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SUMMARY 

 

 One of the purposes of this dissertation was to perform a review on the effect 

of stress stimulus on living systems, namely on cancer cells. To this end, this report 

starts with a description on cell cycle checkpoints, apoptosis phenomena and 

cytoplasmic structures, in particular on stress granules and processing bodies. Then, a 

description about the biological effects of radiation and how it interacts with normal 

and cancer cells is presented. 

Next, the cell image processing and analysis, highlighting the increasing 

importance of these techniques in studies of biomedical structures, with special focus 

on cell images, is described. 

Afterwards, the segmentation algorithm developed to isolate the cytoplasmic 

structures present in stressed cells and in unstressed cells is described, and the 

experimental result achieved by its application on test images are presented and 

discussed.  

 In the end, the main conclusions of the work done are pointed out, and the 

future perspectives are indicated. 
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1.1 – INTRODUCTION 

 

A stimulus is considered stressful to a cell when it challenges its likelihood and 

threatens its survival. There are two general types of stress: external stimuli (such as 

environmental stress, drugs or radiation exposure) and internal triggers (such as errors 

in cellular functioning). 

In response to environmental stress, eukaryotic cells reprogram their 

translational machinery to allow the selective expression of proteins required for 

viability in the face of changing conditions. During stress, mRNAs (messenger 

Ribonucleic Acid) encoding constitutively expressed “housekeeping” proteins, are 

redirected from polysomes to discrete cytoplasmic foci known as stress granules (SGs), 

a process that is synchronous with stress-induced translational arrest. 

When cells are exposed to ionizing radiation the standard physical effects 

between radiation and the atoms or molecules of the cells occur first and the possible 

biological damage to cell functions follows later. The biological effects of radiation 

result mainly from damage to the DNA (Deoxyribonucleic Acid), which is the most 

critical target within the cell. However, there are also other sites in the cell that, when 

damaged, may lead to cell death (Suntharalingam, 2002). 

Stress granules are a recently recognized defense mechanism identified in a 

wide variety of eukaryotic cells. They are composed of several mRNA-binding proteins 

and stress-responsive proteins that coalesce in the cytoplasm and, sequester 

transcriptors so that they cannot enter the endoplasmic reticulum to be translated to 

protein. They assemble when the cell is exposed to a stressor (e.g., heat shock and 

osmotic shock) and disassemble when the stress is alleviated. Teleologically, stress 

granules are believed to function to prevent cells from expending crucial energy 

unnecessarily during potentially lethal stress conditions (Teicher, 2008).  

Hypoxia is among the stressors that can stimulate stress granule polymerization 

and that stress granules are abundant in hypoxic regions of tumor tissue. Human 

tumors strongly differ in radiosensitivity and radiocurability and this is thought to stem 

from differences in capacity for repair of sub-lethal damage. Radiosensitivity varies 

along the cell cycle, S being the most resistant phase and G2 and M the most sensitive. 

Therefore, cells surviving an exposure are preferentially in a stage of low sensitivity 
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(G1), i.e. synchronized in a resistant cell cycle phase. They progress thereafter together 

into S and then to the more sensitive G2 and M phases. A new irradiation exposure at 

this time will have a larger biological effect (more cell kill) (Mazeron, 2005).  

One of the most widely used steps in the process of obtaining information from 

images is image segmentation: dividing the input image into regions, that hopefully 

corresponds to structural units in the scene or distinguishes objects of interest (Russ, 

1998). However, for successful image segmentations, the original images should be 

properly processed. 

 

1.2 – MAIN OBJECTIVES 

 

The main objective of this dissertation was to emphasize the importance in 

detecting the formation of stress granules, as well as, the modifications that occur in 

processing bodies when cells are submitted to stress. To do this, it was reviewed the 

theory that is crucial to understand the underlying biochemical events in stressed cells.  

That theory includes concepts about cancer cells, regulation of cell cycle and 

apoptosis and the biological effects of stress, namely the formation of stress granules 

and the modifications in the processing bodies present in unstressed cells.  

Advances in fluorescence microscopy imaging allow studying processes at a 

cellular level, supplying a valuable source of information for modern systems biology. 

One of the questions, which can be approached by this technique, is the analysis of 

different sub-cellular particles in eucaryotic cells which are amongst others thought to 

be places of distinct functions. Two kinds of such sub-cellular particles are processing 

bodies (PBs) and stress granules (SGs).  

Image analysis is commonly used in a wide range of applications within the 

biological sciences. It allows the enhancement of pictures as well as automatic 

identification and isolation of particles, so that they can be properly identified and 

studied. It also provides an extremely fast mean of getting morphologic information. 

Image analysis process requires the experimentation, processing and analysis 

procedures. Analysis of any particular image is likely to require several of these stages, 

in this order, but sometimes re-using techniques from previous stages. The way in 
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which data was collected and the questions to be answered are of crucial importance 

in determining how a particular image should be analyzed. 

There are several commercial software packages for image processing such as 

the one used in this work, which is the MATLAB. The goal of the algorithm developed 

in this project, is to perform the segmentation of stressed and unstressed cells, with 

the objective of draw attention to the cytoplasmic structures. Namely, the stress 

granules, focusing their importance in cell survival when cells are submitted to a 

stressful situation and, the processing bodies focusing their importance in the normal 

cell metabolism. 

 

1.3 – REPORT ORGANIZATION 

 

This dissertation is composed by the following chapters: 

 

 Chapter II – Cell cycle regulation, apoptosis and cytoplasmic structures 

 

In this chapter, a description of key concepts related to the cell cycle 

checkpoints, to the behavior of the malignant cells and, to the cellular death 

mechanisms among other information related to the normal and malignant cells is 

presented. It is also described the mechanisms related to mRNA accumulation in 

stressed cells, as well as the implicit alterations that occur in the cell.  

 

 Chapter III – Radiation and biological effects in cancer cells  

 

In this chapter, it is presented a description about the irradiated carcinogenesis, 

as well as, the cell death mechanisms. It is also described important issues regarding 

the cellular behavior upon irradiation. 

 

 Chapter IV – Cell Image Processing, Segmentation and Analysis 

 

In this chapter, a description about image content processing and analysis is 

presented, namely, it is performed a review about the existing segmentation 
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algorithms. Is also held a description of the cell image analysis and some examples of 

segmentation algorithms are presented. Finally, is performed a description and 

analysis of the segmentation algorithm developed in this thesis to perform the 

segmentation of the cell images displayed in this project.  

 

 Chapter V – Experimental Results and Discussion 

 

In this chapter, experimental results obtained by the segmentation algorithm 

developed are presented and discussed. 

 

 Chapter VI – Conclusions and Future Perspectives 

 

In this last chapter, the final conclusions of the work performed are presented, 

and future perspectives are indicated. 

 

1.4 – MAJOR CONTRIBUTIONS 

 

This report presents the theory about cell cycle regulation and checkpoints that 

help to understand the behavior of cells when they are submitted to some kind of 

stress. This information is helpful to study the electron microscopy images of cancer 

cells submitted to stress, revealing the cytoplasmic structures presented in stressed 

cells, namely the stress granules and the presence of processing bodies in unstressed 

cells.  

Next, in this dissertation, it is presented a description of the effects of the 

radiation in cells since radiation is a stressful agent to cells, so it can give rise to the 

formation of stress granules. 

In addition, a description of the cell image processing and analysis is made, 

which is very important to understand the steps that need to the performed to be able 

to extract useful information from images. This information is important and, this part 

of the thesis, helps the understanding of the usefulness of this tool as a technical aid 

and complement to the extraction of information on biological and biochemical 

events. 
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2.1 - INTRODUCTION 

 

The development of knowledge about the biochemistry and cell biology of 

cancer comes from a number of disciplines. Some of this knowledge has derived from 

research initiated a century or more ago. There has been a flow of information about 

genetics into a knowledge base about cancer, starting with Gregor Mendel and the 

discovery of the principle of inherited traits. This leaded to Theodor Boveri’s work on 

the chromosomal mode of heredity and chromosomal damage in malignant cells and, 

next to Avery’s discovery of DNA as the hereditary principle, Watson and Crick’s 

determination of the structure of DNA, the human genome project, DNA microarrays, 

and proteomics. Not only has this information provided a clearer understanding of the 

carcinogenic process, but it has also provided better diagnostic approaches and new 

therapeutic targets for anticancer therapies (Ruddon, 2007). 

Cancer cells contain many alterations, which accumulate as tumors develop. 

Over the last 25 years, considerable information has been gathered on the regulation 

of cell growth and proliferation leading to the identification of the proto-oncogenes 

and the tumor suppressor genes. The proto-oncogenes encode proteins, which are 

important in the control of cell proliferation, differentiation, cell cycle control and 

apoptosis. Mutations in these genes act dominantly and lead to a gain in function. In 

contrast the tumor suppressor genes inhibit cell proliferation by arresting progression 

through the cell cycle and block differentiation. They are recessive at the level of the 

cell although they show a dominant mode of inheritance. In addition, other genes are 

also important in the development of tumors. Mutations leading to increase genomic 

instability suggest defects in mismatch and excision repair pathways. Genes involved in 

DNA repair, when mutated, also predispose the patient to developing cancer 

(Macdonald, 2005). 

A crucial decision in every proliferating cell is the decision to continue with a 

further round of cell division or to exit the cell cycle and return to the stationary phase. 

Similarly quiescent cells must make the decision, whether to remain in the stationary 

phase (G0) or to enter into the cell cycle. Entry into the cycle occurs in response to 

mitogenic signals and exits due to the withdrawal of these signals. To ensure that DNA 

replication is complete and that any damaged DNA is repaired, cells must pass through 
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specific checkpoints. Tumor cells undergo uncontrolled proliferation either due to 

mutations in the signal transduction pathways or because of mutations in the 

regulatory mechanism of the cell cycle (Macdonald, 2005). 

In this chapter, it is provided a detailed description about the cell cycle, its 

progression and the cellular events involved in transforming normal cells into 

malignant cells, as well as the cytoplasmic structures present in stressed cells, as is the 

case of cancer cells. For this purpose, the chapter starts with the explanation of the cell 

cycle followed by the description of the progression of the cell cycle, the growth 

characteristics of the malignant cells and the cell cycle regulation. After this, the 

chapter focuses on the importance of the apoptosis phenomena and refers to the 

resistance to apoptosis in cancer cells and potential targets for therapy. In the end 

there is a description on the cytoplasmic structures present in stressed cells and their 

importance. 

 

2.2 – CELL LIFE CYCLE  

 

The cell life cycle includes the changes a cell undergoes from the time it is 

formed until it divides to produce two new cells. The life cycle of a cell has two stages, 

an interphase and a cell division stage (Seelev, 2004), Figure 2.1. 

 

Figure 2.1 – Cell cycle (from (Seeley, 2004)). 

 

2.2.1 – Interphase 

 

Interphase is the phase between cell divisions. Ninety percent or more of the 

life cycle of a typical cell is spent in interphase and, during this time the cell carries out 
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the metabolic activities necessary for life and performs its specialized functions such as 

secreting digestive enzymes. In addition, the cell prepares to divide which includes an 

increase in cell size, because many cell components double in quantity, and a 

replication of the cell’s DNA. Consequently, the centrioles within the centrosome are 

also duplicated, when the cell divides, each new cell receives the organelles and DNA 

necessary for continued functioning. Interphase can be divided into three subphases, 

called G1, S, and G2. During G1 (the first gap phase) and G2 (the second gap phase), the 

cell carries out routine metabolic activities. During the S phase (the synthesis phase), 

the DNA is replicated (new DNA is synthesized) (Seelev, 2004).  

Many cells in the human body do not divide for days, months, or even years. 

These “resting” cells exit and enter the cell cycle that is called the G0 phase, in which 

they remain, unless, stimulated to divide (Seelev, 2004).  

 

2.2.1.1 - DNA Replication 

 

DNA replication is the process by which two new strands of DNA are made 

using the two existing strands as templates. During interphase DNA and its associated 

proteins appear as dispersed chromatin threads within the nucleus. When DNA 

replication begins, the two strands of each DNA molecule separate from each other for 

some distance, Figure 2.2. Then, each strand functions as a template, or pattern, for 

the production of a new strand of DNA, which is formed as new nucleotides pair with 

the existing nucleotides of each strand of the separated DNA molecule. The production 

of the new nucleotide strands is catalyzed by DNA polymerase, which adds new 

nucleotides at the 3` end of the growing strands. One strand, called the leading strand, 

is formed as a continuous strand, whereas the other strand, called the lagging strand, 

is formed in short segments going in the opposite direction. The short segments are 

then spliced by DNA ligase. As a result of DNA replication, two identical DNA molecules 

are produced, each of them having one strand of nucleotides derived from the original 

DNA molecule and one newly synthesized strand (Seelev, 2004). 
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Figure 2.2 – Replication of DNA (from (Seelev, 2004)). 

 

2.2.2 - Cell Division 

 

New cells necessary for growth and tissue repair are produced by cell division. 

A parent cell divides to form two daughter cells, each of which has the same amount 

and type of DNA as the parent cell. Because DNA determines cell structure and 

function, the daughter cells have an identical structure and perform the same 

functions as the parent cell. Cell division involves two major events: the division of the 

nucleus to form two new nuclei, and the division of the cytoplasm to form two new 

cells. Each of the new cells contains one of the newly formed nuclei. The division of the 

nucleus occurs by mitosis, and the division of the cytoplasm is called cytokinesis 

(Seelev, 2004). 

 

2.2.2.1 - Mitosis 

 

Mitosis is the division of the nucleus into two nuclei, each of which has the 

same amount and type of DNA as the original nucleus. The DNA, which was dispersed 

as chromatin in interphase, condenses in mitosis to form chromosomes. All human 

somatic cells, which include all cells except the sex cells, contain 46 chromosomes, 

which are referred to as a diploid number of chromosomes. Sex cells have half the 

number of chromosomes as somatic cells (Seelev, 2004). 
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The 46 chromosomes in somatic cells are organized into 23 pairs of 

chromosomes. Twenty-two of these pairs are called autosomes. Each member of an 

autosomal pair of chromosomes looks structurally alike, and together they are called a 

homologous pair of chromosomes. One member of each autosomal pair is derived 

from the person’s father and the other is derived from the mother. The remaining pair 

of chromosomes is the sex chromosomes. In females, the sex chromosomes look alike, 

and each is called an X chromosome. In males, the sex chromosomes do not look 

similar. One chromosome is an X chromosome, and the other is smaller and is called a 

Y chromosome. One X chromosome of a female is derived from her mother and the 

other is derived from her father. The X chromosome of a male is derived from his 

mother and the Y chromosome is derived from his father (Seelev, 2004). 

Mitosis is divided into four phases: prophase, metaphase, anaphase, and 

telophase. Although each phase represents major events, mitosis is a continuous 

process, and no discrete jumps occur from one phase to another. Learning the 

characteristics associated with each phase is helpful, but a more important concept is 

how each daughter cell obtains the same number and type of chromosomes as the 

parent cell. The major events of mitosis are summarized in Figure 2.3 (Seelev, 2004). 

 

 

Figure 2.3 – Mitosis. (1) Interphase; (2) Prophase; (3) Metaphase; (4) Anaphase; (5) Telophase; (6) 

Interphase, Cytokinesis (from (Seelev, 2004)). 
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2.2.2.2 - Cytokinesis 

 

Cytokinesis is the division of the cytoplasm of the cell to produce two new cells 

(Figure 2.3). Cytokinesis begins in anaphase continues through telophase and ends in 

the following interphase. The first sign of cytokinesis is the formation of a cleavage 

furrow, or puckering of the plasma membrane, which forms midway between the 

centrioles. A contractile ring composed primarily of actin filaments pulls the plasma 

membrane inward, dividing the cell into two halves. Cytokinesis is complete when the 

membranes of the two halves separate at the cleavage furrow to form two distinct 

cells (Seelev, 2004). 

 

2.2.3 – Meiosis 

 

All cells of the body are formed by mitosis, except sex cells that are formed by 

meiosis. In meiosis, the nucleus undergoes two divisions resulting in four nuclei, each 

containing half as many chromosomes as the parent cell. The daughter cells that are 

produced by cytokinesis differentiate into gametes, or sex cells.  

The gametes are reproductive cells: sperm cells in males and oocytes (egg cells) 

in females. Each gamete not only has half the number of chromosomes found in a 

somatic cell, but also has one chromosome from each of the homologous pairs verified 

in the parent cell. The complement of chromosomes in a gamete is referred to as a 

haploid number. Oocytes contain one autosomal chromosome from each of the 22 

homologous pairs and an X chromosome. Sperm cells have 22 autosomal 

chromosomes and either an X or Y chromosome. During fertilization, when a sperm 

cell fuses with an oocyte, the normal number of 46 chromosomes in 23 pairs is 

reestablished. The sex of the baby is determined by the sperm cell that fertilizes the 

oocyte. The sex is male if a Y chromosome is carried by the sperm cell that fertilizes the 

oocyte and female if the sperm cell carries an X chromosome (Seelev, 2004). 

The first division during meiosis is divided into four phases: prophase I, 

metaphase I, anaphase I, and telophase I, Figure 2.4. As in prophase of mitosis, the 

nuclear envelope degenerates, spindle fibers form, and the already duplicated 

chromosomes become visible. Each chromosome consists of two chromatids joined by 
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a centromere. In prophase I, however, the four chromatids of a homologous pair of 

chromosomes join together, or synapse, to form a tetrad. In metaphase I the tetrads 

align at the equatorial plane and in anaphase I each pair of homologous chromosomes 

separate and move toward opposite poles of the cell (Seelev, 2004). 

For each pair of homologous chromosomes, one daughter cell receives one 

member of the pair, and the other daughter cell receives the other member. Thus each 

daughter cell has 23 chromosomes, each of which is composed of two chromatids. 

Telophase I with cytokinesis is similar to telophase of mitosis and two daughter cells 

are produced. Interkinesis is the phase between the formation of the daughter cells 

and the second meiotic division. No duplication of DNA occurs during this phase. The 

second division of meiosis also has four phases: prophase II, metaphase II, anaphase II, 

and telophase II. These stages occur much as they do in mitosis, except that 23 

chromosomes are present instead of 46 (Seelev, 2004). 

The chromosomes align at the equatorial plane in metaphase II, and their 

chromatids split apart in anaphase II. The chromatids then are called chromosomes, 

and each new cell receives 23 chromosomes. In addition to reducing the number of 

chromosomes in a cell from 46 to 23, meiosis is also responsible for genetic diversity 

for two reasons: 

1. A random distribution of the chromosomes is received from each 

parent. One member of each homologous pair of chromosomes was 

derived from the person’s father and the other member from the 

person’s mother. The homologous chromosomes align randomly during 

metaphase I when they split apart, each daughter cell receives some of 

the father’s and some of the mother’s chromosomes. The number of 

chromosomes each daughter cell receives from each parent is 

determined by chance; 

2. However, when tetrads are formed, some of the chromatids may break 

apart, and part of one chromatid from one homologous pair may be 

exchanged for part of another chromatid from the other homologous 

pair. This exchange is called crossing-over and, as a result, chromatids 

with different DNA content are formed, Figure 2.5. 
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With random assortment of homologous chromosomes and crossing-over, the 

possible number of gametes with different genetic makeup is practically unlimited. 

When the distinct gametes of two individuals unite, it is virtually certain that the 

resulting genetic makeup never has occurred before and not once will occur again. The 

genetic makeup of each new human being is unique (Seelev, 2004). 

 

 

Figure 2.4 – Meiosis (from (Seelev, 2004)). 

 

 

Figure 2.5 – Crossing-over (from (Seelev, 2004)). 
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2.3 - PROGRESSION OF THE CELL CYCLE 

 

The cell cycle is controlled by a complex pattern of synthesis and degradation of 

regulators, together with careful control of their spatial organization in specific sub-

cellular compartments. In addition, checkpoint controls can modulate the progression 

of the cycle in response to adverse conditions such as DNA damage.  

Cells either enter G1 from G0 in response to mitogenic stimulation or follow on 

from cytokinesis if actively proliferating (i.e. from M to G1). Removal of mitogens 

allows them to return to G0. The critical point between mitogen dependence and 

independence is the restriction point or R which occurs during G1. It is here that cells 

reach the ‘point of no return’ and are committed to a round of replication (Macdonald, 

2005), Figure 2.6.  

 

Figure 2.6 – Restriction point, R (from (Griffiths, 1999)). 

 

Synthesis of the D-type cyclins begins at the G0/G1 transition and continues so 

long as growth factor stimulation persists. This mitogen stimulation of cyclin D is in 

part dependent on RAS activation, a role that is highlighted by the ability of anti-RAS 

antibodies to block the progression of the cell cycle if added to cells prior to mitogen 

stimulation. The availability of cyclin D activates CDK4 and 6 and these complexes then 

drive the cell from early G1 through R to late G1; largely by regulation of RB which 

exists in a phosphorylated state at the start of G1 complexed to a large number of 

proteins. Cyclin D-CDK4/6 activation begins phosphorylation of Rb during early G1. This 

initial phosphorylation leads to release of histone deacetylase activity from the 

complex alleviating transcriptional repression. The E2F transcription factor remains 

bound to Rb at this stage but can still transcribe some genes, including cyclin E. 

Therefore, levels of cyclin E increase and lead to activation of CDK2, which can then 
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complete phosphorylation of Rb. Consequently, complete phosphorylation of Rb 

results in the release of E2F to activate genes required to drive cells through the G1/S 

transition (Macdonald, 2005), Figure 2.7. 

 

 

Figure 2.7 – Regulation of the G1 to S transition (from (Griffiths, 1999)). 

 

The CKIs also play an important role in control of cell cycle progression at this 

stage (G1 to S transition) and in response to antimitogenic signals, oppose the activity 

of the CDKs and cause cell cycle arrest. INK4 inhibitors bind to CDK4/6 to prevent cyclin 

D binding and CIP/KIP inhibitors similarly inhibit the kinase activity of cyclin ECDK2, 

Figure 2.8. CIP/KIP inhibitors also interact with cyclin D-CDK4/6 complexes during G1, 

but rather than blocking cell cycle progression, this interaction is required for the 

complete function of the complex and allows G1 progression. This interaction 

sequesters CIP/KIP, preventing its inhibition of cyclin E-CDK2 and thereby facilitating its 

full activation to contribute to G1 progression. In the presence of an antimitogenic 

signal, levels of cyclin D-CDK4/6 are reduced, CIP/KIP is released, which can then 

interact with and inhibit CDK2 to cause cell cycle arrest (Macdonald, 2005). 

Cells which have suffered DNA damage are prevented from entering S phase 

and are blocked at G1. This process is dependent on the tumor suppressor gene p53 

and p21. Activation of p53 by DNA damage results in increased p21 levels which can 

then inactivate cyclin E-CDK2 to prevent phosphorylation of Rb and inhibit the release 

of E2F to promote transcription of genes involved in DNA synthesis, Figure 2.8. This 

causes the cell cycle to arrest at G1. Clearly, loss or mutation of p53 will lead to loss of 

this checkpoint control and cells will be able to enter S phase with damaged DNA. After 

cells have entered S phase, cyclin E is rapidly degraded and CDK2 is released. In S 

phase, a further set of cyclins and CDKs, cyclin A-CDK2, are required for continued DNA 

replication. Two A-type cyclins have been identified to date: cyclin A1 is expressed 
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during meiosis and in early cleavage embryos whereas cyclin A2 is present in all 

proliferating cells. Cyclin A2 is also induced by E2F and is expressed from S phase 

through G2 and M until prometaphase when it is degraded by ubiquitin-dependent 

proteolysis (Macdonald, 2005). 

Cyclin A2 binds to two different CDKs. Initially, during S phase, it is found 

complexed to CDK2 following its release from cyclin E and subsequently in G2 and M it 

is found complexed to CDC2 (also known as CDK1). Cyclin A2 has a role in both 

transcriptional regulation and DNA replication and its nuclear localization is crucial to 

its function. Cyclin A regulates the E2F transcription factor and in S phase, when E2F 

directed transcription is no longer required, cyclin A directs its phosphorylation by 

CDK2 leading to its degradation. This down-regulation by cyclin A2 is required for 

orderly S phase progression and in its absence apoptosis occurs. Recently, cyclin A as 

well as cyclin E have been shown to be regulators of centrosome replication and are 

able to do so because of their ability to shuttle between nucleus and cytoplasm 

(Macdonald, 2005), Figure 2.9.  

 

Figure 2.8 – Cell cycle arrest at G1/S, mediated by cdk inhibitors (from (Shapiro, 1999)). 

 

Figure 2.9 – Dynamics of the DNA synthesome (from (Frouin, 2003)). 
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The final phase of the cycle is M phase that comprises mitosis and cytokinesis. 

The purpose of mitosis is to segregate sister chromatids into two daughter cells so that 

each cell receives a complete set of chromosomes, a process that requires the 

assembly of the mitotic spindle. Mitosis is split into a number of stages that includes 

prophase, prometaphase, metaphase, anaphase and telophase (Macdonald, 2005). 

Cytokinesis, the process of cytoplasmic cleavage, follows the end of mitosis and 

its regulation is closely linked to mitotic progression. Mitosis involves the last of 

cyclin/CDKs, cyclin B1 and CDC2 as well as additional mitotic kinases. These include 

members of the Polo family (PLK1), the aurora family (aurora A, B and C) and the NIMA 

family (NEK2) plus kinases implicated at the mitotic checkpoints (BUB1), mitotic exit 

and cytokinesis (Macdonald, 2005). 

Entry into the final phase of the cell cycle, mitosis, is signaled by the activation 

of the cyclin B1-CDC2 complex also known as the M phase promoting factor or MPF. 

This complex accumulates during S and G2, but is kept in the inactive state by 

phosphorylation of tyrosine 15 and threonine 14 residues on CDC2 by two kinases, 

WEE1 and MYT1. WEE1 is nuclear and phosphorylates tyrosine 15, whereas MYT1 is 

cytoplasmic and phosphorylates threonine 14. At the end of G2, the CDC25 

phosphatase is stimulated to dephosphorylate these residues thereby activating CDC2. 

These enzymes are all controlled by DNA structure checkpoints which delay the onset 

of mitosis if DNA is damaged. Regulation of cyclin B1-CDC2 is also regulated by 

localization of specific subcellular compartments. It is initially localized to the 

cytoplasm during G2, but is translocated to the nucleus at the beginning of mitosis. A 

second cyclin B, cyclin B2, also exists in mammalian cells and is localized to the Golgi 

and endoplasmic reticulum where it may play a role in disassembly of the Golgi 

apparatus at mitosis (Macdonald, 2005).  

A further checkpoint exists at the end of G2 which checks that DNA is not 

damaged before entry into M. Once more p21 activation by p53 can arrest the cell 

cycle as at the end of G1. In addition, the CHK1 kinase can phosphorylate CDC25 to 

create a binding site for the 14–3–3 protein, a process which inactivates CDC25, 

thereby preventing dephosphorylation of CDC2 and halting the cell cycle (Macdonald, 

2005), Figure 2.10.  



CHAPTER II – CELL CYCLE REGULATION, APOPTOSIS AND CYTOPLASMIC STRUCTURES 

CELL BIOLOGY AND IMAGE ANALYSIS OF PROCESSING BODIES AND STRESS GRANULES                                      21 

Tumor cells can enter mitosis with damaged DNA, suggesting a defect in the 

G2/M checkpoint. Tumor cell lines have been shown to activate the cyclin B-CDC2 

complex irrespective of the state of the DNA. Activation of cyclin B1-CDC2 leads to 

phosphorylation of numerous substrates including the nuclear lamins, microtubule-

binding proteins, condensins and Golgi matrix components that are all needed for 

nuclear envelope breakdown, centrosome separation, spindle assembly, chromosome 

condensation and Golgi fragmentation respectively. During prophase, the centrosomes 

— structures which organize the microtubules and which were duplicated during G2 —

separate to define the poles of the future spindle apparatus, a process regulated by 

several kinases including the NIMA family member NEK2, as well as aurora A. At the 

same time, centrosomes begin nucleating the microtubules which make up the mitotic 

spindle (Macdonald, 2005). 

Chromatin condensation also occurs accompanied by extensive histone 

phosphorylation to produce well defined chromosomes. Nuclear envelope breakdown 

occurs shortly after centrosome separation. The nuclear envelope is normally 

stabilized by a structure known as the nuclear lamin which is composed of lamin 

intermediate filament proteins. This envelope is broken down as a result of 

hyperphosphorylation of lamins by cyclin B-CDC2 (Macdonald, 2005). 

During prometaphase, the microtubules are captured by kinetochores, the 

structure which binds to the centromere of the chromosome. Paired sister chromatids 

interact with the microtubules emanating from opposite poles resulting in a stable 

bipolar attachment. Chromosomes then sit on the metaphase plate where they 

oscillate during metaphase. Once all bipolar attachments are complete anaphase is 

triggered. This is characterized by simultaneous separation of all sister chromatids. 

Each chromosome must be aligned in the center of the bipolar spindle such that its 

two sister chromatids are attached to opposite poles. If this is correct, the anaphase-

promoting complex (APC) together with CDC20 is activated to control degradation of 

proteins such as securin. This in turn activates the separin protease which cleaves the 

cohesion molecules between the sister chromatids allowing them to separate. At this 

stage, there is one final checkpoint, the spindle assembly checkpoint, at the 

metaphase to anaphase transition, which checks the correct assembly of the mitotic 

apparatus and the alignment of chromosomes on the metaphase plate. The 



CHAPTER II – CELL CYCLE REGULATION, APOPTOSIS AND CYTOPLASMIC STRUCTURES 

CELL BIOLOGY AND IMAGE ANALYSIS OF PROCESSING BODIES AND STRESS GRANULES                                      22 

gatekeeper at this checkpoint is the APC complex. Unaligned kinetochores are 

recognized and associate with the MAD2 and BUB proteins which can prevent 

activation of APC and cell arrest at metaphase preventing exit from mitosis. In tumor 

cell abnormalities of spindle formation are found, suggesting that checkpoint control is 

lost (Macdonald, 2005). 

Mitotic exit requires that sister chromatids have separated to opposite poles. 

During telophase, nuclear envelopes can begin to form around the daughter 

chromosomes, and chromatin decondensation occurs. The spindle is also 

disassembled, and cytokinesis is completed. The control of these processes requires 

destruction of both the cyclins and other kinases, such as NIMA and aurora family 

members, by ubiquitin dependent proteolysis mediated by APC. Daughter cells can 

now re-enter the cell cycle (Macdonald, 2005). 

 

 

Figure 2.10 – Cell cycle regulation of cyclin dependent kinase (Cdk1) Cyclin-B (CycB) complex (from (Novák, 

2010)) 

 

2.4 - CELL CYCLE REGULATION 

 

Cyclin-dependent protein kinases (CDKs), of which CDC2 is one of them, are 

crucial regulators of the timing and coordination of eukaryotic cell cycle events. 

Transient activation of members of this family of serine/threonine kinases occurs at 

specific cell cycle phases (Ruddon, 2007).  

In budding yeast G1 cyclins encoded by the CLN genes, interact with and are 

necessary for the activation of, the CDC2 kinase (also called p34cdc2), driving the cell 

cycle through a regulatory point called START (because it is regulated by the CDC2 or 
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start gene) and committing cells to enter S phase. START is analogous to the G1 

restriction point in mammalian cells.  

 

 

Figure 2.11 - Major pathways where Plks may play a role in intra-S-phase checkpoint in mammalian 

systems (from (Suqing, 2005)). 

 

The CDKs work by forming active heterodimeric complexes following binding to 

cyclins, their regulatory subunits. CDK2, 4, and 6, and possibly CDK3 cooperate to push 

cells through G1 into S phase. CDK4 and CDK6 form complexes with cyclins D1, D2, and 

D3, and these complexes are involved in completion of G1. Cyclin D–dependent kinases 

accumulate in response to mitogenic signals, and this leads to phosphorylation of the 

Rb protein. This process is completed by the cyclin E1- and E2-CDK2 complexes. Once 

cells enter S phase, cyclin E is degraded and A1 and A2 cyclins get involved by forming 

a complex with CDK2. There are a number of regulators of CDK activities; where they 

act in the cell cycle is depicted in Figure 2.12 (Ruddon, 2007). 

 

 

Figure 2.12 - Restriction point control and the G1-S transition (from (Ruddon, 2007)). 
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2.4.1 - CDK Inhibitors 

 

The inhibitors of CDKs include the Cip/Kip and INK4 family of polypeptides. The 

Cip/Kip family includes p21cip1, p27kip1, and p57kip2. The actions of these proteins 

are complex. Although the Cip/Kip proteins can inhibit CDK2, they are also involved in 

the sequestration of cyclin D-dependent kinases that facilitates cyclin E-CDK2 

activation necessary for G1/S transition (Ruddon, 2007). 

The INK4 proteins target the CDK4 and CDK6 kinases, sequester them into 

binary CDKINK4 complexes, and liberate bound Cip/Kip proteins. This indirectly inhibits 

cyclin E–CDK and promotes cell cycle arrest. The INK4-directed arrest of the cell cycle 

in G1 keeps Rb in a hypophosphorylated state and represses the expression of S-phase 

genes. Four INK4 proteins have been identified: p16INK4a, p15INK4b, p18INK4c, and 

p19INK4d. INKA4a loss of function occurs in a variety of cancers including pancreatic 

and small cell lung carcinomas and glioblastomas. INK4a fulfills the criteria of a tumor 

suppressor and appears to be the INK4 family member with the most active role in this 

regard. The INK4a gene encodes another tumor suppressor protein called ARF 

(p14ARF). Mice with a disrupted ARF gene have a high propensity to develop tumors, 

including sarcomas, lymphomas, carcinomas, and CNS tumors. These animals 

frequently die at less than 15 months of age. ARF and p53 act in the same pathway to 

insure growth arrest and apoptosis in response to abnormal mitogenic signals such as 

myc-induced carcinogenesis (Ruddon, 2007), Figure 2.13. 

 

2.4.2 - Cyclins 

 

The originally discovered cyclins, cyclin A and B, identified in sea urchins, act at 

different phases of the cell cycle. Cyclin A is first detected near the G1/S transition and 

cyclin B is first synthesized during S phase and accumulates in complexes with p34cdc2 

as cells approach the G2-to-M transition. Cyclin B is then abruptly degraded during 

mitosis. Thus, cyclins A and B regulate S and M phase, but do not appear to play a role 

in G1 control points such as the restriction point (R point), which is the point where key 

factors have accumulated to commit cells to enter S phase (Ruddon, 2007). 
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Figure 2.13 - Regulation of the Rho pathway and the cytoskeleton by cyclin-dependent kinase (CDK) 

inhibitors (from (Besson, 2004)). 

 

Three more recently discovered mammalian cyclins, C, D1, and E, are the 

cyclins that regulate the key G1 and G1/S transition points. Unlike cyclins A and B, 

cyclins C, D1, and E are synthesized during the G1 phase in mammalian cells. Cyclin C 

levels change only slightly during the cell cycle but peak in early G1. Cyclin E peaks at 

the G1–S transition, suggesting that it controls entry into S. Three distinct cyclin D 

forms, D1, 2, and 3, have been discovered and are differentially expressed in different 

mouse cell lineages. These D cyclins all have human counterparts and cyclin D levels 

are growth factor dependent in mammalian cells: when resting cells are stimulated by 

growth factors, D-type cyclin levels rise earlier than cyclin E levels, implying that they 

act earlier in G1 than E cyclins. Cyclin D levels drop rapidly when growth factors are 

removed from the medium of cultured cells. All of these cyclins (C, D, and E) form 

complexes with, and regulate the activity of various CDKs and these complexes control 

the various G1, G1–S, and G2–M transition points (Ruddon, 2007), Figure 2.14. 

Interestingly, negative growth regulators also interact with the cyclin-CDK 

system. For example, TGF-b1, which inhibits proliferation of epithelial cells by 

interfering with G1-S transition, reduced the stable assembly of cyclin E-CDK2 

complexes in mink lung epithelial cells, and prevented the activation of CDK2 kinase 

activity and the phosphorylation of Rb. This was one of the first pieces of data 

suggesting that the mammalian G1 cyclin-dependent kinases are targets for negative 

regulators of the cell cycle (Ruddon, 2007).  
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2.4.3 - Cell Cycle Checkpoints 

 

The role of various CDKs, cyclins, and other gene products in regulating 

checkpoints at G1 to S, G2 to M, and mitotic spindle segregation have been previously 

described in detail. Alterations of one or more of these checkpoint controls occur in 

most, if not all, human cancers at some stage in their progression to invasive cancer. A 

key player in the G1–S checkpoint system is the retinoblastoma gene Rb (Ruddon, 

2007). 

 

 

Figure 2.14 - Cell-cycle regulation (from (Charles, 2004)). 

 

Phosphorylation of the Rb protein by cyclin D–dependent kinase releases Rb 

from the transcriptional regulator E2F and activates E2F function. Inactivation of Rb by 

genetic alterations occurs in retinoblastoma and is also observed in other human 

cancers, for example, small cell lung carcinomas and osteogenic sarcomas (Ruddon, 

2007). 

The p53 gene product is an important cell cycle checkpoint regulator at both 

the G1–S and G2–M checkpoints but does not appear to be important at the mitotic 

spindle checkpoint because gene knockout of p53 does not alter mitosis. The p53 

tumor suppressor gene is the most frequently mutated gene in human cancer, 

indicating its important role in conservation of normal cell cycle progression. One of 

p53’s essential roles is to arrest cells in G1 after genotoxic damage, to allow for DNA 

repair prior to DNA replication and cell division. In response to massive DNA damage, 

p53 triggers the apoptotic cell death pathway. Data from short-term cell-killing assays, 

using normal and minimally transformed cells, have led to the conclusion that mutated 

p53 protein confers resistance to genotoxic agents (Ruddon, 2007). 
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The spindle assembly checkpoint machinery involves genes called bub (budding 

uninhibited by benomyl) and mad (mitotic arrest deficient). There are three bub genes 

and three mad genes involved in the formation of this checkpoint complex. A protein 

kinase called Mps1 also functions in this checkpoint function. The chromosomal 

instability, leading to aneuploidy in many human cancers, appears to be due to 

defective control of the spindle assembly checkpoint. Mutant alleles of the human 

bub1 gene have been observed in colorectal tumors displaying aneuploidy. Mutations 

in these spindle checkpoint genes may also result in increased sensitivity to drugs that 

affect microtubule function because drug-treated cancer cells do not undergo mitotic 

arrest and go on to die (Ruddon, 2007). 

Maintaining the integrity of the genome is a crucial task of the cell cycle 

checkpoints. Two checkpoint kinases, called Chk1 and Chk2 (also called Cds1), are 

involved in checkpoint controls that affect a number of genes involved in maintenance 

of genome integrity. Chk1 and Chk2 are activated by DNA damage and initiate a 

number of cellular defense mechanisms that modulate DNA repair pathways and slow 

down the cell division cycle to allow time for repair. If DNA is not successfully mended, 

the damaged cells usually undergo cell death via apoptosis. This process prevents the 

defective genome from extending its paternity into daughter cells (Ruddon, 2007). 

Upstream elements activating the checkpoint signaling pathways such as those 

turned on by irradiation or agents causing DNA double strand breaks include the ATM 

kinase, a member of the phosphatidylinositol 3-kinase (PI3K) family, which activates 

Chk2 and its relative ATR kinase that activates Chk1. There is also cross talk between 

ATM and ATR that mediates these responses. Chk1 and Chk2 phosphorylate CDC25A 

and C, which inactivate them. In its dephosporylated state CDC25A activates the CDK2-

cyclin E complex that promotes progression through S phase. It should be noted that 

this is an example of dephosphorylation rather than phosphorylation activating a key 

biological function. This is in contrast to most signal transduction pathways, where the 

phosphorylated state of a protein (often a kinase) is the active state and the 

dephosphorylated state is the inactive one. In addition, Chk1 renders CDC25A 

unstable, which also diminishes its activity. CDC25A also binds to and activates CDK1-

cyclin B, which facilitates entry into mitosis. G2 arrest induced by DNA damage induces 

CDC25A degradation and, in contrast, G2 arrest is lost when CDC25A is overexpressed. 
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A number of proteins are now known to act as mediators of checkpoint 

responses by impinging on the Chk1 and 2 pathways. These include the BRCT domain–

containing proteins 53BP1, BRCA1, and MDC1.These proteins are involved in activation 

of Chk1 and Chk2 by acting through protein–protein interactions that modulate the 

activity of these checkpoint kinases. In general, these modulators are thought to be 

tumor suppressors (Ruddon, 2007). 

Chk1 and 2 have overlapping roles in cell cycle regulation, but different roles 

during development. Chk1 but not Chk2 is essential for mammalian development, as 

evidenced by the early embryonic lethality of Chk1 knockout mice. Chk2-deficient mice 

are viable and fertile and do not have a tumor-prone phenotype unless exposed to 

carcinogens, and this effect is more evident later in life. As illustrated in Figure 2.15, 

there are interactions between the Chk kinases and the p53 pathway. Chk2 

phosphorylates threonine-18 or serine-20 on p53, which attenuates p53’s interaction 

with its inhibitor MDM2, thus contributing to p53 stabilization and activation. 

However, Chk2 and p53 only have partially overlapping roles in checkpoint regulation 

because not all DNA-damaging events activate both pathways (Ruddon, 2007), Figure 

2.16.  

 

2.5 - APOPTOSIS 

 

Apoptosis (also called programmed cell death) is a cell suicide mechanism that 

enables multicellular organisms to regulate cell number in tissues and to eliminate 

unneeded or aging cells as an organism develops. The biochemistry of apoptosis has 

been well studied in recent years, and the mechanisms are now reasonably well 

understood (Ruddon, 2007). 

The apoptosis pathway involves a series of positive and negative regulators of 

proteases called caspases, which cleave substrates, such as poly (ADP-ribose) 

polymerase, actin and lamin. In addition, apoptosis is accompanied by the 

intranucleosomal degradation of chromosomal DNA, producing the typical DNA ladder 

seen for chromatin isolated from cells undergoing apoptosis. The endonuclease 

responsible for this effect is called caspase-activated DNase, or CAD (Ruddon, 2007). 
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Figure 2.15 - Simplified scheme of cell-cycle checkpoint pathways induced in response to DNA damage 

(here DSBs), with highlighted tumor suppressors shown in red and proto-oncogenes shown in green (from 

(Kastan, 2004)). 

 

A number of “death receptors’’ have also been identified, they are cell surface 

receptors that transmit apoptotic signals initiated by death ligands, Figure 2.16. The 

death receptors sense signals that tell the cell that it is in an uncompromising 

environment and needs to die. These receptors can activate the death caspases within 

seconds of ligand binding and induce apoptosis within hours. Death receptors belong 

to the tumor necrosis factor (TNF) receptor gene superfamily and have the typical 

cystine rich extracellular domains and an additional cytoplasmic sequence termed the 

death domain (Ruddon, 2007). 

The best-characterized death receptors are CD95 (also called Fas or Apo1) and 

TNF receptor TNFR1 (also called p55 or CD120a). The importance of the apoptotic 

pathway in cancer progression is seen when there are mutations that alter the ability 
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of the cell to undergo apoptosis and allow transformed cells to keep proliferating 

rather than die. Such genetic alterations include the translocation of the bcl-2 gene in 

lymphomas that prevents apoptosis and promotes resistance to cytotoxic drugs. Other 

genes involved as players on the apoptosis stage include c-myc, p53, c-fos, and the 

gene for interleukin-1b-converting enzyme (ICE). Various oncogene products can 

suppress apoptosis, like the adenovirus protein E1b, ras, and n-abl (Ruddon, 2007). 

 

 

Figure 2.16 - Apoptosis signaling through death receptors (from (Frederik, 2002)). 

 

Mitochondria play a pivotal role in the events of apoptosis by at least three 

mechanisms:  

1) Release of proteins, e.g., cytochrome c, that triggers activation of caspases; 

2) Alteration of cellular redox potential;  

3) Production and release of reactive oxygen species after mitochondrial 

membrane damage.  

Another mitochondrial link to apoptosis is implied by the fact that Bcl-2, the 

anti-apoptotic factor, is a mitochondrial membrane protein that appears to regulate 

mitochondrial ion channels and proton pumps, Figure 2.17. 

 

2.5.1 - Biochemical Mechanism of Apoptosis 

 

Multicellular organisms, from the lowest to the highest species, must have a 

way to get rid of excess cells or cells that are damaged in order for the organism to 
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survive. Apoptosis is the mechanism that they use to do this. It is the way that the 

organism controls cell numbers and tissue size and protects itself from ‘‘rogue’’ cells. 

A simplified version of the apoptotic pathways can be visualized in Figure 2.18 

(Ruddon, 2007). 

 

Figure 2.17 - Apoptosis signaling through mitochondria (from (Frederik, 2002)). 

 

The death receptor–mediated pathway is turned on by members of the death 

receptor superfamily of receptors, including Fas receptor (CD95) and TNF receptor 1, 

which are activated by Fas ligand and TNF, respectively. Interaction of these ligands 

with their receptors induces receptor clustering, binding of the receptor clusters to 

Fas-associated death domain protein (FADD), and activation of caspase-8, Figure 2.19. 

This activation step is regulated by c-FLIP. Caspase-8, in turn, activates caspase-3 and 

other ‘‘executioner’’ caspases, which induce a number of apoptotic substrates. The 

DNA damage–induced pathway invokes a mitochondrial-mediated cell death pathway 

that involves pro-apoptotic factors like Bax (blocked by the anti-apoptotic protein Bcl-

2). This results in cytochrome c release from the mitochondria and triggering of 

downstream effects facilitating caspase-3 activation, which is where the two pathways 

intersect. There are both positive and negative regulators that also interact on these 

pathways (Ruddon, 2007).  
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Figure 2.18 - The two main apoptotic signaling pathways (from (Frederik, 2002)). 

 

 

Figure 2.19 - Illustration of the main TNF receptor signaling pathways (from (Dash, 2003)). 

 

2.5.2 - Caspases 

 

Caspases are a family of cysteine proteases that are activated specifically in 

apoptotic cells. This family of proteases is highly conserved through evolution all the 

way from hydra and nematodes up to humans. Over 12 caspases have been identified 

and although most of them appear to function during apoptosis, the function of all of 

them is not yet clear. The caspases are called cysteine-proteases because they have a 

cysteine in the active site that cleaves substrates after asparagines in a sequence of 
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asp-X, with the four amino acids amino-terminal to the cleavage site determining a 

caspase’s substrate specificity (Ruddon, 2007). 

The importance of the caspases in apoptosis is demonstrated by the inhibitory 

effects of mutation or drugs that inhibit their activity. Caspases can either inactivate a 

protein substrate by cleaving it into an inactive form or activate a protein by cleaving a 

pro-enzyme negative regulatory domain. In addition, caspases themselves are 

synthesized as pro-enzymes and are activated by cleavage at asp-x sites. Thus, they can 

be activated by other caspases, producing elements of the ‘‘caspase cascade’’ shown 

in Figure 2.20. 

 

Figure 2.20 – Caspase activation (from (Dash, 2003)). 

 

Also, as illustrated in Figure 2.20, caspases are activated in a number of steps 

by proteolytic cleavage by an upstream caspase or by protein–protein interactions, 

such as, that seen for the activation of caspase-8 and the interaction of cytochrome c 

and Apaf-1 in the activation of caspase-9. A number of important substrates of 

caspases have been identified, including the caspase-activated DNase (CAD), noted 

above, which is the nuclease responsible for the DNA ladder of cells undergoing 

apoptosis. Activation of CAD is mediated by caspase-3 cleavage of the CAD-inhibitory 

subunit. Caspase-mediated cleavage of other specific substrates has been shown to be 

responsible for other typical changes seen in apoptotic cells, such as the cleavage of 

nuclear lamins required for nuclear shrinkage and budding, loss of overall cell shape by 

cleavage of cytoskeleton proteins, and cleavage of PAK2, a member of the p21-

activated kinase family, that mediates the blebbing seen in dying cells. 
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2.5.3 - Bcl-2 Family 

 

Mammalian Bcl-2 was first identified as anti-apoptotic protein in lymphomas 

cells. It turned out to be a homolog of an anti-apoptotic protein called Ced-9 described 

in C. elegans and protects from cell death by binding to the pro-apoptotic factor Ced-4. 

Similarly, in mammalian cells, Bcl-2 binds to a number of pro-apoptotic factors such as 

Bax, Figure 2.21. One concept is that pro- and anti- apoptotic members of the Bcl-2 

family of proteins form heterodimers, which can be looked on as reservoirs of plus and 

minus apoptotic factors waiting for the appropriate signals to be released (Ruddon, 

2007).  

 

Figure 2.21 – Apoptotic pathways. Two major pathways lead to apoptosis: the intrinsic cell death pathway 

controlled by Bcl-2 family members and the extrinsic cell death pathway controlled by death receptor signaling 

(from (Zhang, 2005)). 

 

2.5.4 - Anoikis 

 

Anoikis is a form of apoptosis that occurs in normal cells that lose their 

adhesion to the substrate or extracellular matrix (ECM) on which they are growing. 

Adherence to a matrix is crucial for the survival of epithelial, endothelial, and muscle 

cells. Prevention of their adhesion usually results in rapid cell death, which occurs via 

apoptosis. Thus, anoikis is a specialized form of apoptosis caused by prevention of cell 

adhesion (Ruddon, 2007). 
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The term anoikis means ‘‘homelessness’’ in Greek and although the observation 

of this phenomen occurs only with cultured cells, it is likely to occur also in vivo 

because it is known that cell-cell and cell-ECM interactions are crucial to cell 

proliferation, organ development, and maintenance of a differentiated state. This may 

be a way that a multicellular organism protects itself from free-floating or wandering 

cells (such as occurs in tumor metastasis). The basic rule for epithelial and endothelial 

cells appears to be ‘‘attach or die’’. Interestedly, cells that normally circulate in the 

body such as hematopoietic cells do not undergo anoikis (Ruddon, 2007). 

Cell attachment is mediated by integrins, and ECM integrin interactions 

transduce intracellular signaling pathways that activate genes involved in cell 

proliferation and differentiation. Although the cell death pathways induced by 

disruption of these cell attachment processes are not clearly worked out, cell 

detachment–induced anoikis does result in activation of caspases-8 and -3 and is 

inhibited by Bcl-2 and Bcl-XL, indicating some similarities to the typical apoptosis 

mechanisms. In addition, integrin-ECM interaction activates focal adhesion kinase 

(FAK) and attachment-mediated activation of PI3-kinase. Both of these steps protect 

cells from anoikis, whereas inhibition of the PI3-kinase pathway induces anoikis 

(Ruddon, 2007). 

Disruption of cell-matrix interactions also turns on the JNK /p38 pathway, a 

stress-activated protein kinase. The mitogen-activated kinase system may also be 

involved, since caspase mediated cleavage of MEKK-1 occurs in cells undergoing 

anoikis. As stated earlier, one of the hallmarks of malignantly transformed cells 

growing in culture is their ability to grow in an anchorage independent manner, 

whereas normal cells do not. Thus, cancer cells may develop resistance to anoikis. This 

may be a way that metastatic cancer cells can survive in the bloodstream until they 

seed out in a metastatic site (Ruddon, 2007). 

 

2.6 – CYTOPLASMIC STRUCTURES IN STRESSED CELLS 

 

Organisms at all levels have an innate sense of survival when challenged with 

potentially dangerous situations. At a cellular level, where evasion is not typically an 
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option, the ability to respond to a stress stimulus is crucial and, to survive cells make 

the necessary modifications in order to this aggression and thus avoid death. 

A stimulus is considered stressful to a cell when it challenges its likelihood and 

threatens its survival. There are two general types of stress: external stimuli (such as 

drugs or environmental influences, like ionizing radiations) and internal triggers (such 

as errors in cellular functioning). There are four major responses to cellular stress that 

can be induced sequentially or simultaneously by cells to maximize their ability to 

cope, Figure 2.22: 

 

Figure 2.22 – The four pillars of cellular stress response (from (Roretz, 2010)). 

 

(1) Many cellular activities, including transcription and translation, as well as 

intracellular trafficking, are halted; 

(2) Materials (protein and mRNAs) which require preservation will be 

safeguarded. This may require the formation of novel structures (such as stress 

granules) to house these molecules, and/or modification of the role normally played by 

other compartments, such as processing bodies (PBs); 

(3) Unnecessary cellular components will be disposed of if they can easily be 

made as soon as the stress is relieved, which serves as a type of “cellular triage”;  

(4) Even though most transcription and translation is inhibited, a specific set of 

genes coding for stress-response factors will be expressed and their proteins 

produced, so that necessary survival functions/responses to stress can take place. 

When stress occurs, the mRNA within the cells will be at different stages in 

their life cycle. In the nucleus, there will be undergoing preparations for export to the 

cytoplasm, while the export to other mRNA will be undergoing preparations for export 

to the cytoplasm, the export of other mRNA will already have begun. In the cytoplasm, 

some mRNAs will be in process of being transported to their appropriate locations, 

while translation of other mRNAs will be occurring. Finally, there will also be a subset 

of mRNAs that will have been targeted for the degradation or are already being 



CHAPTER II – CELL CYCLE REGULATION, APOPTOSIS AND CYTOPLASMIC STRUCTURES 

CELL BIOLOGY AND IMAGE ANALYSIS OF PROCESSING BODIES AND STRESS GRANULES                                      37 

degraded. The presence of this heterogeneous population of mRNAs implies that when 

a stress signal occurs, there must be appropriate ways to deal with each population, 

Figure 2.23. Within the cytoplasm, the formation of stress granules (SGs) plays an 

important role in how, and to where, cytoplasmic mRNAs are directed. Processing 

bodies (PBs), generally considered acting as sites of mRNA decay in normal conditions, 

grow in size and/or number in response to stress, and have been shown to associate 

with SGs in response to certain stimuli (Roretz, 2010). 

 

Figure 2.23 – Triage of adenine/uridine-rich element (ARE)-mRNAs in response to stress 

 (from (Roretz, 2010)). 

 

2.6.1 – mRNA triage 

 

The proteasome is a large multi-subunit complex responsible for the 

degradation of various proteins, including cell cycle regulators and apoptotic factors, 

by ubiquitin dependent and independent mechanisms. Proteasome inhibitors are 

known to induce apoptosis in proliferating cells, which, when exposed to 

environmental stress rapidly activate pathways generating a coordinated response 

involving mRNA translation and turnover that confers protection against stress-

induced damage and promotes their survival. Noxious conditions (e.g. heat shock, 

oxidative stress, UV radiations, viral infections, etc.) induce cellular arrest of 

translation initiation and this translational block is largely due to phosphorylation of 

the translation initiation factor eIF2. Under normal growth conditions, eIF2 associates 

with initiator Met-tRNAiMet (aminoacylated initiator methionyl-tRNA) and GTP, and 

participates in the ribosomal selection of the start codon (Fournier, 2010). 

As a prelude to the joining of the small and large ribosomal subunits, GTP 

complexed with eIF2 is hydrolyzed to GDP, and eIF2-GDP is released from the 
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translational machinery. The GDP-bound eIF2 is recycled to the active eIF2-GTP by a 

reaction catalyzed by the guanine nucleotide- exchange factor, eIF2B. Stress-induced 

phosphorylation of eIF2a at Ser51 changes this translation factor from a substrate to 

an inhibitor of eIF2B. Since intracellular levels of eIF2B are approximately 10-20% of 

those of eIF2a in the cytoplasm, phosphorylation of as little as 10% of eIF2a can be 

sufficient to sequester virtually all the available eIF2B, thereby blocking the nucleotide 

exchange activity of eIF2B and therefore inhibiting protein synthesis (Fournier, 2010). 

 

 

Figure 2.24 – Regulation by eIF2a (from www. spb.nichd.nih.gov). 

 

Post-transcriptional regulation of gene expression is crucial for development, 

differentiation, immune signaling and neuronal plasticity. mRNA biogenesis and 

function require the concerted efforts of RNA-binding proteins that shepherd the 

mRNA transcript through its capping, splicing, polyadenylation, nuclear export, 

association with ribosomes and ultimate decay (Anderson, 2007).  

As already mentioned, stresses, such as heat shock, oxidative stress, ischemia 

or viral infection, trigger a sudden translational arrest, leading to rapid polysome 

disassembly. This event causes many proteins involved in normal mRNA processing 

events to assume ancillary ‘emergency’ functions, activating a process of molecular 

triage in which mRNA from disassembling polysomes is sorted and the fate of 

individual transcripts is determined.  

 

2.6.2 – Stress Granules and Processing Bodies 

 

Stress granules (SGs) are cytoplasmic ribonucleoprotein-containing bodies 

whose formation is favored by various stress conditions (UV irradiation, hypoxia, 
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arsenite, and viral infections) leading to eIF2α (translation factor) phosphorylation and 

consequently inhibit translation initiation, representing sites where translation of 

specific mRNAs is repressed in part by disrupting the interaction of mRNAs with 

translating ribosome’s. A potential role of SGs in translation repression is supported by 

the observation that specific mRNAs are inefficiently repressed when RNA-binding 

proteins that contribute to SGs formation are altered. SGs also contain small ribosomal 

subunits, translation initiation factors and signaling molecules. Once the inducing 

stress is relieved, SGs gradually disassemble which allows translation to resume, a 

condition essential for cell survival (Fournier, 2010).  

SGs are closely related to a second class of RNA granule known as the PBs. Both 

PBs and SGs are simultaneously assembled in cells subjected to environmental stress, 

both are assembled on untranslated mRNA derived from disassembled polysomes, and 

both contain a subset of shared proteins, including FAST (Fas-activted serine/threonine 

kinase), XRN1 (50–30 exoribonuclease 1), eukaryotic translation initiation factor 4E 

(eIF4E), tristetraprolin (TTP), BRF1 (butyrate response factor 1) and BRF2 (butyrate 

response factor 2). In metazoans, both SGs and PBs have been linked to miRNA-

mediated silencing. However, SGs and PBs differ in several ways (Anderson, 2007):  

(i) only processing bodies (PBs) are observed in actively growing, unstressed 

cells;  

(ii) SG assembly, but not PB assembly, usually requires the stress-induced 

phosphorylation of eIF2a; 

(iii) SGs are defined by the translation initiation factors comprising the non-

canonical 48S pre-initiation complex – e.g. eIF3, eIF4A, eIF4G, poly(A)-binding protein 1 

(PABP-1) and small ribosomal subunits – whereas PBs are defined by components of 

the mRNA decay machinery; for example, the decapping enzymes DCP1a (decapping 

protein 1a), DCP2 and hedls (human enhancer of decapping, large subunit)/GE-1. 

SGs and PBs display distinctive types of movement in the cytoplasm and exhibit 

complex interactions with each other. SGs are relatively fixed in the cytoplasm, yet 

they constantly change shape, fuse and divide, as revealed by time-lapse image 

microscopy studies performed by Kedersha, N. et al. (2005). By contrast, PBs moves 

rapidly without changing their size or spherical shape and, intermittently and 
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transiently dock at SGs, enabling the possible transfer of selected messenger 

ribonucleoproteins (mRNPs) to occur (Anderson, 2007). 

In response to stress, the formation of SGs, the enlargement of PBs, and the 

observed fusing between these two entities all support the idea that these foci play 

important roles to support cell survival. When dealing with stress, certain mRNAs must 

be translated, others must be degraded, and still others must be preserved so that 

they can be used once the stress is overcome. In order to appropriately sort the mRNA 

with different fates, communication between SGs and PBs should be expected. The 

fusing of PBs to stress granules is not surprising, as there are a number of factors that 

are shared between these two entities (Roretz, 2010). 

 

2.6.3 – The eIF2a kinases 

 

The integrated stress response comprises a series of changes in cellular 

metabolism that enable the cell to repair stress-induced damage and survive adverse 

environmental conditions. Noxious conditions (e.g. excess heat, oxidation, UV 

irradiation, viral infection) induce eukaryotic cells to halt protein synthesis in a 

stereotypic response that conserves anabolic energy for the repair of molecular 

damage. The translational arrest that accompanies environmental stress is potentially 

selective: one study performed by Kawai, T. et al. (2004), shows that the translation of 

25% of mRNAs is significantly reduced, whereas the translation of another 25% of 

mRNAs (including transcripts encoding heat-shock proteins) is expressively enhanced. 

Stress-induced reprogramming of protein expression also entails stabilizing or 

destabilizing selected groups of mRNAs, thus post-transcriptional reprogramming of 

mRNA translation and decay reconfigures the proteome during adverse environmental 

conditions. 

Inhibition of translation initiation enables elongating ribosomes to ‘run off’ 

translating mRNA, a process that results in polysome disassembly. Much of the mRNA 

derived from disassembled polysomes assembles into SGs. The protein and RNA 

composition of SGs is dynamic: their core components are in equilibrium with 

polysomes. Drugs that inhibit translation elongation (e.g. cycloheximide) prevent SG 
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assembly, whereas drugs that promote premature termination (e.g. puromycin) 

promote SG assembly (Anderson, 2007). 

 

2.6.4 – Stress Granules in infection and disease 

 

Stress granules might participate in life-or-death decisions in stressed cells by 

selectively regulating the expression of proteins involved in cell survival. The duration 

of SG-mediated reprogramming of mRNA translation and decay beyond a critical 

threshold can activate apoptosis. Indeed, many viruses regulate the assembly or 

disassembly of SGs, suggesting their importance in balancing the translation of host- 

and virus-encoded mRNAs. SGs have also been implicated in disease pathogenesis, 

providing further evidence for a role in the integration of life-and-death decisions 

(Anderson, 2007). 

 

2.7 - SUMMARY 

 

At the end of this chapter is possible to point out that many of the controls that 

govern the transition between quiescence and active cell cycling in mammals operate 

in G1 phase. Loss of R point control appears to be a common, possibly even universal 

step in tumor development and, a number of genetic lesions that can contribute to this 

deregulation have been identified.  

Translation initiation is in dynamic equilibrium with an active process of 

translational silencing. In growing somatic cells, the rate of translation initiation 

exceeds the rate of translation silencing and most but not all cytoplasmic mRNA is 

located in polysomes. Cellular stress shifts this equilibrium such that the silencing rate 

exceeds the initiation rate.  

Loss of survival proteins can also contribute to apoptosis. The antiapoptotic 

gene, BCL2, has been shown to be repressed by p53 and, therefore, contributes to 

apoptosis by blocking survival signals mediated by BCL2. The choice as to whether a 

cell undergoes apoptosis or cell cycle arrest and DNA repair depends on a number of 

factors. Some may be independent of p53 such as extracellular survival factors, the 

existence of oncogenic alterations and the availability of additional transcription 
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factors. However, the extent of DNA damage may also contribute to the choice by 

affecting the level of activity of p53 induced. Activation of apoptosis has been 

associated with higher levels of p53 than those required for cell cycle arrest, which 

may reflect a lower affinity of cell cycle arrest target gene promoters for p53. In 

addition, the type of cell may affect the response to p53. Importantly, it is vital to 

identify why transformed cells die in response to p53, whereas normal cells undergo 

cell cycle arrest and DNA repair as this may be of great potential for the development 

of cancer therapies (Macdonald, 2005). 

This loss of cell cycle check point control by cancer cells may contribute to their 

increased susceptibility to anticancer drugs. Normal cells have mechanisms to protect 

themselves from exposure to growth-limiting conditions or toxic agents by calling on 

these check point control mechanisms. Cancer cells, by contrast, can continue through 

these checkpoints into cell cycle phases that make them more susceptible to the 

cytotoxic effects of drugs or irradiation (Ruddon, 2007). 

Apoptosis occurs in most, if not all, solid cancers. Ischemia, infiltration of 

cytotoxic lymphocytes, and release of TNF may all play a role in this and it would be 

therapeutically advantageous to tip the balance in favor of apoptosis over mitosis in 

tumors, if that could be done.  

During the last few years, the pathological importance of SGs formation in 

cancer cell resistance to apoptosis became apparent. Indeed, the induction of SGs 

upon exposure to hypoxia or oxidative stress (e.g. arsenite) leads to tumor cell 

resistance to apoptosis (Fournier, 2010).  

Clearly, a number of anticancer drugs induce apoptosis in cancer cells but the 

problem is that they usually do this in normal proliferating cells as well. Therefore, the 

goal should be to manipulate selectively the genes involved in inducing apoptosis in 

tumor cells, although understanding how those genes work may go a long way to 

achieving this goal. 
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3.1 - INTRODUCTION 

 

Ionizing radiation is a factor of stress to cells and, when cells are exposed to 

ionizing radiation, the standard physical effects between radiations and the atoms, or 

molecules, of the cells occur first and the possible biological damage to cell functions 

follows later. The biological effects of radiation result mainly from damage to the DNA, 

which is the most critical target within the cell; however, there are also other sites in 

the cell that, when damaged, may lead to cell death (Suntharalingam, 2002). 

Many aspects of the response of tissue systems are strongly affected by the 

state of the cell in its cycle, for example, the state of oxygenation of the cell. The 

supply of metabolic substrates and the removal of metabolic products also play a role 

in modifying the response of tissue systems. The most significant aspect of the 

radiosensitivity of a tissue or organ system centers on the state of reproductive activity 

and, this proliferative state varies widely among the tissues of any mammalian species. 

At one extreme are the tissues of the central nervous system, some of which rarely, if 

ever, undergo division during the organism's adult life, and for which loss of clonogenic 

ability is an irrelevant end point. At the other extreme is the blood forming organs, 

which are proliferating at a rate approaching that of an exponentially growing, in vitro 

culture (Alpen, 1998). 

This chapter focuses on the most relevant aspects of radiation and provides a 

detailed description of the effects of radiation on normal and neoplastic tissues. The 

main objectives covered in this chapter include: knowledge about radiation dosimetry, 

description of some important milestones in radiobiology, the types of cell death in 

mammalian cells and undertake a relative exhaustive description of the radiation 

effects in the environment. As such, a description about the nature of cell population 

in tissues and of the cell population kinetics and radiation damage is presented. 

Subsequently, the chapter focuses on the cell kinetics in normal and tumor tissues, on 

the models for radiobiology sensitivity of neoplastic tissues and the tumor growth and 

“cure” models. Finally, it ends with a description of the radiobiological responses, 

hypoxia and radiosensitivity of the tumor cell. 
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3.2 – QUANTITIES AND UNITS USED IN RADIATION DOSIMETRY 

 

The physical interactions of the various types of ionizing radiation with living 

matter are the first stage of a series of events that lead to biological changes, whose 

manifestations may occur over time, until many years after irradiation occurred. 

The radiation gives energy to the medium, thus inducing physical, chemical and 

biological processes that will lead to the changes mentioned previously. That part of 

biology that studies the chain of phenomena, from physical interaction to the external 

consequences, it is called Radiobiology. Given its complexity, not yet known in detail, 

many of the physic-chemical triggered the constituent molecules of living cells after 

irradiation (Dendy, 2000). 

The disproportion between the kinetic energy and its biological consequences 

emphasizes this complexity. Indeed, if the energy transferred to a physical body, 

subject to deadly radiation, was transformed into heat it would only raise the body 

temperature of a few thousandths of a degree. However, the kinetic energy that is 

transferred to the cells upon irradiation with ionizing radiation, though small, has 

major implications as it is released at the molecular level (Dendy, 2000). 

Ionizing radiation can then be defined as any type of radiation capable of 

removing an orbital electron of an atom or may carry electrons to higher-energy levels 

(outer orbital), causing their activation or arousal. 

Radiation can be divided into: 

a) Particulate radiation (corpuscular) (Dendy, 2000): 

i. Alpha particles (α) - is a particle equivalent to a helium nucleus 

2He4 (2p + 2n) and has two positive charges. Due to its high 

density of ionization, the energy of the α-particle is rapidly 

transferred to the medium, which makes its power of 

penetration rather limited (approximately 5 cm in air or about 

100 mm in soft tissue). 

ii. Beta particles (β) - is a more common process among the light 

nuclei, which have excess of neutrons or protons in relation to 

the corresponding stable structure, Figure 3.1. Depending on 
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their energy, a β-particle can go through 10 to 100 cm in air and 

1 to 2 cm in biological tissue. 

b) Radiation of electromagnetic waves: are high intranuclear energies 

transmitted in the form of wave motion, generated by radioactive isotopes. This 

emission is for the release of excess energy from the nucleus core and/or is 

produced by special equipment such as x-ray machines or linear accelerators. 

These waves have neither mass nor electric charge and can be divided into (Dendy, 

2000): 

i. X-rays - are produced when fast-moving electrons collide with a 

metal object. The kinetic energy of the electron is transformed 

into electromagnetic energy. It is important to remember that 

the origin of this radiation is extranuclear; that is, is formed in 

the electronic layer of the atom. The function of the X-ray 

machine is to provide a sufficient flow intensity of electrons in a 

controlled manner, for the production of an X-ray beam with the 

quality and quantity desired. 

ii. Gamma (γ) radiation - are bundles of energy, of nuclear origin, 

transmitted in the form of wave motion, and with great power of 

penetration, Figure 3.2. This emission is intended to release 

excess energy of an unstable atomic nucleus. 

 

 

 

 

 

 

Figure 3.1 – Particulate radiation emission (from Jefferson, 2007). 

 

 

Figure 3.2 – Penetration power of the main forms of radioactivity (from Suntharalingam, 2002). 
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When a beam of ionizing radiation passes through the matter, there are three 

types of important physical information: 

1. Their spectral energy distribution; 

2. The intensity of the flow of particles; 

3. The amount of energy that is released per unit mass in the area of 

irradiated material (Yadunath, 2010). 

The action of ionizing radiation in air can be used to evaluate the last two 

physical information, although the measurement of radiation is complex given the 

large number of units involved (Pisco, 2003). 

 

3.3 – HISTORICAL PERSPECTIVE ON RADIOBIOLOGY  

 

Three incidents triggered the beginning of radiobiology: Wilhelm Conrad 

Roentgen's discovery of X-rays in 1895; Henri Becquerel's observance of rays being 

given off by a uranium-containing substance in 1896 (Marie Curie subsequently would 

call this radioactivity); the discovery of radium by Pierre and Marie Curie in 1898 

(Forshier, 2008). 

Early radiobiology observations included skin erythema (radiation induced skin 

reddening), epilation (radiation induced hair loss), and anemia. Because of unshielded 

fluoroscopic apparatus, radiologists had to have fingers amputated, and compared 

with other medical doctors, had superior incidence of leukemia (Forshier, 2008). 

The first United States X-rays fatality occurred in 1906. Clarence Daly, an 

assistant of Thomas Edison, had collaborated with him in producing the fluoroscope 

and fluorescent screens. In working long days, Daly was subjected to doses above 

modern lifetime limits. In Edison´s day, shielding was seldom used for personnel or x-

ray tubes (Forshier, 2008). 

The initial observations of Becquerel, the Curies, and early radiologists sparked 

much research into the effects of radiation exposure on biological processes. 

Beginning in the early 1900s through the 1950s and 1960s, many theories were 

developed to define and explain these effects (Forshier, 2008). 
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3.3.1 – Law of Bergonie and Tribendeau  

 

In 1906, two Frenchmen, J. Bergonie and L. Tribendeau, exposed rodent 

testicles to X-rays, and observed the effect of radiation. These researchers selected the 

testicles since this organ contains both mature cells (spermatozoa), which execute the 

organ´s principal function and immature cells (spermatogonia and spermatocytes), 

whose only purpose is to evolve into mature, functional cells. Not only do these cells´ 

functions differ, but their rate of mitosis also differs. The spermatogonia (immature) 

cells divide frequently, whereas the spermatozoa (mature) cells do not divide. After 

exposing the testicles to radiation, Bergonie and Tribendeau noticed that the 

immature cells were injured at doses lower than mature cells. Supported by these 

findings, they proposed a law describing the radiation sensitivity for all body cells. 

Their law maintains that actively mitotic and undifferentiated cells are most 

susceptible to damage from ionizing radiation (Forshier, 2008). 

The law of Bergonie and Tribondeau states that: 

1. Steam cells are more radiosensitive than mature cells. The more mature 

a cell is the more radioresistant; 

2. Younger tissues and organs are more radiosensitive than older tissues 

and organs; 

3. The higher the metabolic activity of a cell, the more radiosensitive it is; 

4. The greater the proliferation and growth rate for tissues, the greater the 

radiosensitivity. 

This law informs that compared to a child or mature adult, the fetus is most 

radiosensitive (Forshier, 2008). 

 

3.3.2 – Ancel and Vitemberger 

 

In 1925, the law of Bergonie and Tribondeau was modified by P. Ancel and P. 

Wittenberg. These researchers suggested that the intrinsic susceptibility of damage by 

any cell by ionizing radiation is the same, but that the timing of manifestation of 

radiation-produced damage varies according to the types of cells. In experiments on 
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mammals, they determined that there are two factors, which affect the appearance of 

radiation damage to the cell (Forshier, 2008): 

1. The amount of biological stress the cell receives; 

2. Pre- and post-irradiation conditions that the cell is exposed to. 

Ancel and Vitemberger theorized that the most significant biological stress on 

the cell is the need to division. In their terms, a given dose of radiation will cause the 

same degree of damage to all cells (the innate susceptibility is comparable for all cells) 

but only if and when a cell divides will occur damage (Forshier, 2008). 

Even though Ancel and Vitemberge communicate radiosensitivity differently 

than Bergonie and Tribondeau, they do agree with them by placing a significant 

emphasis on the amount of mitotic activity involved (Forshier, 2008). 

In the 1920s, researchers learned that the process of ionization in tissues was 

the cause of biologic results. The two mechanisms recognized were, Figure 3.3: 

1. Direct ionization along charged particles tracks caused direct effects (original 

ionization occurs directly on the targeted molecule); 

2. The formation of free radicals caused indirect effects (original ionization occurs 

with water, and transfers ionization to target molecule).  

 

 

Figure 3.3 –Radiation path with low and high LET (from Yadunath, 2010). 

 

3.3.3 – Fractionation Theory 

 

The 20s and 30s brought the fractionation theory from France. Ram testicles 

were exposed to large doses of ionizing radiation. Even though the rams could be 

sterilized with one large dose, this quantity of radiation also caused the skin next to 

the ram´s scrotum to have a reaction. However, it was found, that if the large dose was 

fractioned (smaller doses spread out over a period of time, Figure 3.4), the animals 
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would still become sterile, but with considerably less damage to their skin (Forshier, 

2008). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 – Effect of fractionation (from Cherry, 2006).  

 

3.3.4 – Mutagenesis 

 

In 1927, H. Muller discovered that ionizing radiation produced mutations 

through his experiments with fruit flies. His finding is termed mutagenesis. This 

researcher found that the radiation-induced mutations were the same as those 

produced by nature. Irradiating the fruit flies did not create any unusual effects, but 

the frequency of mutations was intensified. This implies that the effects of ionizing 

were not unique to radiation, that is, they could have been caused by things other 

than radiation (Forshier, 2008). 

 

3.3.5 – Effect of Oxygen  

 

The oxygen effect was the subject of experimentation during the 1940s and 

1950s. Oxygen is a radiosensitizer because it increases the cell-killing effects of a given 

dose of radiation. This occurs as a result of the increased production of free radicals 

when ionizing radiation is delivered in the presence of oxygen (Forshier, 2008). 

The oxygen effect is known as Oxygen Enhancement Ratio (OER) and 

numerically defined as (Forshier, 2008):  
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In order to form free radicals during ionization of water, the presence of oxygen 

is necessary. Without free radicals, hydrogen peroxide is not formed, and thus cell 

damage is reduced (Forshier, 2008). 

The OER is dependent on LET, being more pronounced for low LET radiation 

and less effective for high LET radiation. Because of the physical differences between 

high and low LET radiations, the quantity of damage done by high LET radiation would 

be beyond repair. Thus, having oxygen present would not intensify the response to 

radiation the same magnitude, as would be the case with the low LET radiation, 

(Forshier, 2008), Figure 3.5. 

 

 

Figure 3.5 - Oxygen effect of the LET (from Forshier, 2008). 

 

3.3.6 – Relative Biologic Effectiveness 

 

The relative effect of LET is quantitatively described by the relative biologic 

effectiveness (RBE). RBE is a comparison of a dose of test radiation to a dose of 250 

keV X-ray which produces the same biologic response, being expressed as follows 

(Forshier, 2008): 
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The RBE measures the biological effectiveness of radiation having different LET 

values. Factors which influence RBE include radiation type, cell or tissue kind, 

physiologic conditions, biologic result being examined, and the radiation dose rate. In 

comparing LET and RBE, as LET increases, RBE increases also, Figure 6. Accordingly, low 

LET radiations have a low RBE, and high LET radiation have a high RBE (Forshier, 2008). 

 

Figure 3.6 - RBE versus LET (from Forshier, 2008). 

 

3.3.7 – Reproductive Failure 

 

In 1956, Puck and Marcus exposed human uterine cervix cells to varying doses 

of radiation. Thus, experimentally determined reproductive failure by counting the 

number of colonies formed by these irradiated cells (Forshier, 2008). 

As scientists began to research the effects of radiation exposure had on 

biological processes, there occurred a need to measure the levels of radiation causing 

specific effects. Units of measurement were developed to quantify radiation levels and 

thus track the effects of exposure to varying the levels of exposure (Forshier, 2008). 

 

3.4 – BIOLOGIC EFFECTS OF RADIATION 

 

Ionizing radiation transferring energy to biologic systems causes, in several 

successive stages, biological consequences. 
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3.4.1 - Elementary phenomena 

 

Physic interactions - these interactions vary according to the nature of 

radiation. Photons (X-rays or gamma rays) put in motion, during collisions with atoms 

of the medium, electrons to which they transfer whole or part of its energy in the form 

of kinetic energy. This kinetic energy is expended in the course of interactions with 

electrons belonging to atoms of the medium, and is subjected to the electric field of 

the incident electron (excitation and ionization) and these interactions "consume" an 

energy that was subsequently transferred, through ionizing radiation, to the medium. 

This phase is very brief (Pedroso Lima, 2003).  

The proportion of these modified atoms is minimal; however, they are grouped 

along the path of electrons, at varying distances. Although the amount of energy 

transferred is low, its concentration along these trajectories into bundles of energy 

whose value is relatively high (10 to 100 eV) gives a great efficiency. The other charged 

particles (alpha particles, protons set in motion when the interactions of neutrons with 

the medium) cause the same excitations and ionizations along its own path but at 

much shorter distances (the beam energy has the same value but is closer) (Pedroso 

Lima, 2003). 

Radiochemical phenomena – in a second phase, equally brief, the ionization of 

an atom within a molecule leads, in general, to her collapse and the fragments formed, 

called radicals. These radicals are chemically very "active" since they are able to react 

with other molecules initiating various chemical reactions. The effect is direct when 

the ionization directly affects the molecules damaging them, or indirect when the 

injury is caused by free radicals formed during the breakdown of water molecules - 

radiolysis - which constitute the bulk of biologic systems, Figure 3.7. The final product 

of the water radiolysis is the formation of an ion pair, H+ and OH-, and two free radicals 

H* and OH*. These chemical species are highly reactive radicals that play an important 

role and constitute the starting point of many molecular changes. Half of the molecular 

injuries are due to direct effect and the other half to indirect effect. When the distance 

between ionizations is short, these radicals react with each other and their 

concentration along the trajectories increases the effectiveness of these reactions. 
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Therefore, for the same amount of energy absorbed the number of damaged 

molecules is larger (Pedroso Lima, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 – Radiolysis of water molecules (Forshier, 2008). 

 

The human body is composed of 80% water, so the irradiation of water is 

involved in most interactions involving radiation. 

 

3.4.2 – Molecular Damages 

 

All biological molecules can be altered but the consequences vary according to 

the importance of the injured molecules. 

The molecules of deoxyribonucleic acid or DNA are those where the damage is 

more serious, since each has a specific role. Indeed, each cell “contains” information 

that will allow, according to a preconceived plan, the appropriate development and 

reaction to external events. The genetic material, or hereditary material, consists of 

DNA molecules that are the backbone of information. Damage to DNA molecules is the 

key mechanism of ionizing radiation action (Suntharalingam, 2002). 

Deoxyribonucleic acid or DNA - The structure is the same in all living species. 

The elementary constituent of DNA molecule is the nucleotide, which is formed by a 

phosphate group, a sugar (desoxirribose) and one base. A DNA molecule consists of 

two long strands or fibers of millions of nucleotides that form as a ladder whose bars 

would be the sequence of alternating sugars and phosphate groups, and the lanes 
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would be two bases joined together. This string wraps around its axis (Suntharalingam, 

2002), Figure 3.8. 

 

Figure 3.8 - Deoxyribonucleic acid molecule (DNA) (from Seeley, 2004). 

 

There are four different types of bases: adenine (A), cytosine (C), guanine (G) 

and thymidine (T), that are always available to form these dishes, paired as follows: 

adenine with thymine and guanine with cytosine, forming these four pairs possible: AT, 

TA, GC and GC. The order of bases in one of the molecule chains determines, 

unambiguously, the order of bases on the other chain (from Seeley, 2004). 

The orders in which the bases follow one other constitute one code, and a 

sequence of three bases (triplets) determines the amino acid that is present in the 

encoded protein. The set of "triplets" that encode a protein constitutes a gene. Thus, a 

gene consists of a sequence of several thousand of nucleotides coding for a specific 

protein that is synthesized from the information contained in this gene. This 

information is transmitted to the cytoplasm by a messenger RNA (from Seeley, 2004).  

Besides the coding genes, other DNA sequences constitute regulatory systems 

that, for example, activate ('operators' genes) or repress ('repressive' genes) the 

expression of a gene and, consequently, the synthesis of the protein encoded by this 

gene. These regulatory mechanisms, not yet fully understood, and to which are 

certainly devoted numerous DNA sequences, definitely explain the disproportion 

between the number of genes identified and the total of DNA mass (from Seeley, 

2004). 

When radiation interacts with the cell, the ionization and excitation may occur 

in the macromolecules (for example, DNA) or in the medium they are (for example, 



CHAPTER III – RADIATION AND BIOLOGICAL EFFECTS IN CANCER CELL 

CELL BIOLOGY AND IMAGE ANALYSIS OF PROCESSING BODIES AND STRESS GRANULES                        57 

water). Depending on the site of interaction, the effect is called direct or indirect 

(Suntharalingam, 2002). 

The direct interaction occurs when a first ionization reaches a macromolecule 

(for example, DNA, RNA, proteins or enzymes). If the macromolecule is ionized it is 

considered abnormal or mutated (Suntharalingam, 2002). 

The indirect interaction occurs if the initial ionization takes place at a distance 

not critical of the macromolecule and, then takes place the transfer of ionization 

energy to the molecule (Suntharalingam, 2002). 

 

3.4.3 – Chromosomes Irradiation 

 

In multicellular species the DNA molecules are the heart of chromosomes, 

which are essential constituents of the cell nucleus. Each species is characterized by 

the number and shape of chromosomes. Human cells, for example, have 46 

chromosomes grouped in 23 pairs of 2 chromosomes apparently identical (size, shape, 

etc.), one from the mother and one from the father. One of these 23 pairs is unique, 

the sex chromosomes. In women, the two chromosomes called X are similar; in men, 

they look different: one, called X, is similar to the woman and the other called Y, is 

much smaller (Forshier, 2008). 

Each chromosome consists of a single molecule of DNA coiled about itself and 

closely tied to protein molecules, Figure 4.9. The length of a chromosome is about 0.1 

μm, but if the DNA molecule was stretched it would have a length of approximately 4 

cm that is 400 000 times longer. Its width is 2 nm (Forshier, 2008). 

 

 

Figure 3.9 – DNA Compaction (from Seeley, 2004). 
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At the time of cell division, chromosomes can be observed microscopically. It is 

then possible to count them and identify them by size, shape and after stained, by 

structure. In this phase, it is feasible to study chromosomal abnormalities. When the 

chromosomes are irradiated, the radiation interaction can be direct or indirect and the 

result of any of the interactions is a mutation, Figure 3.10, and represents critical 

lesions in DNA (Forshier, 2008). Figure 3.11 depicts the effects of a single mutation 

caused by an irradiation in the G1 phase of the cell cycle. 

 

 

Figure 3.10 - Chromossome Aberrations (from Forshier, 2008). 

 

 

 

 

Figure 3.11 - Simple Mutation in G1 phase (from Forshier, 2008). 
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Radiochemical effects on DNA and chromosomes - the main damage caused by 

ionizing radiation are: 

 Modifications of bases: adenine, cytosine, guanine and specially 

thymidine. A pair of bases may be absent or replaced by another. The modification 

of the order or nature of the bases causes an alteration of the information carried 

by the gene (point mutation). 

 Changes in DNA conformation: a rupture in one of the two chains (these 

lesions are easily repairable, Figure 3.12) or rupture of the two chains (these 

injuries are difficult to repair). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12 – Schematic of the repair mechanism of excision-resynthesis (from Forshier, 2008).  

 

 Other intersection injuries (cross links) form links, for example, between 

two DNA strands, DNA-DNA bonds, or between one nucleic acid and protein: DNA-

binding protein. 

 Several remodeling of chromosome structure: a single or multiple 

rupture can cause the loss of a fragment - deletion - if it occurs in S phase of the 

cell cycle takes place the replication of the deletion and, in metaphase the 

abnormal chromosome looks like the normal chromosome despite lacking 

information in the terminal region; the setting of this fragment on another 

chromosome is called translocation. When two chromosomes exchange pieces thus 
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speaks of reciprocal translocation. This fragment can then re-weld abnormally on 

the same chromosome (inversion). If in G1 phase of the cell cycle occurs two 

mutations in the same chromosome, the two ends can 'weld' and form a 'ring' 

chromosome; chromossomes can weld again in a more complex way, forming 

dicentric chromosomes, etc. The quality of the adhesion ability of damaged 

chromosomes is a determining factor in the joining of the chromatid (Forshier, 

2008), Figure 3.13. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 - Chromosomal aberrations of multiple mutations (from Forshier, 2008). 

 

The morphological study of chromosomes in a cell is of enormous practical 

interest, since the number of abnormalities is dose dependent and can assess their 

importance from relatively low values (0.25 Gy). Chromosomal aberrations may make 

it impossible the balance of genetic material between two daughter cells and, lead to 

cell death at the time of cell division or non-viability of the two daughter cells 

(Forshier, 2008). 

Cellular constituents other than DNA can suffer injuries caused by ionizing 

radiation, for example, fatty acids that make up cell membranes, proteins such as 

enzymes, involved in all stages of cellular life (Forshier, 2008). 

Molecular DNA repair – there are many chemical or physical agents that can 

damage DNA and so life would not be possible without repair. The total length of DNA 

contained in the          cells of the body (2m in length per cell) is about 60 million 

kilometers. Per day is born 200 billion cells, the length of DNA synthesized is 400 

million kilometers a day. These long and narrow molecules are fragile and therefore 
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the thermal agitation and chemical reactions harm it constantly. Consequently, 

systems to repair the damage, particularly, due to external factors such as ultraviolet 

radiation, chemicals, etc., become necessary. If the injuries were permanent, the 

impact of a single photon at the level of a molecule would result in an irreversible 

alteration of a gene, and the smallest radiation harm. Due to the final repair, the 

damage is much less than the damage attained if were added all the molecular lesions 

(Forshier, 2008). 

When the injuries are related to one of the two chains, restoration is usually 

full; however, if the two chains simultaneously suffer injury, repair mechanisms are 

more complex and can result in a repair deficient, that is, has an error (mutation) 

whose consequences can lead to cell death or start their cancer (Forshier, 2008). 

Biological consequences of irradiation - At the cell level the effects are multiple. 

Irreversible DNA injuries can result: a mutation, that is, a final modification of the 

property inherited from the cell; loss of viability, that is, the inability to divide and give 

rise to normal daughter cells, which can express themselves since the first cell division 

or during the first five divisions (delayed death). The proportion of surviving cells, i.e., 

is, those which retained the ability to divide many times, it decreases with the dose. 

Besides depending on the dose, this ratio also depends on the nature of radiation and 

dose rate, as well as suffering from the influence of the environment of cells (for 

example, the decrease of oxygen content increases radiation resistance) (Forshier, 

2008). 

 

3.4.4 – Irradiation of Macromolecules  

 

The occurrence of molecular derangements or injuries may be classified either 

effects on macromolecules or effects on water. Irradiating macromolecules gives very 

different results when compared to the irradiation of water, Figure 3.14. If 

macromolecules are exposed to ionizing radiation in vitro (outside the body or cell), a 

significant dose of radiation is needed to produce a measurable effect. Irradiating 

macromolecules in vivo (inside the living cell) shows that when cells are in their natural 

conditions, they are much more radiosensitive (Forshier, 2008). 
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Figure 3.14 – Macromolecules mutations (from Forshier, 2008). 

 

The three primary effects of irradiating macromolecules in vitro include main-

chain scission, cross-linking and point lesions. 

Main chain scission - occurs when the thread or backbone of the long-chain 

molecule is broken. This results in the long-chain molecule being reduced to numerous 

smaller molecules, which can still be macromolecular in nature. Not only the size of 

the macromolecule is reduced, but its viscosity (thickness) is also reduced (Forshier, 

2008). 

Cross-linking - certain macromolecules have spurlike extensions off the main 

chain. Others develop these spurs after being irradiated. After being irradiated, these 

spurs can as if they had a sticky material on their ends. This stickiness causes the 

macromolecule to connect to another macromolecule, or to another section of the 

same molecule. This is termed cross-linking. Viscosity is increased by radiation-

produced molecular cross-linking (Forshier, 2008). 

Point lesions - Irradiating macromolecules may result in disturbance of single 

chemical bonds, which create molecular lesions or point lesions. Point lesions may 

cause slight molecular changes, which in turn cause the cell to function incorrectly 

(Forshier, 2008). 

At low doses of radiation, point lesions are regarded to be the cellular radiation 

damage that is responsible for late radiation effects, which are observed at the whole-

body level (Forshier, 2008). 

Irradiating macromolecules may result in either death of the cell or late effects. 

Throughout the cell cycle proteins are constantly being created, and occur in greater 

number than nucleic acids. Abundant copies of unique protein molecules always exist 



CHAPTER III – RADIATION AND BIOLOGICAL EFFECTS IN CANCER CELL 

CELL BIOLOGY AND IMAGE ANALYSIS OF PROCESSING BODIES AND STRESS GRANULES                        63 

in the cell. These factors allow protein to be more radioresistant than the nucleic acids. 

In addition, numerous copies of m-RNA and t-RNA exist in the cell, though they are not 

as plentiful as the protein molecules. Conversely, DNA molecules, having their 

distinctive base arrangements, are not so frequent. Because of this, DNA molecule is 

considered the most radioresistant macromolecule. RNA radiosensitivity is midway 

between that of DNA and protein macromolecules (Forshier, 2008). 

There can be visible chromossome abnormalities or cytogenetic damage if the 

radiation damage to the DNA is intense enough. DNA can be injured without producing 

visible chromosomal aberrations. Although this damage is reversible, it can lead to 

death of the cell, and ultimately destroy tissues and organs (Forshier, 2008). 

Metabolic activity can also be affected by DNA damage. The primary 

characteristic of radiation-induced malignancies is the uncontrolled reproduction of 

cells. If germ cells receive DNA damage, the response may be detected in future 

offspring (Forshier, 2008). 

Figures 3.15 A-D, illustrate DNA aberrations that are reversible types of 

damage. They may involve the sequence of bases being changed, thus changing the 

triplet code of codons. This is considered a genetic mutation at the molecular level 

(Forshier, 2008). 

Damage type shown in Figure 3.15-E also involves the change of or loss of a 

base. This type of damage destroys the triplet code as well, and may not be reversible; 

this is considered a genetic mutation (Forshier, 2008). 

These molecular genetic mutations are termed point mutations, and are 

common with low LET radiation. Point mutations may be either of minor or major 

significance to the cell. A key effect of these point mutations would be the genetic 

code being incorrectly transferred to daughter cells (Forshier, 2008). 

 

3.4.5– Dose-response relationship 

 

The dose-response relationships, also referred to as dose-response curves, are 

graphical correlations between the observed effects (response) from radiation and 

dose of radiation received (Forshier, 2008), Figure 3.16. 

Dose-response curves differ in two ways (Forshier, 2008): 
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 They are either linear or non-linear;  

 They are either threshold or nonthreshold.  

 

 

Figure 3.15 – DNA aberrations (from Forshier, 2008). 

 

 

 

 

 

 

 

 

Figure 3.16 - Dose-response Relationship (from Forshier, 2008). 
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Linear means that an observed response is directly proportional to the dose. On 

the other hand, nonlinear means that an observed response is not directly 

proportional to the dose. Additionally, threshold assumes that there is a radiation level 

reached below which there would be no effects observed, and nonthreshold assumes 

that any radiation dose produces an effect. Diagnostic radiology is primarily concerned 

with linear, nonthreshold dose-response relationships (Forshier, 2008). 

 

a) Linear-Dose-Response Relationships 

 

Since dose-response relationship A and B intersect the dose (x) axis at either 

zero or on the y-axis, they are considered linear, nonthreshold, Figure 3.16. 

All linear dose-response relationships exhibit an effect regardless of the dose. 

This is demonstrated by relationship A. Even at zero doses, A exhibits a measurable 

response (RA). This RA is termed the ambient or natural response. Dose-response 

relationships C and D intercept the dose axis (x) at a dose value greater than zero. 

Thus, C and D are considered linear, threshold. At doses below the respective C and D 

values, o response would be anticipated (Forshier, 2008). 

 

b) Linear Quadratic Dose-Response Curves  

 

In 1980, the Committee on the Biological Effects of Ionizing Radiation (BEIR 

Committee) concluded that the effects of low doses of low LET radiation follow a 

linear, quadratic dose-response relationship, Figure 3.17. At low doses, the curve is 

linear and at high doses, the curve becomes curvilinear and is no threshold (Forshier, 

2008). 

The portion of the curve where increases in dose shows no or light increase in 

the effect is named as the toe. The shoulder is considered the area of the curve in 

which a leveling off occurs, again demonstrating no or little increase off or flattened 

(Forshier, 2008). 

In 1990, with 10 additional years of human data, the BEIR committee revised its 

radiation risk estimates and adopted the linear, nonthreshold dose-response 

relationship as most relevant (Forshier, 2008). 
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Current radiation dose-response curve, there is a nonlinear relationship 

between dose and effect, meaning that the effect is not directly proportional to the 

dose (Forshier, 2008). 

 

Figure 3.17 – Linear quadratic dose-response curve (from Forshier, 2008). 

 

c) Dose-response curve linear quadratic 

 

The sigmoid dose-response curve s applied predominantly to the high dose 

effects observed in radiotherapy, Figure 3.18. Sigmoid means S-shaped. There is 

usually a threshold below which no observable effects occur. With a sigmoid dose-

response curve, there is a nonlinear relationship between dose and effect, meaning 

that the effect is not directly proportional to dose (Forshier, 2008). 

 

Figure 3.18 – Sigmoid dose-response curve (from Forshier, 2008). 

 

3.4.6 – Targeted Theory 

 

As cells contain a profusion of molecules, radiation damage to these molecules 

is not likely to result in significant cell injury because additional molecules are present 
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to assist in cell survival. However, there are molecules that are not in abundance that 

are considered necessary for the cell survival. Irradiating these could have serious 

consequences, because there may not be others available to maintain cell survival. 

This idea of a sensitive critical molecule is the foundation for the targeted theory. 

According to the targeted theory, there will be cell death only if cell´s targeted 

molecules is inactivated. It is theorized that DNA is the critical molecular target 

(Forshier, 2008). 

The target is regarded to be the area of the cell that contains the target 

molecule. Because radiation interaction with cells is random, target interactions also 

occur randomly. The radiation shows no favoritism toward the targeted molecules 

(Forshier, 2008). 

When a target is irradiated, this is considered a hit. Both direct and indirect 

effects cause hits, Figure 3.19. Direct versus indirect hits are not distinguishable. 

With low LET radiation in an anoxic condition, chances for a hit on the targeted 

molecule are low because of the large distances between ionizing events (Forshier, 

2008).  

In an aerobic state with low LET radiation, the indirect effect is intensified, as 

more free radicals are formed, and the volume of action surrounding each interaction 

enlarged. This increases the likelihood of a hit (Forshier, 2008). 

Using high LET radiation, ionization distances are so close together that there is 

a high probability that a direct hit will take place, probably even higher than for the 

low LET, indirect effect (Forshier, 2008). 

Adding oxygen to high LET radiation will probably not result in additional hits, 

as the high LET has already produced the maximum number of hits possible (Forshier, 

2008). 

 

3.4.7 – Cell Survival Curves 

 

Cellular sensitivity studies began in the middle 1950s with Puck and Marcus. 

They performed in vitro studies using HeLa cells. Their initial study was on failure of 

reproduction in which they exposed HeLa cells to differing radiation doses and then 

totaled the number of colonies formed (Forshier, 2008). 
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Figure 3.19 – Targeted theory (from Forshier, 2008). 

 

This information may be illustrated graphically by plotting the radiation doses 

on a linear scale on the x-axis, and plotting the fraction of surviving cells on a 

logarithmic scale on the y-axis. This graphical representation of the relationship 

between the dose and surviving cells is a survival curve (Forshier, 2008). 

It was previously stated that radiation interaction is random in nature. 

Therefore, it must be determined how many hits are necessary to cause cell death. 

This may be demonstrated using a cell survival curve (Forshier, 2008). 

The model most used is the linear-quadratic model, whereby there are two 

components responsible for cell death: a dose-proportional, which corresponds to the 

initial portion of the curve and represents the cell death caused by lethal damage, and 

another component proportional to the square of the dose, related to the steeper 

region of the curve and is linked to the deaths caused by lethal damage, potentially 

lethal damage, and especially the accumulation of sub-lethal damage (Suntharalingam, 

2002). 

In simple cells such as bacteria, if there are additional hits to the same cell, 

these hits do not matter. In complex cells such as human cells, it is theorized that in 

order to cause cell death, more than one hit is required (Forshier, 2008). 
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The graphs of simple versus complex cells are very different, Figure 4.20. Graph 

A represents a survival curve for simple cells, represented by a straight line. Graph B 

represents a survival curve for complex cells, represented by a line which displays a 

shouldered area where effects are not apparent until some targets have received 

enough multiple hits to be killed. The targeted theory can be used to explain this 

shoulder section of the curve (Forshier, 2008). 

The shoulder of the cell survival curve shows that some damage must accrue 

before there can be cell death. The accumulated damage is called sub-lethal damage.  

The wider the shoulder, the more sub-lethal damage the cell can endure. 

 

 

 

 

 

 

 

 

 

 

Figure 3.20 – Simple versus complex cell survival curves (from Forshier, 2008). 

 

3.5 – CELL DEATH IN MAMMALIAN TISSUES 

  

The clonogenic potential is the essential element for the maintenance of a cell 

line, either in vitro or in organized tissues, although there are other important issues in 

the maintenance associated with complex tissue systems. Normal senescence of cells 

is one of these important issues and the other is the removal of cells that are in the 

wrong place at the wrong time. Examples of this would be the metastatic arrival of 

tumor cells transported from a primary tumor elsewhere or the resolution of 

inflammatory processes (Alpen, 1998). 

It is possible to define at least two different types of cell death that go beyond 

the end point of clonogenic potential and involve the actual disappearance of the cell: 

necrosis and apoptosis (Alpen, 1998). 
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Necrosis is characterized by a tendency for cells to swell and ultimately to lyse, 

which allows the cell's contents to flow into the extracellular space, this is usually 

accompanied by an inflammatory response. In the case of neoplasms, necrosis is most 

often seen in rapidly growing tumors, where the tumor mass outgrows its blood supply 

and regions of the tumor become undernourished in oxygen and energy sources. In 

this case inflammation is not a characteristic of the necrotic process (Alpen, 1998).  

Apoptosis involves shrinkage of the nucleus and cytoplasm, followed by 

fragmentation and phagocytosis of these fragments by neighboring cells or 

macrophages. The contents of the cell do not usually leak into extracellular space, so 

there is no inflammation. Since there is no inflammation accompanying apoptosis, the 

process is histologically quite inconspicuous (Alpen, 1998). 

The concept of apoptosis as a mechanism for the control of cell population 

numbers and cell senescence has been around for several decades, but the 

mechanisms of apoptosis have received extensive research attention only in the 

nineties. This interest in apoptosis was engendered by the discovery that tumor 

suppressor genes and oncogenes were central control agents for the process. The 

principal focus of these studies has been the role of the p53 tumor suppressor gene, 

already described in Chapter II. The p53 gene is a transcriptional activator that may 

include activation of genes that regulate genomic stability, cell cycle progression, and 

cellular response to DNA damage. 

 

Figure 3.21 - Structural changes of cells undergoing necrosis or apoptosis (from Goodlett, 2001). 
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The synthesis of the p53 product is known to be responsible for the induction 

of apoptosis in many cell lines in which this gene is present in unmutated form. The 

mutational absence of this gene is often accompanied by the inability of a cell line to 

initiate apoptosis. For radiation pathology, the important finding is that even small 

amounts of DNA damage in G1 cells cause synthesis of the p53 product and ultimate 

apoptosis of the cells. It is pertinent for radiation pathology that cells of the lymphoid 

system generate high concentrations of p53 gene product after cell damage. This is 

particularly true for low doses of ionizing radiation. Clearly, the generation of the p53 

product is not sufficient for the onset of apoptosis, but it is certainly necessary (Alpen, 

1998).  

Another significant gene involved in apoptosis is the bcl-2 gene (described in 

Chapter II). This gene encodes a protein that blocks physiological cell death (apoptosis) 

in many mammalian cell types, including neurons, myeloid cells, and lymphocytes. This 

gene is able to prevent cell death after the action of many noxious agents (Alpen, 

1998). 

The role of apoptosis as a mechanism for cell death following ionizing radiation 

exposure remains unclear at this time, particularly the relative importance of the 

agonistic role of p53 and the antagonistic role of bcl-2. However, it must be important, 

as that the detection of small nicks and errors in the DNA of G1 cells is crucial to the 

recovery of irradiated tissues and the reduction of genomic misinformation (Alpen, 

1998). 

 

3.6 – CELL POPULATION KINETICS AND RADIATION DAMAGE 

 

For the clonogenic death of the cell the principal target of ionizing radiation is 

the genome, and the genome is certainly at its most vulnerable to radiation damage 

during G2 and mitosis (M), when replication has been completed. The principal 

outcome of disturbances to the dynamic replicative activity of the genome is altered 

clonogenic ability (Alpen, 1998).  

The ultimate functional viability of a tissue that is dependent on stem cell 

activity will be determined by whether, after radiation exposure, there are adequate 

numbers of surviving and still clonogenic stem cells to repopulate the compartment 
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and finally to produce functionally competent progeny. The most resistant tissues are 

those that require neither input of cells from a prior compartment nor division within 

the compartment (Alpen, 1998). 

 

3.6.1 – Growth Fraction and its significance 

 

The concept of growth fraction as a descriptive parameter for the kinetics of 

proliferating tissue appears to have been first proposed by Mendelsohn (1962) as the 

result of his observations that all cells in a growing tumor are not in the active process 

of proliferation as determined by the cellular incorporation of radioactive labels of 

DNA synthesis. Lajtha (1963), based on his own studies as well as those of others, 

proposed the concept of the G0 phase of the cell cycle, a state of the cell in which the 

cell was not engaged in active proliferation, but in which the cell could reenter the 

proliferative state. The G0 cell was visualized as a cell that has been removed from the 

actively dividing population by regulatory activities rather than as a result of metabolic 

deprivation. Subsequently, it became apparent that cells also could be removed from 

active division in a reversible manner by deprivation of oxygen, glucose, or other 

metabolites (Hlatky et al., 1988). Restoration of the lacking nutrient led to reentry of 

the cell into active proliferation (Alpen, 1998). 

 

 

Figure 3.22 – Cell cycle phases (from (Goldwein, 2006)). 

 

The growth fraction is defined as the fraction of the total cellular population 

that is clonogenically competent and is actually in the active process of DNA replication 

and cell division. The growth fraction may be estimated by any one of several 

techniques, most of which depend on incorporation of a radioactively labeled DNA 
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precursor into those cells that are actively dividing. One of the simpler methods for 

determination of the growth fraction is the exposure of a growing culture of cells, in 

vitro or in vivo, to an appropriate radioactive label for the synthesis of DNA. A typical 

and frequently used label is 3H-thymidine. The cells are exposed to the radioactive 

label in the medium or by injection into the intact animal for at least the full length of a 

cell cycle (and usually for half again as long). Under these conditions, all cells that 

synthesize DNA, thus indicating their passage through the S period of the cell cycle, are 

labeled and can be identified by autoradiography. The percentage of cells that is 

labeled constitutes the growth fraction, since every cell in cycle will have passed 

through the S period at least once during exposure to the radioactive label (Alpen, 

1998). 

The radiobiological significance of the growth fraction was unclear until the 

appearance of new data in the late 1980s. In 1980, Dethlefsen indicated that the role 

of quiescent cells in radiobiological response was not satisfactorily delineated. Recent 

studies indicate that cells that are out of cycle are capable of a more significant 

amount of repair of potentially lethal damage, simply because there is more time 

before the cell is called on to replicate its DNA. It is possible, but by no means proved, 

that the concentration of enzymes necessary for repair of DNA damage may be 

depleted in the noncycling cell, but, in spite of this, the additional time allows effective 

repair to proceed with the lower concentration of repair enzymes (Alpen, 1998).  

 

3.7 – CELL KINETICS IN NORMAL TISSUES AND TUMORS 

 

Both normal and neoplastic tissues have a cellular kinetic pattern that follows 

the accepted model of a G1-S-G2-M cycle, and, indeed, the cell cycle parameters are 

not very different for tumors as compared to other growing tissues. The total cycle 

time and the time devoted to DNA synthesis in the S period are very much alike for 

both tissue types. However, there are significant differences in some of the 

characteristics of the kinetic pattern as the tumor reaches a size where vascularization 

is required for continued tumor growth. The orderly vascularization of normal tissues 

that originates in embryonic life and that is maintained throughout the existence of 

normal, nonpathological function assures that the supply of oxygen and nutrients is 
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adequate for survival of cells. Most, if not all, tumors, on the other hand, originate as 

nonvascularized aggregations of cells and develop a vascular supply sometime after 

the origination of tumor growth. The development of vascular supply in a tumor 

depends on the activities of angiogenic factors that occur in normal tissues. The newly 

developing vascular supply is, at best, chaotic and disorganized (Alpen, 1998). 

Some parts of the tumor tissue will be so far from the source of oxygen and 

nutrients that cell survival will be impossible, Figure 3.23. Other parts of the tumor will 

have nutrient and oxygen supplies that are adequate only for survival of cells without 

replication. The lack of oxygen and glucose can lead to a decrease in the growth 

fraction, and probably to cell death and necrosis. Several nutrients and metabolic 

products, including oxygen, glucose, and lactic acid, play an important role in the 

determination of quiescent and proliferating cells in tumors (Alpen, 1998). 

One important difference between normal tissues and tumor tissues is the 

determinant of the fraction of quiescent cells in the organ or tumor. Because of the 

orderly vascular architecture of normal tissue, the movement of cells from the 

proliferating to the quiescent compartment is probably not the result of nutrient lack, 

but, rather, the result of the activity of normal soluble growth factors and naturally 

occurring inhibitors that regulate the growth and development of the tissue (Alpen, 

1998).  

 

3.8 – MODELS FOR RADIOBIOLOGICAL SENSITIVITY OF NEOPLASTIC TISSUES 

 

The earliest attempts to assay the sensitivity of organized tissue systems were 

directed at establishing the radiosensitivity of tumor tissues. This was partly because 

these tissues offered opportunities for analysis that were not available for normal 

tissues. The possibility for syngeneic transplantation of the cell lines from host to 

recipient animal was the most important characteristic of these in vivo tissue systems. 

After irradiation of the tumor in the host in which it was growing, it was 

possible to transplant the tumor cells to an unirradiated recipient animal and to 

observe the growth response of the irradiated tumor cells. There was also strong 

interest in understanding tumor biology arising from the treatment of cancer by 

radiotherapy (Alpen, 1998).  
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Figure 3.23 - Role of hypoxia in tumour angiogenesis (from Carmeliet, 2000). 

 

It was important to establish the role of oxygen in the sensitivity of cancer cells, 

as well as the importance of the fraction of G0 cells and repair or repopulation in these 

tissues. The overall goal was practical: to maximize the effectiveness of radiotherapy 

for cancer control in patients, while reducing damage to normal tissues in the radiation 

field (Alpen, 1998). 

 

3.8.1 – Hewitt Dilution Assay  

 

Probably the first in vivo assay for mammalian tissues was that developed by 

Hewitt and Wilson (1959) with a syngeneic mouse tumor system. At that time a 

number of tumor cell lines that were grown in the peritoneal cavity of mice had been 

developed. The cells from these ascites tumors could be harvested or allowed to 

continue to grow in the peritoneal cavity of the host, which would cause the death of 

the animal. It occurred to Hewitt and Wilson that this end point - death of the host 

animal could be used to measure the clonogenic potential of the tumor cells after 

irradiation. Figure 3.24 shows the essentials of a Hewitt assay for a single dose point at 

10 Gy (Alpen, 1998).  
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Figure 3.24 - Typical data set for a Hewitt dilution assay (from Alpen, 1998). 

 

Cells harvested from the mouse ascites tumor P388 and unirradiated cells were 

collected from the donor and a series of dilutions was prepared from a stock 

suspension of the tumor cells. A typical microbiological-type binary dilution was 

carried out to produce cell suspensions with low concentrations of cells that will allow 

the recipient animal to be injected with cell numbers that are correct for killing about 

half of the animals. For the tumor line used, the usual cell dose required to kill half of 

the animals is about two to three cells. A small number of animals (5-10) are injected 

with the same cell dose and the survival is followed. The same procedure is used for 

several additional cell doses. The resulting data on percent survival at each of the cell 

doses are plotted as shown in Figure 3.24, and the LD50 (lethal dose for 50% of the 

animals) is determined by graphical or analytical means. The procedure is repeated, 

but with the cell suspension prepared from animals that were irradiated before cell 

collection. Animals are irradiated at several doses and injections proceed as just 

described for each dose. The LD50 values can be used to construct a survival curve. 

Figure 3.24 shows an example for only one radiation dose on the right panel and for 

unirradiated cells on the left panel, with the calculated surviving fraction. The surviving 

fraction is estimated for each of the other doses, and a survival curve of surviving 

fraction against dose is plotted in the usual way (Alpen, 1998). 

The Hewitt assay has been the tool used for a number of significant studies of 

tumor cell sensitivity to radiation. Figure 3.25 is a very good example of such studies. 

Andrews and Berry (1962) developed survival curves for three mouse tumors, two 

leukemias, and a sarcoma. Some of the data were Berry's own previously unpublished 
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observations and some were provided by Hewitt. The clonogenic survival curves were 

developed for both anoxic and oxic conditions. All three cell lines could be plotted on 

the same curve for oxic cells or for anoxic cells as appropriate, and the line produced 

was a good fit for the appropriate condition of oxygenation. The oxygen enhancement 

ratio (OER) for these cells was about 2.4, which is not far from the 2.8 or so for cell 

lines that are irradiated in vitro and analyzed for clonogenic survival in vitro. The Do for 

the cells irradiated under oxic conditions was about 150 cGy, and the extrapolation 

number was about 3-4 for this set of data (Alpen, 1998). 

A significant shortcoming of the dilution assay system is that donor cells that 

are grown in ascites fluid are usually irradiated when the cell number in the peritoneal 

cavity is very large. Under these conditions, it is not always clear that the cells are fully 

oxygenated at the time of irradiation. If that is indeed the case, there is the possibility 

of significant anoxic protection of the cells and, subsequently, there is an 

overestimation of the resistance of the cells to the irradiation. The data reported in the 

Berry study do not seem to be affected by such hypoxia. The Do (oxic) is about 150 cGy, 

a number quite consistent with that found for many cell systems in vitro. The OER of 

2.4 or so is, again, not very different from the 2.5-2.8 seen for in vitro systems. So it 

must conclude, at least for the cell lines reported in this study, that adequate 

oxygenation probably existed at the time of irradiation (Alpen, 1998). 

Another shortcoming of the Hewitt method is that the irradiated tumor cells 

must be capable of expressing clonogenic potential while growing in the ascites 

medium. For example, most leukemias grow readily in this environment, and usually 

require an inoculum of only 1-3 cells to cause the death of 50% of the recipient 

animals. For the Berry data just described, the sarcoma cells required an inoculum of 

more than 80 cells to kill 50% of the recipients. In many cases, no cell growth is seen 

and no assay is possible. To avoid this shortcoming, other assays have been developed 

(Alpen, 1998). 
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Figure 3.25 - The survival curve obtained by Berry (1964) via the Hewitt assay method for two 

mouse leukemias and a sarcoma (from Alpen, 1998). 

 

3.9 – HYPOXIA AND RADIOSENSITIVITY IN TUMOR CELLS  

 

Under circumstances where severe anoxia can occur in tissues or cellular 

preparations, one should expect to see significant protection from the effects of 

ionizing radiation. It is expected to find conditions of moderate to severe anoxia in 

growing tumors in vivo. For cells grown in suspension, careful attention to culture 

conditions usually will prevent the development of such anoxic conditions with 

concomitant radioprotection. For the tissue assay systems, such as the Hewitt dilution 

assay and others, there is clearly a protective effect of oxygen lack under the correct 

conditions. Figure 3.26 demonstrates methods by which the fraction of hypoxic cells in 

a mixture with fully oxygenated cells can be detected and measured quantitatively. 

The radioresistant "tail" for the dashed line survival curve shown in Figure 4.26 (10% 

anoxic cells) is a common observation for cells from tumors and indicates the presence 

of a mixed population of cells, part of which have a radioresistance relative to the 

remainder of the population. This resistant fraction may be due to hypoxia and the 

radioprotection that this state affords (Alpen, 1998). 

The well-known work of Thomlinson and Gray (1955) laid the foundations for 

our understanding of hypoxia as well as re-oxygenation in tumors during growth and 

re-growth (Alpen, 1998).  
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Figure 3.26 - Survival curve for the irradiation of a cell suspension containing a fraction of 

hypoxic cells (from Alpen, 1998). 

 

Figure 3.27 illustrates the processes proposed by this author. The very young 

tumor is well oxygenated, since it is so small that no cells are beyond the effective 

diffusion distance of oxygen from nearby capillaries. As the tumor continues to grow, 

portions of the tumor volume may be beyond easy access to diffusing oxygen. The 

tumor must depend for its supply of oxygen on the development of newly formed 

vessels that arise from the adjacent normal tissue and penetrate the tumor volume. 

This neovascularization of the tumor is not as well organized as the blood supply in 

normal tissues, and the expanding volume of tumor will contain regions in which 

oxygen is inadequate for the maintenance of metabolism, and some fraction of the 

cells will be anoxic. Figure 3.27 illustrates that the fraction of anoxic cells in the 

growing tumor may rise to several percent and in some tumor types, to as much as 

10%. According to the model of Thomlinson, when the tumor is irradiated (position R1 

in the figure) the more radiosensitive, fully oxygenated cells are killed, and the 

remaining hypoxic cells are in an environment of dead and dying cells with lesser 

demand for metabolic oxygen (Alpen, 1998). 
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Figure 3.27 - Development of hypoxia and reoxygenation in an irradiated tumor (from Alpen, 1998). 

 

Shrinking of the tumor volume and lowered oxygen demand allow for 

reoxygenation of the hypoxic cells, which is indicated by a rapid fall to near zero for the 

anoxic fraction. After this period of reoxygenation, tumor regrowth commences and 

the complete cycle is repeated. The significance of the reoxygenation phase in 

fractionated radiotherapy of human tumors is undergoing careful reexamination, 

partly because treatment modalities designed to optimize the kill of anoxic cells (high 

linear energy transfer (LET) radiation, radiation under hyperbaric oxygen conditions, 

and so on) have not been particularly successful. According to Figure 3.27, the 

optimum time for a second irradiation of a fractionated scheme would be at point H in 

the curve, when the population of hypoxic clonogenic cells is at a minimum. Recent 

data suggest that the reoxygenation phenomenon actually occurs very soon after 

irradiation, and indeed may take place while the irradiation is in progress (Alpen, 

1998).  

 

3.10 – EFFECTS OF CANCER THERAPY ON ANGIOGENESIS 

 

Tumor growth and metastasis are dependent on the formation of new blood 

vessels from preexisting vasculature (angionenesis). Angiogenesis supports tumor 

growth by providing a source of oxygen, nutrients, growth factors, proteolytic 

enzymes, and coagulation and fibrinolytic factors.  
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Tumor angiogenesis is a complex process that is regulated by several pro-

angiogenic and anti-angiogenic molecules that maintain normal homeostasis and 

initiate the angiogenic process during pathological conditions. 

Teicher et al. (1998) was the first to show that the combination of angiogenesis 

inhibition with chemo or radiation therapy, yielded superior anti-tumor effects 

compared with either treatment alone. This occurred while tumor oxygenation was 

improved and it was speculated that the improvement in oxygenation favored 

increased radiosensitivity. This result was surprising to many, who speculated that use 

of anti-angiogenic therapies would lead to reduction in vascular density and increased 

tumor hypoxia. However, it put important emphasis on the role of the endothelial cell 

in controlling treatment response. This result, along with the suggestion that selective 

killing of endothelial cell would be a very efficient means for killing tumor cells as a 

result of ischemia, led to the development of therapies that selectively target tumor 

vascular endothelium. 

Recent research of Teicher et al. indicates that tumor re-oxygenation may have 

negative consequences for treatment efficacy. Using a fluorescent reporter of hypoxia-

induced factor 1, HIF-1, activity, they found that HIF-1 signaling increased twofold after 

radiotherapy, peaking 48h after the last treatment fraction. This activation was 

associated with increased HIF-1 protein levels, as well as increased expression of 

several downstream proteins that are important for stabilizing tumor endothelium, 

such as VEGF and bFGF. Therefore, it was reasoned that radiation-induced factor HIF-1 

activation might contribute to treatment resistance by minimizing radiation damage to 

the tumor vasculature. 

Mechanistically, radiation-induced HIF-1 hyperactivity was found to be 

attributable to two separate events: (1) HIF-1α stabilization in aerobic tumor regions 

through production of free radicals and (2) dissolution of hypoxia-induced stress 

granules during re-oxygenation. 

Stress granules are a recently recognized defense mechanism identified in a 

wide variety of eukaryotic cells. They are composed of several mRNA-binding proteins 

and stress-responsive proteins that coalesce in the cytoplasm and sequester 

transcriptors so that they cannot enter the endoplasmic reticulum to be translated to 

protein. They assemble when the cell is exposed to a stressor (e.g., heat shock and 
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osmotic shock) and disassemble when the stress is alleviated. Teleologically, stress 

granules are believed to function to prevent cells from expending crucial energy 

unnecessarily during potentially lethal stress conditions.  

Hypoxia is amongst the stressors that can stimulate stress granule 

polymerization and that stress granules are abundant in hypoxic regions of tumor 

tissue. Moreover, HIF-1 regulated transcriptors, in particular, appear to associate with 

stress granules during hypoxia. Disrupting stress granule polymerization, by expressing 

a mutant form of a stress granule scaffolding protein, significantly increased the ability 

of tumor cells to up-regulate downstream HIF-1 targets during hypoxia. When tumors 

re-oxygenate, as occurs during treatment, these stress granules depolymeraze and 

allow their previously sequestered hypoxia-induced transcriptors, including those 

stimulated by HIF-1 activity, to be translated. 

These two mechanisms contributed, therefore, to a HIF-1 dependent pro-

angiogenic stimulus after radiotherapy that, in turn, protected tumors from radiation 

damage to their vasculature. This mechanism is likely to occur following any treatment 

that leads to tumor cell apoptosis and re-oxygenation, but it is predicated on a pre-

existing condition of hypoxia (in vitro they observed stress granules formation after a 

few hours at 0,5% O2). 

 

3.11 – SUMMARY 

 

Human tumors strongly differ in radiosensitivity and radiocurability and this is 

thought to stem from differences in capacity for repair of sub-lethal damage. 

Radiosensitivity varies along the cell cycle, S being the most resistant phase and G2 and 

M the most sensitive. Therefore, cells surviving an exposure are preferentially in a 

stage of low sensitivity (G1), i.e. synchronized in a resistant cell cycle phase. They 

progress thereafter together into S and then to the more sensitive G2 and M phases. A 

new irradiation exposure at this time will have a larger biological effect (more cell kill). 

However, while this synchronization effect has explained some experimental results, 

redistribution has never been shown to play a measurable role in the clinic of 

radiotherapy (Mazeron, 2005).  
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Cells surviving an irradiation keep proliferating, increasing the number of 

clonogenic cells, i.e. the number that must eventually be sterilized to eradicate cancer. 

An inappropriate development of intratumoral vasculature leads to a large proportion 

of poorly oxygenated cells and the proportion of hypoxic cells increases with the tumor 

size (Mazeron, 2005).  

Acutely hypoxic cells are far more radioresistant than well oxygenated cells. 

Hypoxic cells usually survive irradiation, but they progressively (re)oxygenate due to 

the better supply of oxygen available after well oxygenated cells have died. This 

restores radiosensitivity in the tumor by several mechanisms, but re-oxygenation 

occurring at long intervals is probably due to tumor shrinkage leading to a reduction of 

the intercapillar distance (Mazeron, 2005). 

The effects of cycling hypoxia are not limited to metastasis and appear to 

influence HIF-1α protein levels and transcriptional activity more than chronic hypoxia. 

Hypoxia and oxidative stress both induce the unfolded protein response (UPR), which 

alters protein expression, metabolism, and cell death in response to stress. It seems 

likely that cycling hypoxia will affect the UPR, since genes controlled by HIF-1 are often 

contained in the stress granules formed by the UPR and cycling hypoxia increases 

oxidative stress. However, further investigation into these changes is needed to better 

understand the pathophysological responses to cycling hypoxia (Siemann, 2011). 

The effects of ionizing radiation, even at low doses, are potentially capable of 

causing serious and lasting biological damage. The potentially harmful effects of 

ionizing radiation must be recognized and understood. It is important that radiologists 

should have a good appreciation of the risks associated with the examinations they 

carry out.  
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4.1 – INTRODUCTION 

 

The diversity of observable biological phenomena arises from dynamic 

molecular interactions. Most interactions are transient events, the only evidence being 

short lived co localization of molecules. Microscopy allows biological systems to be 

observed non-invasively, and unlike destructive techniques that require 

homogenization of cells, microscopy can be used to collect quantitative and location-

specific observations in individual cells over time using live samples. 

Image analysis is a user determined operation in which an operator views and 

manually processes each image. The volume of data produced in image assays is 

beyond manual processing capabilities and there is significant variability in biological 

systems, therefore, even for small-scale phenotypic screens, it is necessary to detain 

many fields of view in order to sample sufficient cells to be able to make valid 

inferences. 

High-throughput content screening using cell image-based assays offers a 

powerful new tool for understanding the chemical biology of complex cellular 

processes. Image-based live-cell assay experiments need to image and analyze 

hundreds of thousands of images collected over a short period of time using 

automated high speed microscopy data acquisition. One fundamental task of 

automated screening systems is accurate cell segmentation that often precedes other 

analyses such as cell morphology, tracking and behavior (Nath, 2006). 

The huge volume and variety of digital images currently acquired and used in 

different application domains has given rise to the requirement for intelligent image 

management and retrieval techniques. In particular, there is an increasing need for the 

development of automated image content analysis and description techniques in order 

to retrieve images efficiently from large collections, based on their visual content 

(Veltkamp, 2001). 

High resolution images produced by modern imaging modalities offer medical 

doctors multi-orientation views and many more details, considerably assisting clinical 

diagnosis and the treatment that follows. A priori knowledge such as the imaging 

environment or structures´ biomechanical behavior can be crucial information for 
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designing an effective algorithm, especially when the images are influenced by noise or 

partial volume effects. 

Segmentation algorithms can be classified into three main types based on their 

principal techniques: supported on threshold; based on clustering techniques and the 

ones that stand on deformable models. 

In this chapter, a description about the image content analysis as well as the 

global features of the images and the region of interest are present. Next, it is 

performed a review about segmentation algorithms and, is also held a description of 

the techniques for the segmentation of the components of histological images and 

some examples are exposed. In the end, it is explained the algorithm developed in this 

project. 

 

4.2 – IMAGE CONTENT ANALYSIS 

  

There are many difficulties to be overcome in image content analysis which 

stem primarily from the following facts or observations: 

 Difficulty in defining what constitutes image content; 

 The degree of image similarity or dissimilarity depends on their environment; 

 The types of images used and the requirements for content-based retrieval of 

such images are different for different application domains; 

  The mechanisms for selecting the image features to be used in content 

description and matching techniques may not be well understood.  

 

The used features affect the precision of the response to a question through 

image content and the cardinality of the returned set of similar images. Precision and 

cardinality are also dependent on whether queries, using spatial and visual feature 

predicates, are exact or approximate. The image type and context of use often 

determine those regions of interest and features that are characteristic of image 

content. The same visual stimuli may have distinct interpretations when observed in 

different contexts or by different observers. Thus, the efficient, objective, and 

qualitative description of image content for the purpose of image similarity search is a 

complex task (Veltkamp, 2001).  
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4.3 – GLOBAL FEATURES 

 

A global statistical description of image features has been widely used in image 

analysis for image description, indexing, and retrieval. Such global feature descriptors 

include the image`s color histogram, edge statistical information, wavelet or Fourier 

decomposition statistics, etc.. Although these global attributes may be computed 

efficiently and often do succeed in capturing partial information about image content, 

they do not capture information about internal structure and cannot make use of any 

prior knowledge about a user`s notion of image similarity based on specific interest in 

certain aspects of image content.  

In general, global image descriptors may offer important hints about overall 

visual appearance of an image, the image type, and certain possibly characteristic 

image properties. With this information, images may be classified into categories, thus 

restricting the search space of image queries. The knowledge of the image type often 

permits the selection of more suitable content analysis methods.  

Primitive features, such as edges, corners, blobs, etc., model specific types of 

pixel distributions and constitute the “building blocks” of image content. Adjusting the 

scale of observation and image analysis with respect to local structure is important in 

morphologic image content description, since attention may be accurately drawn to 

structures of distinct sizes. Locally adaptive image processing methodologies are often 

employed in order to cope with the continuum of different scales of image structure. 

For example, image smoothing may be used as an image description preprocessing 

task before the image morphologic segmentation, since it simplifies the signal by 

reducing its variance (Veltkamp, 2001). 

Image analysis in the field of cancer screening is a significant tool for 

cytopathology because the quantitative analysis of shape and structure of nuclei, 

coming from microscopic color images, brings to the pathologist information valuable 

for assistance diagnosis, and also the quantity of information that the pathologists 

must deal with is more and more gigantic; in particular, when the number of cancer 

screening increase. For this reason, segmentation schemes for microscopic cellular 

imaging must be efficient for the analysis and fast in order to process huge quantity of 

images.  
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Segmentation schemes combining color pixel classification, and morphological 

operations are efficient with microscopic cellular images. Morphological operations, 

like regions growing, which take into account neighborhood relations from the spatial 

repartition of pixels on cells and nucleus, improve the quality of the segmentation. 

 Image content also resides in other types of pixel distributions as well, rather 

than edges, corners, blobs, etc., which is the statistical description of pixel intensities 

over space, referred to as texture. This feature has been thoroughly studied in 

literature and such distributions may not be characterized by pixel intensities, but also 

color, local orientation, periodicity, etc., and scale of observation. A generalized 

representation of such content may be generated by computing the local histogram of 

the feature distribution at different scales and, through the combination of 

distribution descriptors and attributes, the dissimilarity of visual feature patterns over 

a region may be quantified. The histograms` gradient magnitude or other distribution 

dissimilarity metrics may be used as the distance function in the discrimination and 

comparison of individual feature distributions (Veltkamp, 2001). 

 

4.4 – REGIONS OF INTEREST 

 

 Depending on the type and content of the image, the goal of observation and 

the observer`s cognitive background, certain regions of image may pre-attentively 

attract the viewer`s attention.  

In a generalized phenomenological approach towards image content 

description, regions that contain attention attracting features are of interest since they 

tend to indicate characteristic and discriminative image attributes. The definition of 

such regions is also time dependent, depending on the duration of observation and the 

adaptation of perception, and is an open issue in the fields of human cognitive and 

vision sciences.  

The image description should represent all types of features detected, 

preserving all necessary information for content comparison. Thus, representations of 

the image`s global, primitive and perceptual features as well as the definition of salient 

regions within the image, should be present in an image`s visual description. If 

available, the strength of feature observation should be embodied in this description 
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as well. Spatially defined features or distributions are to be attributed with their image 

location, while a topological graph is found sufficient for a qualitative representation 

of feature spatial layout. It is proposed that all image features, except global ones, 

should be also characterized with their scale of observations. This way, not only the 

refinement of visual queries is made possible but also an abstract description of 

content will be rapidly accessible (Veltkamp, 2001). 

   

4.5 – CELL SEGMENTATION ALGORITHMS 

 

Cell segmentation is a well-known topic in image analysis. Typically, the 

population of cells in one image is large and, if the objective is to count the number of 

the cells or study the property of certain cell, cell segmentation is necessary and 

crucial. In general, a reliable segmentation is difficult because images are often noisy 

(both random and speckle noise), sometimes many cells will cluster together and even 

overlap in the sample.  

Segmentation algorithms are usually classified into three main types based on 

their principal principles; mainly, the ones based on threshold, the ones based on 

clustering techniques, and the ones based on deformable models.  

 

4.5.1 – ALGORITHMS BASED ON THRESHOLDS 

 

In this type of segmentation algorithms, the structures of interest have unique 

quantifiable features such as image intensity or gradient magnitude. The segmentation 

requires the search for the pixels whose values are within the ranges defined by the 

thresholds values, which may be manually or automatically defined.  

When the selection is manually, it is necessary a priori knowledge and 

occasionally trial experiments to find the proper threshold values. On the other hand, 

the automatically selection is based on the combination of the image information to 

get the adaptive threshold value. Depending on the information used to delineate the 

threshold value, algorithms can be classified as edge-based, region-based or hybrid 

ones. 
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In the edge-based algorithms the threshold values are associated with the edge 

information as regular structures can be described by edge points. Wavelet transform 

and common edge detectors such as Canny, Sobel and Laplacian operators, belong to 

this type. 

The basic idea behind edge detection is to find places in an image where the 

intensity changes rapidly, using one of the two general criteria: 

1. Find locations where the first derivative of the intensity is greater in magnitude 

than a specified threshold; 

2. Find locations where the second derivative of the intensity has a zero crossing. 

As such, the aim of these algorithms is to seek edge pixels and to eliminate 

noise influence. For example, Laplacian edge detector uses the second derivation 

information of the image intensity; Canny edge detector uses the gradient magnitude 

to find the potential edge pixels and suppresses them through non-maximal 

suppression and hysteresis thresholding (Ma, 2010), Figure 4.1.  

 

 

Figure 4.1 – Canny edge detection (from www. bigwww.epfl.ch).  

 

These edge detectors algorithms are based on pixel intensities to distinguish 

boundaries and consequently the detected contours may be incomplete or 

discontinuous, requiring the application of post-processing techniques, like 

morphological operations, to connect the gaps or eliminate the holes. For this reason, 

edge-detector algorithms are seldom used alone but instead as an efficiency pre-

processing step for the later segmentation. 

Region-based algorithms derive from the observation that quantifiable features 

inside a structure tend to be homogeneous. Hence, in this kind of algorithms, the basic 

idea is to start with a set of “seed” points and from these grow regions by appending 

to each seed those neighboring pixels that have predefined properties similar to the 

seed, such as specific ranges of gray level or color.    
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The selection of similarity criteria depends not only on the problem under 

consideration but also on the type of image data available. For example, when the 

images are monochrome, region analysis must be carried out with a set of descriptors 

based on intensity levels (such as moments or texture) and spatial properties. 

Descriptors alone can yield misleading results if connectivity, i.e. adjacency, 

information is not used in the region-growing process and, another problem of region 

growing is the formulation of a stopping rule when no more pixels satisfy the criteria 

for inclusion in that region.  

Criteria such as intensity values, texture, and color are local in nature and do 

not take into account the “history” of region growing. Additional criteria that increase 

the power of a region-growing algorithm utilize the concept of size, likeness between a 

candidate pixel and the pixels growing so far (such as a comparison of the intensity of a 

candidate and the average intensity of a growth region), and the shape of the region 

being grown. 

An alternative of the growing regions from a seed is to subdivide an image 

initially into a set of arbitrary, disjointed regions and then merge and/or split the 

regions in an attempt to satisfy the conditions: every pixel must be in a region; the 

points in a region must be connected in some predefined sense (usually, 4 or 8-

connected); the regions must be disjoined; and pixels in the same region must have 

the some grey level.  

In the hybrid algorithms, the information combines different images cues to 

complete the segmentation. Representative examples are watershed algorithms that 

combine image intensity with gradient information and use mathematical morphology 

operations to do the segmentation. 

The gradient magnitude is used often to preprocess a gray-scale prior to using 

the watershed transform for segmentation, Figure 4.2. The gradient magnitude image 

has high pixel values along object edges and low pixel values everywhere else. Ideally, 

then, the watershed transform would result in watershed ridges lines along objects´ 

edges (Gonzalez, 2004).  

Watershed lines are defined to be the pixels with local maximum gradient 

magnitude, and a region of the image is defined as the pixels enclosed by the same 
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watershed line, Figure 4.3. The segmentation procedure is to construct watersheds 

during the successive flooding of the grey value relief.  

 

 

Figure 4.2 - Gradient magnitude (from www. mathworks.com). 

 

Due to the combination of diverse image information, watershed algorithms 

can achieve satisfactory results and always produce a complete segmentation of an 

image. Nevertheless, watershed algorithms tend to present over-segmentation 

problems, especially when the images are noisy or the desired objects themselves 

have low signal-to-noise ratio appearances.  

 

 

Figure 4.3 – Watershed lines (from www. mathworks.com). 

 

4.5.2 – ALGORITHMS BASED ON CLUSTERING TECHNIQUES 

 

The process of grouping a set of physical or abstract objects into classes of 

similar objects is called clustering. A cluster is a collection of data objects that are 

similar to one another within the same cluster and are dissimilar to the objects in 
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other clusters. Clustering is also called data segmentation in some applications 

because clustering partitions large data sets into groups according to their similarity.  

Images can be treated as patterns using pattern recognition fields to perform 

their segmentation. Clustering techniques are very popular ones in medical image 

segmentation and, the two main types of these algorithms are supervised classification 

algorithms and unsupervised classification algorithms, Figure 4.4. 

 

  

Figure 4.4 – Clustering techniques (from www.rst.gsfc.nasa.gov). 

 

Supervised classification techniques include k-nearest neighbor (kNN) 

classifiers, maximum likelihood (ML) algorithms, supervised artificial neural networks 

(ANM), support vector machines (SVM), active shape models (ASM) and active 

appearance models (AAM).  

kNN clustering is a nonhierarchical clustering algorithm and a “hard” clustering 

method because the membership value of each datum to its cluster center is either 

zero or one, corresponding to whether it belongs to that cluster or not. This algorithm 

takes the input parameter, k, and partitions a set of n objects into k clusters so that the 

resulting intra-cluster similarity is high but the inter-cluster similarity is low. Cluster 

similarity is measured in regard to the mean value of the objects in a cluster, which can 

be viewed as the cluster´s centroid or center of gravity. 
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The kNN algorithm first randomly selects k of the objects, each of which initially 

represents a cluster mean or center. For each of the remaining objects, an object is 

assigned to the cluster to which it is the most similar, based on the distance between 

the object and the cluster mean. It then computes the new mean for each cluster. This 

process iterates until the criterion function converges (Han, 2006). 

In the ML algorithms, the training step is to identify the parameters used in the 

statistical models. ML algorithms assume that the pixels intensities are independent 

random variables with parameterized probability distributions, so the probability 

distribution of this mixture model is given by the multiplication of these parameterized 

probability functions. Parameters are then evaluated by maximizing the likelihood 

function of the mixture model. As the calculations are based on probability, ML 

algorithms provide a soft segmentation. 

Among all existing estimation methods, the maximum likelihood approach is 

known to have the best statistical performance and typically requires a multi-

dimensional search to find the estimates. The high computational cost associated with 

this procedure is often seen as a main drawback of the ML method (Klemm, 2009). 

Supervised ANNs are non-linear statistical data modeling tools and can be used 

to model complex relationships between input and output. Weights or parameters in 

different layers are updated after processing each sample to minimize the cost 

functions defined by the feature of structures (Ma, 2010). 

Most ANN systems are designed to: (1) construct a biologically plausible model 

of the nervous system, (2) build a model of animal or human behavior or (3) solve an 

engineering problem. Thus the success of a given ANN system application should be 

defined as some measure of how effectively the ANN system soles one or more of the 

above three modeling problems. 

An attractive aspect of ANN model research involves developing both 

biologically and behaviorally feasible models that are capable of successfully solving 

real-world engineering tasks. However, ANN models that are purely biological, 

behavioral, or computational in nature are also of great interest (Golden, 1996).   

Support vector machines (SVM) are a group of supervised learning methods 

that can be applied to classification or regression, in which the learning machine is 

given a set of inputs with the associated labels (or output values). SVMs construct a 
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hyper-plane that separates two classes (this can be extended to multi-class problems), 

trying to achieve maximum separation between the classes, Figure 4.5. 

Separating the classes with a large margin minimizes a bound on the expected 

generalization error. A ‘minimum generalization error’ means that when new examples 

(data points with unknown class values) arrive for classification, the chance of making 

an error in the prediction (of the class which it belongs) based on the learned classifier 

(hyperplane) should be low. Intuitively, such a classifier is one that achieves maximum 

separation-margin between the classes (Soman, 2009). 

The theoretical underpinnings of the SVM are very compelling, especially since 

the algorithm involves very little trial and error and is easy to apply. One key 

consideration is that in its basic form, the SVM has limited capacity to deal with large 

training data sets. The training times depend only marginally on the dimensionality of 

the features – it is frequently said that SVM can often defy the so-called curse of 

dimensionality – the difficulty that often occurs when the dimensionality is high in 

comparison with the number of training samples. It should also be noted that with the 

exception of the string kernel case, the SVM is most naturally suited to ordinal features 

rather than categorical ones, although it is possible to handle both cases (Voges, 2006).  

 

 

Figure 4.5 – Principle of support vector machines (from www.imtech.res.in). 

 

For ANNs and SVMs, information extracted from the training set provides the 

features of structure in the form of weights or parameters that can be used for the 

later segmentation. Common applications of ANNS and SVMs can be found in the 
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segmentation of cardiac images and brain images inside which the organs and tissues 

have comparably stable shapes and anatomical structures (Ma, 2010). 

Unsupervised classification techniques are based on clustering and the criterion 

for assigning a datum to a cluster is proximity according to some distance measure. 

Clustering algorithms are either hierarchical or partitional. In the former, clusters are 

found successively using previously found clusters. In the latter, all clusters are 

determined at once. Hierarchical algorithms are either agglomerative using a bottom-

up approach or divisive using a top-down approach. Agglomerative algorithms begin 

with each datum as a separate cluster and recursively merge the clusters into larger 

clusters until the stopping criterion is satisfied. Divisive algorithms begin with the 

complete data set dividing it successively into subsets (Monekosso, 2009). 

Unsupervised classification techniques include c-Means (CM) algorithms, fuzzy 

C-means (FCM) algorithms, iterative self-organizing data analysis technique algorithms 

(ISO-DATA) and unsupervised neural networks. Structure features are extracted from 

the classified points. 

CM algorithms are similar to K-means algorithms, where C and K are the pre-

defined number of clusters. The algorithm tries to minimize the intra-cluster variation 

through iterations. The unlabelled pixels are assigned to the nearest clusters based on 

their distances to the cluster centroids, then the cluster centroid is updated and the 

pixels are re-assigned. The algorithm runs until all the pixels have fixed labels (Ma, 

2010). 

K-means use a single point to represent a cluster and the K-means centroid is 

the arithmetic mean of all points in the cluster and thus is sensitive to outliers, Figures 

4.6 and 4.7. K-means is better suited to numeric data since the centroid is an 

arithmetic mean. Hierarchical algorithms use a proximity matrix for representing 

pairwise similarity. The similarity between two clusters can be determined as the 

minimum distance between elements of each cluster (single linkage). Alternatively, the 

similarity is the maximum distance between elements of each cluster (complete 

linkage). Single linkage can cope with non-elliptical shapes, but it is sensitive to noise 

ad outliers. Complete linkage is less susceptible to noise and outliers because the 

similarity is determined by all pairs of points in the two clusters; however, it breaks 

down for large clusters.  
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In probabilistic partitioning methods, the cluster is identified with a model that 

consists of a mixture of distributions. The aim is to find the parameters of these 

distributions that maximize the log-likelihood.  

Advantages of the hierarchical methods over the partitioning methods are 

flexibility in terms of granularity and the use of any form of similarity or distance 

metric; however, the stopping criteria can be vague if it is not the number of clusters. 

The partitioning methods generally suffer from time complexity, the distance measure 

used to determine the similarity between two points influences the shape of the 

clusters, as two points may be close according to one distance measure and far apart 

according to another distance measure (Monekosso, 2009).  

 

 
Figure 4.6 – Clustering scheme (from www.people.revoledu.com). 

 

 

 
Figure 4.7 – A result of the K-Means Clustering in MATLAB (from www. mathworks.com). 
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ISODATA algorithm is similar to the CM algorithm while the number of clusters 

is determined by the threshold defined in the merging and splitting procedures. The 

basic assumption on which these algorithms are based is that the clusters present in 

the data are ‘compact’; that is, the points associated with each cluster are tightly 

grouped around the cluster center and thus occupy a spheroidal region of feature 

space. A measure of compactness of a cluster can be taken as the set of standard 

deviations for the cluster measured separately for each feature. If any of these feature 

standard deviations for a particular cluster is larger than a user-specified value, then 

that cluster is considered to be elongated in the direction of the axis representing that 

feature. A second assumption is that the clusters are well separated in that their inter-

center distances are greater than a preselected threshold. If the feature-space 

coordinates of a trial number of cluster centers are generated randomly, then the 

closest distance-to-center decision rule can be used to label the pixels. 

The ISODATA algorithm can be surprisingly voracious in terms of computer time 

if the data are not cleanly structured, i.e., do not possess clearly separated and 

spheroidal clusters (Monekosso, 2009). 

FCM algorithms are fuzzy clustering techniques that can provide soft 

segmentation in the way that, instead of classifying a pixel into a fixed cluster, the 

algorithm calculates the membership or possibility according to it belongs to each 

cluster. A soft segmentation is preferred as the complex imaging conditions, such as 

shading artifacts, intrinsically determine the vagueness of the pixels. The performance 

of FCM algorithms can be improved through adding spatial influence to the objective 

function or using kernel techniques that can better transfer non-linear problems to 

linear problems (Ma, 2010). 

The FCM algorithm accepts a collection of data (i.e. patterns) and this process is 

completely guided by some underlying objective function. The result depends 

exclusively upon the data to be analyzed. When the image is divided into two clusters, 

the FCM calculates the distances of a pixel from the center point of each and assigns it 

to a cluster with shorter distance. It has an advantage that the separation of image 

objects from its background can be performed well when an image has little noise 

(Rahman, 2002). 
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4.5.3 – ALGORITHMS BASED ON DEFORMABLE MODELS 

 

In comparison with the two types of algorithms described earlier, the ones 

based on deformable models are more flexible and can be used for complex 

segmentations. These algorithms treat the structure boundary as the final status of the 

initial contours and their procedure can be viewed as a modeling of curve evolution. 

There are two general types of deformable models described in literature: 

parametric deformable models and geometric or level set-based deformable models.  

The definitions of external forces are the main differences between algorithms. Using 

calculus of variations, the Euler–Lagrange (E–L) equation of the energy functional with 

the internal forces and external forces can then be derived simultaneously. Since the 

definition of energy function guarantees that its minimum is achieved when the 

contours are at the position of structure boundaries, the E–L equation states that the 

balancing equilibrium of the contour under external forces and internal forces is the 

right position of the structure boundary. Then, the moving equation can be derived 

through adding a time variable to the E–L equation (Ma, 2010). 

 

A. PARAMETRIC DEFORMABLE MODELS 

 

Parametric deformable models track the evolution through sampled contour 

points. Explicit tracking has the advantage of high computational efficiency and allows 

for real-time applications. The moving equation for the contour can be derived 

through energy functions or defined directly through dynamic forces. A priori 

knowledge can be incorporated in the procedure of defining the energy function, the 

initial conditions or the parameters. A typical energy function includes the internal 

energy, which aims to keep the regularity of the contour and is usually defined through 

the geometric properties of the contour such as length, area or curvature, and the 

external energy, which attracts the contour to the boundary position and is defined by 

the image information. 

The development of parametric deformable models has a tight relationship 

with the snake method (Kass et al. 1987) which was the first deformable model applied 

in medical image segmentation. Snakes are curves that are defined within the image 
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domain and move under the influence of internal forces within the curve and external 

forces derived from the image data.  

The original snake method used the tension and rigidity of the contour as the 

internal energy and the gradient magnitude as the external energy. However, the 

snake method is sensitive to the initial conditions. The moving contour may stop at 

places with local functional minimum or places where the gradient magnitude is too 

small so that the external force tends to be zero. Also, the explicit tracking has the 

difficulty of handling topological changes. Consequently, in order to get a correct 

segmentation the initial contour must have the same topology as the desired object 

and must be placed near the object boundary so that the external forces are strong 

enough (Ma, 2010). 

Parametric deformable models have been used in a range of applications, 

including edge detection, object recognition, and motion tracking, to mention only a 

few. In an almost parallel effort, a variety of deformable models based on utilizing the 

image gradients as external forces have been proposed. Examples include the 

traditional deformable model, the balloon-deformable model, the pressure forces 

model, and the more recently reported gradient vector flow (GVF) model.  

The GVF deformable model, Figure 4.8, often outperforms other gradient-

based models because it is insensitive to initialization values and can move into 

boundary concavities. It also has a much larger capture region than earlier approaches. 

However, the GVF deformable model was designed for binary or gray-level images, and 

it is not straight forward to adapt this approach to segment imaged pathology 

specimens. Simply transforming color images into gray-level images suffers from the 

fact that this process can often serve to eliminate potentially useful chromatic 

attributes, which may contain extremely valuable informational content, especially 

when stained pathology specimens are concerned. In order to apply the GVF 

deformable model strategy to chromatic pathology images, a robust color GVF 

deformable model based on Luv color gradient and L2E robust estimation was 

proposed for segmentation stained blood smear specimens (Suri, 2007).  

Parametric deformable models that incorporate statistical techniques are also 

popular. Typical examples include ASM (Cootes et al. 1994, 1995) and AAM (Cootes et 

al. 2001). Training samples are used to extract the mean shape and define proper 
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ranges of the parameters. After finding an approximate position of the new examples, 

ASM uses the edge information to move the shape points to better positions, while 

AAM uses the mean texture of each shape point to find a better position. The 

searching procedure is like the snake methods, but the movements of shape points are 

constrained by the ranges of shape parameters that guarantee the similarity between 

the segmentation result and the training samples. This characteristic is very useful 

when the shape or topology of structures can hardly be identified from their 

appearances in the images. Parametric deformable models are widely used in 

structure segmentation and 3D reconstructions. However, the computational 

complexity such as parameterization of the contours, handling of topological changes 

and re-distribution of the contour points considerably restricts their applications (Ma, 

2010). 

 

 

 
Figure 4.8 - Gradient vector flow (GVF) field for a U-shaped object (from www. iacl.ece.jhu.edu). 

 

B. GEOMETRIC DEFORMABLE MODELS 

 

Geometric deformable models, or level set-based deformable models, were 

almost simultaneously proposed by Caselles et al. (1997) and by Malladi et al. (1996) 

to address the fact that parametric active contour models could not resolve 

topological changes.  

The main idea of the level set method is to implicitly embed the moving 

contour into a higher dimensional level set function and view the contour as its zero 

level set. Then, instead of tracking the discrete contour points, one can track the zero 

level set of the level set function (Ma, 2010). 

http://www.iacl.ece.jhu.edu/static/gvf/gvf.gif
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In the level set method the construction of the speed function is vital to the 

final result and this function is designed to control the movement of the curve, Figure 

4.9. In different applications, the key is to determine the appropriate stopping criteria 

for the evolution. In case of segmentation, segmentation accuracy depends on the 

termination criteria of the evolving surface, which in turn depends on the speed term. 

When segmenting or localizing an anatomical structure, having prior information about 

the expected shape can significantly help the segmentation process (Suri, 2007). 

 

 

 
Figure 4.9 – Example of a level set function in a MATLAB tool (from www. advancedmcode.org). 

 
The advantage of doing so is that the topological changes can be easily handled 

and the geometric properties of the contour can be implicitly calculated. Therefore, 

the computational complexity of geometric deformable models is decreased. Like in 

the parametric deformable models, speed functions should be defined properly to 

drive the contour to the right position. Malladi et al. (1993), Malladi and Sethian (1996) 

and Caselles et al. (1997) applied level set methods to medical image segmentation. 

Malladi’s algorithms used the gradient information to define the speed function and 

add the curvature influence to keep the contour smooth. The function of Malladi’s 

speed model is intuitive: when the contour moves to the structure boundary, the 

increase of the gradient magnitude decreases the speed value so that the evolution of 

the contour slows down. Then, the evolution can be stopped after a time to gain the 

position of the structure boundary. However, Malladi’s speed models suffered from 

the drawback of leakage due to their bare dependence on the gradient information, 

the stopping criterion should be selected carefully to make sure the contour stops at 

http://www.advancedmcode.org/home/wp-content/uploads/2010/02/Level_set.gif
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the right position. If the images are noisy or blurred, the contour may leak or shrink to 

disappearance after a long evolution (Kichenassamy et al. 1996; Siddiqi et al. 1998; Suri 

et al. 2002). To handle the leakage, the edge strength item (Kichenassamy et al. 1996) 

and area force item (Siddiqi et al. 1998) were incorporated to improve the model. 

Unlike Malladi’s model, the geodesic active contour (GAC) algorithm modeled 

the segmentation as an optimization problem of finding the minimal distance curve in 

the image. Like in the parametric deformable models, the moving equation of GAC is 

derived from an energy function; the procedure of finding the optimal solution 

corresponds to the searching of the structure boundary. The moving equation is then 

obtained through the E-L equation. Instead of tracking the contour points, the contour 

is embedded in a level set function and therefore the moving equation becomes a level 

set equation. The speed function in GAC does not have an intuitive meaning; instead, 

the derivation of the moving equation comes from the energy function. Unlike in 

Malladi’s models, the equilibrium state of the moving contour guarantees that a long 

computation time will not lead to leakage. The GAC algorithm shows a tight 

relationship between the parametric model and the geometric model, Figure 4.10. The 

introduction of the level set expression makes the algorithm flexible to handle the 

topological changes (Ma, 2010).  

 

 

Figure 4.10 – Edge-based segmentation using GAC (from www. archive.cnblogs.com). 

 

4.6 – CELL IMAGE ANALYSIS 
 

First of all, cell image analysis requires the obtaining of organic tissues to be 

analyzed and, in order to get information, during the experimentation process these 

tissues are cut into thin slices to be observed under a microscopy. Before observation, 

slices are subjected to staining techniques to obtain the prepared pieces to be 

inspected and enhance contrast in the microscopic image. In observation process a set 
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of images is taken through microcopy and then these images are processed using 

distinct techniques. In this context, it is necessary the calibration of the segmentation 

technique in order to make plausible the distinction of the different areas to be 

identified in the image. Once the calibration is reached, images are segmented and 

descriptors are obtained from them (number of segmented regions, proportions, area, 

etc). Image analysis and classification processes are carried out based on the 

information collected by these kinds of descriptors (Mӧller, 2010). 

Advances in fluorescence microscopy imaging allow the study of processes at a 

cellular level and supply a valuable source of information for modern biology systems. 

One of the questions that can be approached by this technique is the analysis of 

different sub-cellular particles in eucaryotic cells which are amongst others thought to 

be places of distinct functions. Two kinds of such sub-cellular particles are processing 

bodies and stress granules. In biomedical experiments sub-cellular particles of interest 

are fluorescently labeled in different chromatographic bands yielding multi-channel 

images which are subsequently analyzed by automatic image analysis techniques. 

Unfortunately explicit labeling of the complete cell area is typically impossible and 

enforces to extract it from one of the available channels originally intended for 

detection of other particles (Greβ, 2010). 

Segmentation of cells and detection of particles in fluorescently labeled 

microscopy images are instances of general problems in image analysis. Due to the 

special characteristics of these images, adaptations are required and have been 

proposed. In Dzyubachyk et al., (2007), and in Dzyubachyk et al., (2008), a level-set 

based approach for segmentation and tracking of cells is proposed. For initial 

segmentation in the first frame, the fitting term of the classical Chan-Vese model is 

replaced with a Gaussian likelihood for the intensity values with unknown variance. 

Lumped cells are separated using the watershed transform and subsequent region 

merging. For tracking a multi phase level-set technique is used employing a coupling 

term of multiple level-set functions as proposed in Dufour et al., (2005). Approaching 

cells are separated via the Radon-Transform in addition to the coupling term (Mӧller, 

2010). 

Several approaches exist for the detection of spotlike particles, e.g. still using 

global and local thresholding techniques like Otsu’s global method or the local Niblack 
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operator, described in Xavier et al., (2001) and in Bolte and Cordelieres (2006). Further 

techniques include sampling from an image intensity density estimated via h-dome 

transform and subsequent clustering of samples like in Smal et al., (2008). The 

methods in Olivo-Marin (2002) and, in Genovesio et al., (2006), are based on wavelet 

decomposition, but best-suited to detect particles with limited variation in size 

(Mӧller, 2010). 

Nowadays, there are many segmentation techniques and not all of them are 

valid for all applications. Due to the fact that a universal segmentation technique does 

not exist, it is necessary to use a custom segmentation for each application. Some main 

problems found during segmentation processes for the analysis of images are related 

to highly irregular image structures, inconsistent staining, non-uniform illumination, 

out-of-focus image components, and variability in the objects of interest. 

There are several commercial software packages for image processing such as 

the one used in this thesis: MATLAB (The Mathworks, USA). MATLAB was originally 

developed as a matrix laboratory, written to provide an easy access to matricial 

calculus. The basic data element in MATLAB is a matrix and the commands are written 

in a very similar way as the used by the mathematics and engineering. MATLAB 

includes numeric computation and visualization functions. It also includes specialized 

toolboxes as the Signal Processing Toolbox, the System Identification Toolbox, the 

Image Processing Toolbox, and the Statistic Toolbox. The Image Processing Toolbox 

offers a powerful and flexible environment for analyzing and processing images. 

MATLAB is ideal for image processing and analysis because it has a matrix oriented 

language and each image can be represented by a matrix with each element 

corresponding to a pixel of that image. A computational image segmentation solution 

called Imago was developed in MATLAB language in order to accomplish the objectives 

of this project. Among other parameters, the program developed calculates different 

fractal dimensions that are very useful in cell image analysis (Amaral, 1997). 

The biomedical experiments performed by Greβ et al., (2010), about sub-

cellular particles of interest in image cell are fluorescently labeled in different 

chromatographic bands, yielding multi-channel images which are subsequently 

analyzed by automatic image analysis techniques. In this work, processing bodies (PBs) 
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are small bright spots with a quite small variance in size while stress granules (SGs) are 

usually significantly larger than PBs and show a large variance in size, Figure 4.11. 

Due to the significant variation in appearance of the different sub-cellular 

particles, there is no integrated segmentation approach that allows detecting all kinds 

of particles and the cells themselves. So, in these experiments the detection of PBs and 

SGs relies on a scale-adaptive wavelet-based detection approach, able to cope with the 

variance in size of these particles, Figure 4.12.  

 

 

Figure 4.11 - Fluorescently labeled  PBs (on the left) and SGs (on the right) (from Greβ 2010). 

 

Figure 4.12 - Detected PBs (on the left) and SGs (on the right), in black, using a scale-adaptive wavelet algorithm 

(from Greβ 2010). 

 

In Cisneros et al., (2011), the input images were obtained from tissues in which 

it was intended to count cancer cells, Figure 4.13. Then, the images were segmented 

using various techniques, the Laplacian of Gaussian (LoG) edge detector, Figure 4.14. 

With the LoG edge detector, only the components (cells) in brown were segmented. 

However, with this technique problems can arise if the cells are very close of each 

other.  
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Figure 4.13 - Cancer tissue (from Cisneros, 2011). 

 

Figure 4.14 - Edge Detection technique to count cancer cells (from Cisneros, 2011). 

 

In Cisneros et al., (2011), other biomedical experiments were addressed, 

including, histological images of five major cytological components in the follicular 

lymphoma (FL) tissue: nuclei, cytoplasm, extra-cellular material, red blood cells (RBC) 

and background regions, Figure 4.15. Having nuclei and cytoplasm regions dyed with 

hues of blue and purple (H&E), extra-cellular material dyed with hues of pink and RBCs 

dyed with hues of red, H&E-stained FL images provides useful visual clues for 

segmentation. In addition to these components, there are also background regions 

that do not correspond to any tissue component. The segmentation technique used, 

the K-means clustering, obtained the results shown in the center column of Figure 

4.15. In these color labeled images, blue corresponds to nuclei, cyan to cytoplasm 

material and red and grey to background, and RBCs, respectively.  

The results of the segmentation technique developed by Cisneros et al., (2011), 

are shown on the right column of Figure 4.15. In these color labeled images, dark 

green corresponds to cytoplasm material, black to background, and green to RBCs. The 
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results obtained by the two segmentation techniques (k-means clustering and the 

technique developed by the author) were similar. 

 

 

Figure 4.15 - Example using K-means clustering. Left columns shows sample H&E-stained FL images. The 

corresponding segmentation with k-means results are shown in the center column. The corresponding 

segmentation technique developed by the authors is shown in the right column (from Cisneros, 2011). 

 

In Mӧller et al., 2010, active contour models were used, to segment in non-

Gaussian intensity distributions of target objects like grained cell tissue. So, rather than 

following a Gaussian distribution, the pixel intensities of the cells tend to decrease 

monotonically with increasing distance from the nucleus region, Figure 4.17. 

Therefore, they proposed to segment these cells in a cascaded fashion by sequentially 

adding new cell fractions to the cell area. Figure 4.16 shows an overview of this 

approach. 

The basic idea of their approach was to replace the single optimization level, 

commonly used with snake techniques, by an iterative procedure with data-dependent 

numbers of levels. The state to which a snake converges at the end of one optimization 

level l is the basis for the initialization of the subsequent optimization level l+1. In 

detail, the resulting snake region from level l is dilated by 10 pixels and its contour 

yields the initial snake contour of level l+1 to segment the adjacent cell area of darker 
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intensities. In addition the area already segmented as part of the cell during level l is 

masked and thus excluded from further computations. 

One important factor for such an iterative expansion scheme is a proper 

termination criterion. The segmentation should stop as soon as pixels are enclosed 

that more likely belong to the background than to the cells. 

 

 
Figure 4.16 – Cascade Snake segmentation (proposed in Mӧller, 2010). 

 

 

Figure 4.17 – Clip of snake contour: initial (left) and final (right) detected PBs (red) (from Mӧller, 2010). 

 

4.7 – ALGORITHM DEVELOPED 

 

The goal of the algorithm developed during this project, is to perform the 

segmentation of stressed and unstressed cells, with the objective of draw attention to 

the cytoplasmic structures. Namely, the stress granules, focusing their importance in 

cell survival when cells are submitted to a stressful situation, and the processing 

bodies focusing their importance in the normal cell metabolism. 

To achieve the purposed goal, the segmentation algorithm is composed by the 

following steps. Read the image and convert to class double, with values in the range 

[0 1], then read the RGB channels for each specific image and perform the mean of 
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those color channels. The single dimension for color can be further utilized through 

thresholding methods in an attempt to separate between the cell nucleus and the 

cytoplasmic structures. So, the mean value is used to calculate the threshold value by 

the Otsu method, which maximizes the between-class variance (González, 2004) and 

after that it is performed the binarization of the image. After these steps, it is used a 

“disk” structuring element, with different dimensions according to the cell image in 

study, in the morphological operations erosion and dilation. With these morphological 

operations, it is performed the erosion of the objects in the image, to thin them in the 

binary image and, after this it is carried out a dilation operation that “thickens” the 

objects previously thinned in the binary image, to maintain the object borders.  

After these steps, it is built an binary output image, having as input image the 

one obtain after the morphological operations, in which the cell nucleus and unwanted 

cytoplasmic structures were removed. 

To have an idea of the size of the cytoplasmic structures, it was calculated their 

number and area, in terms of the number of pixels, they occupy in the output binary 

image. Also, to attend a better result before overlapping the images, it is applied the 

Sobel operator (González, 2004) that is based on convolving the image with a small, 

separable, and integer valued filter in horizontal and vertical directions. This operator 

calculates the gradient of the image intensity at each point, giving the direction of the 

largest possible in “abruptly” release from light to dark and the rate of change in that 

direction. The result reveals how “abruptly” or “smoothly” the image changes at that 

point and therefore how likely is that part of the image represents an edge, improving 

the sharpness of the cytoplasmic structures of interest in the final image. 

Finally, the original image and the segmented one are overlaid to a better 

visualization and highlight of the cytoplasmic structures of interest, which are stress 

granules or processing bodies present in the image. 

In the algorithm developed, for the detection of spot-like particles like the 

cytoplasmic structures, it was used the information of the three channel RGB of the 

images to use this information in the calculation of the global thresholding. This action 

aims to separate between the nucleus color and the cytoplasm color value. Next, in 

order to eliminate the cell nucleus of the image it was chosen to apply morphological 

operations to achieve this objective, since it was an effective and simple way to do it. 
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The goal was achieved and, to improve the detection of the edges of the 

cytoplasmic structures of interest it was chosen the application of the Sobel operator, 

because after the application of the other operators, namely, Prewitt, Roberts, 

Laplacian, zero-cross and Canny´s detector, the Sobel detector was the one that led to 

a better result, with sharper edges.  

In the end, it was performed an overlay of the segmented with the original 

image, to highlight the presence of the stress granules or processing bodies in the 

image enabling a better perception of the number and area that the referred 

structures occupy in relation with the all image.  

The segmentation algorithm developed and previously described can be 

summarized in the flowchart of Figure 4.18. 

In the algorithm developed, the use of thresholding techniques and the 

application of morphological operations led to a precise result in short computing 

time, enabling the separation between the cell nucleus and the cytoplasmic structures. 

Also, the segmentation based on the use of filters in edge detection improved the 

results obtained. 

The segmentation algorithm developed in this project is simple but precise, 

giving good results for all the images analyzed, without the necessity of changing any 

steps for each image studied. 

There are many image segmentation techniques, some of them very complex. 

Many of the works published in recent years on the analysis of cell images have very 

sophisticated techniques for segmentation. This means spending more time in 

understanding, implementation and processing.  

Experimental results of the algorithm developed are present and discussed in 

the next chapter. 
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Figure 4.18 – Flowchart of the segmentation algorithm developed. 

 

4.8 – SUMMARY 

 

Cell image analysis requires a set of procedures: experimentation, processing 

and analysis procedures. First of all, obtaining organic tissues to be analyzed, in order 

to attain information, during the experimentation process these tissues are cut into 

thin slices to be observed under a microscopy. Before observation, slices are subjected 

Read the image 

Convert to doubles 

Read the RGB channels  

Calculate mean of the RGB channels  

Determine the threshold of the image using the calculated mean 

Use “disk” as structuring element for the 

morphological operation 
 Apply the morphological operation: erosion  

Binarize the image with the threshold value calculated 

 Apply the morphological operation: dilation  

 Remove the cell nucleus 

 Remove other unwanted objects 

 Obtain only the cytoplasmic structures of interest in the image 

Apply Sobel operator 

 Overlay the original image with the segmented image 
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to staining techniques to obtain the prepared pieces to be inspected and enhance 

contrast in the microscopic image. In the observation process, a set of images is 

obtained through microcopy and then these images are processed using different 

techniques. In this context, it is necessary the calibration of the segmentation 

technique in order to make plausible the distinction of the different structures to be 

identified in the image. Once the calibration is reached, images are segmented and 

descriptors are obtained from them, such as the number of segmented regions, 

proportions and perimeter, etc. Image analysis and classification processes are carried 

out thanks to the information collected by these kinds of descriptors (Cisneros, 2011). 

In addition, histology aims to analyze certain components of the same 

biological tissue and it is necessary to distinguish it within the image. This is the main 

reason for using staining techniques for the different components to highlight 

structures for viewing, often with the aid of microscopes. The identification of 

components in images is an easy task for humans, but in order to get it using 

computational processes is necessary to apply segmentation techniques. The 

segmentation process gets an image divided into different compounds wanted to be 

analyzed, making possible their characterization through specific descriptors (Cisneros, 

2011).  

Segmentation techniques are divided primarily into these classes: Pixel-based-

methods, as Threshold Segmentation; based on the categorization of pixels of an 

image according to a certain threshold (one pixel corresponds to a point on the digital 

image); Edge-based-methods, as edge detectors, that consist of finding edges in the 

image in order to extract the closed contours found; and, finally, Region-based-

methods, as region growing based on grouping pixels with similar characteristics 

(Cisneros, 2011). 

In this chapter, it was described the algorithm developed during this project 

that intends to perform the segmentation of stressed and unstressed cells. As such, 

using this algorithm, the cytoplasmic structures, namely, the stress granules and 

processing bodies, can be characterized. 
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5.1 – INTRODUCTION 

 

 The segmentation algorithm developed aim to focus the cytoplasmic structures, 

stress granules and processing bodies, present in stressed and in unstressed cells, 

respectively.  

The processing bodies are small bright spots with a quite small variance in size, 

and are disperse in the cytoplasm of the unstressed cell, around the nucleus of the 

cells. The stress granules are cytoplasmic phase-dense structures that occur in 

eukaryotic cells exposed to environmental stress and, are composed by a large number 

of proteins and mRNAs. These structures are usually significantly larger than 

processing bodies and show a large variance in size among the different cell images 

and, they are also located in the cytoplasm of the stressed cells: cancerous and 

uncancerous ones. 

The algorithm developed in this thesis is based on the Thresholding 

segmentation technique and on the Edge Detection segmentation technique. In this 

way, the segmentation algorithm developed aim to focus the cytoplasmic structures, 

stress granules and processing bodies, present in stressed and in unstressed cells, 

respectively. 

 

5.2 – EXPERIMENTAL RESULTS 

 

In this section, it is presented the image processing and analysis of stressed 

cells - cancerous and uncancerous stressed cell images, emphasizing the presence of 

stress granules and, of unstressed cells focusing the presence of processing bodies.  

The algorithm was applied to the following cell images: 

 Segmentation of prostate cancer cell images, presented by four images of 

prostate cancer cells, showing the resulting images of the main steps of the 

segmentation algorithm developed, that wishes to emphasizing the stress 

granules;  

 Segmentation of breast cancer cell image, presented by one image of this type 

of cancer, showing the resulting images of the main steps of the segmentation 

algorithm developed, giving emphasis to the formation of stress granules; 
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A 

 Segmentation of stressed but noncancerous cells, showing the resulting images 

of the main steps of the segmentation algorithm developed, focusing the 

presence of stress granules in noncancerous cells submitted to a stress stimulus 

(heat, radiation, etc.); 

 Segmentation of unstressed cell images, showing the resulting images of the 

main steps of the segmentation algorithm developed, highlighting only the 

presence of processing bodies in cells not submitted to any stressful stimulus.  

 

5.2.1 – STRESS GRANULES IN PROSTATE CANCER CELLS 

 

 This image is courtesy of Nancy Kedersha, present in the science photo 

library (www.sciencephoto.com/media/296078/view). 

a) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter IV, for the first image of prostate cancer cell, Figure 1: 

 
 

 

 

 

 

 

 

         

      

Figure 5.1 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 
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http://www.sciencephoto.com/media/296078/view
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Segmented image Overlaid image with stress granules in green

Overlaid image with stress granules in red Original image

In Figure 2, it is displayed: the segmented image, only with the presence of the 

stress granules (A); the overlapping of the original and segmented images, with stress 

granules in red (B) and in green (C); the original image (D), to focus the presence of the 

stress granules in the images B and C in relation with the original one in which the 

cytoplasmic granules are not highlighted; the complement image (E) of the image B or 

C. 

The complement image permits a better visualization of the stress granules 

targeted, which in this case are surrounded by a pink line.  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C. 
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The total area of the 84 connected objects in the segmented image is 498.5000 

numbers of pixels. 

This next image is courtesy of Nancy Kedersha, present in the science photo 

library (www.sciencephoto.com/media/296080/view). 

b) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter IV, for the second image of prostate cancer cell, Figure 3: 

 

 

 

 

 

 

      

      

 
Figure 5.3 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 

 
In Figure 4, it is displayed: the segmented image, only with the presence of the 

stress granules (A); the overlapping of the original and segmented images, with stress 

granules in blue (B) and in green (C); the original image (D), to focus the presence of 

the stress granules in the images B and C in relation with the original one in which the 

cytoplasmic granules are not highlighted; the complement image (E) of the image B or 

C. 

E C 

D B 

A 

http://www.sciencephoto.com/media/296080/view
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The complement image permits a better visualization of the stress granules 

targeted, which in this case are surrounded by a black line.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C. 

 

The total area of the 59 stress granules segmented in the image 187.1250 

numbers of pixels. 

This next image is courtesy of Nancy Kedersha, present in the science photo 

library (www.sciencephoto.com/media/296079/view). 

c) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter IV, for the third image of prostate cancer cell, Figure 5: 
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Figure 5.5 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 

 

In Figure 6, it is displayed: the segmented image, only with the presence of the 

stress granules (A); the overlapping of the original and segmented images, with stress 

granules in blue (B) and in green (C); the original image (D), to focus the presence of 

the stress granules in the images B and C in relation with the original one in which the 

cytoplasmic granules are not highlighted; the complement image (E) of the image B or 

C. 

The complement image permits a better visualization of the stress granules 

targeted, which in this case are surrounded by a purple line.  
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Figure 5.6 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C. 

 

The total area of the 92 stress granules segmented in the image 380.6250 

numbers of pixels. 

This next image is courtesy of Nancy Kedersha, present in The Scientist 

(www.the-scientist.com/2005/12/5/20/1/printerfriendly). 

d) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter 4, for the fourth image of prostate cancer cell, Figure 7: 
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http://www.the-scientist.com/2005/12/5/20/1/printerfriendly
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Figure 5.7 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 

 
In Figure 8, it is displayed: the segmented image, only with the presence of the 

stress granules (A); the overlapping of the original and segmented images, with stress 

granules in red (B) and in green (C); the original image (D), to focus the presence of the 

stress granules in the images B and C in relation with the original one in which the 

cytoplasmic granules are not highlighted; the complement image (E) of the image B or 

C.  

The complement image permits a better visualization of the stress granules 

targeted, which in this case are surrounded by a green line.  
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Figure 5.8 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C. 

 
The total area of the 88 stress granules segmented in the image 933.0000 

numbers of pixels. 

 
5.2.2 – STRESS GRANULES IN A BREAST CANCER CELL  

 
This image is courtesy of Nancy Kedersha, present in the science photo library 

(www.sciencephoto.com/media/251966/view). 

a) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter IV,  for the first image of breast cancer cell, Figure 9: 
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Figure 5.9 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 

 
In Figure 10, it is displayed: the segmented image, only with the presence of the 

stress granules (A); the overlapping of the original and segmented images, with stress 

granules in blue (B) and in green (C); the original image (D), to focus the presence of 

the stress granules in the images B and C in relation with the original one in which the 

cytoplasmic granules are not highlighted; the complement image (E) of the image B or 

C. 

The complement image permits a better visualization of the stress granules 

targeted, which in this case are surrounded by a purple line.  
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Segmented image Overlaid image with stress granules in green

Overlaid image with stress granules in blue Original image

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C. 

 
The total area of the 126 stress granules segmented in the image 487.0000 

numbers of pixels. 

 
5.2.3 –STRESS GRANULES IN NONCANCEROUS STRESSED CELLS 

 
This next image is courtesy of Nancy Kedersha, present in the science photo 

library (www.sciencephoto.com/media/310613/view). 
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a) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter IV, for the first image of noncancerous stressed cell, Figure 

11: 

 

 

       

       

 

Figure 5.11 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 

 

In Figure 12, it is displayed: the segmented image, only with the presence of the 

stress granules (A); the overlapping of the original and segmented images, with stress 

granules in blue (B) and in red (C); the original image (D), to focus the presence of the 

stress granules in the images B and C in relation with the original one in which the 

cytoplasmic granules are not highlighted; the complement image (E) of the image B or 

C. 

 The complement image permits a better visualization of the stress granules 

targeted, which in this case are surrounded by a yellow line.  
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Figure 5.12 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C. 

 

The total area of the 222 stress granules segmented in the image 1069.3000 

numbers of pixels. 

This next image is courtesy of Roy Parker, present in the Journal of Cell Biology 

vol. 183, no. 3, 441-455 pages. 

b) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter IV, for the second image of noncancerous stressed cell, 

Figure 13: 
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Figure 5.13 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 

 
In Figure 14, it is displayed: the segmented image, only with the presence of the 

stress granules (A); the overlapping of the original and segmented images, with stress 

granules in blue (B) and in green (C); the original image (D), to focus the presence of 

the stress granules in the images B and C in relation with the original one in which the 

cytoplasmic granules are not highlighted; the complement image (E) of the image B or 

C. 

 The complement image permits a better visualization of the stress granules 

targeted, which in this case are surrounded by a blue line.  
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Figure 5.14 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C.  

 

The total area of the 29 stress granules segmented in the image 542.5000 

numbers of pixels. 

 
5.2.4 – PROCESSING BODIES IN MAMMALIAN CELLS 

 
This next image is courtesy of Roy Parker, present in the Science, vol. 310, no. 

5747, 468-489 pages, 2005. 
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a) Resulting images of the segmentation steps, presented in the flowchart 

in Chapter IV, for the image of mammalian cells revealing the presence 

of processing bodies, Figure 15: 

 

       

       

 
Figure 5.15 – Display of the: Original Image (A); binary image (B); image obtain with the morphological operation: 

erosion (C); Image obtain with the morphological operation: dilation (D); Image without cell nucleus and unwanted 

structures (E). 

 
In Figure 16, it is displayed: the segmented image, only with the presence of the 

processing bodies (A); the overlapping of the original and segmented images, with 

processing bodies in red (B) and in green (C); the original image (D), to focus the 

presence of the processing bodies in the images B and C in relation with the original 

one in which the cytoplasmic granules are not highlighted; the complement image (E) 

of the image B or C. 

The complement image permits a better visualization of the processing bodies 

targeted, which in this case are surrounded by a blue line.  
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Segmented image Overlaid image with processing bodies in green

Overlaid image with processing bodies in red Original image

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.16 – Representation of the: segmentation image (A); overlap of the segmented and original images (B and 

C); original image (D) and, the complement image (E) of B or C. 

 

The total area of the 38 processing bodies segmented in the image 537.1250 

numbers of pixels. 

 

5.3 – DISCUSSION 

 

In prostate and breast cancer cells stress, granules have accumulated in the 

cells' cytoplasm due to oxidative stress (an increase of oxidants, such as free radicals, 

that are produced when cells metabolize oxygen). Free radicals are highly reactive, 

damaging the molecules in the cell and can causing cancer. Messenger ribonucleic acid 
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(mRNA) that is not coding for stress-induced proteins accumulates in the stress 

granules. This stops the production of non-vital proteins while the cell is adjusting to 

the stress, and, if stress is severe the cell will undergo apoptosis, a programmed cell 

death. In normal cells there are no stress granules present, only processing bodies, 

which are discrete cytoplasmic foci (chief centers of a morbid process) composed of 

messenger ribonucleic acid-protein complexes containing a subset of proteins involved 

in mRNA decay.   

The ability to respond to a stress stimulus is crucial and to survive cells makes 

the necessary modifications in order to avoid death, so a stimulus is considered 

stressful to a cell when it challenges its likelihood and threatens its survival. When 

stress occurs, the mRNA within the cells will be at different stages in their life cycle 

and, within the cytoplasm the formation of stress granules (SGs) plays an important 

role in how and to where cytoplasmic mRNAs are directed.  

The observation taken from the results presented is that the size and number 

of stress granules and processing bodies varies according to the stress or unstress 

condition of the cell. That is, in general the number of stress granules in stressed cells 

is higher than the number of processing bodies in unstressed cells. The cellular 

changes taking place during stress conditions suggests a correlation between a 

decrease in translation rates and the emergence of stress granules, increasing their 

number in relation to the processing bodies present in unstressed cells, in the 

cytoplasm of the cell. To compare the adequacy of the proposed segmentation 

algorithm and the segmentation it was expected to obtain, the cell images were 

segmented manually, with the paint program and the results, as well as, the 

subtraction images between the two images obtained with the two referred image 

programs are presented in Table 1. 

In Table 1, is also presented the type, dimension and the number of bits for 

each cell image. 
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Table 1 – Comparison of the results obtain with manual and with the developed algorithm. 

 

Manual segmentation with the paint program (a) 
Segmentation with the proposed algorithm 

using MatLab (b) 
Difference between the images (a and b) 

Prostate cancer cell, dimension : [230, 1050], 24-bit, uint8 

 

 

 

 

 

 

 

 

 

 
Prostate cancer cell, dimension : [206, 834], 24-bit, uint8 
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Manual segmentation with the paint program (a) 
Segmentation with the proposed algorithm 

using MatLab (b) 
Difference between the images (a and b) 

 

Prostate cancer cell, dimension : [343, 1590], 24-bit, uint8 

 

 

 

 

 

 

 

 

 

 

 

 

Prostate cancer cell, dimension : [185, 600], 24-bit, uint8 

 

 

 

 

 

 

 

 

 



CHAPTER V – EXPERIMENTAL RESULTS AND DISCUSSION 

CELL BIOLOGY AND IMAGE ANALYSIS OF PROCESSING BODIES AND STRESS GRANULES                     139 

 

Manual segmentation with the paint program (a) 
Segmentation with the proposed algorithm 

using MatLab (b) 
Difference between the images (a and b) 

 

Breast cancer cell, dimension : [233, 1050], 24-bit, uint8 

 

 

 

 

 

 

 

 

 

 

 

 

Noncancerous stressed cells, dimension : [228, 1050], 24-bit, uint8 
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Manual segmentation with the paint program (a) 

 

Segmentation with the proposed algorithm 

using MatLab (b) 

 

Difference between the images (a and b) 

 

Noncancerous stressed cells, dimension : [220, 864], 24-bit, uint8 

 

 

 

 

 

 

 

 

 

 

 

Processing bodies, dimension : [212, 744], 24-bit, uint8 
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From the analysis of the results obtained in Table 1, in most images, the results 

obtained with the developed segmentation algorithm and the ones obtained manually 

are similar. The images that the results differ more are in the prostate cancer cell case, 

in which the stress granules are very small and close to each other and, in the breast 

cancer cell. So, in general, the developed algorithm is adequate to this type of 

segmentation, although this algorithm is not so good if the cytoplasmic structures are 

very small and very near from each other. 

Also, another important feature to retain, from the analysis of the results 

presented, refers to the form of the stress granules in cancerous stressed cells and in 

noncancerous stressed cells. In cancerous stressed cells, the stress granules present a 

more diffuse shape and are smaller in comparison to the ones presented by 

noncancerous stressed cells, which have a more curve shape and are larger. 

Stress granules and P-bodies are physically distinct and spatially separate, 

however both contain non-translating mRNAs which increase in response to stress. 

These suggest that the number of stress granules, as well as their area may be related 

to the amount of stress the cell is submitted. So, this may suggest that in the case of 

cancer cells, with the increase of malignancy, the number and consequently the area 

of stress granules would increase. For the same reason, in the cases where the cells 

have a lower degree of malignancy it is expected to have fewer and smaller stress 

granules. 

 

5.4 – SUMMARY 

 

This chapter presents the experimental results obtain with the application of 

the segmentation algorithm developed in thesis, to segment the cytoplasmic 

structures, stress granules and processing bodies, present in stressed and unstressed 

cells, respectively. Next, it is presented a discussion on the results obtained by the 

same algorithm.  

From the application of the proposed algorithm to the images presented it is 

possible to observe that the size and number of stress granules and processing bodies 

varies according to the stress/normal condition of the cell and among the stressed 

cells. That is, the number of stress granules in stressed cells is higher than the number 
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of processing bodies in unstressed cells and, the number and shape of stress granules 

among the stressed cells varies if the cells are cancerous or noncancerous. 

The developed algorithm uses Thresholding techniques and applies 

morphological operations which led to accurate and computation fast results, enabling 

the separation between the cell nucleus and the cytoplasmic structures. In addition, to 

improve the results obtained, it uses Edge Detection techniques with the application of 

filters in edge detection. 
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6.1 – CONCLUSIONS 

 

A key aspect of the control of gene expression is the modulation of cytoplasmic 

mRNA function. Cytoplasmic mRNAs are controlled by the regulation of mRNA 

translation, stability, and subcellular location, processes that are often interconnected. 

In eukaryotic cells, non-translating mRNAs can accumulate in two types of cytoplasmic 

mRNP (ribonucleoprotein) granules: processing bodies, which generally contain the 

mRNA decay machinery and stress granules, which contain many translation initiation 

components. In response to environmental stress, eukaryotic cells reprogram their 

translational machinery to allow the selective expression of proteins required for 

viability in the face of changing conditions. During stress, mRNAs encoding 

constitutively expressed “housekeeping” proteins that are redirected from polysomes 

to stress granules, a process that is synchronous with stress-induced translational 

arrest. 

Processing bodies and stress granules are highly dynamic membraneless 

cytoplasmic granules of translationally repressed mRNPs and are observed in a wide 

variety of eukaryotes. Whereas stress are primarily observed during cell stress, 

processing bodies are generally observed under normal growth conditions, although in 

human cell lines, visible processing bodies disappear during mitosis and quiescence 

(Erickson, 2011). 

The size and abundance of microscopically visible processing bodies within cells 

are altered due to mutations that reduce the rate of degradation of mRNAs, suggesting 

that these structures are actively involved in the regulation of mRNA decay pathways 

(Takahashi, 2011).  

Stress granules are a recently recognized defense mechanism identified in a 

wide variety of eukaryotic cells. They are composed of several mRNA-binding proteins 

and stress-responsive proteins that coalesce in the cytoplasm and sequester 

transcripts so that they cannot enter the endoplasmic reticulum to be translated to 

protein. They assemble when the cell is exposed to a stressor (e.g., heat shock, 

osmotic shock), and disassemble when the stress is alleviated. It is postulated that 

stress granules function to prevent cells from expending crucial energy unnecessarily 

during potentially lethal stress conditions.  
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Hypoxia is among the stressors which can stimulate stress granule 

polymerization, and the stress granules are abundant in hypoxic regions of tumor 

tissue. Moreover, hypoxia-inducible factor 1 (HIF-1) regulated transcriptors, in 

particular, appear to associate with stress granules during hypoxia, disrupting their 

polymerization, by expressing a mutant form of a stress granule scaffolding protein, 

which significantly increases the ability of tumor cells to up-regulate downstream HIF-1 

targets during hypoxia.  

When tumors reoxygenate, as occurs during cancer treatment, these stress 

granules depolymerize and allow their previously sequestered hypoxia-induced 

transcripts, including those stimulated by HIF-1 activity, to be translated. These two 

mechanisms contributed, therefore, to a HIF-1 dependent pro-angiogenic stimulus 

after radiotherapy that, in turn, protected tumors from radiation damage to their 

vasculature. This mechanism is likely to occur following any treatment that leads to 

tumor cell apoptosis and reoxigenation, but it is predicated on a preexisting condition 

of hypoxia (Teicher, 2006). 

So, stress granule formation appears to play a role during stress responses in 

the decision of whether to enter apoptosis, which occurs when a stress is too extreme 

and the cell is unable to recover. Sequestration of apoptotic regulatory proteins in 

stress granules can prevent interactions with other factors that would otherwise 

promote apoptosis in response to a given stress. 

When cancer cells are submitted to radiotherapy a major determinant of tumor 

radiotherapy efficacy is endothelial cell damage. Irradiation-induced hypoxia induces 

tumor cells to express HIF-1, a transcription factor that induces the expression of 

mRNAs encoding the endothelial survival factors vascular endothelial growth factor 

(VEGF) and basic fibroblast growth factor (bFGF).  

Stress granules inhibit the translation of select HIF-1-induced transcripts, 

including VEGF and bFGF during hypoxia to regulate tumor cell survival after 

irradiation. As such, stress granules accumulate when cells are subjected to conditions 

such as starvation, low oxygen (which occurs within large tumors), chemotherapy or 

radiation therapy. The mRNAs within the granules are either marked for destruction or 

for preservation that reflects the role of stress granules in controlling apoptosis and 
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their subsequent importance in the response to radiation therapy by cancer cells 

(Teicher, 2006). 

In biomedical experiments, sub-cellular particles of interest are fluorescently 

labeled in different chromatographic bands yielding multi-channel images which are 

subsequently analyzed by automatic image analysis techniques. Unfortunately, explicit 

labeling of the complete cell area is typically impossible and, enforces to extract it 

from one of the available channels originally intended for detection of other particles. 

As mentioned before, the algorithm developed in this thesis is based on the 

segmentation techniques mentioned earlier, which are based on the Thresholding and 

Edge Detection techniques. In this way, the segmentation algorithm developed aim to 

focus the cytoplasmic structures, stress granules and processing bodies, present in 

stressed and in unstressed cells, respectively. To achieve this purpose the algorithm 

uses threshold segmentation to categorize the pixels in the image to a certain 

threshold, calculated based on the mean of the RGB channels of each image. Next it is 

created a structuring element to be used in the morphological operations, using the 

Matlab functions “imerode” and “imdilate”, to eliminate from the image smaller 

objects and next enlarge the remained objects, which are the larger ones, like the 

nucleus of the cells. This results in the creation of an output image, only with the 

cytoplasmic structures of interest, having as input the image with the cell nucleus and 

performing the complement of this image. 

To improve the results and have sharper cytoplasmic structures, Edge Detection 

techniques were applied, through the application of the Sobel operator, which was the 

one that lead to closed and sharper structures, in relation to the others operators 

mentioned in Chapter IV. In the end of this algorithm, to focus the cytoplasmic 

structures in the original image, the segmented image and the original one are 

overlaid. 

From the application of the proposed algorithm to the images presented in the 

experimental results chapter, we could conclude that the size and number of stress 

granules and processing bodies varies according to the stress or normal condition of 

the cell. That is, the number of stress granules in stressed cells is higher than the 

number of processing bodies in unstressed cells, which suggests that the cellular 

changes that take place during stress may be correlated with the decrease in 
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translation rates and the emergence of stress granules, increasing their number in 

relation to the processing bodies present in unstressed cells, in the cytoplasm of the 

cell. Also, the higher number of stress granules in stressed cells, in relation to the 

processing bodies present in unstressed cells may suggest that the amount of 

untranslated mRNA in stress conditions is greater than the normal amounts of 

translated mRNA. 

The developed algorithm uses Thresholding techniques and applies 

morphological operations which led to accurate and computation fast results, enabling 

the separation between the cell nucleus and the cytoplasmic structures. In addition, it 

uses Edge Detection techniques with the application of filters in edge detection 

improved the results obtained. It was possible to use these techniques because the 

images had good contrast and well defined details. 

We can conclude that the proposed segmentation algorithm, although simple, 

it provides good and reproducible results for the analysis of cell images with good 

contrast and details, namely, in isolating cytoplasmic structures from the cell nucleus. 

 

6.2 – FUTURE PERSPECTIVES 

 

As a future project, would be interesting to study a possible relationship 

between the number and area of cytoplasmic granules (stress granules and processing 

bodies) present in cancer cells in the different stages of the disease. That is cells with 

different amounts of stress in comparison with cells not submitted to stress conditions, 

so with only processing bodies. The goal to do this is to use this knowledge to 

understand the stage of the disease through the cell image analysis, and, this could be 

useful in the choice of the adequate therapy. This could also be used to study the 

effects of the radiotherapy in the cells, studying the changes in the number/area of the 

stress granules before and after the radiotherapy. 
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CELL BIOLOGY AND IMAGE ANALYSIS OF PROCESSING BODIES AND STRESS GRANULE        a 

SEGMENTATION ALGORITHM DEVELOPED 

 

 

I = imread('M8650255.JPG'); 

I = im2double(I); 

B = I(:,:,1); 

G = I(:,:,2); 

R = I(:,:,3); 

g = 0.5*(G+R+B); 

threshold = graythresh(g); 

BW = im2bw(g,threshold); 

se = strel('disk',9); 

BW = imerode(BW,se); 

se = strel('disk',11); 

BW = imdilate(BW,se); 

f=B.*(1.0-BW); 

BW = im2bw(f,0.45); 

BW = BW - bwareaopen(BW,10,8); 

bwarea(BW); 

% ans = 

% 187.1250 

g = edge(BW,'sobel',0.2); 

[L,num] = bwlabel(g); 

num; 

RGB1=imoverlay(I,g, [0 1 0]); 

RGB2=imoverlay(I,g, [0 0 1]); 

RGB=imoverlay(I,g, [1 1 1]); 

 

subplot (2,2,1), imshow(BW), title 'Segmented image'; 

subplot (2,2,2), imshow(RGB1), title 'Overlaid image with stress granules in green'; 

 subplot (2,2,3), imshow(RGB2), title 'Overlaid image with stress granules in blue'; 

subplot (2,2,4), imshow (I), title 'Original image'; 

 

I1 = imread ('M865255_sel.jpg'); 

D = imabsdiff(RGB, I1); 

imshow (D), title 'Image Difference'; 

 

 

 

 




