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Foreword to the Sixth Edition

A few years ago I wrote the Foreword to the Fifth Edition of this Textbook. For details and reasons why I liked Professor
Mohan’s book and why I recommended it then, please refer to my previous foreword below. My positive reaction to the
previous Edition probably gives some clues on why I accepted the second invitation, this time to introduce the Sixth Edition
to new students of Pathology and other potential readers.

Great French writer André Gide once said “le probleme n’est pas comment réussir mais comment durer”, which in
translation to English means: The problem is not how to succeed but how to last. The fact that Dr Mohan’s book has reached
its Sixth Edition is the best sign that you are holding in your hands a very successful book, and probably one of the medical
bestsellers published on the Indian subcontinent. Up to now, it has been used by thousands of students and I am sure that it
will continue to be read and cherished in the new Edition as well.

For the Sixth Edition, Dr Mohan has partially restructured the book, substantially revised it, and updated the text wherever
it was necessary. Following the advances of basic sciences and clinical pathology, the revisions and addition are most evident
in portions pertaining to molecular biology and genetics. Other aspects of modern pathology have not been neglected either
and contain numerous novelties; even the seasoned specialists will learn something new from each and every chapter.
Furthermore, the author has dramatically increased the number of illustrations, which are so essential for understanding
Pathology. The distribution of illustrations has also been changed so that they are now much closer to the text to which they
relate.

For the new generation of modern students who have grown up next to the computers, the author has placed all the
images and tables on the website with facility for downloading them. These images will serve the twin purpose of quick
review and self-assessment for students and will appeal to Pathology teachers who could use them for their lectures, being
assured that their students will have access to the same material for review and study. The Quick Review Book, the ever
popular companion to the previous two Editions, was also updated, succinctly supplementing the main text. It will provide
a helpful study material to many a student and help them review the subject for examinations.

In summary, it is my distinct pleasure and honour to most enthusiastically endorse the new edition of an established
textbook and salute its publication. Dr Mohan deserves kudos for the job well done and for providing the medical students
with such an attractive, modern, up-to-date and useful Textbook of Pathology.

Ivan Damjanov, MD, PhD
Professor of Pathology

As the Book Review Editor of the journal Modern Pathology, the official journal of the United States-Canadian Academy of Pathology I am
used to receiving medical books. These books are sent to my office from publishers, with a standard request for a potential review in the
Journal. Nevertheless a recent package from New Delhi caught me by surprise.

As you already might have guessed, the parcel contained a copy of the 5th Edition of the Textbook of Pathology written by Professor
Harsh Mohan, together with the Second Edition of the pocket size companion Pathology Quick Review and MCQs. Included was also a
friendly letter from Mr JP Vij, the Publisher. I acknowledged the receipt of the books by email, and also congratulated the Publisher on a job
well done. A brief electronic exchange between Kansas City and New Delhi ensued, whereupon Mr Vij asked me to write a foreword for the
Reprint of 5th Edition of the Textbook. I accepted the invitation with pleasure.

Even though there were no specific instructions attached to the request, I assumed that I should address my notes primarily to
undergraduate and graduate students of Pathology. Furthermore, I decided to write the Foreword in the form of answers to the questions
that I would have had if I were a medical student entering the field of Pathology. I hope that these hypothetical questions and answers of
mine will be of interest to the readers of this Textbook.

Question 1: Is this a good book?

Answer: Yes. This is a modern Textbook written by an expert who knows his pathology; an experienced teacher who knows what is
important and what is not, and who has obviously taught pathology for many years; a well informed academician who is au courant with
modern trends in medical education, and knows how to present pathology as a preparatory step for future clinical education of medical
students.

Question 2: How does the book compare with the leading textbooks of pathology in the USA, Great Britain and Germany?

Answer: Very favorably. This Indian Textbook covers more or less the same topics as the equivalent Textbooks currently used in the
Western Hemisphere. Like the Western textbooks it covers the traditional fields of General and Systemic Pathology: one-third of the book
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is devoted to General Pathology, whereas the remaining two-thirds cover Systemic Pathology. The emphasis is on classical anatomic
pathology. In that respect the Indian textbook resembles more the European than the American textbooks, which have become more
clinically-oriented. In my opinion this approach gives excellent results, but only if the students have enough time to devote to Pathology. In
most US medical schools this is not the case any more, and thus pathology is not taught as extensively as before. Histopathology has been
deleted from most curricula, and most American medical students do not know to use efficiently the microscope, which is unfortunate.

Question 3: Is the material presented in a “student-friendly” manner?

Answer: The material is presented in a systematic manner in the best tradition of classical British textbooks, a tradition that can be traced to
the classical writers of ancient Greece and Rome. This time tested teaching will be most appreciated by students who are methodical and do
not take shortcuts in their effort to acquire encyclopedic knowledge of pathology. On the other hand, even if your learning method is based
on “cherry-picking”, i.e. you concentrate only on the most important facts in each chapter, the structure of the text will allow you to do it
quite easily as well. There are no ideal books that would satisfy everybody in every respect, but there is no doubt that Professor Mohan's
book is close to ideal for a classical pathology course and I predict that it will be popular with many students.

Question 4: What are the most salient features of this textbook?

Answer: Clear writing. As we all know clear writing reflects clear thinking, and clear thinking in my opinion, is an absolute prerequisite for
good teaching. Judging from the book at hand, Professor Mohan (whom I do not know personally) is not only a clear thinker, but he must
be also an exceptionally talented teacher.

Clear and visually pleasing presentation. The exposition is logical and well structured. Each chapter is subdivided into smaller entities,
which are further divided into paragraphs, ideally suited for easy reading. Color coded headings and the added emphasis in form of words
printed in bold or capital letters are additional attractions that facilitate learning.

Exceptionally good illustrations, flow-charts and tables. Unique to this Textbook are the numerous hand-drawn color illustrations, including
many renditions of histopathologic slides. These drawings are simple, but to the point and well annotated. Students will most likely
understand them much easier than the relatively impersonal original microphotographs of the same histopathologic lesions. Flow-charts
are most efficiently used to explicate the pathogenesis of various lesions or the pathophysiology of disease processes. The tables are good
for classifications and comparative listings of closely related diseases and their pathologic features.

Companion pocket book (baby-book of pathology). I always recommend to my students to buy a major textbook and a smaller review book
containing a digest of the most important concepts; or a book of questions and answers, so that the student could test his/her knowledge of
pathology and the understanding of the material in the main textbook. I was pleased to see that Professor Mohan shares my teaching
philosophy and has taken upon himself to prepare for his students a shorter version of main text. This pocket book is also garnered with
review questions.

The medical students are thus getting a bargain— two books for the price of one. At the same time, they have a unique opportunity to
see, from the example set by their teacher, on how the same material can be approached from two points of view, and presented in two
formats. The old adage, that you have never learned anything unless you have seen it at least from two sides, is clearly illustrated here. For
the students of medicine the message is clear: if you understand the material presented in both the shorter and the longer version you can
be assured that you know your Pathology inside out; and you are ready for the final examination and clinical training.

Question 5: Do I have to know all that is in this book for my final examination?

Answer: No!! This is the most common question my students ask me and I hope that you believe me when I say that you do not have to
know it all. First of all, neither I nor Professor Mohan know it all. Second, few of us have photographic memory and infinite storage space
in our brains and thus even theoretically, very few of us could learn this book by heart. I can assure you that the book was not written for
those geniuses, but for the average persons like most of us. Third, your goal should not be to memorize all the facts listed in the textbook,
but rather to understand the main concepts. Since the concepts cannot be fully understood or taught without specific examples, by necessity
you will have to learn “some nitty-gritty details”. The more details you know, the deeper your understanding of the basic concepts will be.
Memorizing the details without the understanding of concepts that hold them together is not something that I would recommend. The
beauty of it all is that you can decide for yourself how deep to dig in, when to stop, what to keep and memorize, and what to eliminate. And
remember, deciding on what to eliminate is almost as important as choosing what to retain. As the educational gurus teach us, that is the
gist of what they call active learning. And to repeat again, this Textbook is ideally suited for that approach.

At the end, let me repeat how excited I was perusing this excellent book. I hope that you will be similarly excited and I hope that it will
inspire in you enthusiasm for Pathology.

Remember also the words of the great clinician William Osler, one of the founders of modern medicine in late 19th and early 20th
Century, who said that our clinical practice will be only as good as our understanding of Pathology.

I hope that I have answered most of the questions that you might have had while opening this book. If you have any additional
questions that I did not anticipate, please feel free to send me an email at idamjano@kumc.edu. Good luck!

Ivan Damjanov, MD, PhD

Professor of Pathology

The University of Kansas School of Medicine
Kansas City, Kansas, USA

Dr Damjanov is Professor of Pathology at the University of Kansas School of Medicine, Kansas City, Kansas, USA. He earned his Medical degree from
the University of Zagreb, Croatia in 1964, and a PhD degree in Experimental Pathology from the same University in 1970. He received his Pathology
training in Cleveland, New York and Philadelphia. Thereafter he served as Professor of Pathology at the University of Connecticut, Farmington, Connecticut,
Hahnemann University and Thomas Jefferson University, Philadelphia, Pennsylvania. For the last ten years he has been on the Faculty of the University
of Kansas School of Medicine dividing his time between teaching, practice of surgical pathology and medical publishing. He is the author of more than 300
biomedical articles, and has written or edited more than 20 medical books.



Preface

The overwhelming success and all-round acceptance of the last edition of the textbook was very encouraging and quite
stimulating but at the same time put an onerous responsibility and expectation to do better in the new edition than the best
of last edition. In preparing 6th revised edition of my Textbook of Pathology, I pursued this goal with profound enthusiasm
and passionate zeal. I am, thus, pleased to present to users a wholly transformed appearance and updated contents in the
revised edition. While full colour printing had been introduced in the last edition 5 years back maturing the book into an
international edition, the present redesigned and revised edition has utlilised the contemporary technological advances in its
full form in illustrations, lay-out and in printing. The revised edition has almost thrice the number of illustrations of large
number of common diseases placed along with the text, and it is hoped that it will enhance understanding and learning of the
subject readily, besides being a visual treat.

In recent times, advances in genetics, immunology and molecular biology have heightened our understanding of the
mechanisms of diseases. As a result, mention of ‘idiopathic’ in etiology and pathogenesis of most diseases in the literature is
slowly disappearing. Surely, the students of current times need to be enlightened on these modern advances in diseases;
these aspects have been dealt in the revised edition with a simple and lucid approach.

Some of the Key Features of the Sixth Edition are as follows:

Thorough Textual Revision and Updating: All the chapters and topics have undergone thorough revision and updating of
various aspects, including contemporary diagnostic modalities. While most of the newer information has been inserted
between the lines, a few topics have been rewritten, e.g. current concepts on cell injury, immunopathology, carcinogenesis,
newer infectious diseases, lymphomas-leukaemias, hypertension, interstitial lung diseases, etc. to name a few. In doing so,
the basic accepted style of the book —simple, easy-to-understand and reproduce the subject matter, and emphasis on clarity
and accuracy, has not been disturbed. Past experience has shown that the readers find tables on contrasting features and
listing of salient features as a very useful medium for quick learning; considering their utility 15 new tables have been added
in different chapters in the revised edition.

Reorganisation of the Book: In a departure from the conventional division of study of the subject into General and
Systemic Pathology, the revised edition has been reorganised into 3 major sections—General Pathology and Basic Techniques
(Chapters 1 to 11), Haematology and Lymphoreticular Tissues (Chapters 12 to 14) and Systemic Pathology (Chapters 15 to
30), followed by Appendix (containing Normal Values), Further Readings for references and Index. In my considered
judgement, a separate section on haematology and lymphoid tissues and redistribution of their subtopics was necessitated
for two reasons—firstly, reclassification of leukaemias-lymphomas by the WHO as an integrated topic, making the segregation
of study of diseases of ‘circulating” and ‘tissue’ leucocytes superfluous; and secondly, due to advances in haematology,
transfusion medicine and diseases of lymphoreticular tissues, these subspecialties of pathology have developed a lot in
recent times, requiring the students to focus on them separately for learning and they are evaluated too on these topics by
separate experts. Similarly, in the revised edition, two chapters on laboratory techniques—Techniques for the Study of
Pathology (Chapter 2) and Basic Diagnostic Cytology (Chapter 11) have been included in Section-I in view of technological
advances in pathology which have gone beyond remaining confined as research tool but have increasingly become part of
diagnostic work-up.

Profusely Illustrated: Majority of illustrations in the revised Edition are new additions while a few old ones have been done
again. All the line-drawing and schematic cartoons have been updated and improved in content as well as their presentation
by preparing them again on CorelDraw in soft colours, eliminating the shortcomings noticed in them in previous edition. All
free-hand labelled sketches of gross specimens and line-drawings of microscopic features of an entity have been placed
alongside the corresponding specimen photograph and the photomicrograph respectively, enhancing the understanding of
the subject for the beginner students in pathology. In doing so, the number of figures has gone up by about three-folds in the
present edition, some incorporated as an inset with focus on a close-up microscopic view.

Truly User-friendly: Rational use of various levels of headings and subheadings in different colours, bold face and in italics
has been done in the text in order to highlight key points. All the citations of figures and tables in the text have been shown
in colour now to make the related text vividly visible and to help user locate the same quickly on a page. It is hoped that these
features will enable the user with rapid revision at the end of a topic, making the book truly user-friendly.

Much More Content but Unaltered Volume: While the new edition has a lot more updated textual material, more tables and
a marked increase in the number of figures than the previous edition, a meticulous and rational page management has
helped in retaining almost the same girth of the book as before.
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Images and Tables on the Web: All the illustrations and tables included in this edition are being put on the website with a
scratch key word on the inner page of the cover jacket. The students would find these useful for quick review and for self-
assessment in which an unlabelled image (gross specimen or a photomicrograph) appears, followed by the labelled image
with diagnosis corresponding to the same figure and table in the textbook. Besides, ready availability of these downloadable
images and tables would be useful to fellow teachers for possibly including the same in their lectures.

Revised Pathology Quick Review and MCQs: The sixth edition of textbook is accompanied with the new revised baby-book
popular with many students and interns. This small book has been found profoundly useful by the students just before
practical examination to face viva voce when they need to revise huge course content in a short time, or by those preparing to
take postgraduate entrance examinations. The revised edition has over 100 more new MCQs while some old ones have
either been edited or replaced.

A Word on Foreword: The Foreword by Prof Ivan Damjanov, MD, PhD, from Kansas University, US, for the previous edition
and now for the sixth edition so generously and meticulously prepared with an eye to the details of the book, has been most
welcome development, and has helped to bring the book closer to users in other parts of the world; I express our sincere
gratitude to this eminent teacher and well-known author whom I have yet to meet in person.

In essence, the revised edition is a comprehensive text of pathology meant primarily for students of pathology; however,
the practicing clinicians and students of other branches of medicine, dentistry, pharmacy, alternate system of medicine, and
paramedical courses may also find it useful.
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GENERAL PATHOLOGY AN

BASIC TECHNIQUES

Chapter 1

STUDY OF DISEASES

DEFINITION OF PATHOLOGY

The word “Pathology” is derived from two Greek words—pathos
meaning suffering, and logos meaning study. Pathology is, thus,
scientific study of structure and function of the body in disease;
or in other words, pathology consists of the abnormalities that
occur in normal anatomy (including histology) and physiology
owing to disease. Another commonly used term with reference
to study of diseases is ‘pathophysiology’ comprised by two words:
patho=suffering; physiology=study of normal function.
Pathophysiology, thus, includes study of disordered function
or breakdown of homeostasis in diseases. Pathologists are the
diagnosticians of disease. Therefore, knowledge and
understanding of pathology is essential for all would-be doctors,
general medical practitioners and specialists since unless they
know the causes, mechanisms, nature and type of disease, and
understand the language spoken by the pathologist in the form
of laboratory reports, they would not be able to institute
appropriate treatment or suggest preventive measures to the
patient. For the student of any system of medicine, the discipline
of pathology forms a vital bridge between initial learning phase
of preclinical sciences and the final phase of clinical subjects.
Remember the prophetic words of one of the eminent founders
of modern medicine in late 19th and early 20th century, Sir
William Osler, “Your practice of medicine will be as good as
your understanding of pathology.”

HEALTH AND DISEASE

Before there were humans on earth, there was disease, albeit in
early animals. Since pathology is the study of disease, then what
is disease? In simple language, disease is opposite of health i.e.
what is not healthy is disease. Health may be defined as a
condition when the individual is in complete accord with the
surroundings, while disease is loss of ease (or comfort) to the
body (i.e. dis-ease). However, it must be borne in mind that in
health there is a wide range of ‘normality” e.g. in height, weight,
blood and tissue chemical composition etc. It also needs to be
appreciated that at cellular level, the cells display wide range
of activities within the broad area of health similar to what is
seen in diseased cells. Thus, health and disease are not absolute
but are considered as relative states.

Introduction to Pathology

A term commonly confused with disease is illness. While
disease suggests an entity with a cause, illness is the reaction
of the individual to disease in the form of symptoms
(complaints of the patient) and physical signs (elicited by
the clinician). Though disease and illness are not separable,
the study of diseases is done in pathology while the learning
and management of illnesses is done in wards and clinics.

In addition to disease and illness, there are syndromes
(meaning running together) characterised by combination
of symptoms caused by altered physiologic processes.

TERMINOLOGY IN PATHOLOGY

It is important for a beginner in pathology to be familiar
with the language used in pathology:

@ Patient is the person affected by disease.

@ Lesions are the characteristic changes in tissues and cells
produced by disease in an individual or experimental
animal.

@ Pathologic changes or morphology consist of examination
of diseased tissues.

# Pathologic changes can be recognised with the naked
eye (gross or macroscopic changes) or studied by microscopic
examination of tissues.

# Causal factors responsible for the lesions are included
in etiology of disease (i.e. ‘why’ of disease).

@ Mechanism by which the lesions are produced is termed
pathogenesis of disease (i.e. how’ of disease).

# Functional implications of the lesion felt by the patient
are symptoms and those discovered by the clinician are the
physical signs.

# Clinical significance of the morphologic and functional
changes together with results of other investigations help
to arrive at an answer to what is wrong (diagnosis), what is
going to happen (prognosis), what can be done about it
(treatment), and finally what should be done to avoid
complications and spread (prevention) (i.e. ‘'what’ of disease).

EVOLUTION OF PATHOLOGY

Pathology as the scientific study of disease processes has
its deep roots in medical history. Since the beginning of
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2 mankind, there has been desire as well as need to know more

about the causes, mechanisms and nature of diseases. The
answers to these questions have evolved over the centuries—
from supernatural beliefs to the present state of our
knowledge of modern pathology. However, pathology is not
separable from other multiple disciplines of medicine and
owes its development to interaction and interdependence on
advances in diverse neighbouring branches of science, in
addition to the strides made in medical technology. As we
shall see in the pages that follow, pathology has evolved over
the years as a distinct discipline from anatomy, medicine and
surgery, in that sequence.

The brief review of fascinating history of pathology and
its many magnificent personalities with their outstanding
contribution in the opening pages of the book is meant to pay
our obeisance to those great personalities who have laid
glorious foundations of our speciality. Life and works of those
whose names are mentioned below are linked to some disease
or process—the aim being to stimulate the inquisitive beginner
in pathology as to how this colourful specialty has emerged.

FROM RELIGIOUS BELIEFS AND
MAGIC TO RATIONAL APPROACH
(PREHISTORIC TIME TO AD 1500)

Present-day knowledge of primitive culture prevalent in the
world in prehistoric times reveals that religion, magic and
medical treatment were quite linked to each other in those
times. The earliest concept of disease understood by the
patient and the healer was the religious belief that disease
was the outcome of ‘curse from God’ or the belief in magic
that the affliction had supernatural origin from ‘evil eye of
spirits.” To ward them off, priests through prayers and
sacrifices, and magicians by magic power used to act as faith-
healers and invoke supernatural powers and please the gods.
Remnants of ancient superstitions still exist in some parts of
the world. The link between medicine and religion became
so firmly established throughout the world that different
societies had their gods and goddesses of healing; for example:
mythological Greeks had Asclepios and Apollo as the principal
gods of healing, Dhanvantri as the deity of medicine in India,
and orthodox Indians’ belief in Mata Sheetala Devi as the pox
goddess.

The period of ancient religious and magical beliefs was
followed by the philosophical and rational approach to disease
by the methods of observations. This happened at the time
when great Greek philosophers—Socrates, Plato and Aristotle,
introduced philosophical concepts to all natural phenomena.

But the real practice of medicine began with Hippocrates
(460-370 BC), the great Greek clinical genius of all times and
regarded as ‘the father of medicine’ (Fig. 1.1). Hippocrates
followed rational and ethical attitudes in practice and teaching
of medicine as expressed in the collection of writings of that
era. He firmly believed in study of patient’s symptoms and
described methods of diagnosis. The prevailing concept of
mechanism of disease based on disequilibrium of four basic
humors (water, air, fire, and earth) was propagated by
Hippocates too. He recorded his observations on cases in
writing which remained the mainstay of medicine for nearly

Figure 1.1 £  Hippocrates (460-370 BC). The great Greek clinical
genius and regarded as ‘the father of medicine’. He introduced ethical
aspects to medicine.

two thousand years (Hippocratic aphorism). Some of the
major Hippocratic methods can be summarised as under:

# Observe all objectively.

# Study the patient rather than the disease.

# Evaluate honestly.

@ Assist nature.

Hippocrates introduced ethical concepts in the practice
of medicine and is revered by the medical profession by taking
‘Hippocratic oath’ at the time of entry into practice of medicine.

Greek medicine after Hippocrates reached Rome (now
Italy), which controlled Greek world after 146 BC and therefore
dominated the field of development of medicine in ancient
Europe then. In fact, since ancient times, many tongue-
twisting terminologies in medicine have their origin from
Latin language which was the official language of countries
included in ancient Roman empire (Spanish, Portugese,
Italian, French and Greek languages have their origin from
Latin).

Hippocratic teaching was propagated in Rome by Roman
physicians, notably by Cornelius Celsus (53 BC-7 AD) and
Cladius Galen (130-200 AD). Celsus first described four cardinal
signs of inflammation—rubor (redness), tumor (swelling),
calor (heat), and dolor (pain). Galen postulated humoral
theory, later called Galenic theory. This theory suggested that
the illness resulted from imbalance between four humors (or
body fluids): blood, lymph, black bile (believed to be from
the spleen), and biliary secretion from the liver.

The hypothesis of disequilibrium of four elements consti-
tuting the body (Dhatus) similar to Hippocratic doctrine finds
mention in ancient Indian medicine books compiled about
200 AD—Charaka Samhita, a finest document by Charaka on



medicine listing 500 remedies, and Sushruta Samhita, similar
book of surgical sciences by Sushruta, and includes about 700
plant-derived medicines.

The end of Medieval period was marked by backward
steps in medicine. There were widespread and devastating
epidemics which reversed the process of rational thinking
again to supernatural concepts and divine punishment for
‘sins.” The dominant belief during this period was that life
was due to influence of vital substance under the control of
soul (theory of vitalism). Thus, dissection of human body was
strictly forbidden as that would mean hurting the ‘soul.”

FROM HUMAN ANATOMY TO ERA OF
GROSS PATHOLOGY (AD 1500 to 1800)

The backwardness of Medieval period was followed by the
Renaissance period i.e. revival of leaning. The Renaissance
began from Italy in late 15th century and spread to whole of
Europe. During this period, there was quest for advances in
art and science. Since there was freedom of thought, there
was emphasis on philosophical and rational attitudes again.

The beginning of the development of human anatomy
took place during this period with the art works and drawings
of human muscles and embryos by famous Italian painter
Leonardo da Vinci (1452-1519). Dissection of human body was
started by Vesalius (1514-1564) on executed criminals. His
pupils, Gabriel Fallopius (1523-1562) who described human
oviducts (Fallopian tubes) and Fabricius who discovered
lymphoid tissue around the intestine of birds (bursa of
Fabricius) further popularised the practice of human anatomic
dissection for which special postmortem amphitheatres came
in to existence in various parts of ancient Europe (Fig. 1.2).

Antony van Leeuwenhoek (1632-1723), a cloth merchant by
profession in Holland, during his spare time invented the first
ever microscope by grinding the lenses himself through which
he recognised male spermatozoa as tiny preformed men (or
“homunculi”) and blood corpuscles. He also introduced
histological staining in 1714 using saffron to examine muscle
fibres.

Figure 1.2
was a place of learning human anatomic dissection conducted and
demonstrated by professors to eager learners and spectators.

In 16th Century, postmortem amphitheatre in Europe

Marcello Malpighi (1624-1694) used microscope extensively 3

and observed the presence of capillaries and described the
malpighian layer of the skin, and lymphoid tissue in the spleen
(malpighian corpuscles). Malpighi is known as ‘the father of
histology.’

The credit for beginning of the study of morbid anatomy
(pathologic anatomy), however, goes to Italian anatomist-
pathologist, Giovanni B. Morgagni (1682-1771). Morgagni was
an excellent teacher in anatomy, a prolific writer and a
practicing clinician. By his work, Morgagni demolished the
ancient humoral theory of disease and published his life-time
experiences based on 700 postmortems and their
corresponding clinical findings. He, thus, laid the foundations
of clinicopathologic methodology in the study of disease and
introduced the concept of clinicopathologic correlation (CPC),
establishing a coherent sequence of cause, lesions, symptoms,
and outcome of disease (Fig. 1.3).

Sir Percival Pott (1714-1788), famous surgeon in England,
identified the first ever occupational cancer in the chimney
sweeps in 1775 and discovered chimney soot as the first
carcinogenic agent. However, the study of anatomy in
England during the latter part of 18th Century was
dominated by the two Hunter brothers: John Hunter (1728-
1793), a student of Sir Percival Pott, rose to become greatest
surgeon-anatomist of all times and he, together with his elder
brother William Hunter (1718-1788) who was a reputed
anatomist-obstetrician (or man-midwife), started the first
ever museum of pathologic anatomy. John Hunter made a
collection of more than 13,000 surgical specimens from his
flourishing practice, arranged them into separate organ
systems, made comparison of specimens from animals and
plants with humans, and included many clinical pathology
specimens as well, and thus developed the first museum of
comparative anatomy and pathology in the world which
became the Hunterian Museum, now housed in Royal
College of Surgeons of London (Fig. 1.4). Amongst many
pupils of John Hunter was Edward Jenner (1749-1823) whose
work on inoculation in smallpox is well known. Another
prominent English pathologist was Matthew Baillie (1760-
1823), nephew of Hunter brothers, who published first-ever
systematic textbook of morbid anatomy in 1793. The era of
gross pathology had three more illustrious and brilliant
physician-pathologists in England who were colleagues at
Guy’s Hospital in London:

@ Richard Bright (1789-1858) who described non-
suppurative nephritis, later termed glomerulonephritis or
Bright's disease;

@& Thomas Addison (1793-1860) who gave an account of
chronic adrenocortical insufficiency termed Addison’s
disease; and

@ Thomas Hodgkin (1798-1866), who observed the complex
of chronic enlargement of lymph nodes, often with
enlargement of the liver and spleen, later called Hodgkin’s
disease.

Towards the end of 18th century, Xavier Bichat
(1771-1802) in France described that organs were composed
of tissue and divided the study of morbid anatomy into
General Pathology and Systemic Pathology. R.T.H. Laennec
(1781-1826), another French physician, dominated the early
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FATHER OF CPCs

Figure 1.3 = Giovanni B. Morgagni (1682—
1771), an ltalian physician-anatomist who
introduced clinicopathologic methodology in the
study of disease by correlation of clinical
findings with findings at postmortem exami-
nation.

Figure 1.4 £ John Hunter (1728-1793).
Scottish surgeon, regarded as the greatest
surgeon-anatomist of all times who established
first ever unique collection of pathological
specimens that later resulted in the Hunterian
Museum of the Royal College of Surgeons,

FATHER OF CLINICAL PATHOLOGY

Figure 1.5 £  Paul Ehrlich (1854-1915).
German physician, conferred Nobel prize for
his work in immunology, described Ehrlich’s test
for urobilinogen, staining techniques of cells
and bacteria, and laid the foundations of
haematology and clinical pathology.

London.

part of 19th century by his numerous discoveries. He
described several lung diseases (tubercles, caseous lesions,
miliary lesions, pleural effusion, bronchiectasis), chronic
sclerotic liver disease (later called Laennec’s cirrhosis) and
invented stethoscope.

Morbid anatomy attained its zenith with appearance of
Carl F. von Rokitansky (1804-1878), self-taught German
pathologist who performed nearly 30,000 autopsies himself.
He described acute yellow atrophy of the liver, wrote an
outstanding monograph on diseases of arteries and
congenital heart defects. Unlike most other surgeons of that
time, Rokitansky did not do clinical practice of surgery but
instead introduced the concept that pathologists should
confine themselves to making diagnosis which became the
accepted role of pathologist later.

ERA OF TECHNOLOGY DEVELOPMENT AND
CELLULAR PATHOLOGY (AD 1800 TO 1950s)

Up to middle of the 19th century, correlation of clinical
manifestations of disease with gross pathological findings
at autopsy became the major method of study of disease.
Sophistication in surgery led to advancement in pathology.
The anatomist-surgeons of earlier centuries got replaced
largely with surgeon-pathologists in the 19th century.
Pathology started developing as a diagnostic discipline
in later half of the 19th century with the evolution of cellular
pathology which was closely linked to technology
advancements in machinery manufacture for cutting thin
sections of tissue, improvement in microscope, and
development of chemical industry and dyes for staining.
The discovery of existence of disease-causing micro-
organisms was made by French chemist Louis Pasteur
(1822-1895), thus demolishing the prevailing theory of

spontaneous generation of disease and firmly established
germ theory of disease. Subsequently, G.H.A. Hansen

(1841-1912) in Germany identified Hansen’s bacillus as
causative agent for leprosy (Hansen’s disease) in 1873. While
the study of infectious diseases was being made, the concept
of immune tolerance and allergy emerged which formed the
basis of immunisation initiated by Edward Jenner. Ilya
Metchnikoff (1845-1916), a Russian zoologist, introduced the
existence of phenomenon of phagocytosis by human defense
cells against invading microbes.

Developments in chemical industry helped in switch over
from earlier dyes of plant and animal origin to synthetic dyes;
aniline violet being the first such synthetic dye prepared by
Perkin in 1856. This led to emergence of a viable dye industry
for histological and bacteriological purposes. The impetus for
the flourishing and successful dye industry came from the
works of numerous pioneers as under:

@ Paul Ehrlich (1854-1915), German physician, conferred Nobel
prize in 1908 for his work in immunology, described Ehrlich’s
test for urobilinogen using Ehrlich’s aldehyde reagent, staining
techniques of cells and bacteria, and laid the foundations of
clinical pathology (Fig. 1.5).

@& Christian Gram (1853-1938), Danish physician, who
developed bacteriologic staining by crystal violet.

@& D.L. Romanowsky (1861-1921), Russian physician, who
developed stain for peripheral blood film using eosin and
methylene blue derivatives.

@ Robert Koch (1843-1910), German bacteriologist who, besides
Koch’s postulate and Koch’s phenomena, developed techniques
of fixation and staining for identification of bacteria, discovered
tubercle bacilli in 1882 and cholera vibrio organism in 1883.

@ May-Grunwald in 1902 and Giemsa in 1914 developed blood
stains and applied them for classification of blood cells and bone
marrow cells.



@& Sir William Leishman (1865-1926) who described Leishman’s
stain for blood films in 1914 and observed Leishman-Donovan
bodies (LD bodies) in leishmaniasis.

@ Robert Feulgen (1884-1955) who described Feulgen reaction
for DNA staining and laid the foundations of cytochemistry and
histochemistry.

Simultaneous technological advances in machinery
manufacture led to development and upgradation of
microtomes for obtaining thin sections of organs and tissues
for staining by dyes for enhancing detailed study of sections.

Though the presence of cells in thin sections of non-living
object cork had been first demonstrated much earlier by Robert
Hooke in 1667, it was revived as a unit of living matter in the
19th century by F.T. Schwann (1810-1882), the first
neurohistologist, and Claude Bernarde (1813-1878), pioneer in
pathophysiology.

Until the end of the 19th century, the study of morbid
anatomy had remained largely autopsy-based and thus had
remained a retrospective science. Rudolf Virchow (1821-1905) in
Germany is credited with the beginning of microscopic
examination of diseased tissue at cellular level and thus began
histopathology as a method of investigation. Virchow gave two
major hypotheses:

@& All cells come from other cells.

@ Disease is an alteration of normal structure and function of
these cells.

Virchow came to be referred as Pope in pathology in Europe
and is aptly known as the ‘father of cellular pathology’
(Fig. 1.6). Thus, sound foundation of diagnostic pathology had
been laid which was followed and promoted by numerous
brilliant successive workers. Thus, knowledge and skill gained
by giving accurate diagnosis on postmortem findings started
being applied to surgical biopsy and thus emerged the discipline
of surgical pathology. Virchow also described etiology of
embolism (Virchow’s triad—slowing of blood-stream, changes
in the vessel wall, changes in the blood itself), metastatic spread

FATHER OF CELLULAR PATHOLOGY

ERR o 1.I ¥

Figure 1.6 € Rudolf Virchow (1821-1905).
German pathologist who proposed cellular
theory of disease.

FATHER OF BLOOD TRANSFUSION

Figure 1.7 € Carl Landsteiner (1863-1943).
An Austrian pathologist who first discovered the
existence of major human blood groups in 1900
and was recipient of Nobel prize in 1930.

of tumours (Virchow’s lymph node), and components and 5
diseases of blood (fibrinogen, leukocytosis, leukaemia).

The concept of frozen section examination when the
patient was still on the operation table was introduced by
Virchow’s student, Julius Cohnheim (1839-1884). In fact,
during the initial period of development of surgical
pathology around the turn of the 19th century, frozen
section was considered more acceptable by the surgeons.
Then there was the period when morphologic examination
of cells by touch imprint smears was favoured for diagnostic
purposes than actual tissue sections. Subsequently, further
advances in surgical pathology were made possible by
improved machinery and development of dyes and stains.

The concept of surgeon and physician doubling up in
the role of pathologist which started in the 19th century
continued as late as the middle of the 20th century in most
clinical departments. Assigning biopsy pathology work to
some faculty member in the clinical department was
common practice; that is why some of the notable
pathologists of the first half of 20th century had background
of clinical training e.g. James Ewing (1866-1943), A.P. Stout
(1885-1967) and Lauren Ackerman (1905-1993) in US, Pierre
Masson (1880-1958) in France, and RA Willis in Australia.

A few other landmarks in further evolution of modern
pathology in this era are as follows:

@& Karl Landsteiner (1863-1943) described the existence of
major human blood groups in 1900 and was awarded Nobel
prize in 1930 and is considered father of blood transfusion
(Fig. 1.7).

@ Ruskaand Lorries in 1933 developed electron microscope
which aided the pathologist to view ultrastructure of cell
and its organelles.

@ The development of exfoliative cytology for early
detection of cervical cancer began with George N. Papanicolaou
(1883-1962), a Greek-born American pathologist, in 1930s
who is known as ‘father of exfoliative cytology” (Fig. 1.8).

FATHER OF EXFOLIATIVE CYTOLOGY

M

Figure 1.8 £  George N. Papanicolaou
(1883-1962). American pathologist, who
developed Pap test for diagnosis of cancer of
uterine cervix.
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Another pioneering contribution in pathology in the
20th century was by an eminent teacher-author, William
Boyd (1885-1979), psychiatrist-turned pathologist, whose
textbooks—Pathology for Surgeons’ (first edition 1925) and
‘Textbook of Pathology’ (first edition 1932), dominated and
inspired the students of pathology all over the world due
to his flowery language and lucid style for about 50 years
till 1970s (Fig. 1.9). M.M. Wintrobe (1901-1986), a pupil of
Boyd who discovered haematocrit technique, regarded him
as a very stimulating teacher with keen interest in the
development of museum.

MODERN PATHOLOGY (1950s TO PRESENT TIMES)

The strides made in the latter half of 20th century until the
beginning of 21st century have made it possible to study
diseases at molecular level, and provide an evidence-based
and objective diagnosis and enable the physician to institute
appropriate therapy. The major impact of advances in
molecular biology are in the field of diagnosis and treatment
of genetic disorders, immunology and in cancer. Some of
the revolutionary discoveries during this time are as under
(Fig. 1.10):

@ Description of the structure of DNA of the cell by Watson
and Crick in 1953.

# Identification of chromosomes and their correct number
in humans (46) by Tijo and Levan in 1956.

# ldentification of Philadelphia chromosome t(9;22) in
chronic myeloid leukaemia by Nowell and Hagerford in 1960
as the first chromosomal abnormality in any cancer.

@ I[n Situ Hybridization introduced in 1969 in which a
labelled probe is employed to detect and localize specific
RNA or DNA sequences ‘in situ’ (i.e. in the original place).

@ Recombinant DNA technique developed in 1972 using
restriction enzymes to cut and paste bits of DNA.

@ In 1983, Kary Mullis introduced polymerase chain reaction
(PCR)i.e. “xeroxing” DNA fragments which revolutionised
the diagnostic molecular genetics.

# Flexibility and dynamism of DNA invented by Barbara
McClintock for which she was awarded Nobel prize in 1983.

p telomere

Nucleus ;
® ~ Chromatids

CELL

Figure 1.10 € Molecular structure of human chromosome.

__— Centromere

CHROMOSOME

Figure 1.9 £ William Boyd (1885-1979). Canadian pathologist and
eminent teacher of pathology who was a pioneering author of textbooks of
pathology which have been read all over the world by students of pathology
and surgery for over 50 years.

@ In 1997, Ian Wilmut and his colleagues at Roslin Institute in
Edinburgh, successfully used a technique of somatic cell nuclear
transfer to create the clone of a sheep; the cloned sheep was
named Dolly. This has set in the era of mammalian cloning.
Reproductive cloning for human beings, however, is very risky
besides being absolutely unethical.

@ In 1998, researchers in US found a way of harvesting stem
cells, a type of primitive cells, from embryos and maintaining
their growth in the laboratory, and thus started the era of stem
cell research. Stem cells are seen by many researchers as having
virtually unlimited application in the treatment of many human
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diseases such as Alzheimer’s disease, diabetes, cancer, strokes,
etc. There are 2 types of sources of stem cells: embryonic stem
cells and adult stem cells. Since embryonic stem cells are more
numerous, therapeutic cloning of human embryos as a source of
stem cells for treating some incurable diseases has been allowed
in some parts of the world. A time may come when by using
embryonic stem cells, insulin-producing cells may be introduced
into the pancreas in a patient of insulin-dependent diabetes
mellitus, or stem cells may be cultured in the laboratory in lieu
of a whole organ transplant. Thus, time is not far when organs
for transplant may be ‘harvested’ from the embryo in lieu of a
whole organ transplant.

@ In April 2003, Human Genome Project (HGP) consisting of
a consortium of countries, was completed which coincided with
50 years of description of DNA double helix by Watson and
Crick in April 1953. The sequencing of human genome reveals that
human genome contains approximately 3 billion of the base
pairs, which reside in the 23 pairs of chromosomes within the
nucleus of all human cells. Each chromosome contains an
estimated 30,000 genes in the human genome, contrary to the
earlier estimate of about 100,000 genes, which carry the
instructions for making proteins. The HGP gave us the ability
to read nature’s complete genetic blueprint for building each
human being. All this has opened new ways in treating and
researching an endless list of diseases that are currently
incurable. In time to come, medical scientists will be able to
develop highly effective diagnostic tools, to better understand
the health needs of people based on their individual genetic
make-ups, and to design new and highly effective treatments
for disease as well as suggest prevention against disease.

These inventions have set in an era of human molecular
biology which is no longer confined to research laboratories but
is ready for application as a modern diagnostic and therapeutic
tool. Modern day human molecular biology is closely linked to
information technology; the best recent example is the
availability of molecular profiling by cDNA microarrays in which
by a small silicon chip, expression of thousands of genes can be
simultaneously measured.

SUBDIVISIONS OF PATHOLOGY

After a retrospective into the historical aspects of pathology,
and before plunging into the study of diseases in the chapters
that follow, we first introduce ourselves with the branches of
human pathology.

Depending upon the species studied, there are various
disciplines of pathology such as human pathology, animal
pathology, plant pathology, veterinary pathology, poultry
pathology etc. Comparative pathology deals with the study of
diseases in animals in comparison with those found in man.

Human pathology is the largest branch of pathology. It is
conventionally divided into General Pathology dealing with
general principles of disease, and Systemic Pathology that
includes study of diseases pertaining to the specific organs and
body systems. With the advancement of diagnostic tools, the
broad principles of which are outlined in the next chapter, the
speciality of pathology has come to include the following
subspecialities:

A.HISTOPATHOLOGY. Histopathology, used synonymously
with anatomic pathology, pathologic anatomy, or morbid

anatomy, is the classic method of study and still the most 7
useful one which has stood the test of time. The study
includes structural changes observed by naked eye
examination referred to as gross or macroscopic changes,
and the changes detected by light and electron microscopy
supported by numerous special staining methods including
histochemical and immunological techniques to arrive at
the most accurate diagnosis. Modern time anatomic
pathology includes super-specialities such as cardiac
pathology, pulmonary pathology, neuropathology, renal
pathology, gynaecologic pathology, breast pathology,
dermatopathology, gastrointestinal pathology, oral
pathology, and so on. Anatomic pathology includes the
following 3 main subdivisions:

1. Surgical pathology. It deals with the study of tissues
removed from the living body. It forms the bulk of tissue
material for the pathologist and includes study of tissue by
paraffin embedding techniques and by frozen section for rapid
diagnosis.

2. Forensic pathology and autopsy work. This includes
the study of organs and tissues removed at postmortem
for medicolegal work and for determining the underlying
sequence and cause of death. By this, the pathologist
attempts to reconstruct the course of events how they may
have happened in the patient during life which culminated
in his death. Postmortem anatomical diagnosis is helpful
to the clinician to enhance his knowledge about the disease
and his judgement while forensic autopsy is helpful for
medicolegal purposes. The significance of a careful
postmortem examination can be summed up in the old
saying ‘the dead teach the living’.

3. Cytopathology. Though a branch of anatomic
pathology, cytopathology has developed as a distinct
subspeciality in recent times. It includes study of cells shed
off from the lesions (exfoliative cytology) and fine-needle
aspiration cytology (FNAC) of superficial and deep-seated
lesions for diagnosis (Chapter 11).

B. HAEMATOLOGY. Haematology deals with the diseases
of blood. It includes laboratory haematology and clinical
haematology; the latter covers the management of patient
as well.

C. CHEMICAL PATHOLOGY. Analysis of biochemical
constituents of blood, urine, semen, CSF and other body
fluids is included in this branch of pathology.

D. IMMUNOLOGY. Detection of abnormalities in the
immune system of the body comprises immunology and
immunopathology.

E. EXPERIMENTAL PATHOLOGY. This is defined as
production of disease in the experimental animal and its
study. However, all the findings of experimental work in
animals may not be applicable to human beings due to
species differences.

F. GEOGRAPHIC PATHOLOGY. The study of differences
in distribution of frequency and type of diseases in
populations in different parts of the world forms geographic
pathology.
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8 G. MEDICAL GENETICS. This is the branch of human
genetics that deals with the relationship between heredity
and disease. There have been important developments in
the field of medical genetics e.g. in blood groups, inborn
errors of metabolism, chromosomal aberrations in
congenital malformations and neoplasms etc.

H. MOLECULAR PATHOLOGY. The detection and
diagnosis of abnormalities at the level of DNA of the cell
is included in molecular pathology. Recent advancements
in molecular biologic techniques have resulted in
availability of these methods not only for research
purposes but also as a tool in diagnostic pathology.

In conclusion, it is said that specialisation makes human
minds strangers to each other. But the above divisions of
pathology into several specialisations are quite artificial since
pathology embraces all disciplines of medicine and thus
overlapping of specialities is likely. While in the chapters that
follow, efforts have been made to present the entire subject
covering diseases of the whole human body in an integrated
and coordinated manner, knowledge is ever-expanding on a
daily basis and the quest for learning more an ongoing
process. Thus, all of us remain lifelong students of the art of
pathology of diseases!

4



Chapter 2

For learning contemporary pathology effectively, it is essential
that the student is familiar with the various laboratory
methods, techniques and tools employed for the study of
pathology. This chapter is devoted to the basic aspects of
various such methods as are available in a modern pathology
laboratory—ranging from the basic microscopy to the most
recent methods.

AUTOPSY PATHOLOGY

Professor William Boyd in his unimitable style wrote
‘Pathology had its beginning on the autopsy table’. The
significance of study of autopsy in pathology is summed up
in Latin inscription in an autopsy room translated in English
as “The place where death delights to serve the living’. As
stated in the previous chapter, G.B. Morgagni in Italy (1682-
1771) and T.H.A. Laennec (1781-1826) in France started
collecting the case records of hospital cases and began
correlation of clinical features with the lesions observed at
autopsy and thus marked the beginning of clinicopathologic
correlation (CPC). CPC continues to be the most important
form of clinical teaching activity in medical institutions
worldwide.

There is still no substitute for a careful postmortem
examination which enlightens the clinician about the patho-
genesis of disease, reveals hazardous effects of therapy
administered, and settles the discrepancies finally between
antemortem and postmortem diagnosis.

Traditionally, there are two methods for carrying out
autopsy, either of which may be followed:

1. Block extraction of abdominal and thoracic organs.
2. In situ organ-by-organ dissection.

In conditions where multiple organs are expected to be
involved, complete autopsy should be performed. But if a
particular organ-specific disease is suspected, a mini-autopsy
or limited autopsy may be sufficient.

The study of autopsy throws new light on the knowledge
and skills of both physician as well as pathologist. The main
purposes of autopsy are as under:

1. Quality assurance of patientcare by:

i) confirming the cause of death;

ii) establishing the final diagnosis; and
iii) study of therapeutic response to treatment.
2. Education of the entire team involved in patientcare by:

i) making autopsy diagnosis of conditions which are often
missed clinically e.g. pneumonia, pulmonary
embolism, acute pancreatitis, carcinoma prostate;

ii) discovery of newer diseases made at autopsy e.g.

Reye’s syndrome, Legionnaire’s disease, severe acute
respiratory syndrome (SARS);

Techniques for
the Study of Pathology

iii) study of demography and epidemiology of diseases;
and
iv) affords education to students and staff of pathology.

Declining autopsy rate throughout world in the recent times
is owing to the following reasons:
1. Higher diagnostic confidence made possible by advances
in imaging techniques e.g. CT, MR, angiography etc.
2. Physician’s fear of legal liability on being wrong.
Continued support for advocating autopsy by caring
physicians as well as by discernible pathologists in tertiary-
care hospitals is essential for improved patientcare and
progress in medical science.

SURGICAL PATHOLOGY

HISTORICAL PERSPECTIVE

The term surgical pathology is currently applied synony-
mously with histopathology, morbid anatomy, anatomic
pathology and cellular pathology. Surgical pathology is the
classic and time-tested method of tissue diagnosis made on
gross and microscopic study of tissues.

As discussed already, surgical pathology made a
beginning from pathologic study of tissues made available at
autopsy. Surgeons of old times relied solely on operative or
gross findings and, thereafter, discarded the excised tissues,
without affording an opportunity to the pathologist to make
microscopic diagnosis. However, with technology
development and advances made in the dye industry in the
initial years of 20th Century, the speciality of diagnostic
surgical pathology by biopsy developed.

In the beginning, this task was assigned to a surgeon
faculty member in the surgery departments who was
appropriately called ‘surgical pathologist’. Currently, the field
of surgical pathology has expanded so much that several
subspecialities have developed e.g. nephropathology,
neuropathology, haematopathology, dermatopathology,
gynaecologic pathology cytopathology, paediatric pathology,
and so on.

SCOPE AND LIMITATIONS OF SURGICAL PATHOLOGY

Surgical pathology services in any large hospital depend
largely on inputs from surgeons and physicians familiar with
the scope and limitations inherent in the speciality. Thus it is
vital that clinician and pathologist communicate freely—
formally as well as informally, through surgical pathology
request forms, verbally, and at different fora such as tissue
committees and interdepartmental conferences.

¢ 431dVHD

A30joyied Jo Apnis ay1 Jo} sanbiuyoa)



%]
m
(@]
=
o
2

sanbiuyoa] oiseg pue A3o|oyied |esauan

10 SURGICAL PATHOLOGY PROTOCOL

REQUEST FORMS. The first and foremost task of the
clinician requesting tissue diagnosis is to send a completed
request form containing patient’s identification data (ID)
matching with that on accompanying specimen container. The
body of the request form must contain the entire relevant infor-
mation about the case and the disease (history, physical and
operative findings, results of other relevant biochemical/
haematological /radiological investigations, and clinical and
differential diagnosis) and reference to any preceding cytology
or biopsy examination done in the pathology services.

TISSUE ACCESSION. The laboratory staff receiving the
biopsy specimen must always match the ID of the patient
on the request form with that on the specimen container.
For routine tissue processing by paraffin-embedding
technique, the tissue must be put in either appropriate
fixative solution (most commonly 10% formol-saline or 10%
buffered formalin) or received fresh-unfixed. For frozen
section, the tissue is always transported fresh-unfixed.
Microwave fixation may also be used in the laboratory for
rapid fixation and processing of routine surgical specimens.

GROSS ROOM. Gross examination of the specimen received
in the laboratory is the next most important step. Proper gross
tissue cutting, gross description and selection of representative
tissue sample in larger specimens is a crucial part of the
pathologic examination of tissue submitted. Complacency at
this step cannot be remedied at a later stage and might
require taking the tissue pieces afresh if the specimen is large
enough and that may delay the report, or if the biopsy is small
and lost in processing the entire surgical procedure for
biopsy may have to be done again. Modern compact grossing
stations have inbuilt system for recording gross description
through dictaphone without the aid of an assistant to write
it. Some laboratories have a protocol of doing gross specimen
photography and specimen radiography, before and after
tissue cutting for documentation.

Calcified tissues and bone are subjected to decalcification
to remove the mineral and soften the tissue by treatment with
decalcifying agents such as acids and chelating agents (most
often aqueous nitric acid).

It is mandatory that all the gross-room personnel follow
strict precautions in handling the tissues infected with
tuberculosis, hepatitis, HIV and other viruses.

HISTOPATHOLOGY LABORATORY. Tissue cassettes
along with unique number given in the gross room to the
tissue sample is carried throughout laboratory procedures.
Majority of histopathology departments use automated tissue
processors (Fig. 2.1) having 12 separate stages completing the
cycle in about 18 hours by overnight schedule as under:

@ 10% formalin for fixation;

@ ascending grades of alcohol (70%, 95% through 100%) for
dehydration for about 5 hours in 6-7 jars,

@ xylene/toluene/chloroform for clearing for 3 hours in two
jars; and

@ paraffin impregnation for 6 hours in two thermostat-fitted
waxbaths.

Figure 2.1 € Automatic tissue processor for processing by paraffin-
embedding technique.

(Thermo Shandon, UK). Courtesy: Towa Optics (India) Pvt. Ltd., New
Delhi.

In order to avoid contamination of the laboratory with
vapours of formalin and alcohols, vacuum tissue processors
having closed system are also available.

Embedding of tissue is done in molten wax, blocks of
which are prepared using metallic L (Leuckhart’s) moulds.
Nowadays, plastic moulds in different colours for blocking
different biopsies are also available. The entire process of
embedding of tissues and blocking can be temperature-
controlled for which tissue embedding centres are available
(Fig. 2.2). The blocks are then trimmed followed by sectioning
by microtomy, most often by rotary microtome, employing
either fixed knife or disposable blades (Fig. 2.3).

Cryostat or frozen section eliminates all the steps of tissue
processing and paraffin-embedding. Instead, the tissue is
quickly frozen to ice at about —25°C which acts as embed-
ding medium and then sectioned (Fig. 2.4). Sections are then
ready for staining. Frozen section is a rapid intraoperative
diagnostic procedure for tissues before proceeding to a major

Figure 2.2 £ Tissue embedding centre for paraffin technique
(Histocentre).

(Thermo Shandon, UK). Courtesy: Towa Optics (India) Pvt. Ltd., New
Delhi.



Figure 2.3 £  Rotary microtome for section cutting by paraffin-
embedding technique.

(Thermo Shandon, UK). Courtesy: Towa Optics (India) Pvt. Ltd., New
Delhi.

radical surgery. Besides, it is also used for demonstration of
certain constituents which are normally lost in processing
in alcohol or xylene e.g. fat, enzymes etc. This procedure

Figure 2.4 £ Cryostat for cutting sections by freezing technique
(Cryotones).

(Thermo Shandon, UK). Courtesy: Towa Optics (India) Pvt. Ltd., New
Delhi.

can be carried out in operation theatre complex near the 11

operating table.

Paraffin-embedded sections are routinely stained with
haematoxylin and eosin (H & E). Frozen section is stained
with rapid H & E or toluidine blue routinely. Special stains
can be employed for either of the two methods according to
need. The sections are mounted and submitted for microscopic
study.

SURGICAL PATHOLOGY REPORT. The final and the most
important task of pathology laboratory is issuance of a
prompt, accurate, brief, and prognostically significant report.
The ideal report must contain five aspects:

i) History (as available to the pathologist including patient’s
identity).

ii) Precise gross description.

iii) Brief microscopic findings.

iv) Morphologic diagnosis which must include the organ for
indexing purposes using SNOMED (Scientific Nomenclature
in Medicine) codes.

v) Additional comments in some cases.

QUALITY CONTROL. Monitoring the quality of output from
histopathology laboratory is important for detecting
inadequacies, updating procedures and for improving the
final report. An internal quality control by mutual discussion
in controversial cases and self-check on the quality of sections
can be carried out informally in the set up. Presently, external
quality control programme for the entire histopathology
laboratory is also available.

HISTOPATHOLOGIST AND THE LAW. Currently,
problem of allegations of negligence and malpractice in
histopathology have started coming just as with other clinical
disciplines. In equivocal biopsies and controversial cases, it
is desirable to have internal and external consultations.
Besides, the duties of sensitive reporting work should never
be delegated unless the superior is confident that the delegatee
has sufficient experience and ability.

SPECIAL STAINS (HISTOCHEMISTRY)

In H & E staining, haematoxylin stains nuclei and eosin is
used as counterstain for cytoplasm and various extracellular
material. H & E staining is routinely used to diagnose
microscopically vast majority of surgical specimens.
However, in certain ‘special’ circumstances when the
pathologist wants to demonstrate certain specific substances
or constituents of the cells to confirm etiologic, histogenic
or pathogenetic components, special stains (also termed
histochemical stains), are employed. The staining depends
upon either physical or chemical or differential solubility of
the stain with the tissues. The principles of some of the
staining procedures are well known while those of others
are unknown.

Some of the substances for which special stains are
commonly used in a surgical pathology laboratory are
amyloid, carbohydrates, lipids, proteins, nucleic acids,
connective tissue, microorganisms, neural tissues, pigments,
minerals; these stains are listed in Table 2.1.
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’ TABLE 2.1: Common Special (Histochemical) Stains in Surgical Pathology (in Alphabetic Order of Constituents).

Stain
A. AMYLOID
1. Congo red with polarising light

2. Toluidine blue

B. CARBOHYDRATES
3. Periodic acid-Schiff (PAS)

4. Mucicarmine/Best's carmine

5. Alcian blue (AB)

6. Combined AB-PAS

C. CONNECTIVE TISSUES
7. Van Gieson's

8. Masson’s trichrome

9. Phosphotungstic acid-
haematoxylin (PTAH)

10. Verhoeff's elastic

11. Gordon and Sweet’s

D. LIPIDS
12. Oilred O

13. Sudan black B

14. Osmium tetroxide

E. MICRO-ORGANISMS
15. Gram'’s

16. Ziehl-Neelsen’s
(Acid-fast)

17. Fite-Wade

18. Grocott’s silver
methanamine

19. Giemsa

20. Shikata’s orcein

Component/Tissue

Amyloid
Amyloid

Carbohydrates
(particularly glycogen),
all mucins

Acidic mucin

Acidic mucin

Neutral mucin

Extracellular collagen

Extracellular collagen

Muscle and glial
filaments

Elastic fibres

Reticular fibres

Fats
(unfixed cryostat)

Fats (unfixed cryostat)

Fats
(unfixed cryostat)

Bacteria
(cocci, bacilli)

Tubercle bacilli

Leprosy bacilli

Fungi

Parasites

Hepatitis B surface
antigen (HBsAQ)

Dyes

Congo red

Toluidine blue

Periodic acid,
Schiff reagent
(basic fuchsin)

Carmine

Alcian blue
(at pH 2.5)

Alcian blue

Picric acid, acid
fuchsin, celestin blue-
haemalum

Acid fuchsin, phospho-
molybdic acid, methyl
blue, celestin blue-
haemalum

Haematoxylin,
phosphotungstic acid,
permanganate, oxalic
acid

Haematoxylin,
Ferric chloride, iodine,
potassium iodide

Silver nitrate

Oilred O

Sudan black B

Osmium tetroxide

Crystal violet, Lugol's
iodine, neutral red

Carbol fuchsin, methylene
blue (differentiate
in acid-alcohol)

Carbol fuchsin, methy-
lene blue (decolorise in
10% sulfuric acid)

Sodium tetraborate,
silver nitrate,
methanamine

Giemsa powder

Acid permanganate,
orcein, tetrazine

Interpretation

Green-birefringence: amyloid

Orthochromatic blue: amyloid

Glycogen and other
carbohydrates: magenta
Nuclei: blue

Mucin: red
Nuclei: blue

Acid mucin: blue
Nuclei: red

Acid mucin: blue
Neutral mucin: magenta
Nuclei: pale blue

Nuclei: blue/black
Collagen: red
Other tissues: yellow

Nuclei: blue/black
Cytoplasm, muscle,
red cells: red
Collagen: blue

Muscle striations,
neuroglial fibres,
fibrin: dark blue
Nuclei: blue
Cytoplasm: pale pink

Elastic fibres: black
Other tissues: counter-stained

Reticular fibres: black
Nuclei: black or counterstained

Mineral oils: red
Unsaturated fats,
phospholipids: pink

Unsaturated fats: blue black

Unsaturated lipids: brown black
Saturated lipids: unstained

Gram-positive, keratin, fibrin: blue
Gram-negative: red

Tubercle bacilli, hair
shaft, actinomyces: red
Background: pale blue

Lepra bacilli: red
Background: blue

Fungi, Pneumocystis: black
Red cells: yellow
Background: pale green

Protozoa: dark blue
Nuclei: blue

HBsAg positive: brown to black
Background: yellow

Contd...
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Stain Component/Tissue
F. NEURAL TISSUES
21. Luxol fast blue Myelin
22. Bielschowsky'’s silver Axons

G. PIGMENTS AND MINERALS

23. Perl's Prussian blue Haemosiderin, iron

24. Masson-Fontana Melanin, argentaffin cells

25. Alizarinred S Calcium

26. von Kossa Mineralised bone

27. Rubeanic acid Copper

28. Pigment extraction Removal of formalin pig-

ment and malarial pigment

29. Grimelius’ Argyrophil cells

H. PROTEINS AND NUCLEIC ACIDS

30. Feulgen reaction DNA

31. Methyl green-pyronin DNA, RNA

Dyes Interpretation

Luxol fast blue,
cresyl violet

Myelin: blue/green
Cells: violet/pink

Silver nitrate Axon and neurofibrils: black

Ferric iron: blue
Nuclei: red

Potassium ferrocyanide

Silver nitrate Melanin, argentaffin,
chromaffin, lipofuscin: black

Nuclei: red
Alizarin red S Calcium deposits: orange red

Mineralised bone: black
Osteoid: red

Silver nitrate,
safranin O

Rubeanic acid Copper: greenish-black

Nuclei: pale red

Alcoholic picric acid Formalin pigment/malarial

pigment: removed

Silver nitrate Argyrophil granules: brown-black

Potassium metabisulphite DNA: red purple

Cytoplasm: green

Methyl green,
pyronin-Y

DNA: green-blue
RNA: red

ENZYME HISTOCHEMISTRY

Enzyme histochemical techniques require fresh tissues for
cryostat section and cannot be applied to paraffin-embedded
sections or formalin-fixed tissues since enzymes are damaged
rapidly. Currently, enzyme histochemistry has limited
diagnostic applications and not so popular, partly due to
requirement of fresh tissues and complex technique, and
partly due to relative lack of specificity of reaction in many
cases, and hence have been largely superseded by immuno-
histochemical procedures and molecular pathology
techniques.

Presently, some of common applications of enzyme
histochemistry in diagnostic pathology are in demonstration
of muscle related enzymes (ATPase) in myopathies,
acetylcholinesterase in diagnosis of Hirschsprung’s disease,
choloroacetate esterase for identification of myeloid cells and
mast cells, DOPA reaction for tyrosinase activity in
melanocytes, endogenous dehydrogenase (requiring
nitroblue tetrazolium or NBT) for viability of cardiac muscle,
and acid and alkaline phosphatases.

BASIC MICROSCOPY

Microscope is the basic tool of the pathologist just as is the
stethoscope for the physician and speculum for gynaecologist.
It is an instrument which produces greatly enlarged images
of minute objects.

LIGHT MICROSCOPY. The usual type of microscope used
in clinical laboratories is called light microscope. In general,
there are two types of light microscopes:

Simple microscope. This is a simple hand magnifying lens.
The magnification power of hand lens is from 2x to 200x.

Compound microscope. This has a battery of lenses which
are fitted in a complex instrument. One type of lens remains
near the object (objective lens) and another type of lens near
the observer’s eye (eye piece lens). The eyepiece and objective
lenses have different magnification. The compound
microscope can be monocular having single eyepiece or
binocular which has two eyepieces (Fig. 2.5). Multi-headed
microscopes are used as an aid to teaching and for
demonstration purposes.

VARIANTS OF LIGHT MICROSCOPY. Besides the light
microscopes, other modifications for special purposes in the
clinical laboratories are as under:

Dark ground illumination (DGI). This method is used for
examination of unstained living microorganisms e.g.
Treponema pallidum. The microorganisms are illuminated by
an oblique ray of light which does not pass through the
microorganism. The condenser is blackened in the centre and
light passes through its periphery illuminating the living
microorganism on a glass slide.

Polarising microscope. This method is used for demonstration
of birefringence e.g. amyloid, foreign body, hair etc. The light
is made plane polarised. After passing through a disc, the
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Figure 2.5 € Binocular light microscope (Model E 400, Nikon, Japan).
Courtesy: Towa Optics (India) Pvt. Ltd., New Delhi.

rays of light vibrate in a single plane at right angle to each
other. Two discs made up of prism are placed in the path of
light, one below the object known as polariser and another
placed in the body tube which is known as analyser. The lower
disc is rotated to make the light plane polarised. .

IMMUNOFLUORESCENCE

Immunofluorescence technique is employed to localise
antigenic molecules on the cells by microscopic examination.
This is done by using specific antibody against the antigenic
molecule forming antigen-antibody complex at the specific
antigenic site which is made visible by employing a
fluorochrome which has the property to absorb radiation in
the form of ultraviolet light so as to be within the visible
spectrum of light in microscopic examination.

The immunofluorescent method has the following
essential components:

FLUORESCENCE MICROSCOPE. Fluorescence microscopy
is based on the principle that the exciting radiation from
ultraviolet light of shorter wavelength (360 nm) or blue light
(wavelength 400 nm) causes fluorescence of certain substances
and thereafter re-emits light of a longer wavelength.

@ Some substances fluoresce naturally; this is termed
primary fluorescence or autofluorescence though UV light is
required for visualising them better e.g. vitamin A, porphyrin,
chlorophyll.

@ Sccondary fluorescence is more commonly employed and
is the production of fluorescence on addition of dyes or chemi-
cals called fluorochromes.

Source of light. Mercury vapour and xenon gas lamps are
used as source of light for fluorescence microscopy.

Filters. A variety of filters are used between the source of
light and objective: first, heat absorbing filter; second, red-light
stop filter; and third exciter filter to allow the passage of light
of only the desired wavelength. On passing through the
specimen, light of both exciting and fluorescence wavelength
collects. Exciter light is removed by another filter called barrier
filter between the objective and the observer to protect the
observer’s eyes so that only fluorescent light reaches the eyes
of observer.

Condenser. Dark-ground condenser is used in fluorescence
microscope so that no direct light falls into the object and
instead gives dark contrast background to the fluorescence.

TECHNIQUES. There are two types of fluorescence
techniques both of which are performed on cryostat sections
of fresh unfixed tissue: direct and indirect.

@ In the direct technique, first introduced by Coons (1941)
who did the original work on immunofluorescence, antibody
against antigen is directly conjugated with the fluorochrome
and then examined under fluorescence microscope.

@ In the indirect technique, also called sandwich technique,
there is interaction between tissue antigen and specific anti-
body, followed by a step of washing and then addition of
fluorochrome for completion of reaction. Indirect
immunofluorescence technique is applied to detect auto-
antibodies in patient’s serum.

APPLICATIONS. Immunofluorescence methods are applied
for the following purposes:

1. Detection of autoantibodies in the serum e.g. smooth muscle
antibodies (SMA), antinuclear antibodies (ANA),
antimitochondrial antibody (AMA), thyroid microsomal
antibody etc.

2. In renal diseases for detection of deposits of immuno-
globulins, complement and fibrin in various types of
glomerular diseases by frozen section as discussed in
Chapter 22.

3. In skin diseases to detect deposits of immunoglobulin by
frozen section, particularly at the dermo-epidermal junction
and in upper dermis e.g. in various bullous dermatosis
(Chapter 26).

4. For study of mononuclear cell surface markers using mono-
clonal antibodies.

5. For specific diagnosis of infective disorders e.g. viral
hepatitis.

ELECTRON MICROSCOPY

Electron microscope (EM) first developed in 1930s in Germany
has undergone modifications so as to add extensive new
knowledge to our understanding the structure and function
of normal and diseased cells at the level of cell organelles.
However, more recently, widespread use of diagnostic
immunohistochemistry in surgical pathology has restricted
the application of EM to the following areas of diagnostic
pathology:

1. In renal pathology in conjunction with light microscopy

and immunofluorescence (Chapter 22).



2. Ultrastructure of tumours of uncertain histogenesis.
3. Subcellular study of macrophages in storage diseases.
4. For research purposes.

TYPES OF EM
There are two main types of EM:

1. Transmission electron microscope (TEM). TEM is the tool
of choice for pathologist for study of ultrastructure of cell at
organelle level. In TEM, a beam of electrons passes through
ultrathin section of tissue. The magnification obtained by TEM
is 2,000 to 10,000 times.

2. Scanning electron microscope (SEM). SEM scans the cell
surface architecture and provides three-dimensional image.
For example, for viewing the podocytes in renal glomerulus.

Technical Aspects

Following are some of the salient technical considerations
pertaining to EM:

1. Fixation. Whenever it is planned to undertake EM
examination of tissue, small thin piece of tissue not more than
1 mm thick should be fixed in 2-4% buffered glutaraldehyde
or in mixture of formalin and glutaraldehyde. Following
fixation, the tissue is post-fixed in buffered solution of osmium
tetroxide to enhance the contrast.

2. Embedding. Tissue is plastic-embedded with resin on
grid.

3. Semithin sections. First, semithin sections are cut at a
thickness of 1 um and stained with methylene blue or
toluidine blue. Sometimes, paraffin blocks can also be cut for
EM study but generally are not quite satisfactory due to
numerous artefacts. Semithin sections guide in making the
differential diagnosis and in selecting the area to be viewed
in ultrathin sections.

4. Ultrathin sections. For ultrastructural examination,
ultrathin sections are cut by use of diamond knife. In order to
increase electron density, thin sections may be stained by
immersing the grid in solution of lead citrate and urinyl
acetate.

IMMUNOHISTOCHEMISTRY

Immunohistochemistry (IHC) is the application of immuno-
logic techniques to the cellular pathology. The technique is
used to detect the status and localisation of particular antigen
in the cells (membrane, cytoplasm or nucleus) by use of
specific antibodies which are then visualised by chromogen
as brown colour. This then helps in determining cell lineage
specifically, or is used to confirm a specific infection. IHC has
revolutionised diagnostic pathology (“brown revolution”) and
in many sophisticated laboratories IHC has replaced
histochemistry as an ancillary technique. Besides the different
principles underlying immunohistochemistry and
histochemistry, these two techniques differ in the end-result:
while histochemistry produces variety of colours for different
constituents stained depending upon the substance stained,

immunohistochemistry characteristically produces brown 15

colour only at the appropriate place in the cell as the end-
result for interpretation.

In the last decade, significant advances have been made
in techniques for IHC. Now, it is possible to use routinely
processed paraffin-embedded tissue blocks for IHC, thus
making profound impact on diagnostic surgical pathology.
Earlier, diagnostic surgical pathology used to be considered
a subjective science with inter-observer variation, particularly
in borderline lesions and lesions of undetermined origin, but
use of IHC has added objectivity, specificity and reproducibility
to the surgical pathologist’s diagnosis.

Overview of IHC

# Evolution of IHC can be traced to immunofluorescence
methods in which antibodies labelled with fluorescent
compound could localise the specific antigen in the cryostat
section.

@ Need for fluorescent microscope was obviated by
subsequent development of horseradish peroxidase enzymatic
labelling technique with some colorogenic system instead of
fluorochrome so that the frozen section with labelled antibody
could be visualised by light microscopy. Chromogens
commonly used in immunohistochemical reaction are
diaminobenzidine tetrahydrochloride (DAB) and aminoethyl
carbazole (AEC), both of which produce stable dark brown
reaction end-product.

@ Subsequently, immunoperoxidase technique employing
labelled antibody method to formalin-fixed paraffin sections was
developed which is now widely used.

# Currently, the two most commonly used procedures in
IHC are as under:

i) Peroxidase-antiperoxidase (PAP) method in which PAP
reagent is pre-formed stable immune-complex which is linked
to the primary antibody by a bridging antibody.

ii) Avidin-biotin conjugate (ABC) immunoenzymatic technique
in which biotinylated secondary antibody serves to link the
primary antibody to a large preformed complex of avidin,
biotin and peroxidase.

@ Selection of antibody/antibodies for performing IHC
staining is done after making differential diagnosis on H & E
sections. Generally, a panel of antibodies is preferable over a
single test to avoid errors.

# Antibodies for IHC are produced by polyclonal and
monoclonal (hybridoma) techniques; the latter is largely used to
produce specific high-affinity antibodies. At present, vast
number of antibodies against cell antigens for IHC stains are
available and the list is increasing at a steady rate.

@ IHC stains should always be done with appropriate
positive controlsi.e. tissue which is known to express particular
antigen acts as a control, which may be either internal control
or separate tissue. ‘Sausage’ tissue block technique combines
the staining of multiple tissues in a single slide with a single
staining procedure and is quite economical.

@ For interpretation of results of IHC stains, it is important
to remember that different antigens are localised at different sites
in cells (membrane, cytoplasm or nucleus) and accordingly
positive staining is seen and interpreted at those sites e.g.
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16 membranous staining for leucocyte common antigen (LCA),

nuclear staining for oestrogen-progesterone receptors (ER-
PR), cytoplasmic staining for smooth muscle actin (SMA) etc.
@ IHC stains cannot be applied to distinguish between
neoplastic and non-neoplastic lesions, or between benign and
malignant tumours. These distinctions have to be done by
traditional methods in surgical pathology.

Major Applications of IHC

At present, IHC stains are used for the following purposes,
in order of diagnostic utility:

1. Tumours of uncertain histogenesis. IHC has brought
about a revolution in approach to diagnosis of tumours of
uncertain origin, primary as well as metastatic from an
unknown primary tumour. A panel of antibodies is chosen
to resolve such diagnostic problem cases; the selection of
antibodies being made is based on clinical history,
morphologic features, and results of other relevant
investigations. Towards this, IHC stains for intermediate
filaments (keratin, vimentin, desmin, neurofilaments, and glial
fibillary acidic proteins) expressed by the tumour cells are of
immense value besides others listed in Table 2.2.

2. Prognostic markers in cancer. The second important
application of IHC is to predict the prognosis of tumours by
detection of micrometastasis, occult metastasis, and by
identification of certain features acquired, or products
elaborated, or genes overexpressed, by the malignant cells to

TABLE 2.2: Common Immunohistochemical Stains for

Tumours of Uncertain Origin.

Tumour Immunostain

1. Epithelial tumours
(Carcinomas)

) Pankeratin (fractions: high and
low molecular weight keratins,
HMW-K, LMW-K)
ii) Epithelial membrane antigen (EMA)
iiiy Carcinoembryonic antigen (CEA)
iv) Neuron-specific enolase (NSE)

2. Mesenchymal i) Vimentin (general mesenchymal)
tumours if) Desmin (for general myogenic)
(Sarcomas) iii) Muscle specific actin

(for general myogenic)
iv) Myoglobin (for skeletal myogenic)
V) o-l-anti-chymotrypsin
(for malignant fibrous histiocytoma)
vi) Factor VIII (for vascular tumours)
vii) CD34 (endothelial marker)
3. Special groups

a) Melanoma i) HMB-45 (most specific)
i) Vimentin
iii) S-100
b) Lymphoma i) Leucocyte common antigen
(LCA/CDA45)

i) Pan-B (Immunoglobulins, CD20)
iii) Pan-T (CD3)
iv) CD15, CD30 (RS cell marker for

Hodgkin's)
¢) Neural and i) Neurofilaments (NF)
neuroendocrine i) NSE
tumours iiiy GFAP (for glial tumours)

iv) Chromogranin (for neuroendocrine)
V) Synaptophysin

predict the biologic behaviour of the tumour. These include:
proto-oncogenes (e.g. HER-2/neu overexpression in
carcinoma breast), tumour suppressor genes or antioncogenes
(e.g. Rb gene, p53), growth factor receptors (e.g. epidermal
growth factor receptor or EGFR), and tumour cell proliferation
markers (e.g. Ki67, proliferation cell nuclear antigen PCNA).
Analysis of tumours by these methods is a significant
improvement in management over the conventional
prognostic considerations by clinical staging and histologic
grading.

3. Prediction of response to therapy. IHC is widely used to
predict therapeutic response in two important tumours—
carcinoma of the breast and prostate. Both these tumours are
under the growth regulation of hormones—oestrogen and
androgen, respectively. The specific receptors for these growth
regulating hormones are located on respective tumour cells.
Tumours expressing high level of receptor positivity would
respond favourably to removal of the endogenous source of
such hormones (oophorectomy in oestrogen-positive breast
cancer and orchiectomy in androgen-positive prostatic
carcinoma), or hormonal therapy is administered to lower
their levels: oestrogen therapy in prostatic cancer and
androgen therapy in breast cancer. The results of oestrogen-
receptors and progesterone-receptors in breast cancer have
significant prognostic correlation, though the results of
androgen-receptor studies in prostatic cancer have limited
prognostic value.

4. Infections. IHC stains are now being applied to confirm
infectious agent in tissues by use of specific antibodies against
microbial DNA or RNA e.g. detection of viruses (HBV, CMV,
HPV, herpesviruses), bacteria (e.g. Helicobacter pylori), and
parasites (Pneumocystis carinii ) etc.

CYTOGENETICS

Applied aspects of cytogenetics have been discussed in
Chapter 10. Here, we shall concentrate on brief technical
considerations only.

Human somatic cells are diploid and contain 46 chromo-
somes: 22 pairs of autosomes and one pair of sex
chromosomes (XX in the case of female and XY in the males).
Gametes (sperm and ova) contain 23 chromosomes and are
called haploid cells. All ova contain 23X while sperms contain
either 23X or 23Y chromosomes. Thus, the sex of the offspring
is determined by paternal chromosomal contribution i.e. if
the ovum is fertilised by X-bearing sperm, female zygote
results, while an ovum fertilised by Y-bearing sperm forms
male zygote.

Karyotyping

Karyotype is defined as the sequence of chromosomal align-
ment on the basis of size, centromeric location and banding
pattern. The structure of chromosome is described in
Chapter 3.

Determination of karyotype of an individual is an
important tool in cytogenetic analysis. Broad outlines of
karyotyping are as under:



1. Cell selection. Cells capable of growth and division are
selected for cytogenetic analysis. These include: cells from
amniotic fluid, chorionic villus (CVS) sampling, peripheral
blood lymphocytes, bone marrow, lymph node, solid tumours
etc.

2. Cell culture. The sample so obtained is cultured in mito-
gen media. A mitogen is a substance which induces mitosis in
the cells e.g. PPD, phytohaemagglutinin (PHA), pokeweed
mitogen (PWM), phorbol ester etc. The dividing cells are
then arrested in metaphase by the addition of colchicine or
colcemid, both of which are inhibitory to microtubule
formation. Subsequently, the cells are lysed by adding
hypotonic solution.

The metaphase cells are then fixed in methanol-glacial
acetic acid mixture.

3. Staining/banding. When stained, chromosomes have the
property of forming alternating dark and light bands. For this
purpose, fixed metaphase preparation is stained by one of
the following banding techniques:

a) Giemsa banding or G-banding, the most commonly used.
b) Quinacrine banding or Q-banding used to demonstrate
bands along chromosomes.

c) Constitutive banding or C-banding is used to demonstrate
constitutive heterochromatin.

d) Reverse staining Giemsa banding (or R-banding) gives pattern
opposite to those obtained by G-banding.

4. Microscopic analysis. Chromosomes are then photo-
graphed by examining the preparation under the microscope.
From the photograph, chromosomes are cut and then
arranged according to their size, centromeric location and
banding patterns. The pairs of chromosomes are identified
by the arm length of chromosomes. The centromere divides
the chromosome into a short upper arm called p arm (p for
petit in French meaning ‘short’) and a long lower arm called g
arm (letter q next to p).

Currently, molecular cytogenetic analysis and charac-
terisation of chromosomes is possible by the revolutionary
technique of multicolour fluorescence in situ hybridization
(FISH) (vide infra under Molecular Pathology).

Applications

The field of cytogenetics has widespread applications in
diagnostic pathology (Chapter 10). In brief, karyotyping is
employed for the following purposes:

i) Chromosomal numerical abnormalities e.g. Down’s syndrome
(trisomy 21 involving autosome 21), Klinefelter’s syndrome
(trisomy 46), Turner’s syndrome (monosomy 45, XO),
spontaneous abortions.

ii) Chromosome structural abnormalities include translocations
{e.g. Philadelphia chromosome t(9;22), cri-du-chat (5p)
syndrome, repeated spontaneous miscarriages}, deletions,
insertions, isochromosome, and ring chromosome formation.
iii) Cancer is characterised by multiple and complex chromo-
somal abnormalities which include deletions, amplifications,
inversions and translocations, especially in leukaemias and
lymphomas, germ cell tumours, some sarcomas.

DIAGNOSTIC MOLECULAR PATHOLOGY [

During the last quarter of 20th Century, rapid strides have
been made in the field of molecular biology. As a result,
molecular techniques which were earlier employed for
research purposes only have now been made available for
diagnostic purposes. These techniques detect abnormalities
at the level of DNA or RNA of the cell.

Broadly speaking, all the DNA/RNA-based molecular
techniques employ hybridization (meaning joining together)
technique based on recombinant technology. Specific region
of DNA or RNA is detected by labelling it with a probe (Probe
is a chain of nucleotides consisting of certain number of known
base pairs). Probes are of different sizes and sources as under:
1. Genomic probes derived from a region of DNA of cells.

2. c¢DNA probe derived from RNA by reverse transcription.

3. Oligonucleotide probe is a synthetic probe contrary to
genomic DNA and cDNA probe both of which are deri-
ved from cellular material.

4. Riboprobe is prepared by in vitro transcription system.

MOLECULAR METHODS

Following is a brief account of various molecular techniques
available as diagnostic tool in surgical pathology:

1. IN SITU HYBRIDISATION. In situ hybridisation (ISH) is
amolecular hybridisation technique which allows localisation
of nucleic acid sequence directly in the intact cell (i.e. in situ)
without DNA extraction unlike other hybridisation-based
methods described below. ISH involves specific hybridisation
of a single strand of a labelled nucleic acid probe to a single
strand of complementary target DNA or RNA in the tissue.
The end-product of hybridisation is visualised by radioactive-
labelled probe (**P, 1%, or non-radioactive-labelled probe
(e.g. biotin, digoxigenin).

Applications. ISH is used for the following:

i) Inviral infections e.g. HPV, EBV, HIV, CMV, HCV etc.

ii) In human tumours for detection of gene expression and
oncogenes.

iii) In chromosomal disorders, particularly by use of fluorescent
in situ hybridisation (FISH).

2. FILTER HYBRIDISATION. In this method, target DNA
or RNA is extracted from the tissue, which may either be fresh,
frozen and unfixed tissue, or formalin-fixed paraffin-
embedded tissue. Extracted target DNA or RNA is then
immobilised on nitrocellulose filter or nylon. Hybridisation
of the target DNA is then done with labelled probe. DNA
analysis by filter hybridisation includes various methods as
under:

i) Slot and dot blots in which the DNA sample is directly
bound to the filter without fractionation of nucleic acid size.
ii) Southern blot which is similar to dot-blot but differs in
performing prior DNA-size fractionation by gel electro-
phoresis (E.M. Southern is the name of scientist who described
Southern blot technique).

iii) Northern blot is similar to Southern blot but involves size
fractionation of RNA (Northern is, however, opposite
direction of southern and not someone’s name).
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18 iv) Western blot is analogous to the previous two methods but

is employed for protein fractionation; in this method
antibodies are used as probes.

Applications. In view of high degree of specificity and
sensitivity of the molecular hybridisation techniques, these
techniques have widespread applications in diagnostic
pathology:

i) In neoplasia, haematologic as well as non-haematologic.
ii) In infectious diseases for actual diagnosis of causative agent,
epidemiologic studies and identification of newer infectious
agents.

iii) In inherited genetic diseases for carrier testing, prenatal diag-
nosis and direct diagnosis of the genetic disease.

iv) In identity determination for tissue transplantation, forensic
pathology, and parentage testing.

3. POLYMERASE CHAIN REACTION. Polymerase chain
reaction (PCR) is a revolutionary technique for molecular
genetic purpose with widespread applications in diagnostics
and research. The technique is based on the principle that a
single strand of DNA has limitless capacity to duplicate itself
to form millions of copies. In PCR, a single strand of DNA
generates another by DNA polymerase using a short
complementary DNA fragment; this is done using a primer
which acts as an initiating template.

A cycle of PCR consists of three steps:
i) Heat denaturation of DNA (at 94°C for 60-90 seconds).
ii) Annealing of the primers to their complementary
sequences (at 55°C for 30-120 seconds).
iii) Extension of the annealed primers with DNA polymerase
(at 72°C for 60-180 seconds).

Repeated cycling can be done in automated thermal cycler
and yields large accumulation of the target sequence since
each newly generated product, in turn, acts as template in
the next cycle.

Applications. PCR analysis has the same applications as for
filter hybridisation techniques and has many advantages over
them in being more rapid, can be automated by thermal
cyclers and requires much lower amount of starting DNA.
However, PCR suffers from the risk of contamination; thus
extreme caution is required in the laboratory during PCR
technique.

OTHER MODERN AIDS IN

DIAGNOSTIC PATHOLOGY

FLOW CYTOMETRY

Flow cytometry is a modern tool used for the study of pro-
perties of cells suspended in a single moving stream. Flow
cytometry, thus, overcomes the problem of subjectivity
involved in microscopic examination of cells and tissues in
histopathology and cytopathology.

Flow cytometer has a laser-light source for fluorescence,
cell transportation system in a single stream, monochromatic
filters, lenses, mirrors and a computer for data analysis. Flow
cytometer acts like a cell sorter to physically sort out cells
from liquid suspension flowing in a single-file. Since single-

cell suspensions are required for flow cytometry, its
applications are limited to flow assays e.g. leucocytes,
erythrocytes and their precursors; body fluids, and sometimes
solid tissues homgenised to make into cell suspensions.

Applications. Flow cytometric analysis finds uses in clinical
practice in the following ways:

1. Immunophenotyping by detailed antigenic analysis of
various haematopoietic neoplasias e.g. acute and chronic
leukaemias, lymphomas (Hodgkin’s and non-Hodgkin’s), and
plasmacytic neoplasms.

2. Measurement of proliferation-associated antigens e.g. Ki67,
PCNA.

3. Measurement of nucleic acid content e.g. measuring RNA
content of reticulocytes, quantifying DNA content and DNA
ploidy counts in various types of cancers.

4. Diagnosis and prognostication of immunodeficiency e.g. in
AIDS by CD4 + T lymphocyte counts. Patients with CD4 + T
cell counts below 500/ml require antiviral treatment.

5. To diagnose the cause of allograft rejection in renal trans-
plantation in end-stage renal disease by CD3 + T cell counts.
Patients with CD3 + T cells below 100-200/ml have lower
risk of graft rejection.

6. Diagnosis of autoantibodies in ITP, autoimmune neutro-
penia.

METHODS FOR CELL PROLIFERATION ANALYSIS

Besides flow cytometry, the degree of proliferation of cells in
tumours can be determined by various other methods. These
include the following;:

1. Mitotic count. This is the oldest but still widely used
method in routine diagnostic pathology work. The number
of cells in mitosis are counted per high power field e.g. in
categorising various types of smooth muscle tumours.

2. Radioautography. In this method, the proliferating cells
are labelled in vitro with thymidine and then the tissue
processed for paraffin-embedding. Thymidine-labelled cells
(corresponding to S-phase) are then counted per 2000 tumour
cell nuclei and expressed as thymidine-labelling index. The
method is employed as prognostic marker in breast
carcinoma.

3. Microspectrophotometric analysis. The section is stained
with Feulgen reaction which imparts staining to DNA content
of the cell and then DNA content is measured by
microspectrophotometer. The method is tedious and has
limited use.

4. Immunohistochemistry. The nuclear antigen specific for
cell growth and division is stained by immunohistochemical
method and then positive cells are counted under the
microscope or by an image analyser. Such proliferation
markers include Ki-67, PCNA, cyclins.

5. Nucleolar organiser region (NOR). Nucleolus contains
ribosomal components which are formed at chromosomal
regions containing DNA called NORs. NORs have affinity
for silver. This property is made use in staining the section



with silver (AgNOR technique). NORs appear as black
intranuclear dots while the background is stained yellow-
brown.

COMPUTERS IN PATHOLOGY LABORATORY

A busy pathology laboratory has a lot of data to be
communicated to the clinicians. Pathologist too requires access
to patient’s data prior to reporting of results on specimens
received. It is, therefore, imperative that a modern pathology
laboratory has laboratory information system (LIS) which
should be ideally connected to hospital information system
(HIS).

Besides, the laboratory staff and doctors should have
adequate computer literacy on these systems.

There are two main purposes of having computers in the
laboratory:
@ for the billing of patients’ investigations; and
@ for reporting of results of tests in numeric, narrative and
graphic format.

Applications. Application of computers in the pathology
laboratory has several advantages as under:

1. The laboratory as well as the hospital staff have access to
information pertaining to the patient which helps in improving
patientcare.

2. The turn-around time (i.e. time between specimen collec-
tion and reporting of results) of any test is shortened.

3. Itimproves productivity of laboratory staff at all levels who
can be utilised for other jobs.

4. Coding and indexing of results and data of different tests
are possible on computer system.

5. For research purposes and getting accreditation so as to get
grants for research, computerised data of results are
mandatory.

6. Storage and retrieval of laboratory data to save time and space
occupied by the records.

SPEECH RECOGNITION SYSTEM. Computer systems are
now available which can recognise and transform spoken
words of gross and microscopic description of reports through
dictaphone into text without the use of secretarial staff.

IMAGE ANALYSER AND MORPHOMETRY

Pathology is very visual subject and hence analysis of
microscopic images forms the main plank of its study. There
has been need as well as desire to impart more and more
objectivity to the rather subjective reports of histopatholgogy.
Now, with advances in computing techniques, objective
measurement of microscopic features quantitatively to impart
reproducibility in histopathology has been achieved.

Image analyser is a system that is used to perform
measurement of architectural, cellular and nuclear features
of cells. Briefly, the image analyser consists of the following:
1. Standard light microscope with a video camera mounted
it.

2. A computer system (CPU, monitor, key board, mouse etc)
connected to the microscope.

3. Animage capture board to convert displayed video image
on the monitor into digital image and store it in the CPU.

4. Image analysis software installed in the computer system 19

according to the requirement of the user for making
measurements and calculations.

APPLICATIONS. Image analyser can be used for various
purposes as under:

1. Morphometric study of tumour cells by measurement of
architectural, cellular and nuclear features.

2. Quantitative nuclear DNA ploidy measurement.

3. Quantitative valuation of immunohistochemical staining.

DNA MICROARRAYS

DNA microarray is the newer application of silicon chip
technology for simultaneous analysis of large volume of data
pertaining to human genes such as detection and
quantification of point mutation and single nuceotide
pleomorphism. The method eliminates use of DNA probes.
Instead fluorescent labelling of an array of DNA fragment
(complimentary or cDNA) is used to hybridise with target
from test sample. High resolution laser scanners are used for
detecting fluorescent signals emitted, while the level of gene
expression and genotyping of the biologic samples is
measured by application of bioinformatics.

APPLICATIONS. DNA microarrays is used for molecular
profiling of tumours which aids in arriving at specific
histogenetic diagnosis and predicting prognosis.

LASER MICRODISSECTION

Laser microdissection is another newer technique in
diagnostic surgical pathology for carrying out molecular
profiling on tissue material. It involves dissection of a single
cell or part of the cell (e.g. chromosomes) by sophisticated
laser technology and employs software for the procedure. The
isolated material can then be used for performing available
molecular tests.

TELEPATHOLOGY AND VIRTUAL MICROSCOPY

Telepathology is defined as the practice of diagnostic pathology
by a remote pathologist utilising images of tissue specimens
transmitted over a telecommunications network. The main
components of a telepathology system are as under:

# Conventional light microscope.

@ Method of image capture, commonly a camera mounted
on light microscope.

@ Telecommunications link between sending and receiving
side.

@& Workstation at receiving end with a high quality
monitor.

Depending upon need and budget, telepathology system

is of two types:

@ Static (store-and-forward, passive telepathology): In this,
selected images are captured, stored and then transmitted
over the internet via e-mail attachment, file transfer protocol,
web page or CD-ROM. It is quite inexpensive and is more
common but suffers from disadvantage of having sender’s
bias in selection of transmitted images.

@ Dynamic (Robotic interactive telepathology): Here, the
images are transmitted in real-time from a remote
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20 microscope. Robotic movement of stage of microscope is

controlled remotely and the desired images and fields are
accessioned from a remote/local server. Thus, it almost
duplicates to perfection the examination of actual slides
under the microscope, hence is referred to as Virtual
Microscopy. However, image quality and speed of internet
can be major hurdles.

The era of “digital pathology” in 21st Century has reached
its zenith with availability of technology for preparation

of virtual pathology slides (VPS) by high speed scanners and
then storing the scanned data in large memory output
computers. VPS stored in the memory of the computer can
then be examined and reported at any place on computer,
without having to use microscope. However, the moot
question remains whether current pathologists used to
conventional microscopy will get the same perception on
monitor. At present, this technology holds potential for
pathology education, clinical meetings and quality control.

4



Cells are the basic units of tissues, which form organs and
systems in the human body. Traditionally, body cells are
divided in to two main types: epithelial and mesenchymal
cells. In health, the cells remain in accord with each other. In
1859, Virchow first published cellular theory of disease,
bringing in the concept that diseases occur due to
abnormalities at the level of cells. Since then, study of
abnormalities in structure and function of cells in disease has
remained the focus of attention in understanding of diseases.
Thus, most forms of diseases begin with cell injury followed
by consequent loss of cellular function. Cell injury is defined as
a variety of stresses a cell encounters as a result of changes in its
internal and external environment.

In general, cells of the body have inbuilt mechanism to
deal with changes in environment to an extent. The cellular
response to stress may vary and depends upon the following
variables:

i) The type of cell and tissue involved.
ii) Extent and type of cell injury.

Various forms of cellular responses to cell injury may be
as follows (Fig. 3.1):

1. When there is increased functional demand, the cell may
adapt to the changes which are expressed morphologically
and then revert back to normal after the stress is removed
(cellular adaptations, see Fig. 3.39).

2. When the stress is mild to moderate, the injured cell may
recover (reversible cell injury), while when the injury is
persistent cell death may occur (irreversible cell injury).

3. The residual effects of reversible cell injury may persist
in the cell as evidence of cell injury at subcellular level
(subcellular changes), or metabolites may accumulate within
the cell (intracellular accumulations).

In order to learn the fundamentals of disease processes
at cellular level, it is essential to have an understanding of
the causes and mechanisms of cell injury and cellular

Cell Injury and
Cellular Adaptations

adaptations, which can be best understood in the context of
basic knowledge of normal structure and functions of cell
outlined below.

THE NORMAL CELL

Different types of cells of the body possess features which
distinguish one type from another. However, most
mammalian cells have a basic plan of common structure and
function, except the red blood cell which is devoid of nucleus
and its structure is described separately on page 288.

CELL STRUCTURE

Under normal conditions, cells are dynamic structures
existing in fluid environment. A cell is enclosed by cell
membrane that extends internally to enclose nucleus and
various subcellular organelles suspended in cytosol
(Fig. 3.2).

Cell Membrane

Electron microscopy has shown that cell membrane or
plasma membrane has a trilaminar structure having a total
thickness of about 7.5 nm and is known as unit membrane.
The three layers consist of two electron-dense layers
separated by an electronlucent layer. Biochemically, the cell
membrane is composed of complex mixture of phos-
pholipids, glycolipids, cholesterol, proteins and carbo-
hydrates. These layers are in a gel-like arrangement and are
in a constant state of flux. The outer surface of some types of
cells shows a coat of mucopolysaccharide forming a fuzzy
layer called glycocalyx. Proteins and glycoproteins of the cell
membrane may act as antigens (e.g. blood group antigens),
or may form receptors (e.g. for viruses, bacterial products,
hormones, immunoglobulins and many enzymes). The cell

NORMAL CELL

IAItered functional demand

I Mild to moderate stress

1Severe‘ persistent stress

ADAPTATIONS REVERSIBLE CELL INJURY IRREVERSIBLE CELL INJURY
ATROPHY, HYPERTROPHY, DEGENERATIONS,
HYPERPLASIA, METAPLASIA, SUBCELLULAR ALTERATIONS,

DYSPLASIA
lStress removed

NORMAL CELL RESTORED _)

REPAIR AND HEALING )

INTRACELLULAR ACCUMULATIONS

lStress removed

(. CELL DEATH )

Figure 3.1 € Cellular responses to cell injury.
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Glycocalyx

Microvilli

Phagosomes

Lysosome

Polysome

Rough endoplasmic
reticulum(RER)

Cilia

Zonula occludens

Zonula adherens

Microfilaments

Golgi complex

Centriole

Nucleus

Nucleolus

Smooth endoplasmic
reticulum(SER)

Free ribosome

Glycogen

Figure 3.2 £ Schematic diagram of the structure of an epithelial cell.

receptors are probably related to the microtubules and micro-
filaments of the underlying cytoplasm. The microtubules
connect one receptor with the next. The microfilaments are
contractile structures so that the receptor may move within
the cell membrane. Bundle of microfilaments along with
cytoplasm and protein of cell membrane may form
projections on the surface of the cell called microvilli.
Microvilli are especially numerous on the surface of
absorptive and secretory cells (e.g. small intestinal mucosa)
increasing their surface area.

In brief, the cell membrane performs the following
important functions:
i) Selective permeability that includes diffusion, membrane
pump (sodium pump) and pinocytosis (cell drinking).
ii) Bears membrane antigens (e.g. blood group antigens,
transplantation antigen).

iii) Possesses cell receptors for cell-cell recognition and
communication.

Mitochondrion

Basement membrane
Collagen

Nucleus

The nucleus consists of an outer nuclear membrane enclosing
nuclear chromatin and nucleoli.

NUCLEAR MEMBRANE. The nuclear membrane is the
outer envelop consisting of 2 layers of the unit membrane
which are separated by a 40-70 nm wide space. The outer
layer of the nuclear membrane is studded with ribosomes
and is continuous with endoplasmic reticulum. The two
layers of nuclear membrane at places are fused together
forming circular nuclear pores which are about 50 nm in
diameter. The nuclear membrane is crossed by several factor
which regulate the gene expression and repair the DNA
damage as soon as it occurs.

NUCLEAR CHROMATIN. The main substance of the
nucleus is comprised by the nuclear chromatin which is in
the form of shorter pieces of thread-like structures called
chromosomes of which there are 23 pairs (46 chromosomes)



together measuring about a metre in length in a human
diploid cell. Of these, there are 22 pairs (44 chromosomes) of
autosomes and one pair of sex chromosomes, either XX (female)
or XY (male). Each chromosome is composed of two
chromatids connected at the centromere to form "X’
configuration having variation in location of the centromere.
Depending upon the length of chromosomes and centromeric
location, 46 chromosomes are categorised into 7 groups from
A to G according to Denver classification (adopted at a meeting
in Denver, USA).

Chromosomes are composed of 3 components, each with
distinctive function. These are: deoxyribonucleic acid (DNA)
comprising about 20%, ribonucleic acid (RNA) about 10%,
and the remaining 70% consists of nuclear proteins that
include a number of basic proteins (histones), neutral
proteins, and acid proteins. DNA of the cell is largely
contained in the nucleus. The only other place in the cell that
contains small amount of DNA is mitochondria. Nuclear
DNA along with histone nuclear proteins form bead-like
structures called nucleosomes which are studded along the
coils of DNA. Nuclear DNA carries the genetic information
that is passed via RNA into the cytoplasm for manufacture
of proteins of similar composition. During cell division, one
half of DNA molecule acts as a template for the manufacture
of the other half by the enzyme, DNA polymerase, so that
the genetic characteristics are transmitted to the next progeny
of cells (replication).

The DNA molecule as proposed by Watson and Crick in
1953 consists of two complementary polypeptide chains
forming a double helical strand which is wound spirally
around an axis composed of pentose sugar-phosphoric acid
chains. The molecule is spirally twisted in a ladder-like
pattern, the steps of which are composed of 4 nucleotide bases:
two purines (adenine and guanine, i.e. A and G) and two
pyrimidines (cytosine and thymine, i.e. C and T); however, A
pairs specifically with T while G pairs with C (Fig. 3.3). The
sequence of these nucleotide base pairs in the chain,
determines the information contained in the DNA molecule
or constitutes the genetic code. In April 2003, sequencing of
human genome was completed which revealed that 23 pairs
of chromosomes in the nucleus of each human cell contains
approximately 3 billion base pairs, and each chromosome
contains an estimated 30,000 genes in the human genome,
which carry the instructions for making proteins.

In the interphase nucleus (i.e. between mitosis), part of
the chromatin that remains relatively inert metabolically and
appears deeply basophilic due to condensation of
chromosomes is called heterochromatin, while the part of
chromatin that is lightly stained (i.e. vesicular) due to
dispersed chromatin is called euchromatin. For example, in
lymphocytes there is predominance of heterochromatin while
the nucleus of a hepatocyte is mostly euchromatin.

NUCLEOLUS. The nucleus may contain one or more
rounded bodies called nucleoli. Nucleolus is the site of
synthesis of ribosomal RNA. Nucleolus is composed of
granules and fibrils representing newly synthesised
ribosomal RNA.

Cytosine e ‘ Guanine
Adenine r‘___l :_- ' Thymine
$
b
Hydrogen — = & N
bonds ‘ _—— Sugar
e U
= — Phosphate

Figure 3.3 € Diagrammatic structure of portion of helical structure of
DNA molecule.

Cytosol and Organelles

The cytosol or the cytoplasm is the gel-like ground substance
in which the organelles (meaning little organs) of the cells are
suspended. These organelles are the site of major enzymatic
activities of the cell which are possibly mediated by enzymes
in the cytosol. The major organelles are the cytoskeleton,
mitochondria, ribosomes, endoplasmic reticulum, Golgi
apparatus, lysosomes, and microbodies or peroxisomes.

1. CYTOSKELETON. Microfilaments, intermediate
filaments, and microtubules are responsible for maintaining
cellular form and movement and are collectively referred to
as cytoskeleton.

i) Microfilaments are long filamentous structures having
a diameter of 6-8 nm. They are composed of contractile
proteins, actin and myosin, and diverse materials like parts
of microtubules and ribonucleoprotein fibres. Bundles of
microfilaments are especially prominent close to the plasma
membrane and form terminal web. Extension of these bundles
of microfilaments along with part of plasma membrane on
the surface of the cell form microvilli which increase the
absorptive surface of the cells.

ii) Intermediate filaments are filamentous structures, 10 nm
in diameter, and are cytoplasmic constituent of a number of
cell types. They are composed of proteins. There are
5 principal types of intermediate filaments:

a) Cytokeratin (found in epithelial cells).

b) Desmin (found in skeletal, smooth and cardiac muscle).
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24 ¢) Vimentin (found in cells of mesenchymal origin).

d) Glial fibrillary acidic protein (present in astrocytes and
ependymal cells).
e) Neurofilaments (seen in neurons of central and peripheral
nervous system).

Their main function is to mechanically integrate the cell
organelles within the cytoplasm.

iii) Microtubules are long hollow tubular structures about
25 nm in diameter. They are composed of protein, tubulin.
Cilia and flagella which project from the surface of cell are
composed of microtubules enclosed by plasma membrane
and are active in locomotion of the cells. Basal bodies present
at the base of each cilium or flagellum and centriole located
at the mitotic spindle of cells are the two other morpho-
logically similar structures composed of microtubules.

2. MITOCHONDRIA. Mitochondria are oval structures
and are more numerous in metabolically active cells. They
are enveloped by two layers of membrane—the outer smooth
and the inner folded into incomplete septa or sheaf-like ridges
called cristae. Chemically and structurally, membranes of
mitochondria are similar to cell membrane. The inner
membrane, in addition, contains lollipop-shaped globular
structures projecting into the matrix present between the
layers of membrane. The matrix of the mitochondria contains
enzymes required in the Krebs’ cycle by which the products
of carbohydrate, fat and protein metabolism are oxidised to
produce energy which is stored in the form of ATP in the
lollipop-like globular structures. Mitochondria are not static
structures but undergo changes in their configuration during
energised state by alteration in the matrix and intercristal
space; the outer membrane is, however, less elastic.
Mitochondria perform the important metabolic function
of oxidative phosphorylation, and in the process generate
free radicals injurious to membranes. They also have role in
apoptosis. Mitochondria contain 37 genes out of which
13 encode for synthesising proteins. In addition,
mitochondria also have some DNA and ribosomes.

3. RIBOSOMES. Ribosomes are spherical particles which
contain 80-85% of the cell’s RNA. They may be present in
the cytosol as ‘free’ unattached form, or in ‘bound’ form when
they are attached to membrane of endoplasmic reticulum.
They may lie as ‘monomeric units’ or as ‘polyribosomes’
when many monomeric ribosomes are attached to a linear
molecule of messenger RNA.

Ribosomes synthesise proteins by translation of
messenger RNA into peptide sequences followed by
packaging of proteins for the endoplasmic reticulum.

4. ENDOPLASMIC RETICULUM. Endoplasmic reticulum
is composed of vesicles and intercommunicating canals. It is
composed of unit membrane which is continuous with both
nuclear membrane and the Golgi apparatus, and possibly
with the cell membrane. The main function of endoplasmic
reticulum is the manufacture of protein. Morphologically,
there are 2 forms of endoplasmic reticulum: rough (or
granular) and smooth (or agranular).

i) Rough endoplasmic reticulum (RER) is so-called because
its outer surface is rough or granular due to attached

ribosomes on it. RER is especially well-developed in cells
active in protein synthesis e.g. Russell bodies of plasma cells,
Nissl granules of nerve cells.

if) Smooth endoplasmic reticulum (SER) is devoid of ribosomes
on its surface. SER and RER are generally continuous with
each other. SER contains many enzymes which metabolise
drugs, steroids, cholesterol, and carbohydrates and partake
in muscle contraction.

5. GOLGI APPARATUS. The Golgi apparatus or Golgi
complex is generally located close to the nucleus. Morpho-
logically, it appears as vesicles, sacs or lamellae composed
of unit membrane and is continuous with the endoplasmic
reticulum. The Golgi apparatus is particularly well-
developed in exocrine glandular cells.

Its main functions are synthesis of carbohydrates and
complex proteins and packaging of proteins synthesised in
the RER into vesicles. Some of these vesicles may contain
lysosomal enzymes and specific granules such as in
neutrophils and in beta cells of the pancreatic islets.

6. LYSOSOMES. Lysosomes are rounded to oval
membrane-bound organelles containing powerful lysosomal
digestive (hydrolytic) enzymes. There are 3 forms of
lysosomes:

i) Primary lysosomes or storage vacuoles are formed from the
various hydrolytic enzymes synthesised by the RER and
packaged in the Golgi apparatus.

ii) Secondary lysosomes or autophagic vacuoles are formed by
fusion of primary lysosomes with the parts of damaged or
worn-out cell components.

iii) Residual bodies are indigestible materials in the lysosomes,
e.g. lipofuscin.

7. CENTRIOLE OR CENTROSOME. Each cell contains a
pair of centrioles in the cytoplasm close to nucleus in the
area called centrosome. Centrioles are cylindrical structure
composed of electron-dense evenly-shaped microtubules.

They perform the function of formation of cilia and
flagellae and constitute the mitotic spindle of fibrillary
protein during mitosis.

INTERCELLULAR COMMUNICATION

All cells in the body constantly exchange information with
each other to perform their functions properly. This process
is accomplished in the cells by direct cell-to-cell contact
(intercellular junctions), and by chemical agents, also called
as molecular agents or factors (molecular interactions between
cells) as under.

Intercellular Junctions

Plasma membranes of epithelial and endothelial cells, though
closely apposed physically, are separated from each other
by 20 nm wide space. These cells communicate across this
space through intercellular junctions or junctional complexes
visible under electron microscope and are of 4 types
(Fig. 3.4):

1. Occludingjunctions (Zonula occludens). These are tight
junctions situated just below the luminal margin of adjacent
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Figure 3.4 £ Diagrammatic representation of the intercellular
junctions.

cells. As a result, the regions of occluding zones are
impermeable to macromolecules. The examples of occluding
zones are seen in renal tubular epithelial cells, intestinal
epithelium, and vascular endothelium in the brain
constituting blood-brain barrier.

2. Adhering junctions (Zonula adherens). These arelocated
just below the occluding zones between the adjacent cells
and are permeable to tracer particles. These zones are in
contact with actin microfilaments e.g. in small cell carcinoma
of the lung.

3. Desmosomes (Macula densa). These are tiny adhesion
plates present focally between the adjacent epithelial cells,
especially numerous in the epidermis. Bundles of
intermediate filaments (termed tonofilaments in the case of
epidermis) project from the intercellular desmosomes and
radiate into the cytoplasm. Hemidesmosomes are a variant
of desmosomes, occurring at the basal region of epithelial
cells between plasma membrane and the basement
membrane.

4. Gap junctions (Nexus). Gap junctions or nexus are the
regions on the lateral surfaces of epithelial cells where the
gap between the adjoining plasma membranes is reduced
from 20 nm to about 2 nm in width. Pits or holes are present
in the regions of gap junctions so that these regions are
permeable to small tracer particles.

Molecular Interactions between Cells

Besides having intercellular junctions, most cells
communicate at molecular level as follows:

1. Cell adhesion molecules (CAMs)

2. Cytokines

3. Membrane receptors

1. CELL ADHESION MOLECULES (CAMs). These are
chemicals which mediate the interaction between cells (cell-
cell interaction) as well as between cells and extracellular
matrix (cell-ECM interaction). The ECM is the ground
substance or matrix of connective tissue which provides
environment to the cells and consists of 3 components:

i) fibrillar structural proteins (collagen, elastin);

ii) adhesion proteins (fibronectin, laminin, fibrillin,
osteonectin, tenacin); and

iii) molecules of proteoglycans and glycosaminoglycans
(heparan sulphate, chondroitin sulphate, dermatan sulphate,
keratan sulphate, hyaluronic acid).

CAMs participate in fertilisation, embryogenesis, tissue
repair, haemostasis, cell death by apoptosis and in
inflammation. CAMs may be detected on the surface of cells
as well as free in circulation. There are 5 groups of CAMs:

i) Integrins. They have alpha (or CD11*) and beta (CD18)
subunits and have a role in cell-ECM interactions and in
leucocyte-endothelial cell interaction.

ii) Cadherins. These are calcium-dependent adhesion
molecules which bind adjacent cells together and prevent
invasion of ECM by cancer cells. Various types of cadherins
include: E-cadherin (epithelial cell), N-cadherin (nerve cell),
M-cadherin (muscle cell), and P-cadherin (placenta).

iii) Selectins. Also called as lectins, these CAMSs contain
lectins or lectin-like protein molecules which bind to
glycoproteins and glycolipids on the cell surface. Their major
role is in movement of leucocytes and platelets and develop
contact with endothelial cells. Selectins are of 3 types:
P-selectin (from platelets, also called CD62), E-selectin (from
endothelial cells, also named ECAM), and L-selectin (from
leucocytes, also called LCAM).

iv) Inmunoglobulin superfamily. This group consists of a
variety of immunoglobulin molecules present on most cells
of the body. These partake in cell-to-cell contact through
various other CAMs and cytokines. They have a major role
in recognition and binding of immunocompetent cells. This
group includes ICAM-1,2 (intercellular adhesion molecule,
also called CD54), VCAM (vascular cell adhesion molecule,
also named CD106), NCAM (neural cell adhesion molecule).

v) CD44. The last group of adhesion molecules is a break
away from immunoglobulin superfamily. CD44 molecule
binds to hyaluronic acid and is expressed on leucocytes. It
is involved in leucocyte-endothelial interactions as well
as in cell-ECM interactions.

2. CYTOKINES. Another way the cells may communicate
with each other is by release of peptides and other molecules
acting as paracrine function. Cytokines are soluble proteins
secreted by haemopoietic and non-haemopoietic cells in
response to various stimuli. Their main role is in activation
of immune system. Presently, about 200 cytokines have been
identified which are grouped in 6 categories:

i) Interferons (IFN)

ii) Interleukins (IL)

iii) Tumour necrosis factor group (TNF, cachectin)

iv) Transforming growth factor (TGF)

v) Colony stimulating factor (CSF)

vi) Growth factors (e.g. platelet-derived growth factor PDGF,
epidermal growth factor EGF, fibroblast growth factor FGF,

*CD number (for Cluster of Differentiation) is the nomenclature given to
the clone of cells which carry these molecules on their cell surface or in
their cytoplasm.
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26 endothelial-derived growth factor EDGF, transforming

growth factor TGF).

Many of these cytokines have further subtypes as alpha,
beta, or are identified by numbers. Cytokines involved in
leucocyte-endothelial cell interaction are called chemokines
while growth factors and other cytokines are named
crinopectins.

3. CELL MEMBRANE RECEPTORS. Cell receptors are
molecules consisting of proteins, glycoproteins or
lipoproteins and may be located on the outer cell membrane,
inside the cell, or may be trans-membranous. These receptor
molecules are synthesised by the cell itself depending upon
their requirement, and thus there may be upregulation or
downregulation of number of receptors. There are 3 main
types of receptors:

i) Enzyme-linked receptors. These receptors are involved
in control of cell growth e.g. tyrosine kinase associated
receptors take part in activation of synthesis and secretion
of various hormones.

ii) Ion channels. The activated receptor for ion exchange such
as for sodium, potassium and calcium and certain peptide
hormones, determines inward or outward movement of these
molecules.

iii) G-protein receptors. These are trans-membranous
receptors and activate phosphorylating enzymes for
metabolic and synthetic functions of cells. The activation of
adenosine monophosphate-phosphatase cycle (c-AMP) by
the G-proteins (guanosine nucleotide binding regulatory
proteins) is the most important signal system, also known
as ‘second messenger’ activation. The activated second
messenger (cyclic-:AMP) then regulates other intracellular
activities.

Heat Shock Proteins and Ubiquitin

Two proteins which move molecules within the cell
cytoplasm are heat shock proteins (HSP) (also called stress
proteins) and ubiquitin (so named due to its universal presence
in the cells of the body).

HSPs. These are a variety of intracellular carrier proteins
present in most cells of the body, especially in renal tubular
epithelial cells. They normally perform the role of chaperones
(house-keeping) i.e. they direct and guide metabolic
molecules to the sites of metabolic activity e.g. protein
folding, disaggregation of protein-protein complexes and
transport of proteins into various intracellular organelles
(protein kinesis). However, in response to stresses of various
types (e.g. toxins, drugs, poisons, ischaemia), their level goes
up both inside the cell as well as they leak out into the plasma,
and hence the name stress proteins.

In experimental studies HSPs have been shown to limit
tissue necrosis in ischaemic reperfusion injury in myocardial
infarcts. In addition, they have also been shown to have a
central role in protein aggregation in amyloidosis.

Ubiquitin. This is another related stress protein which has
ubiquitous presence in human body cells. Like HSPs,
ubiquitin too directs intracellular molecules for either
degradation or for synthesis. Ubiquitin has been found to be
involved in a variety of human degenerative diseases,

especially in the nervous system in aging e.g. activation of
genes for protein synthesis in neurodegenerative diseases
such as in Alzheimer’s disease, Creutzfeldt-Jakob disease,
Parkinson’s disease.

CELL CYCLE

Multiplication of the somatic (mitosis) and germ (meiosis)
cells is the most complex of all cell functions. Mitosis is
controlled by genes which encode for release of specific
proteins molecules that promote or inhibit the process of
mitosis at different steps. Mitosis-promoting protein
molecules are cyclins A, B and E. These cyclins activate cyclin-
dependent kinases (CDKs) which act in conjunction with
cyclins. After the mitosis is complete, cyclins and CDKs are
degraded and the residues of used molecules are taken up
by cytoplasmic caretaker proteins, ubiquitin, to the
peroxisome for further degradation.

Period between the mitosis is called interphase. The cell
cycle is the phase between two consecutive divisions
(Fig. 3.5). There are 4 sequential phases in the cell cycle: G,
(gap 1) phase, S (synthesis) phase, G, (gap 2) phase, and M
(mitotic) phase.

G, (Pre-mitotic gap) phase is the stage when messenger
RNAs for the proteins and the proteins themselves required
for DNA synthesis (e.g. DNA polymerase) are synthesised.
The process is under control of cyclin E and CDKs.

S phase involves replication of nuclear DNA. Cyclin A and
CDKs control it.

G, (Pre-mitotic gap) phase is the short gap phase in which
correctness of DNA synthesised is assessed. This stage is
promoted by cyclin B and CDKs.

M phase is the stage in which process of mitosis to form two
daughter cells is completed. This occurs in 4 sequential
stages: prophase, metaphase, anaphase, and telophase (acronyms=
PMAT).

@ Prophase. Each chromosome divides into 2 chromatids
which are held together by centromere. The centriole divides
and the two daughter centrioles move towards opposite poles
of the nucleus and the nuclear membrane disintegrates.

@ Metaphase. The microtubules become arranged between
the two centrioles forming spindle, while the chromosomes
line up at the equatorial plate of the spindle.

@ Anaphase. The centromeres divide and each set of
separated chromosomes moves towards the opposite poles
of the spindle. Cell membrane also begins to divide.

@ Telophase. There is formation of nuclear membrane around
each set of chromosomes and reconstitution of the nucleus.
The cytoplasm of the two daughter cells completely
separates.

G, phase. The daughter cells may continue to remain in the
cell cycle and divide further, or may go out of the cell cycle
into resting phase, called G, phase.

Stimulation of mitosis can be studied in a number of ways
as under:
@ Compensatory stimulation of mitosis by removal of part of
an organ.
@ Reparative stimulation of mitosis occurs when a tissue is
injured.
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Figure 3.5 £  The cell cycle in mitosis. Premitotic phases are the G;, S and G, phase while M (mitotic) phase is accomplished in 4 sequential
stages: prophase, metaphase, anaphase, and telophase. On completion of cell division, two daughter cells are formed which may continue to
remain in the cell cycle or go out of it in resting phase (interphase), the G, phase. (CDK = cyclin dependent kinase).

@ Target organ stimulation of mitosis occurs under the
influence of specific hormones which have mitogenic effect
on cells of the target organ.

ETIOLOGY OF CELL INJURY

The cells may be broadly injured by two major ways:
A. By genetic causes
B. By acquired causes

The genetic causes of various diseases are discussed in
Chapter 10. The acquired causes of disease comprise vast
majority of common diseases afflicting mankind. Based on
underlying agent, the acquired causes of cell injury can be
further categorised as under:

1. Hypoxia and ischaemia

2. Physical agents

3. Chemical agents and drugs
4. Microbial agents

5. Immunologic agents

6. Nutritional derangements
7. Aging

8. Psychogenic diseases

9. latrogenic factors

10. Idiopathic diseases.

In a given situation, more than one of the above etiologic
factors may be involved. These are briefly outlined below.

1. HYPOXIA AND ISCHAEMIA. Cells of different tissues
essentially require oxygen to generate energy and perform
metabolic functions. Deficiency of oxygen or hypoxia results
in failure to carry out these activities by the cells. Hypoxia is
the most common cause of cell injury. Hypoxia may result
from the following;:

@ The most common mechanism of hypoxic cell injury is
by reduced supply of blood to cells due to interruption i.e.
ischaemia.
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28 4 However, hypoxia may result from other causes as well

e.g. disorders of oxygen-carrying RBCs (e.g. anaemia, carbon
monoxide poisoning), heart diseases, lung diseases and
increased demand of tissues.

2. PHYSICAL AGENTS. Physical agents in causation of
disease are as under:

# mechanical trauma (e.g. road accidents);

# thermal trauma (e.g. by heat and cold);

@ electricity;

# radiation (e.g. ultraviolet and ionising); and

@ rapid changes in atmospheric pressure.

3. CHEMICALS AND DRUGS. An ever increasing list of
chemical agents and drugs may cause cell injury. Important
examples include the following;:

@ chemical poisons such as cyanide, arsenic, mercury;

# strong acids and alkalis;

# environmental pollutants;

# insecticides and pesticides;

@ oxygen at high concentrations;

# hypertonic glucose and salt;

@ social agents such as alcohol and narcotic drugs; and

@ therapeutic administration of drugs.

4. MICROBIAL AGENTS. Injuries by microbes include
infections caused by bacteria, rickettsiae, viruses, fungi,
protozoa, metazoa, and other parasites.

Diseases caused by biologic agents are discussed in
Chapter 7.

5. IMMUNOLOGIC AGENTS. Immunity is a ‘double-
edged sword’—it protects the host against various injurious
agents but it may also turn lethal and cause cell injury e.g.
¢ hypersensitivity reactions;
# anaphylactic reactions; and
# autoimmune diseases.

Immunologic tissue injury is discussed in Chapter 4.

6. NUTRITIONAL DERANGEMENTS. A deficiency or an
excess of nutrients may result in nutritional imbalances.

@ Nutritional deficiency diseases may be due to overall
deficiency of nutrients (e.g. starvation), of protein calorie (e.g.
marasmus, kwashiorkor), of minerals (e.g. anaemia), or of
trace elements.

# Nutritional excess is a problem of affluent societies
resulting in obesity, atherosclerosis, heart disease and
hypertension.

Nutritional diseases are discussed in Chapter 9.

7.AGING. Cellular aging or senescence leads to impaired
ability of the cells to undergo replication and repair, and
ultimately lead to cell death culminating in death of the
individual. This aspect is dealt at the end of this chapter.

8. PSYCHOGENIC DISEASES. There are no specific
biochemical or morphologic changes in common acquired
mental diseases due to mental stress, strain, anxiety,
overwork and frustration e.g. depression, schizophrenia.
However, problems of drug addiction, alcoholism, and
smoking result in various organic diseases such as liver

damage, chronic bronchitis, lung cancer, peptic ulcer,
hypertension, ischaemic heart disease etc.

9. TATROGENIC CAUSES. Although as per Hippocratic
oath, every physician is bound not to do or administer
anything that causes harm to the patient, there are some
diseases as well as deaths attributed to iatrogenic causes
(owing to physician). Examples include occurrence of disease
or death due to error in judgment by the physician and
untoward effects of administered therapy (drugs, radiation).

10. IDIOPATHIC DISEASES. Idiopathic means “of
unknown cause”. Finally, although so much is known about
the etiology of diseases, there still remain many diseases for
which exact cause is undetermined. For example, most
common form of hypertension (90%) is idiopathic (or
essential) hypertension. Similarly, exact etiology of many
cancers is still incompletely known.

PATHOGENESIS OF CELL INJURY

Injury to the normal cell by one or more of the above listed
etiologic agents may result in a state of reversible or
irreversible cell injury. The underlying alterations in
biochemical systems of cells for reversible and irreversible
cell injury by various agents is complex and varied. However,
in general, the following principles apply in pathogenesis of
most forms of cell injury by various agents:

1. Type, duration and severity of injurious agent: The
extent of cellular injury depends upon type, duration and
severity of the stimulus e.g. small dose of chemical toxin or
short duration of ischaemia cause reversible cell injury while
large dose of the same chemical agent or persistent ischaemia
cause cell death.

2. Type, status and adaptability of target cell: The type of
cell as regards its susceptibility to injury, its nutritional and
metabolic status, and adaptation of the cell to hostile
environment determine the extent of cell injury e.g. skeletal
muscle can withstand hypoxic injury for long-time while
cardiac muscle suffers irreversible cell injury after 20-30
minutes of persistent ischaemia.

3. Underlying intracellular phenomena: Irrespective of
other factors, following essential biochemical phenomena
underlie all forms of cell injury:

i) Mitochondrial damage causing ATP depletion.

ii) Cell membrane damage disturbing the metabolic and
trans-membrane exchanges.

iii). Release of toxic free radicals.

4. Morphologic consequences: All forms of biochemical
changes underlying cell injury are expressed in terms of
morphologic changes. The ultrastructural changes become
apparent earlier than the light microscopic alterations. The
morphologic changes of reversible cell injury (e.g. hydropic
swelling) appear earlier than morphologic alterations in cell
death (e.g. in myocardial infarction).

The interruption of blood supply (i.e. ischaemia) and
impaired oxygen supply to the tissues (i.e. hypoxia) are
most common form of cell injury in human beings. Patho-



genesis of hypoxic and ischaemic cell injury is, therefore,
described in detail below followed by brief discussion on
pathogenesis of chemical and physical (ionising radiation)
agents.

PATHOGENESIS OF ISCHAEMIC AND HYPOXIC INJURY

Ischaemia and hypoxia are the most common forms of cell
injury. Although underlying intracellular mechanisms and
ultrastructural changes involved in reversible and
irreversible cell injury by hypoxia and ischaemia depending
upon extent of hypoxia and type of cells are involved are a
continuation of the process, these mechanisms are discussed
separately below and illustrated diagrammatically in
Figs. 3.6 and3.7:

REVERSIBLE CELL INJURY. If the ischaemia or hypoxia is
of short duration, the effects may be reversible on rapid
restoration of circulation e.g. in coronary artery occlusion,
myocardial contractility, metabolism and ultrastructure are
reversed if the circulation is quickly restored. The sequential
biochemical and ultrastructural changes in reversible cell
injury are as under (Fig. 3.7,A):

1. Decreased generation of cellular ATP: Damage by

membrane transport, protein synthesis, lipid synthesis and
phospholipid metabolism). ATP in human cell is derived
from 2 sources:

firstly, by aerobic respiration or oxidative phosphorylation
(which requires oxygen) in the mitochondria, and

secondly, cells may switch over to anaerobic glycolytic
oxidation to maintain constant supply of ATP (in which ATP
is generated from glucose/glycogen in the absence of
oxygen).

Ischaemia due to interruption in blood supply as well as
hypoxia from other causes limit the supply of oxygen to the
cells, thus causing decreased ATP generation from ADP:

@ Inischaemia, aerobic respiration as well as glucose availa-
bility are both compromised resulting in more severe and
faster effects of cell injury. Ischaemic cell injury also causes
accumulation of metabolic waste products in the cells.

#® On the other hand, in hypoxia from other causes (RBC
disorders, heart disease, lung disease), anaerobic glycolytic
ATP generation continues, and thus cell injury is less severe.

However, highly specialised cells such as myocardium,
proximal tubular cells of the kidney, and neurons of the CNS
are dependent solely on aerobic respiration for ATP
generation and thus these tissues suffer from ill-effects of

ischaemia versus hypoxia from other causes. Allliving cells ischaemia more severely and rapidly.

require continuous supply of oxygen to produce ATP which
is essentially required for a variety of cellular functions (e.g.

2. Intracellular lactic acidosis:Nuclear clumping. Due to
low oxygen supply to the cell, aerobic respiration by
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Figure 3.6 € Sequence of events in the pathogenesis of reversible and irreversible cell injury caused by hypoxia/ischaemia.
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30 mitochondria fails first. This is followed by switch to

anaerobic glycolytic pathway for the requirement of energy
(i.e. ATP). This results in rapid depletion of glycogen and
accumulation of lactic acid lowering the intracellular pH.
Early fall in intracellular pH (i.e. intracellular lactic acidosis)
results in clumping of nuclear chromatin.

3. Damage to plasma membrane pumps: Hydropic
swelling and other membrane changes. Lack of ATP
interferes in generation of phospholipids from the cellular
fatty acids which are required for continuous repair of
membranes. This results in damage to membrane pumps
operating for regulation of sodium and calcium as under:

i) Failure of sodium-potassium pump. Normally, the energy
(ATP)-dependent sodium pump (Na*-K* ATPase) operating
at the plasma membrane allows active transport of sodium
out of the cell and diffusion of potassium into the cell.
Lowered ATP in the cell and consequent increased ATPase
activity interfere with this membrane-regulated process. This
results in intracellular accumulation of sodium and diffusion
of potassium out of cell. The accumulation of sodium in the
cell leads to increase in intracellular water to maintain iso-
osmotic conditions (i.e. hydropic swelling occurs, discussed
later in the chapter).

ii) Failure of calcium pump. Membrane damage causes
disturbance in the calcium ion exchange across the cell
membrane. Excess of calcium moves into the cell (i.e. calcium
influx), particularly in the mitochondria, causing its swelling
and deposition of phospholipid-rich amorphous densities.

Ultrastructural evidence of reversible cell membrane
damage is seen in the form of loss of microvilli,
intramembranous particles and focal projections of the
cytoplasm (blebs). Myelin figures may be seen lying in the
cytoplasm or present outside the cell, these are derived from
membranes (plasma or organellar) enclosing water and
dissociated lipoproteins between the lamellae of injured
membranes.

4. Reduced protein synthesis: Dispersed ribosomes. As a
result of continued hypoxia, membranes of endoplasmic
reticulum and Golgi apparatus swell up. Ribosomes are
detached from granular endoplasmic reticulum and
polysomes are degraded to monosomes, thus dispersing
ribosomes in the cytoplasm and inactivating their function.
Similar reduced protein synthesis occurs in Golgi apparatus.
Up to this point, withdrawal of acute stress that resulted
in reversible cell injury can restore the cell to normal state.

IRREVERSIBLE CELL INJURY. Persistence of ischaemia or
hypoxia results in irreversible damage to the structure and
function of the cell (cell death). The stage at which this point
of no return or irreversibility is reached from reversible cell
injury is unclear but the sequence of events is a continuation
of reversibly injured cell. Two essential phenomena always
distinguish irreversible from reversible cell injury (Fig. 3.6):

@ Inability of the cell to reverse mitochondrial dysfunction
on reperfusion or reoxygenation.
@ Disturbance in cell membrane function in general, and in
plasma membrane in particular.

In addition, there is further reduction in ATP, continued
depletion of proteins, reduced intracellular pH, and leakage

of lysosomal enzymes into the cytoplasm. These biochemical
changes have effects on the ultrastructural components of
the cell (Fig. 3.7):

1. Calcium influx: Mitochondrial damage. As a result of
continued hypoxia, a large cytosolic influx of calcium ions
occurs, especially after reperfusion of irreversibly injured cell.
Excess intracellular calcium collects in the mitochondria
disabling its function. Morphologically, mitochondrial
changes are vacuoles in the mitochondria and deposits of
amorphous calcium salts in the mitochondrial matrix.

2. Activated phospholipases: Membrane damage. Damage
to membrane function in general, and plasma membrane in
particular, is the most important event in irreversible cell
injury in ischaemia. As a result of sustained ischaemia, there
is increased cytosolic influx of calcium in the cell. Increased
calcium activates endogenous phospholipases. These in turn
degrade membrane phospholipids progressively which are
the main constituent of the lipid bilayer membrane. Besides,
there is also decreased replacement-synthesis of membrane
phospholipids due to reduced ATP. Other lytic enzyme
which is activated is ATPase which causes further depletion
of ATP.

3. Intracellular proteases: Cytoskeletal damage. The
normal cytoskeleton of the cell (microfilaments, microtubules
and intermediate filaments) which anchors the cell
membrane is damaged due to degradation by activated
intracellular proteases or by physical effect of cell swelling
producing irreversible cell membrane injury.

4. Activated endonucleases: Nuclear damage. The
nucleoproteins are damaged by the activated lysosomal
enzymes such as proteases and endonucleases. Irreversible
damage to the nucleus can be in three forms:

i) Pyknosis: Condensation and clumping of nucleus which
becomes dark basophilic.

ii) Karyorrhexis: Nuclear fragmentation in to small bits
dispersed in the cytoplasm.

iii) Karyolysis: Dissolution of the nucleus.

5. Lysosomal hydrolytic enzymes: Lysosomal damage, cell
death and phagocytosis. The lysosomal membranes are
damaged and result in escape of lysosomal hydrolytic
enzymes. These enzymes are activated due to lack of oxygen
in the cell and acidic pH. These hydrolytic enzymes include:
hydrolase, RNAase, DNAase, protease, glycosidase, phos-
phatase, lipase, amylase, cathepsin etc) which on activation
bring about enzymatic digestion of cellular components and
hence cell death. The dead cell is eventually replaced by
masses of phospholipids called myelin figures which are either
phagocytosed by macrophages or there may be formation of
calcium soaps.

Liberated enzymes just mentioned leak across the
abnormally permeable cell membrane into the serum, the
estimation of which may be used as clinical parameters of
cell death. For example, in myocardial infarction, estimation
of elevated serum glutamic oxaloacetic transaminase (SGOT),
lactic dehydrogenase (LDH), isoenzyme of creatine kinase
(CK-MB), and more recently cardiac troponins (cTn) are
useful guides for death of heart muscle. Some of the common
enzyme markers of cell death in different forms of cell death
are given in Table 3.1.
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Figure 3.7 £ Ultrastructural changes during cell injury due to hypoxia-ischaemia.

While cell damage from oxygen deprivation by above Ischaemia-Reperfusion Injury and
mechanisms develops slowly, taking several minutes to Free Radical-Mediated Cell Injury

hours, the cell injury is accentuated after restoration of blood epending upon the duration of ischaemia/hypoxia

supply and subsequent events termed ischaemic-reperfusion  Losioration of blood flow may result in the following
injury and liberation of toxic free radicals, discussed below. 3 different consequences:
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32 ‘ TABLE 3.1: Common Enzyme Markers of Cell Death.

Enzyme Disease

1. Aspartate aminotransferase
(AST, SGOT)

Diffuse liver cell necrosis e.g.
viral hepatitis, alcoholic liver
disease

Acute myocardial infarction

More specific for diffuse liver
cell damage than AST e.g.
viral hepatitis

2. Alanine aminotransferase
(ALT, SGPT)

3. Creatine kinase-MB (CK-MB)  Acute myocardial infarction,
myocarditis

Skeletal muscle injury

4. Lipase More specific for acute
pancreatitis
5. Amylase Acute pancreatitis

Sialadenitis

6. Lactic dehydrogenase (LDH) Acute myocardial infarction
Myocarditis

Skeletal muscle injury

7. Cardiac troponin (CTn) Specific for acute myocardial

infarction

1. From ischaemia to reversible injury. When the period of
ischaemia is of short duration, reperfusion with resupply of
oxygen restores the structural and functional state of the
injured cell i.e. reversible cell injury.

2. Fromischaemia to reperfusion injury. When ischaemia is

for longer duration, then rather than restoration of structure

and function of the cell, reperfusion paradoxically
deteriorates the already injured cell. This is termed
ischaemia-reperfusion injury.

3. Fromischaemia toirreversible injury. Much longer period

of ischaemia may produce irreversible cell injury during
ischaemia itself when so much time has elapsed that neither
blood flow restoration is helpful nor reperfusion injury can
develop. Cell death in such cases is not attributed to
formation of activated oxygen species. But instead, on
reperfusion there is further marked intracellular excess of
sodium and calcium ions due to persistent cell membrane
damage.

The underlying mechanism of reperfusion injury and free
radical mediated injury is complex but following three main
components are involved in it:

Auto-oxidation

0.2

1. Calcium overload.
2. Generation of reactive oxygen radicals (superoxide, H,O,,
hydroxyl radicals).
3. Subsequent inflammatory reaction.
These are discussed below:

1. CALCIUM OVERLOAD. Upon restoration of blood
supply, the ischaemic cell is further bathed by the blood fluid
that has more calcium ions at a time when the ATP stores of
the cell are low. This results in further calcium overload on
the already injured cells, triggering lipid peroxidation of the
membrane causing further membrane damage.

2. GENERATION OF REACTIVE OXYGEN RADICALS.
Although oxygen is the lifeline of all cells and tissues, its
molecular forms as reactive oxygen radicals or reactive
oxygen species can be most devastating for the cells. In recent
times, free radical-mediated cell injury has been extensively
studied and a brief account is given below.

Mechanism of oxygen free radical generation. Normally,
metabolism of the cell involves generation of ATP by
oxidative process in which biradical oxygen (O,) combines
with hydrogen atom (H) and in the process forms water
(H,O). This reaction of O, to H,O involves ‘four electron
donation’ in four steps involving transfer of one electron at
each step. Oxygen free radicals are the intermediate chemical
species having an unpaired oxygen in their outer orbit. These
are generated within mitochondrial inner membrane where
cytochrome oxidase catalyses the O, to H,O reaction. Three
intermediate molecules of partially reduced species of oxygen
are generated depending upon the number of electrons
transferred (Fig. 3.8):

@ Superoxide oxygen (O’,): one electron
@ Hydrogen peroxide (H,O,): two electrons
# Hydroxyl radical (OH): three electrons
These are generated from enzymatic and non-enzymatic
reaction as under:

1. Superoxide (O’,): Superoxide anion O’, may be generated
by direct auto-oxidation of O, during mitochondrial electron
transport reaction. Alternatively, O’, is produced
enzymatically by xanthine oxidase and cytochrome P, in
the mitochondria or cytosol. O, so formed is catabolised to
produce H,O, by superoxide dismutase (SOD).

++

Fe 0O,

\_’. - e-l--l- + 0.2

Fenton reaction
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Figure 3.8 £  Mechanisms of generation of free radicals by four electron step reduction of oxygen. (SOD = superoxide dismutase;

GSH = glutathione peroxidase).



2. Hydrogen peroxide (H,0,): H,O, is reduced to water
enzymatically by catalase (in the peroxisomes) and
glutathione peroxidase GSH (both in the cytosol and
mitochondpria).

3. Hydroxyl radical (OH™): OH™ radical is formed by 2 ways
in biologic processes—by radiolysis of water and by reaction
of H,0, with ferrous (Fe™") ions; the latter process is termed
as Fenton reaction.

Other oxygen free radicals.
and hydroxyl radicals generated during of O, to H,O
reaction, a few other more active oxygen free radicals which
formed in the body are as follows:

i) Release of superoxide free radical in Fenton reaction (see
below).

ii) Nitric oxide (NO), a chemical mediator generated by
various body cells (endothelial cells, neurons, macrophages
etc), combines with superoxide and forms peroxynitrate
(ONOO) which is a potent free radical.

iii) Halide reagent (chlorine or chloride) released in the
leucocytes reacts with superoxide and forms hypochlorous acid
(HOCI) which is a cytotoxic free radical.

iv) Exogenous sources of free radicals include some environ-
mental agents such as tobacco and industrial pollutants.

Cytotoxicity of oxygen free radicals.
in physiologic as well as pathologic processes. Basically,
oxygen radicals are unstable and are destroyed spon-
taneously. The rate of spontaneous destruction is determined
by catalytic action of certain enzymes such as superoxide
dismutase (SOD), catalase and glutathione peroxidase. The
net effect of free radical injury in physiologic and disease
states, therefore, depends upon the rate of free radical
formation and rate of their elimination.

However, if not degraded, then free radicals are highly
destructive to the cell since they have electron-free residue
and thus bind to all molecules of the cell; this is termed
oxidative stress. Out of various free radicals, hydroxyl radical
is the most reactive species. Free radicals may produce
membrane damage by the following mechanisms (Fig. 3.9):

i) Lipid peroxidation. Polyunsaturated fatty acids (PUFA) of
membrane are attacked repeatedly and severely by oxygen-
derived free radicals to yield highly destructive PUFA
radicals—lipid hydroperoxy radicals and lipid hypo-

v v v v

Lipid Protein DNA Cytoskeletal
peroxidation oxidation damage damage

NNV 7

Figure 3.9 £ Mechanism of cell death by hydroxyl radical, the most
reactive oxygen species.

In addition to superoxide, H,O,

Free radicals are formed

peroxides. This reaction is termed lipid peroxidation. The 33

lipid peroxides are decomposed by transition metals such
as iron. Lipid peroxidation is propagated to other sites
causing widespread membrane damage and destruction of
organelles.

ii) Oxidation of proteins. Oxygen-derived free radicals cause
cell injury by oxidation of protein macromolecules of the cells,
crosslinkages of labile amino acids as well as by fragmen-
tation of polypeptides directly. The end-result is degradation
of cytosolic neutral proteases and cell destruction.

iii) DNA damage. Free radicals cause breaks in the single
strands of the nuclear and mitochondrial DNA. This results
in cell injury; it may also cause malignant transformation of
cells.

iv) Cytoskeletal damage. Reactive oxygen species are also
known to interact with cytoskeletal elements and interfere
in mitochondrial aerobic phosphorylation and thus cause
ATP depletion.

Conditions with free radical injury. Currently, oxygen-
derived free radicals have been known to play an important
role in many forms of cell injury:

i) Ischaemic reperfusion injury

ii) Ionising radiation by causing radiolysis of water

iii) Chemical toxicity

iv) Chemical carcinogenesis

v) Hyperoxia (toxicity due to oxygen therapy)

vi) Cellular aging

vii) Killing of microbial agents

viii) Inflammatory damage

ix) Destruction of tumour cells

x) Atherosclerosis.

Antioxidants. Antioxidants are endogenous or exogenous
substances which inactivate the free radicals. These
substances include the following;:

@ Vitamins E, A and C (ascorbic acid)

# Sulfhydryl-containing compounds e.g. cysteine and
glutathione.

@ Serum proteins e.g. ceruloplasmin and transferrin.

3. SUBSEQUENTINFLAMMATORY EACTION.
Ischaemia-reperfusion event is followed by inflammatory
reaction. Incoming activated neutrophils utilise oxygen
quickly (oxygen burst) and release a lot of oxygen free radicals.
Ischaemia is also associated with accumulation of precursors
of ATP, namely ADP and pyruvate, which further build-up
generation of free radicals.

Pathogenesis of Chemical Injury

Chemicals induce cell injury by one of the two mechanisms:
by direct cytotoxicity, or by conversion of chemical into
reactive metabolites.

DIRECT CYTOTOXIC EFFECTS. Some chemicals combine
with components of the cell and produce direct cytotoxicity
without requiring metabolic activation. The cytotoxic damage
is usually greatest to cells which are involved in the
metabolism of such chemicals e.g. in mercuric chloride
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Figure 3.10 € Mechanisms of cell injury by ionising radiation.

poisoning, the greatest damage occurs to cells of the alimen-
tary tract where it is absorbed and kidney where it is excreted.
Cyanide kills the cell by poisoning mitochondrial cyto-
chrome oxidase thus blocking oxidative phosphorylation.

Other examples of directly cytotoxic chemicals include
chemotherapeutic agents used in treatment of cancer, toxic
heavy metals such as mercury, lead and iron.

CONVERSION TO REACTIVE TOXIC METABOLITES.
This mechanism involves metabolic act