. ...... i 98
E. Specificity and recognition. . ......oouoeieriiiiiiiiianieineee 99
F. Communication .......cooeevnssoecsocanes T U A 102
REfEIEICES + v v v v vvvvvenecnnnnnsooenaranssssesasssnonssnans e 103
4. The Nucleus
A. P. MATHIAS
I Structure of the nuCleus. . .« vieni it eiie PR 105
A TRErOdUCHION « ot oo vrevmaniresean e s aaieeioneaanaaannaens 105
"B. ISOIAION «vvvvvvreanennonnnsnoneseeeeaeanaisaseaaoneesssns 106
C. Components of the NUCIEUS .« v v v ivreeeneneeaneaanneeanannness 107
I1. Enzymology of the nuClEUs . . .« o vvniiinii e iiiiiiarr e 119
A. Synthesis of DNA . ....oooiiiiiniiviiniiiini s 119
B. Synthesis of RNA . ....oouiiiniiiieiiiiiiiiiiiir s 127
C. Enzymes of NAD metabolism. ......c.oonivniiiiiieeneenens 131
D. Other nuclear NZYIMeS. . . «.voeveenrsnnennacanasastreansacns 132
1I1. Nuclear-cytoplasmic interactions .........cc.veeuiorrerenrerenenees 132
A. Regulation of DNA synthesis ......... e e 132
B. Regulation of RNA synthesis .......c..ooviiinnirnreenenes 136
CONCIUSION . « + « o o v eee v sssaeaneencssesessanneossoesnnnneerenns i41
Recommended reading - ... covveveneneerronnenoantaotaaastasones 142

5 Cytomembranes and Ribosomes
N. CAMPBELL and A. VON DER DECKEN

1. Structure and function of cytomembranes. ... ... ocorerieanieens 143
A, IntroduCtion « .. cveeeerrrvnnnensesesenensonsenanns P 143



CONTENTS xi

B. Nuclearenvelope .........coovviii i 146
C. Rough-surfaced endoplasmic reticulum. ....................... 148
D. Smooth-surfaced endoplasmic reticulum ...................... 157
E. Golgicomplex ............ ... ... ... ... e 158
F. Zymogen granules .............. e e, 160
IL Ribosomes . . ...oo i ettt e e 161
A. Composition and structure of 80S ribosomes and their relationship to
70Sribosomes ... ... e 161
B. Assembly of ribosomes .............. et 164
C. Role of free and bound polyribosomes in protein synthesis . ....... 167
IT1. Generation of membranes. .............oooitiineennnnnnnnnn..., 171
A. Endoplasmicreticulum . ......... ... .. o oo i 171
B. Golgicomplex.................. ... oL e 172
C. Othermembranes ........... .. .. .0t iiiiiinennnnnann.. 173
1V. Influence of various conditions on the structure and function of the
endoplasmic reticulum. . ... .. L L 173
A, State of nutrition .. ... ... i i 174
B. Hormones ........... ... iiiiiiiinniiiiinnnn... PN 175
C. Partial hepatectomy ..., e 177
V.o Conclusions. .. ..o e 178
References ... ... ... i 179
6. Mitochondria and Peroxisomes
H. BAUM
I Introduction . ...t e 183
I1. General features of mitochondria............... ...l 185
Al Structure ... 185
B. Functions .............. PP A 199
C. Permeability of mitochondrial membranés ...... Ul a0 00215
D. Localization of functions .......... ... ... ... .. . i, 221
I11. Oxidative phosphorylation.......... ... .. ... ... ... ... ... L..225
A. Therespiratorychain ............ ... .. ... . ... 225
B. ATP synthesis .. ... ..ottt it 237
C. The nature of ~ ..ttt ettt ettt iaineens 248
I'V. Biogenesis of mitochondria. . ........oiiiii i, 257
A. Ongin of mitochondria ....... ... ... ... ... ... .. .. ... 257
B. Mitochondrial protein synthesis................oooiiiiia. ... 258
V. Mitochondria invive. ............... S 260
A. Physiological functions........ .. ... . i il e 260
B. Effect of hormones........ ... ... i i, 262
Gl Pathology .. iviti et e 264
VI PeroXisomes. . .. ...ootut ittt ettt et et 265
A. Introduction . ........... ... ..o .l S 265
B. Morphology ...... ... .o i i i 266
C. Enzymic complement.............. i 267
D. Function of peroxisomes .............. N 269
References and recommended reading.............. e i 271

7. Lysosomes
J. B. LLOYD and F. BECK

L Introduction ... .ovu i e 273

-



xii CONTENTS

1. The vacuolar Systeml. . .. vvvittiniiiiiiiainanraaaaseneeeeeenans 274

A. Nomenclature ........cooeiiniiniiiieunernneeienannnnnanens 275

B. Origin of the primary lysosome ............ ..ot 275

C. EndoCytosiS «.vvvviniieneninaeeereeenerersaneenneenuonnnns 282

D.Autophagy.....coiiiiiiiiin e 288

E. Crinophagy. .. .ooviivieeennnieeeiiloiiiiiaiiiineeenns 290

1I1. Methods of study and properties of lysosomes. .. ...........ooivnenen. 291

A. Biochemical methods .............ccoiiiiiiiiiiiiiiaiinn.. 291

B. Morphological methods ...................... e 297

IV. Functions. of lyS0SOmES. . . .. vvuevtnnuinirennenaeeneteineieennnanns 302

A. Turnover of cell and tissue cOmponents. ........covveeerennennn 303

B. Cell death and tissue involution. ..........ocveiiiiiiieaaa.. 304

C. Specialized functions involving heterophagy ................... 304

D. Crinophagy «....ovveveneneeeetennanmnereaanannneasean, 306

V. Lysosome pathology, pharmacology and toxicology...........c....... 306

A. Congenital enzyme deficiencies ...........c.ooiiiiiiiiinin.. 307

B. Intralysosomal modifiers .................... esseaaeraceeaes 308

C. Modifiers of eXOCYtosiS .. .v.vvrurrreereeniiiinenaenaennnes 311

References and recommendedreading. . .........ooiiiiiiiiiiiiit 311
8. Subcellular Pathology

A. C. ALLISON

I. Theplasmamembrane. . ........ovuiitiitorannicnetieiaannen. 316

A. Effectsonionpermeability ......... .ottt 317

B. ENZYMES .. .oovtlvneonmannieoanetriinreanineeaeeeannn, 317

C. Positively charged compounds .........cocoiiiiiiiiiiinann 318

D. Specific interactions of surface-active constituents ............ 318

E. Lysis of cells by antibody and complement ..........cc.ov.ne. 319

11. Smooth-membrane endoplasmic reticulum. ........cooveienene .323

111. Rough endoplasmic reti¢ulum and free polysomes................. 323

TV. The Gogli apparatus. ... ...covuuvernrraneoneaeesaneanreancens 326

V. LYSOSOIMES -« o v e eveeneananeessnsanasaaaneseecosasnenannens 326

A. AULOIYSIS «.outvininr et 327

B. Formation of autophagic vacuoles .......... e 327

C. Intracellularrelease of hydrolases ............cocvneenns ..327

D. Extracellular release of hydrolases .......... e 330

E. Intracellular killing of micro-organisms -..... e 331

VI Microbodies « o ovvvveeine sanenenierauneesenaassansoasssonaanns 335

VII.Mitochondria .. ...ovviemvnnieinnnn. e e e 335

VI Microtubules. . .« oo eviaeeeciaaieeaeeecceananonennonennnnens 336

IX. Microfilaments .. ... oovveeennounrreennesnenennnanseossencnnns 341

XNUCLEUS - oo vvvvvenaeeoocansaseansenssassnnssaasssssscssnccs 344

XI. Nucleolus. . .. .. R R L RCEREREITERE 344

XII. ATP Depletion . ... cvvvveneennnsteneraneoscaeconnaancnens L..347

XIII. Inhibition of oxidative phorophorylation. .. ......cooiennrenennns 347

_ XIV. Inhibition of protein synthesis. ................oone P 348

XV. Inhibition of RNAsynthesis. . .......oooveiiiiiiainneneeeens 348

A. Actinomycin D. ..o 349

B. Alpha aminitin ....... N e e 349

C. Fthionine .....c.covveemnnneaecaeeens e iieeieiaaeaeans 349

D. TOYOCAMYCIN « 4o vveenvancaneenonnsnensnenaaeosnss 349



CONTENTS Xiti

XVI. Inhibition of DNAsynthesis. . ........ ..o 00 Lo, 349
XVII. Defective cross-linking of connective tissue structural proteins. .. ....350
XVIIL Comment . ...vouvnteiteann i e aaaneae...352
References ... .. ... outiuteiienaa et 352
AUTHOR INDEX .. ... .. . i P K 1)

SUBJECT INDEX ... . .22 300



The Cell and 1ts Organelles






1. The Cell as a Unit .

E. N. WILLMER
Emenitus Professor of Histology, University of Cambridge, England

LIntroduction. . .....oovuiieiiiiineiniin ittt etinaereaannnnennnn 3
II. Eyplutionary aspects .......... ..ot il 4
A. Colonies and the development of microenvironments ................ 5

.B. Control of the cellular environment .................ccoiiiiiiia... 7
II1. The units of “the inner mass” and the origin of cell families................ 11
IV. Modification of cellular function ............... TN 14
A. Differential cell divisions . ...........ciiiiiiiiiiiiiiiiiiiiiiana, 14
B. The genome, and the control of its activity ...........cccoevivnnnn.. 16
V. The sub-cellular unit8. . ....ooviitiitnnrii it eiiienaninennnnns 23
A. The importance of phospholipids ..................ooiiiiiiiiiia., 24
B. Vacuolesand lysosomes .........c.c.oiiiiiiiiiiiiiiiiiiiieaan. T 25
C. Surface CONLACES .. ..ovuueiinenatt it enneeeeeninernnenaneeannss 30
Do GiliaetC. ot eiii ittt et 31
E. Electron-microscopic information ..............cciiiiiiiiiiieaana., 33
F.o Cell polarity ....ovuiiiiiiiiiiiiiiiiiiii it iieeeannaneennes 36
VI. Dynamic character of cells. . ........ouiiuieniiieeiineiirainnnneannns 36
References. «.ooiunni it e e e e e 37

I. INTRODUCTION

Once upon a time cells in the: body used to be compared with the
bricks in a building and, just as there may be different types of bricks
for different purposes, so each cell was regarded as something rather
rigid and determinate: for example, there were muscle cells, liver
cells, nerve cells and so on. This view, however, is now as dead as the
Dodo. A more apt, though still inadequate, analogy is sometimes
drawn between the cells in the body and the individuals in a human
community. This comparison is at least more vital.

Cells were first described as essentially micro-anatomical units *and
their size was such that, at the time, investigation of their physiology
and biochemistry was well-nigh impossible. However, subsequent
progress in micro-techniques has so emphasized the diversity, adapt-
ability, individuality, versatility and plasticity of cells that the concept
of the cell as a rigid morphological unit is now quite untenable and
the present concept is very different from that prevalent in the days
of Schleiden and Schwann (1838-9). Even to describe cells as physio-
logical units is sometimes fallacious in view of the fact that the func-
B
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tional unit is often a combination of cells. Cardiac muscle is an obvious
example, and the partnership between nerve and neuroglia
(Chapter 19) is another less obvious though equally important one.

1I. EVOLUTIONARY ASPECTS

L}

It may be helpful first to review the concept of the cell in relation
to evolution and differentiation, as this may emphasize the dynamic
and adaptive qualities of cells. The cells of the metazoa can, with
considerable justification and in spite of essays to the contrary, be
compared in many respects with the protozoa, and it is now recog-
nized that with only a few relatively minor exceptions the free-lwing
protozoa (and indeed probably the bacteria too) have developed all
the essential metabolic pathways and enzyme systems.that are known to
be necessary to sustain the life of metazoan cells. In other words, they
possess in their genomes all the necessary DNA sequences for the
construction of the normal metabolic enzymes and proteins for cellular
activity, though not necessarily those required for all the special
products like keratin, collagen, or the various proteins of the blood.
With this in mind, the problems of human cytology are seen to be
largely those that arise as a consequence of grouping, or possibly sub-
dividing, the original protozoan units into colonial units, and of the
subsequent evolution of these colonial forms: i.e. to develop organs-
and tissues which have adapted them to life among their competitors
and in special environments. Human cytology can be no more studied
without reference to the ancestral past than human behaviour can
be considered as independent of human history and pre-history. "

Within certain defined limits the protozoon is an adaptable form.
It may or may not possess polarity, i.e. an anterior and a posterior
end, but each individual is normally adapted to living in an environ-
‘ment which, compared with itself, is large and uniform and which
therefore affects all parts of the cell surface more or less equally. Many
different environments have been successfully colonized by the
protozoa and this has led to a great diversity in form and function
among them; each type is suited to the particular niche that it
occupies, whether that niche be the ocean, the fresh-water pond, the
soil or the cytoplasm of an human erythrocyte. Protozoa are essentially
cells whose responses are dependent upon the interplay between their -
own inherited characters and their immediate environment. Occasion-
ally theg are able to change from one form into another. For example,’
Naegleria gruberi (Fig. 1) can be either amoeboid or flagellate, and it:
changes form according to the salt concentration of the environment.
In /sbme protozoa, a similar change of form follows a cell division, as
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in the production of flagellate gametes, but Naegleria is pecullar in

that the change of form (which is comparable with some processes
of differentiation in higher animals) can occur directly, without
involving mitosis (Willmer, 1956). Changes in the ionic content of
the surrounding fluid cause almost immediate changes of form, even
inducing -or eliminating polarity. Naegleria is certainly an exceptional
organism, but nevertheless it has its lessons for the human cytologist,
" in showing how quickly and extensively protoplasmic units can
respond to their immediate environment, to say nothing of the more
subtle and unseen biochemical adaptations that may also be occurring.

Fig. 1. Nacgleria gruberi (a) Unpolagzed amoeboid form. (b) Intermediate, polarized,
amoeboid form. (c) Free-swimming flagellate form.

A. COLONIES AND THE DEVELOPMENT OF
MICROENVIRONMENTS ‘

When, however, protozoan cells (?) first united into colomes or
multinucleate protozoa became multicellular organisms (and it matters
not for the present dxsczxss:on how these colonies or organisms: origin-
ated) then the cells of each colony or orgagism immediately cpeated
new and different, environments for themselves and for all the®other
constituent cells. The uniform external environment of the protozoa
was for ever lost, so’ far as the individual cells were concernege For
successful colony formation therefore, the cells had to be abl:;;dapt
themselves to these new microenvironments, without at the time
producing conditions inimical to the other cells of the colony More-
over, the, stablhty of the colony as a whole had to be preseeved. The

-~

/
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availability of oxygen, the elimination of toxic products and all such-
like requirements had to be met. Similarly, if the colony took the
form -of a hollow blastula-like organism (Fig. 2), as is certainly
:suggested by the widespread occurrence of this form in the embryo-
genesis of invertebrates, all the cells had to work together to maintain
its coherence, shape, size and probably also its buoyancy.-Furthermore,

Fig. 2. Various forms of blastula. (a) and (b) Blastulae with sharp division between two
types of cells. (c) Blastula with a gradation of cells. oo

if in the interest of stability and coherence the-cells formed “tight junc-
tions” between themselves then the contained fluid could well differ
materially from the fluid of the surroundings. In that case the: cells
inevitably become polarized, with one surface facing the - outside
worldtand the opposite surface facing the fluid-of the “blastocoel”
cavity. In such an organism, toxic substances have to be excreted and
hydrostatic and ionic equilibria have to be preserved. It is possible
that all this could be done by a uniform population of cells, but a
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comparative study of the many different organisms of this kind, as
they occur in the form of thé blastulae of invertebrates, suggests that
the conditions may be best satisfied by the combination of cells of two
or more classes. In calcareous sponges; for example, the blastulae are
compnsed partly of flagellated cells and partly of more phagocytic cells
without flagella. In nemertine worms, the cells of the animal pole of
the blastula differ from those of the vegetal pole. It has been shown
that when the blastula is bisected equatorially the cells of the “animal”
half reunite and form a hollow sphere, while those of the “vegetal”
half cohere to form a solid mass or “morula”. Obviously the two
groups of cells have different means of coherence or deal with their
surrounding fluids quite differently, and it seems probable that in
the normal blastula they combine together to maintain the equi-
librium of the embryo, because the normal embryo neither shrinks
nor swells unduly, nor does it suffer from the accumulation of toxic
products. In many embryos there is no sharp division between the
“animal” and ‘vegetal” cells, but a more or less gradual transition
from one to the other, i.e. an axial gradient, as shown in Figure
2c. :
Again, if the early gastrula of the frog is divided latitudinally into
three segments, an animal pole region, an equatorial region, and a
vegetal pole region, the equatorial part alone can survive and re-
form into a viable embryo. It presumably contains an adequate
mixture of the “animal” and ‘‘vegetal” cells. It may be noted that
this survival does not depend on the presence of the dorsal lip, since
this was contained in the vegetal third (Paterson, 1957).

B. CONTROL OF THE CELLULAR ENVIRONMENT
Symbiotic Pairs ‘

These observations thus point to the very early evolution of a
kind of symbiosis between cells of different sorts. A symbiosis by which
equilibrium can, presumably, be more effectively conserved than it
could be by one type of cell only, whose activities if left unbalanced
and unchecked could easily lead to the fatal deterioration of the
immediate cellular environment. If such a symbiosis exists, even in
relatively primitive and simple organisms like the embryos of inverte-
brates and amphibia, it is likely that similar associations continue to
exist between the cells of higher organisms, and that they have
developed into even more elaborate patterns among the .adult tissues
of higher vertebrates. : :

Thus it may be often misleading, even wrong, to consider cells as
separate and independent units. Probably they more often exist as
members of partnerships. It is certainly notable that practically every

»
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