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PREFACE

Interest in problems concerning the ultrastructure of biological systems
has increased enormously during recent years. The field of biological ultra-
structure and the molecular organization of living systems provides com-
mon meeting ground for comparing the results from a variety of research
fields such as histology, pathology, biochemistry, and biophysics as well
as physiology and pharmacology. Although much valuable information on
the ultrastructure of biological systems has been collected by classieal
methods such as polarized light microscopy, especially through the work
of W. J. Schmidt, it is with the advent of the modern techniques of X-ray
crystallography and electron microscopy that this field has rapidly ex-
panded and produced significant results. For several years many labora-
tories, notably those of W. T. Astbury and F. O. Schmitt, have been
engaged in research in this field and their pioneering contributions have
served as a tremendous stimulus to ultrastructural research.

The general biologist nowadays is becoming interested in the precise
molecular data given by the physical chemists. In particular, ideas put
forward by L. Pauling and his associates have contributed to revolutionary
changes in the coneepts of the structure of the large molecules of biological
interest.

In the classical monographs in this field, such as A. Frey-Wyssling’s
book on “Submicroscopic Morphology of Protoplasm,” a wealth of data
is presented from the cytologists’ viewpoint. In our text we have attempted
to deseribe biological ultrastructure by beginning with the simple building
blocks, progressing continuously to larger molecules, and finally consider-
ing the ultrastructure of certain biological systems.

As may be imagined, the field of biological ultrastructure is very ex-
tensive and it is impossible to treat adequately the whole field in any intro-
ductory work such as this. Therefore the chief aim of our book is to intro-
duce the field of biological ultrastructure to students and research workers
in a variety of areas ranging from zoology, botany, and medicine to bio-
chemistry and biophysics. In the text, references have been made only to
key works which contain more complete pertinent bibliographies; where
such comprehensive works are lacking, we have introduced the most signifi-
cant recent communications. For the convenience of those who wish to
delve further into the field, references containing additional information
are listed at the end of each chapter.

We wish to express our thanks to a great number of authors for permis-
sion to reproduce illustrations from their publications and particularly to
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Dr. D. Carlstrém, (Fig. VIII. 10), Dr. H. E. Huxley (Fig. IV. 14), Dr. H.
Fernindez-Mordn (Figs. V. 25. & VIII. 7), Dr. K. Porter (Fig. IV. 26.),
Dr. J. D. Robertson (Figs. IV. 15. & V. 27), Dr. F. 8. Sjostrand (Fig. V.
46), and Dr. M. H. F. Wilkins. (Fig. VII. 10) who were able to supply
us with copies of originals. We also acknowledge the ready co-operation of
the following publishers: Academic Press, New York; American Chemical
Society, Washington; American Society of Biological Chemistry Inc.;
C. Baker, Ltd., London; Butterworths Scientific Publications, London;
Cornell University Press, Ithaca, New York; Elsevier Publishing Co.,
Amsterdam; Long Island Biological Association, Cold Spring Harbour,
New York; Macmillan and Co., London; Einar Munksgaard, Copenhagen;
New York Academy of Sciences, New York; Pergamon Press Ltd., London;
Rockefeller Institute for Medical Research, New York; Royal Society of
London; Society for Experimental Biology, Cambridge; The University of
Chicago Press, Chicago.

In preparing the manuscript we have received valuable assistance from
Miss G. Bergendahl, Miss A. G. Lind, and Miss I. Lindstrom, as well as
from Miss P. Field, Mr. B. Lundberg and Mr. P. F. Millington who pre-
pared many of the line drawings. Drs. D. Carlstrom and T. Laurent have
kindly proofread the manuscript.
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CHAPTER I

From Microscopic Morphology to Molecular Structure

The description of the structure of living material has been one of the
main preoccupations of biologists, and the detail of description has followed
closely the methods available for direct visualization of structure.

With the discovery of the single optical lens system -came the transition
from anatomy to histology and cytology, for it was with such simple optical
means that Robert Hooke was first able to distinguish and describe cell
structures. In the wake of the refinements in methods of optical microscopy
flowed a swelling stream of description of finer structure, and there was of
course more and more to be described as the detail observed became pro-
gressively more minute. The flow of faithfully reported data on the micro-
scopic appearance of living organisms continued steadily through the
middle of the 19th century with periodic inspired bursts of correlation by
such workers as Schleiden and Schwann who first recognized the funda-
mental role of the cell, and by Virchow, who extended these concepts to
pathology, thus in effect founding cellular pathology. .

Despite these general correlations, the great mass of descriptive data
formed a predominantly static picture of what was clearly a dynamic strue-
ture, and the structures described remained largely unrelated at the fune-
tional level although grounds for considerable speculation were provided
by detailed studies at successive stages of, for example, growth and differen-
tiation. Furthermore, in order to give contrast to the fine structure that
refined microscopic methods were capable of revealing, preparative proce-
dures were devised which involved such treatments as dehydration, section-
ing, and staining. In other words, morphology became a static picture of
a modified structure. Fixation methods were invented to try to keep the
gross structure to as near normal an appearance as possible, but the detail
described concerned the much finer structures which could not be examined
by other methods. Undoubtedly, artifacts were frequently produced and
fa’thfully recorded by the microscopist as possible characteristic structural
features. Thus, the classical morphologist has mapped out in minute detail
the somewhat shrunken and distorted landscape of tissue preparations,
distinguishing countless structures by shape, size, internal structure, ex-
ternal relationships, and response to staining procedures, and the subse-
quent task has become to relate this data to living material.

1
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HistoLoaicaL aAND CYTOLOGICAL APPROACH

In order to appreciate the significance and the limitations of classical
morphology one must consider the physical and chemical factors associated
with the procedure of observation. The eye will detect variations in wave-
length and intensity of visible light, and the ordinary microscope simply
enlarges the image so that such variations are apparent at a high resolution.
In studying biological systems by optical methods, a fundamental limita-
tion is the very small variation in light absorption among tissue components.
In fresh tissue this may be caused largely by the very high water content,
but even when dried, the tissue components tend to show only small density
variations. Thus, in the absence of any specific wavelength absorption to
mtroduce color differences, the contrast observed in the ordinary light
microscope is usually very low. One method of overcoming this limitation
has been the application of staining techniques. This has sought to introduce
contrast into the image through the varying affinity for dyes shown by
different tissue components. This affinity for dyes may arise from chemieal
interactions, and recent refinements in cytological techniques have sought
to develop such interactions to permit the quantitative estimation of
chemical components. Physical adsorption of dyes may also contribute to
the color variation, and where both physical and chemieal factors are in-
volved it is usually very difficult to separate the two. However, the purely
morphological approach sought only to differentiate components and not
necessarily to explore their chemical constitution, and any contrast intro-
duced into the image was useful as indicating some kind of variation in
structure,

The main drawback, from this purely morphological point of view, was
that in order to introduce these stains and prepare the sample for micro-
scopic investigation it was in most cases necessary to fix, dehydrate, and
section the biological material. Through fixation it was hoped to limit the
maodification of morphological structure consequent upon removing the
major component, namely water, and also the modifications which might
result from the embedding and sectioning procedures. Numerous methods
of fixation were invented, mainly along empirical lines, and the merit of
the procedure was judged from the clarity of the picture finally obtained.

Much recent work has sought to establish a chemical basis for various
fixation methods through a study of chemical reactions of the various com-
pounds and ions incorporated in the fixative in relation to the types of
chemical groups likely to be present in the system for which the particular
method of fixation is effective. This is important from the point of view of
cytochemistry, and also, as will be discussed later, for biological ultrastruc-
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ture, but the data available are as yet too sparse to permit a detailed treat- .
ment of fixation methods as practiced in microscopic morphology on the
basis of the chemical reactions involved.

In recent years, great emphasis has been lsid on the value of the freeze-
drying method of fixation for preserving microscopic structure. This is more
of a physical method, concentrating on the control of the physical condition
in the tissue during the removal of water. It has been found that many of
the distortions produced in biological tissues during normsal dehydrating
result from the shifting of liquid phases through the structure, and it was
early realized that many of these distortions could be avoided by immobiliz-

.ing the water phase by freezing, and removing it by subliming off at low
pressure. Experience has shown that in general the best results are obtained
by rapid freezing and drying at very high vacuum below a critical low
temperature, but the quality of the results is still found to vary appreciably
according to the nature of the tissue. Thege fixation methods are intended
to preserve the general morphological structure through the processes of
embedding and sectioning and subsequent removal of the embedding
medium. At this stage, the contrast in the specimen may be improved by
introducing various kinds of organic dyes, metal salts, etc., which react
with the morphological components to varying extents. Thus, the affinity
of nucleic acids for basic dyes (e.g., methylene blue) facilitates the mapping
of structures rich in both pentose and deoxypentose nucleic acids. The
further differentiation between these two compounds can be achieved by
the Feulgen-staining reaction which is specific for the sugar in the deoxy-
ribose nucleic acid and hence has been used extensively in nuclear and
cytogenetical studies.

Acid polysaccharides respond to metachromatic staining, but in & manner
less specific than is the case with the Feulgen reaction. However, other
auxiliary staining methods contribute to make the identification of poly-
saccharides a relatively reliable procedure. On the other hand, many com-
monly used staining procedures such as the hematoxylin-eosin and Ladewig
staining methods show little specificity, although they are used extensively
to add general contrast through their graded attachment to different cell
structures. Such staining techniques have been applied to provide a great
wealth of descriptive data on both normal and pathological tissues. Mention
should also be made of the so-called impregnation methods commonly used
to visualize fibrillar structures. In many such cases it has been found that
the intensity of response 1o the impregnation procedures is governed
largely by the physical state of subdivision within the morphological com-
ponents. Thus, for example, the pathclogists differentiate between collagen
and precollagen on the basis of deposition of silver, although chemical
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studies show that both are collagen, and electron microscope pictures have
indicated that the main difference between the two systems is probably in
the state of aggregation of the elementary fibrillae.

If these histological data are to be related more specificaliy to the under-
iying fundamental processes, then a still greater effort must be made to
appreciate in detail the chemical basis of the procedures used, and alse to
reiate these data to the living structure.

Remarkable advances in the study of living tissues have come from de-
velopments of techniques such as phase contrast and interference micros-
copy. The structures in the living tissue introduce phase changes into
transmitted radiation, and as the eyc is insensitive to phase differences
these techniques have heen developed to convert such phase variations to
Intensity variations which will be appreciated by the eye. This has helped
to distinguish cellular details in living materials with a resolution com-
parable to that obtained by classical histological methods, and through the
observation of living processes has helped to add a dynamic aspect to
microscopic morphology. In numerous cases it has led to confirmation of
suggestions derived from earlier histological studies. Undoubtedly the
classical histologicai methods do clearly distinguish real differences in
structure, but often through gross distortion, and the individual structures
seen may bear little resemblance to the living material.

It was clearly shown by the early work of Abbe and Rayleigh that the
resolution of an optical magnifying system is ultimately limited by the
wavelength of radiation used. When the theoretical limit with visible radia-
tion was practically achieved it was quite natural to explore the potentiali-
ties of shorter wavelength radiation. In the ultraviolet regicn practical
considerations confined the useful wavelength range to above 2500 ,EA, out
even this gave an extension of the limit of resolution by a factor of about
two. An added advantage of the ultraviolet microscope was that some
cellular components showed specific absorption in this region, thus facili-
tating a localization of certain materials in the living cells. Below 2000 A
the absorption of radiation by matter becomes very great, necessitating
operating in vacuo. This limitation persists down through the short wave
ultraviolet and soft X-rays, but in coming to the harder X-rays (shorter
wavelength) the absorption is considerably reduced, and from this point
of view X-rays should be adaptable for microscopy. However, great diffi-
culty bas been experienced in providing an optical system for controlling
this radiation and effectively exploiting its possibilities for higher resolu-
tion, a resolution which could theoretically approach atomic dimensions.
It had been observed that similar wavelengths were associated with elec-
trons in motion, and that electrons, by virtue of their charge, could be
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readily controlled in magnetic and electrostatic fields. These factors have
been rapidly exploited in the development of the electron microscope over
the past twenty years. The nature of the image formation with electrons is
such that the whole optical path must be enclosed in high vacuum, which
precludes the examination of living tissue, at least at high resolution. The
resolution of the electron microscope is already approaching atomic dimen-
sions, but from the biological point of view the preservation of structure
at this level under the imposed conditions of preparation introduces its
own limitations. Owing to the great focal depth of such instruments, high
resolution can only be obtained in very thin specimens, and in general it
can be said that the thickness of the compound sample should not much
exceed the value of the desired linear resolution.

This morphological pathway has now led down to the level of visuaiiza-
tion of molecules and their interactions, and it is here that the exact nature
of living processes should be made clear in terms of sequences of chemical
interactions occurring at specific locations in the morphological picture.
This morphological approach to living processes is summarized in Table 1.

CHEMICAL APPROACH

The chemical analysis of biological systems has gone hand in hand with
the morphological classification. The main task of early biochemistry was
to determine the gross composition of organs and tissues. Analyses for such
components as water, protein, lipid, carbohydrate, nucleic acid, and mineral

TABLE I
Dimension Terminology Example of structure obsex:tt}i‘:x?’o?fsigleecfmits
0.1 mm (100 u) Anatomy Organs Eye and simple
and larger : lenses
100 p-10 u Histology Tissues Various types of light
10 0.2 s (2000 A) Cytology Cells, bacteria microscopy and
X-ray microscopy
2000 A-10 X Bubmicroscopic mor- Viruses, cell Electron microscopy
phology  (supra- constituents
molecular struc-
ture)
Below 10 A Molecular and Arrangements of Not directly observ-

atomic structure atoms able
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salt were early carried out on anatomically resolvable components. The
most striking fact drawn from these studies was the high water content,
water accounting for something of the order of three-quarters of the \Iveight
of living material. From this first chemical mapping of tissues, biochemical
studies have developed along two main iines. One has sought to char-
acterize chemically the progressively smaller morphological units resolved
by the microscopic methaods; this line has become the field of histochemistry”
and cytochemistry. The second has conceutrated on the isolation and char-
acterization of biologically important substances. This has led to detailed
knowledge of the chemical components present in the biological system
which must, ultimately, through their interactions, provide the activity of
living material, although it must be emaphasized that the interactions are
intimately related to their biological envirenment. The activity of a partic-
ular chemical component which is isolated from a large bulk of tissue may
be limited to a restricted morphological region; and, in order to focus more
precisely the site of action of indgividual substances, the trend in recent
research has been to work with sruller and smaller samples carefully dis-
sected from the gross specimen and ul<o to isolate individual morpho-
logically distinguishable components by phyv=icai methods such as ultra-
centrifugation so that the nature of the substances eventually isolated and
characterized may have a more specific functional significance.

These attempts to obtain homogeneous fractions of morphologically
identifiable tissue and cell compounsnts for chemical studies lend more
weight to pure histo- and cytocheraicni mvestigations where attempts are
made to identify the chemical constituents of g single marphological feature.
With the size of sample studied in histochemistry and cytochemistry, the
standard methods of chemical anal vais are often not applicable, and special
analytical techniques have been developed based on staining reactions,
microabsorption of radiant energy, autoradiography, micrainterferometry,
and other speeialized forms of microscopy. An outstanding advantage of
these methods is that it is possible to study extremely small volumes of
material (see Table 11), but in these sinall volumes it is usually necessary
for the chemical components to be present in relativel v high concentrations.
Although the methods are capable of very fine differentiation, the accuracy
with which individual chemical components can be quantitatively esti-
mated is usually not comparable with that of the standard chemieal analy-
sis methods applied to the larger =pecimens. With the empha~is on the
composition of a single histo- or eytological com ponent, comparative studies
on cells and tissues become possible, but whets applying these methods to
compare different samples one must bear in mind the individual variations
and obtain a true representative value by examining a large number of
components in each sample.
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TABLE 11
Li ’ i Terminology
din::ne:ilt;n Weight ermin
lem 1 gram Conventional biochemistry
1 mm 1mg1l0* gram Microchemistry
100 0 1 ug 1078 gram Histochenflstry} Ultramicrochemistry
1y 1 uug (or 1 picogram or 10~ C(ytochemistry
grams)

The chemical studies thus indicate the nature and properties of the
chemical components which are to be associated with the sites distinguished
in the morphological picture of living material. However, in order to ap-
proach the ultimate site of action of the chemical components, the in-
dividual molecules must be organized within the unit defined by the histo-
chemical methods, for the ultimate site of action is the molecule itself, and
substances present only in traces according to chemical analysis are never-
theless of great importance at some more specifically located point.

BrovogicaL ULTRASTRUCTURE

Assuming that we now have the chemical components allocated to
morphological compartments, the aim of ultrastructural studies is to add
the all important water component, and to devise molecular organizations
which will account for the physiological properties associated with the
structure. To do this it is necessary to start with the molecules themselves,
and, considering their charge and space characteristics which can be de-
rived from the great wealth of structural data available on the numerous
compounds isolated from biological systems, to fit them into the general
parameters derived from the tissues themselves in a manner which may
provide the required functional significance. '

In general, biological systems cannot be studied in detail by the direct
methods of structural analysis, but some structural parameters can often
be deduced through a modified approach, and a number of systems are
available in which structural features are repeated in a pattern sufficiently
regular and extensive to yield more detailed structural information and
hence provide reliable data on types of organization which are actually used
in biological systems. That we are able to deduce so much from the repeti-
tive systems depends on the fact that here it is possible to apply the meth-
ods which have proved useful in crystal analysis. In general, it can be said
that these methods give direct information on the dimensions and orienta-
tions of molecular components in the structures. In addition to the X-ray.
diffraction techniques by which it is possible to do complete structural
analyses of the simpler inorganic and organic crystals and even of some of
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the complex ones such as penicillin, several other techniques can be used
to extract structural informstion from repeating structures. With the
larger repeating units of biological systems, the electron microscope is often
capable of a direct measurement of structural parameters. It is of course
possible to resolve a single unit by this technique, but the identification of
the unit is much more reliable, and the measurements much more accurate,
when more than one unit ean be considered. The orientation of structures
can be studied through a number of techniques. The one first applied exten-
sively to biological systems was the polarized optical method. The advent of
the polarizing microscope marked the beginning of biological ultrastructure,
for it was with its aid that the early German workers, notably Ballentine,
were able to pick out the ordered structures, and with the later quantitative
measurements, principally by W. J. Schmidt, to make the first detailed sug-
gestions of the molecular organizations in tissues. Polarized light studies will
or course detect relatively small amounts of structure such as a single or-
dered layer, and also they will show up organization of quite large structural
units such as micelles, but again it is with the extensive repeating pattern
that the most valuable results are obtained. The study of the absorption of
various wavelengths of radiation has also yielded valuable information on
the orientation of structural components. If the absorption of certain
groups or bonds such as are active in infrared and ultraviolet absorption
is studied with the specimens oriented at different angles with respect to
the direction of the electric vector of polarized radiation, the absorption
may vary according to the angle of orientation, and measurements of the
dichroic ratio (the ratio of the absorptions measured with the specimen axis
parallel to and perpendicular to the electric vector of the polarized radia-
tion) may indicate the orientation of the particular bonds or groups re-
sponsible for the absorption. Information derived from any of these
methods may be useful in solving the problems of structural organization.
Again the dichroic ratio is only appreciable in extensively organized sys-
tems, and only occasionally are suitable systems encountered.

Although the repetitive structures may, in general, be the exceptions
rather than the rule, such biological model systems can be found for organi-
zations based on each of the major molecular constituents of living material,
In most cases these structures are normal tissues in which the units have
been repeated in a regular pattern to serve a particular function as in bone,
muscle, tendon, and myelin sheath. However, it may be that structures are
developed to different extents in different species of living material, and it
is usually worth while seeking the ideal system in which to study a particu-
lar component. It is also worth while looking into pathological conditions
where a particular component often accumulates to an extent that makes
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it available for detailed studies which otherwise might not be possible.
There is every reason to believe that the individual molecules behave simi-
larly in the various kinds of systems, and structural principles established
in the model systems are not likely to be changed fundamentally in the
systems which are not available for direct study. The final requirement is
to endow this molecular morphology with a dynamic aspect so that the
function, and the meaning of renewal and replacement, can be fully under-
stood. In considering this functional aspect, it is the significance of in-
dividual molecular organizations that is important, and manifestations of
this same function are often to be found in many morphologically distin-
guishable components which should be discussed simultaneously if the
function is to be treated adequately. It is with this purpose in mind, and
also because it provides a much more orderly marshalling of the available
experimental data on biological ultrastructure, that the material in this
book is treated by starting from the individual molecular components and
building up to the complex biological organizations in which they may play
an important role, rather than taking the morphological picture and filling
it up with molecules.
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