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Μg : Microgram
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EMEM : Eagle’s Minimum Essential Media 

DMSO : Di methyl sulphoxide

DNA : Deoxy ribonucleic acid

DNase I : Deoxy ribonuclease I

dNTPs : Deoxynucleotidetriphosphates

dsDNA : Double-stranded DNA

DSBs : Double Strand Breaks

DTT : Dithiothreitol

EDTA : N-N- Ethylene di amine tetra acetic acid

ENU : N-ethyl-N-nitrosourea

EtBr : Ethidium bromide

FBS : Fetal Bovine Serum

HCl : Hydrochloric acid

IgG : Immunoglobulin G

Kb : Kilo basepairs

kDa : Kilo daltons

Mab : Monoclonal antibody
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mg : milligrams

MgCl2 : Magnesium chloride

min : Minutes

ml : Millilitre

mRNA : Messenger RNA

MTT : 3-(4,5-dimethylthiozol-2-yl)-2,5-

     diphenyltetrazolium bromide

Na2HPO4 : Disodium hydrogen phosphate

NaCl : Sodium chloride

NC : Nitrocellulose membrane

PAGE : Poly acrylamide gel electrophoresis

PBS : Phosphate buffer saline

PCR : Polymerase chain reaction.    

PMSF : Phenylmethylsulphonyl fluoride

RNA : Ribonucleic acid

RNAi : RNA mediated interference

RNase : Ribonuclease

rNTPs : Ribonucleotide tri-phosphate

rpm : Revolutions per minute

RT : Reverse transcriptase

SDS : Sodium dodecyl sulphate

siRNA : Small interference RNA

SSBs : Single Strand Breaks

TE buffer : Tris-ETDA buffer

TEMED : N’,N’,N’,N’- tetra methyl ethylene diamine
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Natural Aging:

Aging is a phenomenon that occurs in every living organism and can be defined as a 

diminishing of normal physiological functions, being a progressive, deleterious and 

irreversible process, leading ultimately to death. During aging, it has been reported to 

have higher level of reactive intermediates. These intermediates can cause damage to 

bio molecules  viz.,  DNA, proteins,  lipids,  thus to  cells  leading  to  their  functional 

variation  (Bokov  et  al.,  2004).  These  changes  occur  little  by  little  and  progress 

inevitably over time. However, the rate of the progression of such damage can be very 

different  from person to  person.  Diseases  of  old  age  (diseases  which  increase  in 

frequency with age, such as arthritis, osteoporosis, heart disease, cancer, Alzheimer's 

Disease, etc.) are often distinguished from aging per se. 

Aging depends on several processes that may interact simultaneously and may operate 

at many levels of functional organization (Franceschi et al., 2000). Research in aging 

is  beginning  to  find  out  the  reasons  for  these  changes  and  the  genetic  and 

environmental factors that control them.

Theories of aging:

It is not easy to explain the aging process, because even though aging phenomena is 

universal,  it does not affect all living beings in the same way (Finch, 1990). Why 

some animals live longer than others and show fewer signs of aging is still unknown. 

Over the years, scientific researchers have put forth several theories of aging. Some of 

the  most  commonly  applied  theories  of  aging  are  the  programmed  and  structural 

damage theories of aging (Brian and Poala, 2003).

Programmed theories:

Programmed  theories  of  aging  engage  the  concept  that  aging  and  death  are  the 

inevitable consequence of the workings of an internal biological clock, programmed 
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at conception that decides when cells can no longer operate and reproduce at a rate 

sufficient to maintain health.

Structural damage theories:

Structural  damage theories of aging are concerned with the molecular damage that 

accumulates inside cells over time.

Wear and Tear Theory:

Posed by  Weismann  (1982),  the  theory  postulates  that  the  daily  grind  of  life,  in 

particular abuse or overuse, literally wears the body out, leading to disease states. The 

degeneration of cartilage and eventual grinding of bone on bone is an example of the 

aging process on body joints, as wear and tear exceeds the body’s ability to repair.

Waste Accumulation Theory:

This  theory  proposes  that,  as  one  age,  cells  accumulate  waste  products  as  a 

consequence  of  normal  metabolic  processes  in  the  cells  (Katz  et  al.,  1984).  It  is 

believed  that  this  build-up  of  toxic  “sludge”  eventually  compromises  normal  cell 

functions. Lipofuscin pigments or liver spots, common on aging skin, are an example 

of this waste material.  The brownish pigments consist  of oxidized rancid fats that 

accumulate  in the skin,  as well  as in the internal  organs of our body, as one age 

(Brunk and Terman 2002 ; Terman 2001).

Error Catastrophe Theory:

Orgel, (1963) proposed that maintenance of the structural integrity of DNA is critical 

not only for cell survival but also for the transfer of correct genetic information to 

daughter cells. Alterations in the fidelity of DNA polymerase alpha could result in a 
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progressive degradation in information transfer during DNA synthesis, which would 

eventually affect a wide range of cellular components during aging (Orgel, 1963 and 

Orgel,  1973).  In  other  words  transcription  and  translation  introduces  errors  into 

individual proteins at a much higher rate than replication introduces mutations into 

DNA  suggesting  that  cellular  aging  involves  accumulation  of  error-containing 

enzymes  as  a  result  of  an  inherent  inaccuracy  of  the  transcriptional  and  protein 

synthesizing machinery. One mechanism for the introduction of such errors would be 

decreased fidelity of DNA polymerases during repair activity or cell division.

Immune-suppression Theory:

In 1962, Walford proposed this theory. According to the "immune-suppression theory 

of aging", many aging effects are due to the declining ability of the immune system to 

differentiate "foreign" from "self" proteins. Not only does the immune system become 

less capable of resisting infection & cancer, but declining cell function could be due 

to attacks by the immune system against native tissues. Arthritis, psoriasis and other 

autoimmune diseases increase with age (Walford, 1962). It is well known that the 

thymus gland, or gland of youth, which is located at the base of the throat, declines in 

size from infancy to  adulthood.  The thymus is  known to play a role  in the auto-

immune system, the body’s primary defence against disease. Age-related reduction in 

the size of the thymus appears to correspond to reduction in our immune systems, 

suggesting that the thymus may play a significant role in the aging process (Burnet 

1970).

DNA damage Theory:

According  to  this  theory,  the  aging  process  is,  in  part,  caused  by  damage  to  the 

genetic structure of the DNA, the genetic blueprint of our cells and that aging is a 

consequence  of  unrepaired  DNA  damage  accumulation.  Damage  in  this  context 

includes chemical reactions that mutate DNA and/or interfere with DNA replication. 

Although  both  mitochondrial  and  nuclear  DNA  damage  can  contribute  to  aging, 
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nuclear  DNA  is  the  main  subject  of  this  analysis.  Nuclear  DNA  damage  can 

contribute to aging either indirectly (by increasing apoptosis or cellular senescence) or 

directly (by increasing cell dysfunction) (Best, 2009).

Molecular Cross-linkage Theory:

Postulated back in 1942 by Johan Bjorksten,  the theory advances the thought that 

molecular cross-linking between protein molecules, such as the collagen found in our 

skin, tendons, ligaments and the glycation (cross-linking) of other structural proteins 

and  lipids  (fats)  with  excess  glucose,  disrupts  the  functions  of  these  molecules, 

leading to acceleration of the aging process. Glycation is one of the likely reasons that 

diabetics,  who  have  chronically  high  levels  of  blood  sugar  (glucose),  exhibit 

accelerated aging (Bjorksten, 1955, 1971).

But, the most widely accepted structural damage theory and the one theory that 

encompasses all of the previous theories - is the Free Radical Theory of aging. 

The Free radical Theory:

In  1956,  Harman  suggested  that  free  radicals  produced  during  respiration  cause 

cumulative  oxidative  damage,  resulting  in  aging  and death  (Harman,  1952,  1956, 

1993, 1995 and 1998). The central nervous system (CNS) is especially sensitive to 

oxidative stress (Aksenova et al., 2005). One reason for this is that in humans the 

brain accounts for twenty percent of the body’s oxygen consumption (not proportional 

to its size compared to other body parts). Another reason is that the brain has less 

capacity for cellular regeneration than other organs. Free radicals are highly reactive 

molecules or atoms that have an unpaired electron in an outer orbital that does not 

contribute  to molecular  bonding (Halliwell  and Gutteridge,  1989). Atoms or small 

molecules that are free radicals tend to be the most unstable, because larger molecules 

can have the capacity to form resonance structures. Under normal physiological O2 

levels, 1-2% of the O2 consumed is converted to reactive oxygen species (ROS) for 
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biological  systems,  oxygen  free  radicals  are  the  most  important,  in  particular 

superoxide (.O2 -), nitric oxide (.NO)  and the hydroxyl radical (.OH).

The targets  of endogenous oxidants are the macromolecules such as nucleic acids, 

lipids, sugars, and proteins are susceptible to free radical attack (Mehlhorn, 2003). 

Nucleic acids can get additional base or sugar group; break in a single and double-

strand fashion in the backbone and cross link to other molecules. The most prominent 

oxidative  modification  of  DNA  and  RNA  bases  is  formation  of  8- 

hydroxydeoxyguanosine  (Sohal  et  al.,  1994).  ROS-induced  DNA damage  consists 

primarily of single strand breaks (SSBs), double strand breaks (DSBs), at sites of base 

loss [apurinic/apyrimidinic (AP) sites], and base lesions (Collins et al., 1995).

Lipids form peroxides and aldehydes under oxidative stress conditions, which further 

affect membrane fluidity and disrupt membrane bound proteins. Protein targets for 

free  radicals  are  peptide  bonds  or  sidechains  (Huggins  et  al.,  1993).  ROS  are 

responsible for deamidation,  racemization, and isomerization of protein residues as 

well as formation of carbonyl groups (Stadtman and Berlett 1998). These chemical 

modifications  result  in  protein  cleavage,  aggregation  and/or  loss  of  catalytic  and 

structural  function  by  distorting  the  proteins  secondary  and  tertiary  structure 

(Stadtman, 1998).

At present, there is an increasing amount of evidence showing the positive correlation 

between  oxidative  stress  and  aging.  Oxidative  damage  increases  and  lifespan 

decreases  with  oxygen concentration;  indeed animals  subjected  to  hyperoxia  have 

higher oxidation of lipids, proteins and DNA ( Agarwal and Sohal, 1994). 
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Brain aging:

Brain aging could be considered as process where repair mechanisms are declining in 

ability and efficiency, but it should be distinguished from a state of disease. It has 

been shown that during brain aging increased oxidative stress and the accumulation of 

damaged  molecules  promote  dysfunction  of  different  metabolic  and  signaling 

pathways (LeBel and Bondy, 1992) as well as energy deficits. Signaling mechanisms 

such as gene transcription (Lee et al., 2000), calcium homeostasis (Mattson, 1992), 

unfolded  protein  responses,  problems  in  protein  folding,  phosphorylation  and 

dephosphorylation  (Jin  and  Saitoh,  1995)  are  some  of  the  processes  that  change 

during  brain  aging.  Importantly,  basic  processes  involved  in  aging  of  the  central 

nervous  system  contribute  to  several  prevalent  neurodegenerative  diseases  like 

Alzheimer's disease (AD) and Parkinson's disease (PD) (Maccioni et al., 2001). The 

aging brain is characterized by several age-related alterations. On the molecular and 

cellular level, an important aspect of the aging process of the brain is an increased 

production of free radicals and an accumulation of nuclear (n) and mitochondrial (mt) 

DNA  damage  (Johnson  et  al.,  1999  and  von  Zglinicki  et  al.,  2001).  This  is 

accompanied by an age-related decline in the amount of nDNA repair (Schmitz et al., 

1999; von Zglinicki et al., 2001). Neuropathological studies indicate that shrinkage of 

the brain, loss of neurons and the presence of specific intracellular and extracellular 

protein aggregates,  in age-related findings (Schochet,  1998). However,  it  has been 

shown  over  the  last  years  that  markers  of  these  age-related  alterations  vary 

significantly between different brain regions, as well as between different types of 

neurons (Mandavilli and Rao, 1996; Melov et al., 1999; Lee et al., 2000; Morrison 

and  Hof,  2002).  As  the  brain  consists  of  various  types  of  neurons  with  different 

morphologic, physiologic and functional features (Fig 1.1), it is of great importance to 

investigate the aging brain in a celltype- specific manner. There components are.
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Fig 1.1

• Sensory  neurons carry  signals  from  the  outer  parts  of  the  body 

(periphery) into the central nervous system. 

• Motor neurons (motoneurons) carry signals from the central nervous 

system to the outer parts (muscles, skin, glands) of the body. 

• Receptors sense the environment (chemicals, light, sound, touch) and 

encode this information into electrochemical messages that are transmitted 

by sensory neurons. 

• Interneurons connect  various  neurons  within  the  brain  and  spinal 

cord. 

Age-related neurodegenerative diseases:

Neurodegenerative is a term that covers a wide range of diseases that result in the loss 

of  nervous  system  function.  Included  are:  Parkinson’s  Disease,  Alzheimer’s, 

Huntington’s,  Creutzfelt-  Jakob  disease,  and  many  others.  The  neurodegenerative 

diseases are often age associated, chronic, progressive, and without known treatments. 

Recent investigations in medical genetics have identified specific genes for several 

neurodegenerative disorders. Better understanding of molecular basis of the processes 

involved in their pathology and their relation to aging (not absolute, but remarkable) 

should help in curing these diseases. 
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Alzheimer’s disease:

Alzheimer’s is  the most common form of  dementia. More than 12 million people 

worldwide have AD, and it accounts for the majority of cases of dementia diagnosed 

in patients over the age of 60 (Citron, 2004). The pathogenesis of this disease involves 

altered proteolytic processing of the β-amyloid precursor protein (APP) resulting in 

increased production of a long (42 amino acid) form of the amyloid β (Aβ) peptide, 

which in turn aggregates and forms insoluble plaques in the brain. These aggregates 

generate  ROS which  in  turn  disrupt  cellular  ion  homeostasis,  energy  metabolism 

(Mattson, 1997) and neuronal synapses and makes cells more prone to apoptosis or 

excitotoxicity.  Neurofibrillary  tangles  are  another  hallmark  of  AD.  These  tangles 

accumulate  inside  cells  and  have  hyperphosphorylated  tau  protein  as  their  main 

constituent. The link between tau and amyloid pathology in AD is not yet clear, nor is 

the link between age-related accumulation of tau or amyloid and their contribution to 

AD.  Oxidative  stress  is  implied  as  a  causal  factor  of  AD.  Diets  enriched  in 

antioxidants show an improved learning and memory and a reduction of plaque load 

in  aged  canines  (Milgram  et  al.,  2004).  Current  therapies  for  patients  with 

Alzheimer’s  disease  only  ease  symptoms,  providing  temporary  improvement  and 

slowing the  reduction  rate  of  cognitive  decline.  Progress  in  identifying  molecular 

mechanisms of AD should help in future to delay onset or modify the progression of 

this disease.

Parkinson’s disease:

Parkinson’s  disease  is  a  progressive  neurodegenerative  disorder,  which  is 

characterized by motor symptoms such as tremor, postural imbalance, and slowness in 

movements.  As it progresses, it  can lead to psychiatric and cognitive dysfunctions 

such as anxiety, depression and dementia. It affects at least 1% of population over 65 

and 4-5% of those over 85 years of age (Lang and Lozano, 1998). The main hallmark 

of  this  disorder  is  a loss  of  dopaminergic  neurons  in  the  substancia  nigra  pars 

compacta, which  results  in  depletion  of  dopamine  in  the striatum,  to  which  these 

neurons  project.  The cellular  pathological  hallmarks  of PD are round eosinophilic 
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intracytoplasmatic  protein-containing  inclusions  –  Lewy bodies  and  dystrophic 

neurites (Forno, 1996). So far, PD has been shown to be sporadic in the majority of 

cases  and  has  been  linked  to  environmental  risk  factors  (toxins,  oxidative  stress, 

mitochondrial  dysfunction).  On  the  other  hand hereditary  PD has  been  linked  to 

mutations in α-synuclein, parkin (Polymeropoulos et al., 1997; Kitada et al., 1998), 

then PINK1 (Valente et al., 2004), DJ-1 (Bonifati et al., 2002), and LRRK2 (Zimprich 

et al.,  2004). Understanding more about the almost absolute dependence of PD on 

aging, the mutations that cause familial PD, and the circumstances which increase the 

risk of developing PD will  help to provide therapeutic approaches for this  serious 

disease.

Neuronal cell death in aging:

It has been long assumed that aging is associated with a loss of neurons throughout all 

regions of the brain, and that this loss of neurons would explain the functional decline 

of the brain during aging (Wickelgren, 1996 ; Victor, and Ropper, 2001). The death of 

neurons is one of the forces that shape the development of the central nervous system 

(CNS). Neurons establish contact with their targets during development and refine it 

throughout their  life. In the mature nervous system, most neurons are post mitotic 

cells  and cannot  be easily  replaced  by cell  renewal.  For  this  reason,  the death  of 

neurons in the adult  CNS is a phenomenon more severe than in other tissues:  the 

number of mature neurons in adult is primarily dependent on the extent of neuronal 

survival and their decline in the old age is an important event. In addition, increasing 

neuronal  death  induced  by  damaging  insults  is  also  a  major  risk  factor  of 

neurodegenerative  disorders  and  aging.  The  underlying  causes  of  the  various 

neurodegenerative  diseases  are  not  clear;  death  of  neurons  and  loss  of  neuronal 

synapses are key pathological features.

Explaining  molecular  events  that  control  neuronal  cell  death  is  critical  for  the 

development  of  new  strategies  in  helping  to  prevent  and  treat  neurodegenerative 

diseases and aging. Neuronal tissues are not proliferative and are not replaced by new 
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cells for the lifetime in most brain regions except in regions such as the olfactory bulb 

and  dentate  gyrus  of  the  hippocampus,  where  there  is  a  constant  replacement  of 

neurons from a pool of progenitor (stem) cells (Gage, 2000, Rao and Mattson, 2001). 

However, even for these cells there is clear evidence that their replacement function is 

unlimited. During development there is an excess number of neurons which die in 

order to match the number of neurons with the size of their projection areas. This 

process is dependent on neurotrophins and conduction of action potentials as a marker 

of synaptic activity (Oppenheim, 1991). Due to neurondegeneration occurring during 

later phases of life, for example, loss of hippocampal and cortical neurons, results in 

symptoms of Alzheimer s disease; death of midbrain neurons that use dopamine as á  

neurotransmitter causes Parkinson s disease; loss of striatal neurons is the hallmark of́  

Huntington  s  disease;  and  death  of  lower  motor  neurons  cause  symptoms  of́  

amyotrophic lateral sclerosis.

Neuronal cell death occurs by necrosis or apoptosis. These two pathways have distinct 

molecular and biochemical mechanisms. In apoptosis, a stimulus activates a cascade 

of events where there is orchestrated destruction of the cell. In necrosis, by contrast, 

the stimulus (e.g., ischemia) is itself often the direct cause of the demise of the cell 

(Kanduc et  al.,  2002; Hengartner,  2000).  Necrosis  is  considered  as  a  pathological 

process in contrast to apoptosis, which is part of normal development, but the former 

also occurs in a variety of diseases. The morphologic features of apoptosis include 

nuclear  and  cytoplasmic  condensation,  internucleosomal  DNA  cleavage  and 

packaging  of  the  cell  into  apoptotic  bodies  that  are  engulfed  by  phagocytes, 

preventing  release  of  intracellular  components  (Hengartner,  2001).  Neuronal 

apoptosis  usually  occurs  because  of  mitochondrial  damage,  hypoxia,  UV-rays, 

increased  ROS,  etc.  and  it  leads  to  cytochrome  c  release  into  the  cytosol,  with 

subsequent formation of apoptosome and the activation of effector caspases (caspase-

3, -7). This is frequently referred to as the ‘intrinsic pathway’. The ‘extrinsic pathway’ 

is executed by ligand binding to death receptors of the tumour necrosis factor family 

inducing the activation of effector caspases like caspase-8 (Micheau and Tschopp, 

2003; Cryns and Yuan, 1998). Understanding the mechanism of molecular events that 
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control neuronal cell death is critical for design and development of new strategies 

that  help  prevention  and  treatment  of  neurodegenerative  diseases  and  also  for 

monitoring aging process.

DNA Damage in Aging:

The DNA, due to its central role in life, was bound to be implicated in aging. One 

hypothesis is that damage accumulation to the DNA causes aging, as first proposed by 

physicist Leo Szilard (Szilard, 1959). The theory has changed marginally over the 

years as new forms of DNA damage and mutation are discovered, and several theories 

of aging argue that DNA damage or mutation accumulation causes aging.

The stability of the genome of all organisms is constantly challenged by endogenous 

and  exogenous  agents  that  induce  DNA  lesions,  genome  instability,  DNA 

recombination  and other  types  of  genotypic  stress.  The nuclear  and mitochondrial 

genomes of non-replicating cells  of the brain are particularly vulnerable  targets  of 

DNA damage. DNA damage may have especially deleterious consequences in post-

mitotic neuronal cells, because this cell pool is not normally regenerated by cellular 

proliferation (Bohr et al., 2007). Recent studies of patients with Alzheimer’s disease, 

Parkinson’s  disease,  amyotrophic  lateral  sclerosis,  Friedreich’s  ataxia,  Xeroderma 

pigmentosum  (XP)  and  Huntington’s  disease  suggest  that  oxidative  stress  and 

neuronal DNA damage are common features associated with these diseases (Kraemer 

et al., 2007; Trushina et al., 2007). 

It is well-established that DNA mutations/alterations and chromosomal abnormalities 

increase with age in mice (Martin et al., 1985; Dolle et al., 1997; Vijg, 2000; Dolle 

and Vijg, 2002) and humans (Esposito et al., 1989 Lu et al., 2004). It is impossible, 

however, to tell  whether these changes are effects  or causes of aging. In addition, 

there is no consensus as to what type, if any, of DNA changes are crucial in aging. 

Correlations have been found between DNA repair mechanisms and rate of aging in 
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some  mammalian  species  (Hart  and  Setlow,  1974;  Grube  and  Burkle,  1992; 

Cortopassi  and Wand,  1996).  The  association  of  human syndromes (Bloom’s  and 

Werner’s) of accelerated aging with inherited mutations in DNA repair genes strongly 

implicates DNA damage in the aging process. These disorders, known as segmental 

progeroid syndromes, are characterized by accelerated onset of a subset of human 

aging  phenotypes  that  frequently  include  neurodegeneration  (Hasty  et  al.,  2003). 

Mutations in genes involved in single- or double-strand DNA break repair result in 

cerebellar  degenerative  syndromes  known  as  ataxias,  which  are  manifested  by 

movement disorders.

Mechanisms of DNA repair:

Many different types of DNA lesions exist. Most of these lesions are repaired by the 

base excision repair (BER) pathway (Seeberg et al., 1995). Nucleotide excision repair 

(NER),  mismatch  repair  (MMR),  direct  reversal  of  damage,  homologous 

recombination and non-homologous end-joining are other DNA repair path- ways that 

may also contribute to repair of some forms of oxidative DNA damage in neural cells 

(Wilson et al., 2007; Brooks, 2007). 

BER is primarily responsible for repairing single strand breaks (SSBs) by removing 

small DNA base modifications caused by alkylation, deamination and oxidation of 

nuclear  and  mitochondrial  DNA  (Seeberg  et  al.,  1995).  These  DNA  lesions 

accumulate over time in the genomes of experimental animals and are thought to be 

by-products of normal metabolic processes. Recent studies show that BER is active in 

neuronal cells in culture, in brain cells in experimental animal models and in human 

postmortem brain tissue and also been characterized in aging and/or diseased brain 

regions (Weissman et al., 2007). The role of DNA double-strand breaks (DSBs) in the 

aging of the brain is just beginning to be explored. DSBs are repaired by two major 

pathways:  homologous  recombination,  which  occurs  during  DNA replication,  and 

nonhomologous end joining (NHEJ), the predominant pathway in postmitotic cells 

such as neurons.  NHEJ is mediated by a number of core factors, four of which are 
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highly conserved from yeast  to  mammals,  including  Ku80, Ku70, Ligase  IV,  and 

XRCC4  (Lombard et  al.,  2005). Targeted  knockouts of the NHEJ factors  in  mice 

result  in  embryonic  lethality,  genomic instability,  and apoptosis  of  neurons  in  the 

brain soon after postmitotic differentiation. More recently even Topo II beta has been 

shown  to  be  associated  with  the  core  NHEJ  proteins  (Bong-Gun  J et  al.,2006) 

suggesting a role of Topo II beta in NHEJ activity. Unpublished data from our lab 

show that there is lack of NHEJ activity in Topo II beta down regulated cells.  A clear 

relationship has been established between increased DNA damage, defective DNA 

repair  with aging and age-associated neurodegenerative disease (Bohr et  al.,  2005; 

Rao, 2006; de Souza-Pinto and Bohr, 2002; Vijg et al., 2005). 

DNA Topoisomerases in development, brain and aging:

DNA Topoisomerases  are  a  class  of  enzymes  involved in  the  regulation  of  DNA 

supercoiling. These enzymes play a crucial role in DNA transcription, replication and 

recombination,  though  the  exact  mechanism  still  needs  to  be  understood. During 

DNA  replication,  the  two  strands  of  the  DNA  must  get  completely  delinked  by 

Topoisomerases,  and  during  transcription,  the  translocating  RNA  polymerase 

generates super coiling tension in the DNA that should get released (Wu et al., 1988; 

Wang 1998).  DNA Topoisomerases  resolve  the  entangled  DNA  intermediates  by 

transiently cleaving one or two DNA strands and passing through the nick of another 

intact strand(s). Subsequently, the enzymes rejoin the DNA break and complete one 

round of catalytic cycle (Vosberg, 1985; Wang, 1987, 1996; Champoux, 2001). Based 

on  their  catalytic  mechanism,  Topoisomerases  have  been  categorized  into  four 

subfamilies, type IA, IB, type IIA and IIB (Wang, 1996). 

Type I Topoisomerases:

Type  I  enzymes  are  further  classified  into  two  families  on  the  basis  of  their 

biochemical  properties:  type IA enzymes form a transient  covalent bond to the 5’ 

phosphoryl of the broken strand, whereas type IB enzymes form a 3’-end covalent 
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bond. Members of the same family share significant  sequence similarities and are 

structurally  related  (Mondragon  &  DiGate,  1999).  The  type  IA  family  of 

topoisomerases,  which  includes  topoisomerases  I  and  III  (Hanai  et  al.,  1996)  and 

thermophilic reverse gyrases (Confalonieri et al.,1993), are widespread in nature and 

not confined to prokaryotes solely. 

Topoisomerase I:

All higher eukaryotes contain at least one type I Topoisomerase enzyme that plays a 

major role in supporting fork movement during replication and also  in facilitating 

relaxation  of   transcription-related  super  coils.  Topoisomerase  I  (Topo  I)  is 

indispensable  during  processes  leading  to  cell  development  and  also  during  cell 

division (Lee et al., 1993).  Inactivation of Topo I affects the rate of transcription in S. 

cerevisiae  (Di Mauro et al., 1993). Experiments with yeast Topo I  mutants show that 

for cell growth Topo I is not indispensable (Uemura and  Yanagida, 1984; Thrash et 

al.,  1985). This is not the case with  Drosophila melanogaster,  in which Topo I is 

essential for development during post   blastocyst stage (Lee et al., 1993). 

Topo I is a crucial enzyme for cell growth and embryo development (Morham et al., 

1996).  Mammalian Topo I belongs to type IB subfamily. It plays key roles in DNA 

replication, transcription, and recombination.  The members of the type IB subfamily 

of  Topo  I  share  no  sequence  or  structural  homology  with  other  known 

Topoisomerases  (Caron  and Wang,  1994)  and  are  functionally  distinct  from the 

members of the type IA subfamily. The activity and level of Topo I is age as well as 

gender-dependent,  it  increases  from  birth  to  maturity  and  then  decreases,  more 

significantly in males, with senescence. This shows a possible role of Topoisomerase 

I activity and regulation in various brain functions (Plaschkes et al., 2005). 
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Topoisomerase III:

Mammalian  DNA  topoisomerase  III   belongs  to  the  type  IA   subfamily  whose 

members  also  include  bacterial DNA  topoisomerases  I  and  III,  yeast  DNA 

topoisomerase  III,  and the  enzyme  "reverse  gyrase"  found  in  hyperthermophiles 

(Caron and Wang, 1996).

In mammals, there are two isozymes (α and ß) of DNA topoisomerase III, which share 

an identity of 36% in their amino acid sequences. The two human isozymes show 

distinct tissue specificities, the α-isoform being predominantly expressed in the testes 

and the ß form in the ovaries, mice deficient in DNA topoisomerase III beta develop 

to maturity but show a reduced mean lifespan (Kwan and Wang, 2001). Deletion of 

the  top3 gene in fission yeast is lethal (Goodwin et al., 1999; Maftahi et al., 1999), 

which  resembles  a  situation  in  higher  eukaryotes,  where a  disruption  of  the  gene 

encoding topo IIIα in mice causes embryonic lethality (Li and Wang 1998).

It has been shown in a study using top3α- embryos of mouse that cellular function of 

topoisomerase  IIIα   can  neither  be  substituted  by  its  putative  variant, DNA 

topoisomerase III ß , nor by the three other DNA topoisomerases I, IIα, and IIß  (Li 

and  Wang,  1998).  Thus,  the  precise  cellular  function  of  mammalian  DNA 

topoisomerase IIIα remains enigmatic.

Type II Topoisomerases:

Similar to Type I Topoisomerases there are two subclasses of type II topoisomerases, 

type  IIA  and  IIB. Type  IIA  topoisomerases  include  the  enzymes  DNA  gyrase, 

eukaryotic  topoisomerase  II  (topo  II),  and  bacterial  topoisomerase  IV (topo  IV). 

These  enzymes  span  all  domains  of  life  and  are  essential  for  function. Type  IIB 

topoisomerases  are  structurally  and  biochemically  distinct,  and  comprise  a  single 

family member, topoisomerase VI (topo VI). Type IIB topoisomerases are found in 
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archaea and some higher plants. The two classes of topoisomerases share a similar 

strand  passage  mechanism and domain  structure,  however  they  also  have  several 

important  differences.  Type IIA topoisomerases  form double-stranded breaks  with 

four-base pair overhangs, while type IIB topoisomerases form double-stranded breaks 

with two base overhangs (Buhler et al.,  2001). A number of studies in yeast have 

shown that  DNA topoisomerase  II  is  essential  for  chromosome condensation  and 

disjunction during mitosis at the metaphase/anaphase transition and meiosis (Galande 

and Muniyappa, 1996). DNA topoisomerase II is essential in proliferating cells and is 

a major target for many anticancer drugs (Bakshi et al., 2001; Wang et al., 2001).

Topoisomerase II: 

Mammalian cells express two genetically distinct isoforms of DNA topoisomerase II, 

designated as topoisomerase IIα  and topoisomerase IIß.  DNA topoisomerase IIα is 

known  to  be  essential  for  cell  proliferation,  since  some  mitotic  events  such  as 

condensation and segregation of daughter chromosomes are entirely dependent on its 

activity (Nitiss, 2009). It is also likely to be involved in other DNA transactions like 

DNA replication, transcription, and recombination. The two isoforms of topo II, the 

170 kD topo α and the 180 kD topo II β present in mammals  have conserved catalytic 

activities. But the exact roles shared by these enzymes are unknown. Topoisomerase 

IIβ protein differs from Topoisomerase II  α in many important aspects. The genes 

coding for the Topoisomerase II α and β proteins map to chromosomes 17q21-22 and 

3p24 and are clearly distinct. Topoisomerase II β protein is less sensitive to inhibition 

by intercalating agents and epipodophillotoxins than the α protein.

Topoisomerase II α activity is shown to be highest during the G2/ M phase of the cell 

cycle (Heck et. al., 1988). Whereas Topoisomerase II β is constant throughout the cell 

cycle (Woessner et. al., 1991). Topoisomerase II α is distributed in the nucleoplasm 

(Woessner et. al., 1990) in contrast to Topoisomerase II  β, which is localized in the 

nucleolus during interphase, and in the cytoplasm during mitosis (Negri et. al., 1992). 
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Both the isoforms show different patterns of tissue distribution. Topoisomerase II α is 

shown to be higher in testes, spleen, bone marrow and liver. The α-isoform is present 

in proliferating cells,  while β-isoform is predominantly present in non-proliferating 

cells namely neurons suggesting its role in non-replicating functions of DNA (Tsutsui 

et al.,  2001; Kondapi et al.,  2004). The decreasing activity of topoII β with aging 

(Kondapi et al., 2004) points out to its possible role in DNA repair activity in neurons 

during aging.

DNA Topoisomerases

Enzyme Type Organism Subunit size 
(kDa) & 

Composition

Catalytic 
Activity

Function

Bacterial 
Topoisomerase I 
(ω protein)

IA Bacteria
(e.g. E. coli)

97
Monomer

Relax only 
negative 
supercoils
(ATP-
independent)

Prevent 
hypernegative 
supercoiling of 
DNA during 
transcription.

Eukaryotic 
Topoisomerase I 

IB Eukaryotes
(e.g. human)

91
Monomer

Relax both 
positive and 
negative 
supercoils.
(ATP- 
independent)

Involved in DNA 
replication and 
transcription. 

Eukaryotic 
Topoisomerase III IA

Eukaryotes
(e.g. human 
Topo III α & 
III β)

       ~ 91
   Monomer

Relax only 
negative 
supercoils

Involved in 
recombination 
events of DNA.

DNA gyrase IIA Bacteria
(e.g. E. coli)

A:97 and B:90
A2B2

Introduce 
negative 
supercoils into 
DNA. (ATP-
dependent).

Allows bacterial 
DNA to have free 
negative supercoils 
and help in 
replication.

Eukaryotic 
Topoisomerase II 

IIA Eukaryotes
(e.g. human 
Topo IIα )

174
homodimer

Relax but not 
supercoil 
DNA. (ATP 
dependent).

Topo IIα expression 
is tightly regulated 
in a cell-cycle-
dependent manner.

IIA Eukaryotes
(e.g. human 
Topo II β)

180
homodimer

Relax but not 
supercoil 
DNA. (ATP 
dependent).

Not regulated in a 
cell cycle dependent 
manner.

Bacterial 
Topoisomerase IV

IIA Bacteria
(e.g. E. coli)

C2:84 and E2:70
C2E2

Relax but not 
supercoil 
DNA. (ATP 
dependent).

---------
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Cell culture as a model for aging:

Animal models used in aging research are chosen partially because of their short life 

spans.  The  use  of  short-lived  animals  for  aging  research  assumes  that  there  is 

relevance to the much longer human life span and that fundamental aging processes 

are conserved between species. Cell culture approaches make it easier and possible to 

study tissue-specific and cell-specific aging rather than using animal models which 

are complex. 

The first  aging experiments  using cell  cultures  were carried out  very early  in  the 

twentieth  century.  Carrell  (1912)  performed  a  series  of  experiments,  where  he 

dissociated cells from chicks, placed them in culture, and showed by subculturing that 

the cells were seemingly capable of proliferating indefinitely. The conclusion was that 

organismal mortality (and aging) was a consequence of multicellularity.  The logic 

behind this equivalence, however, was faulty. 

Cell cultures are widely used as models to study the molecular mechanisms of aging. 

Numerous  studies  performed  on  cultured  human  fibroblasts  (Wistrom  and 

Villeponteau, 1990), T lymphocytes (Pawelec et al., 1997), and several other types of 

mammalian  cells  (Augustin  Voss  et  al.,  1993;  Peterson,  1995)  demonstrated  that 

normal dividing cells have a finite proliferation capacity in vitro. This phenomenon is 

interpreted as aging at the cellular level and is known as ‘‘replicative senescence’’ 

(Hayflick,  1998). Replicative senescence is limited to cells that  have the ability to 

divide in vivo, and hence does not apply to postmitotic cells such as mature neurons or 

muscle. There are other mechanisms that lead cells into senescence, such as oxidative 

stress, double stranded DNA breaks, expression of certain oncogenes (e.g. activated 

RAS or RAF), modifications in chromatin structure or changes in energy metabolism 

(Campisi,  2001). However, a question remains whether investigation of replicative 

senescence will  shed insight into the senescence of postmitotic  differentiated cells 

(Cristofalo, 1996; Rubin, 1997). Several investigators suggested that the ‘‘stationary 

phase’’ cell cultures (Khokhlov, 1992; Rubin, 1997) might be a more advisable model 

to study mechanisms of aging of postmitotic differentiated cells. 
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Aging of  neuronal  cells  in  vitro was  not  described until  the  end of  the  twentieth 

century (Aksenova et al., 1999, Lesuisse and Martin, 2002, Toescu and Verkhratsky, 

2000).  Providing the optimal  conditions  over  long period of time was the biggest 

obstacle.  Hippocampal  and cortical  neurons  have been  described as  being  able  to 

survive up to 60 days in culture (Aksenova, 1999, Lesuisse and Martin, 2002).

                            

Cerebellar  granule  neurons  (CGNs)  constitute  the  largest  homogenous  neuronal 

population of mammalian brain. CGNs in culture are an interesting model to study 

cellular  and  molecular  correlates  of  mechanisms  of  survival/apoptosis  and 

neurodegeneration  /neuroprotection  (Contestabile,  2002).  Previously, long-term 

cultures of CGNs were shown to survive in vitro for a maximum of 17 days (Ishitani 

et al., 1996). While, CGNs could be maintained for 23 divisions  (days  in vitro) in 

studies on the Ca2+ homeostasis related to aging (Toescu et al., 2000).

Rationale & Aim of the study:

There  has  been  abundant  amount  of  work done  in  order  to  understand the  aging 

phenomena  and  age-associated  degenerative  diseases.  Nevertheless,  the  causes  of 

aging  and  age  associated  diseases  (such  as  Parkinson’s  or  Alzheimer’s)  are  still 

unanswered. Understanding the mechanism of molecular events that control neuronal 

degeneration, cell death is critical for design and development of new strategies that 

help  prevention  and  treatment  of  neurodegenerative  diseases  and  aging  process. 

Aging of  the  brain  and  neurodegenerative  diseases  share  a  common predisposing 

factor, which poses several basic questions. First, how can a neuron survive for years 

and remain functionally competent? Second, do neurons possess unique mechanisms 

for the repair of DNA and protein damage and protection against toxic free radicals? 

And finally, how and when do these quality control and repair systems break down? 

Studying neurodegenerative diseases or creating and studying aging model systems 

should help towards this goal. 
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The  aim  of  this  study  is  to  investigate  the  molecular  changes  that  occur during 

neuronal aging. This is addressed through developing an  in vitro  model of aging of 

cerebellar granule neurons (CGNs) of rats and understanding whether CGNs in vitro 

would mimic known features of aging as in vivo, under prolonged period in culture. 

The observation that young and old neurons have different DNA repair capacity and 

decreased  levels  of  DNA  topoisomerases  with  increasing  age  prompted  us  to 

characterize  the  possible  molecular  mechanisms  involved  in  causing  senescence. 

Therefore, the DNA repair capacity of neurons and its contribution to the neuronal 

degeneration  caused  by  in  vitro  aging  of  CGNs  was  characterized.  The  role  of 

Topoisomerase  I  in  neuronal  development  was  analyzed  using  siRNA  mediated 

knockout studies. 

These aims were achieved through the following objectives:

1. Establishing Cerebellar granule neurons as in-vitro model of aging.

2. Analysis of Topoisomerases in in-vitro and in-vivo aging.

3. DNA Repair capacity of cultured CGNs; Topo II β, a potential marker. 

4. Role of Topoisomerase I in neuronal development.
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CHAPTER -2

Materials & Methods
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Materials

Reagents:

Eagle's  minimal  essential  medium (EMEM),  non-essential  amino  acids,  sodium 

pyruvate  (Invitrogen,  Carlsbad,  CA),  Fetal  Bovine  Serum  (FBS,  Lifetech). 

Oligonucleotides,  Taq DNA polymerase,  dNTPs (deoxy Nucleotide tri phosphates) 

(Integrated  DNA  Technologies,  USA).  Adenosine  tri  phosphate  (ATP), 

phenylmethylsulfonyl  fluoride  (PMSF),  Bovine  serum  albumin  (BSA),  leupeptin, 

pepstatin,  aprotinin,  Triton  X 100,  Trizol  (TRI-REAGENT),  dithiothreitol  (DTT), 

ethyl nitroso urea (ENU), dimethyl sulfoxide (DMSO), (3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium  bromide (MTT),  camptothecin (Sigma  Co.,  USA). 

Nitrocellulose membrane (NC) (PALL Life Sciences, USA), all other chemicals were 

from Sigma and SRL unless specified.

Kits:

Caspase-3 assay kit (BD Pharmingen, San Jose, CA, USA),

Annexin V -Vybrant apoptosis assay kit#3 (Invitrogen, USA),

Enhanced avian first strand synthesis kit (eAMV-RT,SIGMA).

Animals:

Wistar rats (Rattus novergicus), provided by University Animal house facility (UOH, 

Hyd,  INDIA).  All  experiments were  performed  in  accordance  with  Institutional 

animal ethics committee recommendations and guidelines were followed to minimize 

pain and discomfort. 

Age group:

Post natal  6-8 day rat  pups,  young (<10 days),  adult  (> 6 months) and old (> 18 

months).

Primary neurons:

Primary cerebellar granule neuronal cultures were prepared from post natal 6 – 8 day 

old rat pups cerebellum.
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Antibodies:

Mouse anti-human/rat Topoisomerase IIα and mouse anti-human/rat Topoisomerase 

IIβ  were  from  Pharmingen  group  (Becton–Dickinson  biosciences).  Mouse  anti- 

human/rat  Topoisomerase  I,  mouse  anti-  Glial  fibrilar  acidic  protein  (GFAP)  and 

Rabbit  anti-Neurifilament-M  chain  (NF)  were  from  Sigma.  Rabbit  anti-

Topoisomerase IIIα and Rabbit anti- Topoisomerase III β were from Corgen. Inc. The 

secondary antibodies were purchased from UPSTATE, USA.

Methods

2.1 Isolation and culture of cerebellar granule neurons:

The  preparation  of  cerebellar  granule  cells  was  based  on  a  previously  described 

method  (Cambray-Deakin,  1995).  Anesthetized  D7  rat  pups  were  decapitated. 

Cerebella were collected and washed with  phosphate-buffered saline  (PBS) at 40C. 

Cerebella were minced into 500 µm or smaller sections with a no. 11 scalpel blade. 

Minced tissue was incubated at room temperature for 10 min in trypsin-EDTA (0.05% 

trypsin,  0.53  mM  EDTA;  GIBCO).  After  trypsinization,  the  minced  tissue  was 

resuspended in 2 mL granule cell medium  (Eagle's MEM with Earle's BSS, 2 mM 

glutamine  (0.292  g/L),  10%  heat-inactivated  bovine  serum  (Lifetech),  6  mg/mL 

glucose, 25 mM KCl, 10 U/mL penicillin, 10 µg/mL streptomycin containing 0.05% 

DNase-I  (final  concentrations).   The suspension was placed on ice and triturated 

through a fire-polished glass pipette with the minimal number of strokes needed to 

obtain a suspension of single cells.  Three pipettes of decreasing tip diameters were 

used and the entire suspension was moved through each pipette tip 2-4 times and 

triturated slowly without appearance of any bubbles. Granule cells were plated in the 

presence of media that contains 10% fetal bovine serum. Cultures were incubated in a 

humidified atmosphere of 5% CO2/95% air at 37°C. 

Seeding density:  

Cells were seeded at 106 cells / 35 mm Poly-L- Lysine (PLL) (Sigma) coated dishes, 

each dish containing 2 ml of granule media.  Cultures were fed every 2-3 days by 

32



replacing half the volume of media. 1µM arabinosylcytosine (SIGMA, USA) (mitotic 

inhibitor)  was added to cultures for 2 days, during the first  week after  plating,  to 

suppress the proliferation of mitotic non neuronal cells.

2.2 CGNs as long term culture:

Cultured CGNs were kept over the period of 7 weeks in culture. In order to maintain 

similar conditions in the culture medium 2/3rd of the media was replaced every 2 days 

until  the  cells  were  in  culture.  Cultures  were  split  in  to  1-  7  weeks  to  carry  out 

experiments.

2.3 MTT assay for Cell viability:

The viability of granule neurons under prolonged period in culture  was estimated by 

the redox activity  of mitochondria  in reducing MTT (3-(4,5-Dimethylthiazol-2-yl)-

2,5-diphenyl  tetrazolium bromide)  (Sigma)  in  viable  cells.  Cells  were  cultured  in 

poly-l-lysine coated 24 well plates (1x105 cells per well). After the cultures reached 

required age, 500 µl of 0.5 mg/ml of MTT in fresh medium was added to each well 

and the cells were incubated at 370C for 4 h. The plates were then centrifuged at 1,500 

rpm  for  20  min  at  room  temperature  and  the  medium  was  carefully  removed. 

Dimethyl sulfoxide (DMSO) (500 μl) was then added to each well to dissolve the 

formazan crystals. The DMSO-dissolved formazan crystals were read immediately at 

540 nm with DMSO as blank on a spectrophotometer.

In case of Topo I Knockout studies,  All experiments were conducted one day after 

plating  when  neurons  were  arborizing   (dendrites  and  axons).  At 24  hours  after 

plating,  the  neurons  were  treated  with  Topo  I  siRNA  (0.1µM  -  1µM)  using 

Lipofectamine-2000  (Invitrogen,  cat.  no.  11668)  as  tranfection  agent  and 

camptothecin (Sigma,  Cat No. C9911) ( 1µM – 100µM), and also with 0.5 µM of 

non-silencing  Topo  I   siRNA  (scrambled)   as  control.  The  effect  of  varying 
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concentrations of Topo-I si RNA and camptothecin on the viability of granule neurons 

in culture after 16 h treatment was determined by colorimetric quantification of MTT 

based on assay described above and earlier by (Mosmann, 1983). Cultured CGNs in 

poly-l-lysine coated 24 well plates after treatment were incubated with 500 µl of 0.5 

mg/ml of MTT in fresh medium at 37 °C for 4 h.  The plates were then centrifuged at 

1,500  rpm for  20  min  at  37  °C and  the  medium was  carefully  removed.  500 μl 

dimethyl sulfoxide (DMSO)  was then added to each well to dissolve the formazan 

crystals. The DMSO dissolved formazan crystals were read immediately at 540 nm 

with DMSO as blank on a spectrophotometer.

2.4 Caspase-3 assay:

Caspase-3 activity was measured through cleavage of a colorless substrate specific for 

caspase-3 (Ac-DEVD-AMC) releasing the chromophore, (7-amino-4-methylcoumarin 

(AMC). Assays were carried out according to manufacturer’s instructions (Caspase-3 

assay kit, BD Pharmingen, San Jose, CA, USA). To evaluate the activity of caspase-3, 

cell lysates were prepared from CGNs at different weeks in culture or after treatment 

with  varying  concentrations  of  Topo  I  siRNA  and  Camptothecin.  Assays  were 

performed by incubating 50 μg protein of cell lysate per sample in 1 ml protease assay 

buffer (1X HEPES buffer)  containing 10 μl of 1 μg /  μl  caspase-3 substrate  (Ac-

DEVD-AMC, 2 mM). A  caspase-3 aldehyde inhibitor  1 μg / μl  (Ac-DEVD-CHO) 

supplied along with the kit was used as control. Lysates were incubated at 370C for 1 

h.  Samples  were  measured  for  AMC  liberated  from  Ac-DEVD-AMC,  using  a 

spectrofluorometer  with  an  excitation  wavelength  of  380  nm  and  an  emission 

wavelength of 450 nm. 

2.5 Western blot analysis:

Cells were harvested by scraping in 25 mM Tris–HCl, 137 mM NaCl, 3 mM KCl, pH 

7.4, and centrifuged at 300g for 7 min at 4 0C. The cell pellet was homogenized in 0.2 

ml protein lysis buffer (20 mM Tris–HCl pH 7.5, 0.1 mM β-mercaptoethanol, 1 mM 
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MgCl2  ,  0.1 mM EDTA, 5% glycerol,  0.1% Triton X-100, 0.5 mM KCl,  0.5 mM 

PMSF and 1 μg/μl pepstatin and leupeptin) for 10 min on ice followed by sonication 

for  15–20  s.  The  protein  concentrations  in  cell  lysates  were  measured  using  the 

Bradford  method (Bradford,  1976). Twenty micrograms  of  total  protein/lane  were 

separated  on  10%  sodium  dodecyl  sulfate  (SDS)  gels  and  then  transferred  to 

nitrocellulose  membranes (Towbin et al., 1979). The membranes were blocked with 

5% non-fat dry milk in Tris- buffered saline pH-7.5 (TBS) containing 0.05% Tween-

20 for 1 h and then incubated overnight at 40C with corresponding protein specific 

antibodies. After washing and incubating for 1 h at 220C with a secondary antibody, 

conjugated with horseradish peroxidase or alkaline phosphatase.  These membranes 

were  then  washed  and  immunoreactive  bands  were  visualized   either  by 

chemiluminescence (Pierce Western Blot Chemiluminescence Reagent, USA) or by 

using BCIP/NBT (Bangalore Genei, India) substrate for alkaline phosphatase enzyme. 

Relative levels of protein in the different lanes were compared by analyzing scanned 

images using the NIH IMAGE J program. All studies were performed a minimum of 

three times using independent cultures.

2.6 Reverse Transcription PCR (RT-PCR):

Total RNA was extracted from granule neurons during the period from 1st to 5th week 

in  culture  or  after  treatments  with  Topo  I  siRNA  and  camptothecin  using  TRI-

REAGENT  (SIGMA,  USA).  Aliquots  of  5  µg  were  then  subjected  to reverse 

transcription  using  oligo  (dT)  primer  and  c-DNA  synthesis  was  carried  out  with 

enhanced avian first Strand Synthesis Kit (eAMV-RT,SIGMA).  Aliquots containing 

an equal amout of cDNA were then used for PCR ,  with primers for RAT  β-actin, 

topo IIβ, topo IIα , topo I, topo IIIβ, topo IIIα , Pol-β, Ku 70 and Ku 80. 

Primer Design:

Based on sequence homology of topo II β, topo IIα , topo I, topo IIIβ, topo IIIα , Pol-

β, Ku 70 Ku 80 protein and β-actin,  primer sequences were designed for Wistar rat 
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(Rattus  novergicus)   strains  that  were aligned using Primer 3 software  (available 

Online). 

The following primers were used:

Primers Forward 5'--------------3' Reverse5'--------------3'

Topo I CTCTAGTCCACCACGAATTAAAGAC TACTTCTTCTGCTTTGGGACTCAG

Topo IIα AGGTGGTCGAAATGGCTATG CCTCTCCGCTAAAGGGCTTG

Topo II β CACATTAAAGGCCTGCTAAT AGGTAATGGCAGCATCATCC

Topo IIIα TGGAACAGCAGACCCAGGATCCACAC CATGAGGGCGATGAGGTCAGCT

Topo III β GAGTCAGCATCGGCAGTCCTGTTGA GTCATGGCATTGCAGATGTCCGT 

Ku 70 TGAA GTGCTCTGGGTCTGTG CAGCGATGCTGATGATGTCT

Ku 80 TGCCATGGGTAACTCCTTTC AGGAAGTCGGCTTGTTGAGA

Pol β CACAGCTCAATGGCACCTAAC AGTGACCAGACGCTGTGATG

β- actin CTGACAGGATGCAGAAGGAG GATAGAGCCACCAATCCACA

Cycling conditions were optimized for each primer, and PCR products were run on 

1.2% agarose gel stained with ethidium bromide. Gels were digitally photographed, 

and densitometric analysis was performed. Values are expressed as ratios to β-actin.

2.7 Real time PCR:

The Applied Biosystems (ABI) Prism 7900 HT sequence detection system (Applied 

Biosystems, USA) was used for real-time polymerase chain reaction (RT-PCR). The 

synthesized c-DNA was used for quantitative RT-PCR (qRT-PCR) analysis. The real-

time qRT-PCR was performed in 96- well plate (MicroAmp TM Fast optical 96-well 

reaction plate, Applied Biosystems.) in a 20 μl reaction volume using components of 

the SYBER green qPCR kit (SAF labs, USA). Relative changes in gene expression 

(fold  change)  were  calculated  using  the  2-[delta]  Ct  (threshold  cycle)  method. 
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Relative gene expression was determined based on the threshold cycles (Ct) of the 

gene of interest (topo II β) and β-actin as an internal reference gene.

2.8 Alkaline comet assay:

Granule neurons at different stages of culture were treated with 0.5 μM N-ethyl-N-

nitrosourea (ENU) for 12 h followed by 24 h recovery. Subsequently, the comet assay 

was carried out as in Lebailly et al. (1997). 105 cells were suspended in 140μl pre-

warmed low melting point (LMP) agarose (0.5% PBS) and 100 μl of the suspension 

was rapidly spread on ice frosted microscope slides  pre-coated with 80 μl of normal 

agarose (0.8 % in PBS) and covered with a glass coverslip. After gelling for 10 min at 

00C, the cover slip was gently removed and a third layer of 80 μl LMP agarose was 

added. Slides were then put on a tank filled with lysis solution (2.5 M NaCl, 0.1 M 

EDTA, 10 mM Tris-HCl pH 10, 10 % dimethyl sulfoxide (DMSO) and 1 % Triton X-

100 both  freshly added)  for  one  hour  at  room temperature.  The  slides  were  then 

removed from lysis solution and incubated in a fresh electrophoresis buffer (0.3 M 

NaOH and 1 mM EDTA, pH 13) for 40 min at room temperature to allow unwinding 

of  DNA.  Electrophoresis  was  then  carried  out  at  room  temperature  in  fresh 

electrophoresis buffer for 24 min at 0.7 volts/cm and 300 mA. After this, the slides 

were gently washed twice for 5 min in fresh neutralization buffer (0.4 M Tris-HCl, pH 

7.5). After drying overnight at 40C, slides were stained with 50μl of ethidium bromide 

solution (20μg/ml) and covered with a cover slip. The images were captured on a 

Confocal microscope (Lieca) and quantified by using Comet-IV software (Perceptive 

Instruments, UK). The comet moment was calculated by using the equation described 

in Kent et al., (1995), viz., (comet moment R0–n = (intensity of DNA at distance X) 

(distance)/intensity  of total  DNA). Data is presented as an average along with the 

standard deviation (SD) calculated from three independent experiments (50 images 

for each dose of each independent experiment).
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2.9 Preparation of nuclear extracts for in vitro NHEJ assay:

Extracts  from  cerebellar  granule  neurons  in  culture  (CGNs)  were  prepared  as 

described in Davydov et al. (2003) and Shackelford et al. (1999). Briefly, cells were 

homogenized in four volumes of homogenization buffer A (10 mM HEPES, pH 7.9, 

0.5 mM dithiothreitol  (DTT), 10 mM KCl, 1.5 mM MgCl2,  and protease inhibitor 

cocktail) on ice. The final concentration of protease inhibitors in the buffers was 0.2 

mM  phenylmethylsulfonyl  fluoride  (PMSF),  5  mM  benzamidine,  0.05  mg/ml 

leupeptin,  0.025 mg/ml pepstatin A, and 0.05 mg/ml aprotinin. Homogenates were 

centrifuged at 5000×g  for 15 min at 40C. The supernatants were considered as the 

cytosolic fraction. Pellets were resuspended in an equal volume of high salt buffer C 

(20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCl2, 1 M NaCl, 0.2 mM EDTA, 

0.5  mM DTT,  and protease  inhibitor  cocktail),  extracted  for  30  min  at  40C with 

continuous  gentle  mixing,  and  centrifuged  at  70,000×g  for  30  min  at  40C.  This 

supernatant is the nuclear protein extract. This was dialyzed for 6 h at 40C  against 20 

mM  HEPES,  pH  7.9,  20%  glycerol,  100  mM  KCl,  0.2  mM  EDTA,  0.5  mM 

dithiothreitol,  and  0.2  mM  PMSF,  centrifuged  at  16,000×g  for  30  min  at  40C 

aliquoted  and  frozen  at  −700C.  Protein  concentrations  were  determined  by  the 

Bradford  method  (Bradford,  1976)  using  bovine  gamma-globulin  as  the  standard 

protein. 

2.10 DNA end joining assay:

DNA  end  joining  assay  was  performed  as  described  previously  (Pfeiffer,  1988; 

Baumann  and  West,  1998).  pUC19  plasmid  DNA  was  isolated  using  standard 

protocol. For creating a specific double strand break, plasmid DNA was subjected to 

restriction digestion generating cohesive (EcoRI) ends. Completion of digestion was 

monitored by agarose gel electrophoresis and around 95% of the plasmid DNA was 

digested while generating the monomer. Linear pUC 19 obtained by EcoRI digestion 

was  labeled  with  γ32P  dCTP  using  RediprimeTM  II  kit  (Amersham  Pharmacia 

Biotech) for random priming and the labeled product, after purification, was used as a 

probe for Southern detection of end joined products. 
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A standard  end  joining  assay  mixture  contained  final  concentrations   of  45  mM 

HEPES–KOH buffer pH 7.9, 50 mM KCl, 7.4 mM MgCl2, 0.4 mM EDTA, 0.9 mM 

DTT, 2 mM ATP, 20 μM dNTPs, 3.4% glycerol, 18 μM BSA, 400 ng of substrate 

DNA (pUC 19 plasmid DNA digested with indicated restriction enzyme) and 40μg of 

extract proteins. The reaction mixture was incubated for 2 h at 250C. DNA products 

were  purified  by  phenol/chloroform extraction  and  ethanol  precipitation.  Products 

were loaded on 0.8% Agarose gel and electrophorosed in 0.5× TBE buffer at 60 volts 

for 5 h. The gel was stained by EtBr (ethidium bromide) and documented for results. 

For Southern analysis, the gel was depurinated and blotted onto a nylon membrane 

(Hybond N+, Amersham) in denaturating buffer (alkaline transfer) and the membrane 

hybridized with the 32P-labeled plasmid probe prepared as mentioned above. The end 

joined products were visualized as dimers and multimers on the autoradiogram.

2.11 Senescence-Associated ß-Galactosidase (SA-β-gal) assay:

Cultured neurons grown on glass cover slips were fixed with 4% paraformaldehyde at 

room temperature for 3-5 min, cells were washed three times with PBS and incubated 

in  the  dark  in  X-gal   staining  solution  pH-6 (100 mM sodium phosphate,  2  mM 

MgCl2, 150 mM NaCl, 0.01% sodium deoxycholate, 0.02% NP-40, 5 mM potassium 

ferricyanide,  5  mM  potassium  ferrocyanide,  and  1  mg/ml  X-gal).  Cells  were 

incubated in the dark for 10 hrs at 37°C. The cells were then washed in PBS, mounted 

and  viewed  under  a bright  field  microscope.  The  positive  percentages  were 

determined  by  counting  stained  and  unstained  cells  under  a  microscope  at  400X 

magnification in 4 random fields. A minimum of 200 cells were counted and results 

were presented as the mean (SEM) for a given number of observations (n) along with 

mean standard errors.

2.12 Imaging of Intracellular Ca2+ using Fura 2-AM:

For measurement  of intracellular Ca 2+ levels we followed the method described in 

Barreto-Chang et al. (2009). CGNs cultured on poly- d- lysine coated glass cover slips 
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were transferred into 35mm dishes containing  Fura 2-AM loading solution in Hanks’ 

balanced salt solution-bovine serum albumin  containing 2.5 mM probenecid, pH 7.45 

(HBSS-BSA-probenecid,  pH 7.45) with a concentration of 1μM  Fura 2-AM. The 

cells  were  incubated  in  the  dark  at  room temperature  for  30  min  and  were  then 

washed twice with pre-warmed HBSS-BSA-probenecid buffer. Immediately the cells 

were incubated in a 370C  incubator (no CO2 required as the HBSS BSA probenecid is 

not bicarbonate buffered), for 30 min in the dark.  These cells on the coverslips were 

mounted  on   an  inverted  microscope  (Leica  Fluorescence  confocal  microscope) 

setting the excitation/emission wavelengths for fura-2, (set fluorimeter optics for dual 

excitation at 340 and 380 nm and emission at 510 nm). The fluorescence ratio images 

were captured using 20x fluor objective and were digitized. To measure the calcium, 

the region of interest tool (ROI) was used to define the areas of the image and the 

intensity  of  fluorescence  was  quantified  using  J-image  software  (NIH).  Several 

images of cells (minimum 50 cells) in different random fields were selected and the 

fluorescence intensity was averaged and quantified. 

2.13 siRNA synthesis:

We have used double strand siRNA oligos for transient down regulation of Topo I in 

rat  CGNs.  Lipofectamine  2000  (Invitrogen)  was  used  for  transfecting  the  double 

strand  siRNA  oligos.   One  day  cultured  cells  were  used  for  transfection  as 

standardized  in  our  lab  (Mandraju  2008). Double  strand  siRNA  oligos  were 

synthesized as described earlier ( Donze and Picard, 2002). For this, desalted DNA 

oligonucleotides  were  obtained  from  Sigma  (India).  The  oligonucleotide-directed 

production of small RNA transcripts with T7 RNA polymerase has been implemented 

as described (Milligan and Uhlenbeck, 1989). For each transcription reaction, 1 nM of 

each oligonucleotide was annealed in 50 µl of TE buffer (10 mM Tris–HCl, pH 8.0, 

and 1 mM EDTA) by heating at 95 ºC; after 2 min, the heating block was switched off 

and allowed to cool down slowly to obtain double stranded DNA. Transcription was 

performed in 50 µl of transcription mix: T7 transcription buffer (40 mM Tris–HCl, 

pH  7.9,  6  mM  MgCl2,  10  mM  Dithiothreitol  (DTT),  10  mM  NaCl  and  2  mM 
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spermidine) 1 mM NTPs, 0.1 U yeast pyrophosphatase (Sigma), 40 U Rnase OUT 

(Life Technologies) and 100 U T7 RNA polymerase (Invitrogen) containing 200 pM 

of the dsDNA as template. After incubation at 37 ºC for 2 h, 1 U RNase-free DNase 

(Genetix) was added at 37 ºC for 15 min. Sense and antisense 21-nt RNAs generated 

in  separate  reactions  were  annealed  by  mixing  both  crude  transcription  reactions, 

heating at 95 ºC for 5 min followed by 1 h at 37 ºC to obtain ‘T7 RNA polymerase 

synthesized small interfering double-stranded RNA’ (T7 siRNA). The mixture (100 

µl)  was then adjusted to 0.2 M sodium acetate,  pH 5.2, and precipitated with 2.5 

volume  of  ethanol.  After  centrifugation,  the  pellet  was  washed  once  with  70% 

ethanol, dried and resuspended in 50 µl of water.
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2.13.1 si RNA oligos:

The  following  oligos  were  used  to  synthesize  siRNA, Topo  I  sense  strand-

5`GCGGATTTCCGATTGAATGTT3',  Topo  I  anti-sense  strand-5’CATTCAAT 

CGGAAATCCGCTT3'.  Scrambled  sense-5’TTCGCGGATCGATTGAATGTT3', 

Scrambled anti-sense-5’CATTCAATCGATCCGCGAATT3'.

   Figure 2.1

Fig. 2.1. Strategy to generate T7 siRNAs:  The sequence of the gene of interest is 

shown in red (sense) or blue (antisense), while the two unrelated nucleotides are in 

black. RISC stands for the RNA-induced silencing complex that targets the mRNA 

for cleavage (Taken from Donzé and Picard, 2002).
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2.13.2 siRNA transfection:

Cultured  granule  neuron  Cells  (2  x106 million)  were  transfected  by  using 

Lipofectamine-2000  (Invitrogen)  with  0.5  µM  of  non-silencing  Topo  I  siRNA 

(scrambled)  and silencing Topo-I siRNA separately.  In case of  immunoflurosence 

studies the CGNs were co-transfected with green fluoresent expressing pEGFP-N2 

plasmid along with siRNA. 

2.14 S35-methionine in vitro labeling:

S35-  methionine is a commonly used isotope for radio labeling of proteins.  Topo-I si 

RNA transfected in CGNs for 16 hrs or camptothecin treated CGNs for 16 hrs (2 × 

106 cells)  were  incubated  with  10  µCi  S35-methionine  in  methionine-free  DMEM 

medium (Gibco)  for 4 h in 5% CO2 incubator, later the  cells were suspended in 

protein  lysis  buffer (20mM  Tris–HCl  pH  7.5,  0.1  mM  ß-mercaptoethanol,  1mM 

MgCl2,  0.1  mM EDTA, 5% glycerol,  0.1% Triton  X-100,  0.5  mM KCl,  0.5  mM 

PMSF and 1 µg/µl  pepstatin  and leupeptin)  and  100 µg total  protein  extract  was 

subjected  to  10%   polyacrylamide  gel  electrophoresis  (PAGE)  and  stained  with 

Coomassie.  The dried gels were exposed to X-ray film for 4 days and developed. 

Protein equivalent  S35 methionine incorporation into proteins was measured using 

25µg of treated cell extracts, aliquoted on filter, dried followed by counting in toluene 

containing scintillation liquid using LKB Beta counter.  The data is represented as 

counts per minute (cpm).

2.15 Annexin-V assay by FACS:

16  hours  after  transfection  with  appropriate  siRNA  constructs  and  camptothecin 

concentrations,  apoptosis  was  measured  in  terms  of  annexin-V  staining  (Vybrant 

Apoptosis  Assay  Kit#3,  Invitrogen,  USA)   followed  by   FACS  analysis  (  BD 

biosciences).  For  the  cytotoxicity  assay  2×106 freshly-trypsinized  0.5μM  Topo  I 

siRNA transfected or 10µM camptothecin treated granule neurons were used.  The 

collected target cells were then washed in PBS, resuspended in 1× annexin binding 
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buffer and stained with annexin V-FITC for 5 min at room temperature in the dark. 

The staining solution was removed and the cells were resuspended in cold PBS on ice 

for  FACS.  Quantification  of  cytotoxicity  was  determined  by  the  percentage  of 

apoptotic target cells scored by FACS analysis.

2.16 Immunofluorescence:

CGNs were dissociated and cultured, as described above in 6-well plates containing 

poly-L lysine coated cover slips at a density of 2x106 cells/well. After 24 hr in culture 

the cells were co-transfected with siRNA and pEGFP-N2 plasmid (a gift from Prof. 

N.  Siva  kumar,  University  of  Hyderabad,  India)  using  Lipofectamine  2000,  or 

treatment with 10μM camptothecin separately as required. After 16 hr treatment, the 

neurons were fixed with 4% para formaldehyde containing 0.025% triton X-100, for 

15 min at  room temperature,  blocked with PBS containing 5% bovine serum, and 

incubated with monoclonal anti-Topo I (1:100 dilution) (Sigma USA)  and polyclonal 

anti-neurofilament (NF) (1: 100 dilution).  Subsequently the cells were washed 3-4 

times  with  PBS and incubated  with  fluorescent-tagged  anti-mouse  IgG-Cy3,  anti-

rabbit  IgG-Cy5 (Chem Bio) at 1:250 dilutions. These cultures on cover slips were 

mounted on to glass slide and viewed under Fluorescence confocal microscope Lieca 

(Leach  Instruments,  Heidelberg,  Germany).  The  excitation/emission  wavelengths 

employed were 400 nm/510 nm for GFP (green), 548nm/ 562 nm for Cy3 (blue)  and 

650/700 for Cy5 (red).

2.17 Morphometric analysis: 

To evaluate neurite length, cells were co-transfected with 0.5 μM Topo I siRNA + 

pEGFP-N2 plasmid, transfected cells were cultured for 16 hrs.  In a separate dish cells 

were treated with 10μM camptothecin for 16 hrs. After 16 hours, cells were fixed and 

immunolabeled with anti-Topo I and anti- neurofilament (NF) antibodies as described 

in Immunofluoresence (2.8). Based on the GFP (green) and  NF (red) positive cells 

individual processes were traced manually and measured with Image J, a java-based 
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image analysis program (NIH,USA) available on the internet. The total neurite length 

per neuron was determined and measured as the sum of the lengths of all neurites of 

neurons in culture. The average total neurite length was determined from a sample of 

at least 50 neurons per group from two independent experiments. The neurite lengths 

were  compared  to  Topo  I  siRNA  and  control  cells.  Values  are  expressed  as 

mean ± standard  error.  Statistical  differences  were  evaluated  with  independent 

parametric t-test.

2.18 Data analysis:

All experiments  were repeated three times individually  unless otherwise specified. 

Differences between groups were assessed by One Way Anova followed by student-

Newman-Keuls test, p- value less than 0.05 (p < 0.05) were considered statistically 

significant. Data are expressed as the mean ± SD.
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CHAPTER -3

Establishing Cerebellar granule neurons as 

in-vitro model of aging
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Introduction:

The precise relationship between the processes of aging in different tissues in vivo and 

in experimental models of cellular aging remains unclear. Reactive oxygen species 

(ROS) and many other  DNA-damaging agents  can cause cells  to  enter  a  state  of 

irreversible  cell  cycle  arrest,  accompanied  by  characteristic  morphological  and 

functional alterations, referred to as  senescence (Ben-Porath and Weinberg, 2004). 

Evidence for the role of cellular senescence in aging is based mainly on correlations. 

In mammals, the cells programmed for senescence accumulate with increasing age 

and at sites of pathogenesis (Itahana et al., 2004). Several mouse and human models 

of premature aging are also reported to show premature cellular senescence in vitro 

(Weidenheim et al., 2009). Typically senescent cells become enlarged and express a 

pH-dependent  β-galactosidase  activity  (Dimri  et  al.,  1995)  and  the  corresponding 

assay has become one of the most commonly used markers of cell aging.  Altered Ca2+ 

regulation  might  play a  role in  brain aging and also in  Alzheimer’s  disease (AD) 

(Landfield,  1983; Disterhoft  et  al.,  1994). Increased levels  of intracellular  calcium 

([Ca2+]i) are implicated in the neuronal losses associated with aging related disorders. 

Recent  evidence  demonstrates  increased  expression of  voltage  gated  Ca2+ channel 

proteins  and  associated  Ca2+ currents  with  aging  (Thibault,  2001;  Veng,  2002). 

Middle-age neurons in comparison to young neurons exhibit significant elevations in 

basal [Ca2+]i levels in culture (Raza, 2007).

In  the  present  investigation,  our  primary  objective  is  to  examine  and 

characterize cultured CGNs in vitro as an aging model.
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Results:

Cerebellar granule neurons (CGNs) in culture.

Cerebellar granule neurons (CGNs) isolated from 6-day-old rat pups were cultured in  

vitro on  PLL-coated  plates  or  cover  slips  following  the  procedure  as  detailed  in 

Materials  and Methods. 2 x 106 cells/60mm dish were seeded for carrying out the 

experiments under the same media conditions. A mitotic inhibitor, arabinosylcytosine, 

was used to inhibit the growth of non-neuronal cells like glia. Over 95% of the cells 

cultured in this way were granule cells as identified by both from their  small  size 

(diameter  8–12 μm) and their  rounded body shape with bipolar  neurites  (Fig3.1.). 

Immunoblot analysis was performed for neurofilament (NF) and glial fibrilar acidic 

protein (GFAP)  (Fig 3.2.A, B)  to confirm the purity of CGNs at different weeks in 

culture.  The results clearly show the purity of CGNs at different weeks in culture, 

evident by immunoblot analysis for NF and  GFAP. The minimal amount of GFAP 

present in the 1st week might be due to the presence of mitotic astroglial cells.

Viability of CGNs under prolonged period in culture. 

The viability of cerebellar granule neurons (CGNs) over prolonged periods in culture 

was measured using the MTT assay. The results showed no changes in viability until 

5 weeks in culture, while a consistent viability decrease with increasing age was seen 

only after the 5th week, and this decrease amounts to   almost 50% by the 7th week 

(Fig 3.3).  These results clearly suggest that granule neurons can indeed survive at 

least for 5 weeks in culture under stable media conditions, a duration much longer 

than  that  reported  earlier.   Previously, long-term  cultures  of  cerebellar  granule 

neurons were shown to survive  in vitro  for a maximum of 17 days (Ishitani et al., 

1996). While CGNs could be maintained for 23 divisions  (days in vitro) in studies on 

the Ca2+ homeostasis related to aging (Toescu et al., 2000).
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The Analysis of results on the caspase 3 activity (a pro-apoptotic marker) in aging 

CGNs in culture at 1st and 2nd weeks showed no significant elevation of its level except 

for a slightly higher expression of activity in the neurons in culture (Fig 3.4), which 

may be due to apoptotic death of un-established neurons in culture. This also points 

out that the observed depletion of neurons after 5 weeks (Fig 3.3) did not involve any 

elevation of caspase-3 activity  (Fig 3.4), suggesting that the process responsible for 

depletion  be  ascribed  to  pathways other  than the  apoptosis.  For  a  control  study, 

Caspase-3 aldehyde (Ac-DEVD-CHO) was used as inhibitor for caspase-3 activity.
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Figure 3.1

Fig 3.1. Granule neurons from cerebellum were isolated by following procedure of 

Martin A. Cambray-Deakin, (1995). Neurons were cultured  in EMEM with 18mM 

KCl, 30mM Glucose, 2mM glutamine and 10% FBS on poly-L-lysine coated plates. 

Cells prepared were stained with (GFAP/NF/Dapi). Neurofilament (NF) for neurons, 

glial fibrilar acidic protein (GFAP) for astrocytes and DAPi for nuclear staining.
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Figure 3.2

Fig  3.2.  Purity  of  isolated  cerebellar  granule  neurons  (CGNs)  in  Culture. 

Granule neurons were isolated from 6-8 day old rat pups as described in the text. 

Immunoblot  analysis  for  neurofilament  (NF)  and  glial  fibrillary  acidic  protein 

(GFAP)  was  done  to  confirm  the  purity  of  CGNs  at  different  weeks  in  culture. 

Pictures represented in Panel A and B are  transmission images showing CGNs at 1st 

week in culture as identified by both their small size (diameter 8–12 μm) and rounded 

body shape  with  bipolar  neuritis. Panel  C represents  the  immunoblot  for  NF and 

GFAP of CGNs at different weeks in culture,  with β-actin as internal control.  (D) 

Shows the representative bar graph of (C) normalized with β-actin, analysed using 

Image J software (USA). 
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Figure 3.3

Fig 3.3. Cell  viability  of  aging cerebellar  granule neurons (CGNs) in culture. 

CGNs isolated from 6-8 days rat pups were cultured under standard conditions for up 

to 7 weeks. The viability of granule neurons at each week was determined by an MTT 

assay. The data represented in line graph shows a stable viability up to 4th week and 

starts showing a decrease in cell viability only after 4th week, decreasing to less than 

50%  by  7thweek.  Experiments  have  been  performed  in  triplicate  and  repeated 

independently three times.
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Figure 3.4

Fig. 3.4. Caspase activity in aging CGNs in culture. To assess apoptotic induction 

in aging CGNs in culture, caspase-3 activity was measured using fluorogenic (Ac-

DEVD-AMC) substrate using extracts of CGNs at different weeks in culture, caspase-

3 aldehyde (Ac-DEVD-CHO) was used as inhibitor for caspase-3 activity. There was 

no significant elevation of caspase-3 activity in the aging CGNs in culture as shown in 

bar graph. This suggests the depletion of neurons after 4th week is due to pathways 

other  than  apoptosis.  Experiments  have  been  performed in  triplicate  and repeated 

independently three times.
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Senescence associated ß-gal (SA-β-gal) in aging cerebellar granule neurons in 

vitro.

The  role  of  SA-beta  gal  with  respect  to  replicative  senescence  has  been  well 

established (Itahana et al., 2004; Weidenheim et al., 2009). Studies on post mitotic 

cells like neurons are very few. In one of the recent studies on rat models, elevated 

activity of SA-β-gal in hippocampal neurons, characterized by dependence on age and 

duration of neuron culture periods, has been reported  (Geng, et al., 2008). The results 

of this study presented in Figure 3.5 show that the average proportion of SA-β-Gal-

positive cells increases with the increase of the culture period, from 7.5 ± 2 % in the 

first week to 99.5 ± 2% (p < .05) in the 5th week. This increase in SA-β-gal may be 

due  to  stress  accumulation  under  the  prolonged culture  period.  Such a  significant 

enhancement  in  the  SA-ß  gal  in  cultured  CGNs  shows  in  vitro aging  similar  to 

physiological aging.

Intracellular Ca2+ in CGNs in vitro.

Increased levels of intracellular calcium ([Ca2+]i) are often implicated in  the neuronal 

loss associated with aging related disorders (Thibault et al., 2001). Mid-age neurons 

in comparison to younger neurons are characterized by significant elevation of basal 

[Ca2+]i levels in culture (Raza 2007; Thibault et al., 2001).  To further examine this 

aspect  and validate  that  the cultured CGNs indeed mimic aging  in vitro,  we have 

estimated intracellular Ca2+ in cultured CGNs using Fura 2-AM, a cell-associated Ca2+ 

binding dye. The results presented in  Figure 3.6  show that intracellular Ca2+  levels 

increased over time, maximizing   at the 4th week and thus suggest dysregulation in 

calcium homeostasis. 
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Figure 3.5

Fig 3.5.  SA-β-gal activity in aging CGN cultures. Aging CGNs were stained with 

X-gal  for the determination of senescence associated β gal  (SA-β-gal)  at  pH 6 in 

neurons at different weeks from 1st to 5th week, in culture. Representative pictures are 

shown  in  (A).   The  number  of  SA-β-Gal-positive  cells  was  tabulated  in  (B). 

Experiments  have  been  performed  in  triplicate  and  repeated  independently  three 

times, (* p<0.05; **p< 0.001) according to Student’s t-test.
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Figure 3.6
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Fig 3.6. Intracellular  Ca2+ in aging CGN cultures.   Intracellular  Ca2+  in cultured 

CGNs was determined using Fura 2-AM, a cell associated Ca2+ binding dye. Images 

were captured using inverted microscope (Leica Fluorescence confocal microscope) 

setting excitation/emission wavelengths (for fura-2) using fluorimeter optics for dual 

excitation at 340 and 380 nm and emission at 510 nm. The fluorescence ratio images 

were  captured  using  20x  Fluor  objective  and  then  digitized,  using  the  region  of 

interest  tool  (ROI)  to  define  the  areas  of  the  image  for  measuring  calcium 

fluorescence, the intensity of fluorescence is quantified using J-image software (NIH). 

Several images of cells (minimum 50 cells) in different random fields were selected 

and the fluorescence intensity was averaged and quantified.   A gradual increase in 

intracellular Ca2+ levels is observed   from 1st week to 5th week in culture as may be 

seen in bar graph (B).   Representative cell pictures are shown in (A). (* p<0.05; **p< 

0.01) according to Student’s t-test. Experiments have been performed in triplicate and 

repeated independently three times.                              
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Discussion:

The present results clearly show that CGNs in culture can survive for 5 weeks in vitro 

without significant change in the viability. The viability is shown to fall <50% by 7th 

week  under  similar  media  conditions  through  out  the  period  of  cultures.  No 

significant elevation of caspase-3 activity was found, with increase in the age of the 

cultures and it is inferred that the depletion of CGNs after 5th week may be due to 

pathways other than apoptosis. Further a significant increase in the SA-ß gal positive 

cells was observed with increase in the age of the CGNs in culture, with the number 

of stained cells maximizing at 3rd week. This increase in the SA-ß gal  suggests an 

enhancement of senescence of neurons, establishing aging of CGNs in culture in vitro. 

Cerebellar  granule  neurons  (CGNs) have been reported  to  show characteristics  of 

apoptosis after 17 days in culture (DV). Further, CGNs in culture (after 17day culture) 

are  also  shown  to  exhibit  several  characteristics  of  apoptosis  like  ultrastructural 

changes  and  inter-nucleosomal  DNA  fragmentations,  which  may  be  effectively 

arrested  by  pretreatment  with  actinomycin-D  and  cycloheximide  (Ishitani  et  al., 

1996). In several of the studies (Tajes Orduña et al., 2009; Tajes et al., 2009; Bénard 

et al., 2004; Sunaga et al., 2002; Yao et al., 1999; Copani et al., 1998; Skaper et al., 

1998; Ishitani et al., 1996), CGNs in Culture were used as aging associated apoptotic 

model  based  on  an  elevated  DNA  damage,  as  demonstrated  by  increase  in  the 

activation of ataxia telangiectasia muted (ATM). Recent studies (Tajes Orduña et al., 

2009) showed that melatonin causes increase in the activation levels of prosurvival 

Akt, p53, p-FOXO1 phosphorylation, and a decrease in the levels of DNA damage 

indicators, viz. cyclin D, GSK3beta and E2F-1, thus suggesting the role of bioactive 

molecules acting on pro-survival pathways in protecting cell survival. Similar results 

were obtained in a study carried out on lithium (Tajes et al 2009). Consistent with 

these observations, our results in the present study clearly demonstrate the survival of 

CGNs in culture for 5 weeks followed by cell death. The results further establish that 

CGNs serve as an effective in vitro aging model and bring out their potential use for 

understanding and evaluation of pro- and anti-survival activities of various bioactive 
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agents  and  further  elucidation  of  the  mechanisms  of  the  associated  biological 

processes (Tajes Orduña et al., 2009; Tajes et al 2009; Sunaga et al., 2002; Copani et 

al., 1998).

Studies on the relationship between cytosolic [Ca2+](i) and mitochondrial membrane 

potential  showed that  neuronal stimulation (KCl-evoked depolarisation)  induces a 

mitochondrial  depolarisation  response  (Xiong  et  al.,  2004).  But  in  young  CGN 

cultures (10 DIV), the mitochondrial membrane potential is shown to recover fully 

within 30s from the start of the stimulation, despite the continuous presence of the 

depolarisation stimulus and sustained cytosolic [Ca2+](i) signal. On the other hand in 

older  CGNs  (DIV  22),  the  mitochondrial  response  is  reported  to  be  of  smaller 

amplitude and displayed a much longer repolarization period with a 50% increase in 

threshold [Ca2+](i) level for the initiation of the mitochondrial depolarisation response 

(Xiong et al., 2004).  The enhancement of calcium homeostasis and the age-dependent 

increase  in  intracellular  calcium  along  with  enhanced  senescence-dependent  beta 

galoctosidase observed in the results of the present study are consistent with the above 

reports, and point out to possible mitochondrial membrane changes during aging of 

granule  neurons (Xiong  et  al.,  2004;  Kirischuk  et  al.,  1996;  Kirischuk  and 

Verkhratsky, 1996).

Calcium dysregulation hypothesis of brain aging and Alzheimer’s disease, initially 

proposed  in  mid-1980s  (Landfield  and  Pitler  1984;  Gibson  &  Peterson,  1987), 

suggests  that  aging  alters  brain  Ca2+ regulation,  resulting  in  impaired  neuronal 

function that eventually leads to neurodegeneration. Several studies have implicated 

increased levels of intracellular calcium ([Ca2+]i) in  the neuronal loss associated with 

age related disorders. The increase of intracellular Ca+2 with the progress of time as 

observed in the present study establishes that cultured CGNs can serve as an effective 

aging model in vitro. 
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The  results  of  the  study  on  prolonged  CGNs  in  culture  clearly  demonstrate  the 

significant  similarities between physiological aging and  in vitro aging and provide 

new directions towards understanding of normalytic ageing processes in human brain. 

Understanding  the  molecular  basis  of  aging  processes  at  the  cellular  level  should 

provide clues to gain insights into the pathology of various neurological diseases for 

eg., Alzheimer’s and Parkinson’s diseases, which are considered to be associated with 

high risk factors with increasing age. 
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CHAPTER -4

Analysis of Topoisomerases in in-vitro and 
in-vivo aging
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Introduction:

DNA  topoisomerases  solve  the  topological  problems  associated  with  DNA 

manipulation by introducing a transient break in the DNA and resolving the DNA 

structure (Wang, 2002). They have been implicated in such critical cellular functions 

as transcription, DNA replication, repair and recombination. Type I topoisomerases 

are monomeric, cleave one strand of duplex DNA, and require no energy cofactor. In 

contrast, the type II enzymes function as dimers, cleave both strands of the DNA, and 

pass an intact DNA duplex through the transient double-stranded break in an ATP-

dependent manner (Wang, 1996).

Cellular aging appears to be accompanied by a reduced ability to respond to certain 

stresses that might lead to such DNA damage. Several studies have indicated that the 

cell defense mechanism against DNA damage may involve altered molecular events 

involving the transcriptional activation of a number of genes that may change during 

the aging process (Richardson, 1985; Pandey and Wang ,1995; Sarkar  and Bolander, 

1995).

An important role for Topo I in DNA repair has been clearly indicated from a number 

of studies, but they involve only actively proliferating cultured cells (Beck and Danks, 

1991; Henningfeld  and  Hecht , 1995). There is an increasing evidence to suggest that 

DNA topoisomerases may act in concert with certain repair associated proteins like 

RecQ helicases to preserve genomic integrity. Previous studies in bacteria and yeast 

have identified an interaction between Topoisomerases  and members  of the RecQ 

helicase family. In Escherichia coli, RecQ and topo III together catalyze the linking 

and unlinking of covalently closed circular DNA molecules (Harmon et al.,  1999). 

The  yeast  homologue  of  RecQ  helicases,  SGS1,  interacts  both  physically  and 

genetically  with a type I  topo,  topo III.  Mutations  in SGS1 partially  suppress the 

pleiotropic effects of TOP3 mutations, suggesting that Sgs1p and Top3p act in the 

same pathway (Gangloff et al., 1994; Onodera et al., 2002). Wu et al., (2000) have 

shown that the Bloom protein (BLM) also interacts with human topo III and have 
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reported recently that BLM stimulates the ability of topo III to relax supercoiled DNA 

(Wu  and  Hickson,  2002).  Furthermore,  a  previous  study  found  that  topo  I  was 

coimmunoprecipitated with an antibody against WRN from human colon carcinoma 

SW480 cell  extracts  (Lebel et al.,  1999). Topo IIα is only present in proliferating 

tissues,  tumors,  while  TopoIIβ  is  present  in  all  tissues,  including  terminally 

differentiated tissues (Bauman et al., 1997; Hsiang et al., 1988; Tsutsui et al., 2001a). 

A number of recent  studies have suggested that  TopoIIβ plays  a  role  in  neuronal 

differentiation. In TopoIIβ knockout mice, motor neuron axons fail to innervate the 

diaphragm muscles and sensory neuron axons fail to enter the spinal cord, suggesting 

a role of TopoIIβ in axon growth and/or guidance (Yang et  al.,  2000). Studies of 

brain-specific  TopoIIβ  knockout  mice  have  also  revealed  a  major  defect  in 

corticogenesis during brain development (Lyu and Wang, 2003). Also topo II beta is 

shown to be associated with the core NHEJ proteins (Bong-Gun et al., 2006). Both the 

levels of Type I (Topo I) and Type II (Topo IIα & IIβ ) Topoisomerases have been 

shown to be decreasing with age in catalytic activity and levels (Kondapi et al., 2004; 

Plaschkes, 2005). The association of DNA toposiomerases with certain repair genes 

WRN  and  BLM  helicases,  the   mutations  of  these  genes  are  known  to  cause 

premature aging disorders (Karow et al., 2000), characterized by the early onset of 

age-related clinical features. 

In  the  present  study,  we  have  analyzed  the  levels  of  Type  I  and  Type  II 

Topoisomerases in aging CGNs in vitro and aging whole brain of rat in vivo.

Results:

Type I Topoisomerase levels in aging CGNs in vitro and aging whole brain of rat 

in vivo:

Analysis of the gene expression (mRNA) levels of Topo I, Topo IIIα and Topo IIIβ 

during  1-5  weeks  of  CGNs  in  culture  showed  that  Topo  I,  III  α  and  IIIβ  are 

significantly present during 1st - 3rd weeks of CGNs in culture, while levels of Topo I 
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and IIIβ decrease at 4th-5th week (Fig 4.1 A) suggesting that the levels of Topo I and 

IIIβ decrease during aging. Further, Topo IIIα increased marginally from 1st - 4th week 

of CGNs in culture, while remains the same at 5th week (Fig 4.1 A). Consistent with 

these observations, the expressed protein and mRNA levels of Topo I and IIIβ indeed 

remained high in young and adult rat brain extracts, while their levels decrease in old 

rat brain extracts (Fig 4.1 B, 4.3). These results suggest that Topo I and Topo III β are 

present till adult stages both in CGNs (3rd week) and rat brain (adult), while the levels 

decrease during aging in CGNs (5th week) and rat brain (old).

Type II Topoisomerase levels in aging CGNs  in vitro and aging whole brain of 

rat in vivo:

Topo IIα and Topo IIβ levels were analyzed in aging CGNs in culture and aging rat 

whole brain extracts. The Analysis of gene expression levels of Topo IIα and Topo 

IIβ during 1-5 weeks of CGNs in culture showed that Topo IIα and β levels were high 

at 1st week, followed by marginal decrease at 2nd week and 3rd week, while the levels 

of these enzymes significantly decreased by 4th week and become very low by 5th 

week in culture (Fig 4.2 A). Consistent with these observations the Topo IIβ is high in 

young, decreased in adult and become very low in old rat brain extracts (Fig 4.2 B, 

4.3). These results suggest that the level of Topo IIβ decreases during aging of CGNs 

as well as in rat whole brain extracts. The expression of Topo IIα in 1st week in CGNs 

and young rat brain extracts could be due to the presence of undifferentiated neuronal 

stem cells. There was a significant decrease in Topo IIα in 2nd week and 3rd week of 

CGNs, which become negligible in 4th and 5th week.

In case of rat whole brain extracts, Topo IIα observed at young showed a significant 

decrease in old both in m-RNA as well as of protein levels. The above results clearly 

establish that the levels of Topoisomerases in CGNs are in close comparison with 

aging in vitro (in culture) and in vivo (in whole brain), where the observed levels in 1st 

week culture are comparable to young, while 3rd week in culture to adult and 5th week 

of culture to that of old.
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Figure 4.1

Fig 4.1  Semi quantitative RT- PCR analysis of Topo I, III (α & β) in aging CGNs in  

vitro (1-5 weeks) in Panel A and aging rat whole brain eaxtracts,  young (< 10days) 

(lanes 1-3), adult ( > 6 months) (lanes 4-6)  and old (> 18 months)  (lanes 7-9) in 

Panel B. β- actin was used as internal control. 
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Figure 4.2

Fig 4.2  Semi quantitative RT- PCR analysis of Topo, II (α & β) in aging CGNs in  

vitro (1-5 weeks) in Panel A and aging rat whole brain extracts,  young (< 10days) 

(lanes 1-3), adult ( > 6 months) (lanes 4-6)  and old (> 18 months)  (lanes 7-9) in 

Panel B. β- actin was used as internal control. 
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Figure 4.3
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Fig 4.3 Immunoblotting analysis of  age  dependant changes of  Topo I, III (α & β), 

II(α & β)   in rat whole brain;   young (< 10 days) (lanes 1-5), adult ( > 6 months) 

(lanes 6-10)  and old (> 18 months)  (lanes 11-15) in Panel A. β- actin was used as 

internal control. Panel B  represents the densitometricaly quantified protein levels of 

Topo I, III (α & β), II(α & β) normalized with β- actin using Image J software (NIH,  

USA). 

68



Discussion:

The  results  of  Type  I  (Topo  I,  IIIα  and  β)  and  Type  II  (Topo  II  α  and  β) 

Topoisomerases  in  aging  CGNs (1-  5  weeks)  in  vitro and  aging  rat  whole  brain 

(young  (<10  days),  adult  (>  6  months)  and  old  (>  18  months)   shows  that,  the 

different  types  of  topoisomerases  are   predominant  in  brain  and CGNs  in  vitro.  

Earlier studies from our lab have shown higher catalytic activity and protein levels of 

the topo II  β  isoforms  in rat cerebellar extracts ( Kondapi et al., 2004). The studies 

of Tsutsui et al. (1993, 2001) on localization of Topo II isoforms in developing rat 

brain also showed that developing rat cerebellar region possess high levels of Topo II 

β during the early post-natal  period suggesting the importance of Topo II β in rat 

cerebellum in  its  development  and  growth.  Results  also  suggest   age-dependent 

changes of Topo II α and β suggested that α isoform remains low and unaltered with 

age, while the activity of β isoform is higher in young, moderate in adult and low in 

old rat cerebellar region suggesting an age-dependent decline in Topo II β protein and 

activity(  Kondapi  et  al.,  2004).  Consistent  with  these  above  findings,  the  present 

studies shown an decrease in expression levels of  Topo II β isoforms both in aging 

CGNs  in vitro and in vivo (Fig 4.2, 4.3). While Topo II α isoform is absent in aging 

CGNs from 2nd week onwards further confirming the absence of Topo IIα isoform in 

post mitotic cells like neurons. The initial expression of Topo II α isoform in the 1st 

week of CGNs in culture may be due to mitotic astroglial  cells (Fig 4.2 A).  The 

present  results  also suggest  that  neurons  possess significant  Topo II  β.  Studies  of 

Woessner et al., (1991) showed that in developing rat neurons Topo II β is present is 

Purkinjee  and  granule  neurons  during  development  suggesting  that  Topo  IIβ  is 

expressed  in  cerebellar  neurons  during  cerebellar  development  and  growth.  Since 

Topoisomerases  are  reported  to  be  involved  in  promiscuous  recombination,  and 

cellular response to radiation damage of DNA (Asami et al., 2002; Kohji et al., 1998; 

Ishii and Ikushima, 2002; Pastor and Cortes, 2002; Franchitto et al., 2000; Wu et al., 

1999), the above results on the decreased expression of Topo II β in aging CGNs  in  

vitro  may be correlated as one of the factors contributing towards decrease in repair 

activity  in  aging  neurons  as  Topo  II  β   may  be  required  for  resolving  certain 

topological restrictions formed during DNA rearrangements that take place in DNA 

repair.
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Topoisomerase I is known to predominantly participate in transcription (Gilmour et 

al., 1986; Elgin and Gilmour, 1987; Kretzschmar et al., 1993; Merino et al., 1993). 

Since neurons are fully differentiated,  nonmitotic,  but metabolically active cells,  it 

may be associated with certain regulators. Recent studies demonstrated the high topo I 

activity in various brain regions with a specific distribution pattern in neurons and 

also show that  the activity and level of topo I is age- and gender-dependent which 

increases  from birth  to  maturity  and  decreases,  more  significantly  in  males,  with 

senescence.  (Plaschkes,  et  al.,  2005).  Moreover,  the  heterogeneous  distribution  of 

topo I suggests that  topo I has an important,  if  as yet undefined,  role in neuronal 

function, especially in post mitotic cells like neurons.  In the above studies we show 

the predominant expression of Topo I, IIIα and IIIβ in the aging CGNs in vitro and rat 

whole brain. The Topo I and Topo III β show an age-dependant decline both in aging 

CGNs in vitro and rat whole brain extracts (Fig 4.1, 4.3). While Topo III α show a 

consistent expression not changing significantly both in aging CGNs in vitro and rat 

whole  brain  (Fig  4.1  A). This  suggests  Topo  III  α may  have  a  role  in  neuronal 

survival. This observation is supported by the results of studies on the gene encoding 

Topo IIIα in mice, where a disruption of it causes embryonic lethality (Li and Wang 

1998), while mice lacking DNA topoisomerase III ß develop to maturity but show a 

reduced mean lifespan (Kwan and Wang, 2001). 

The varied expression of different Topoisomerases and their isoforms in rat brain and 

CGNs  in vitro suggest distinct  roles shared by these enzymes in development and 

functioning of brain and suggest a possible role in brain aging.  Further,  the close 

comparison of CGNs in culture and rat brain extracts in vivo demonstrate that CGNs 

represent a best model to elucidate the functions of Topoisomerases in aging.
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CHAPTER -5

DNA Repair capacity of cultured CGNs; 

Topo II β, a potential senescence marker
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Introduction:

Aging  is  a  multifactorial  phenomenon,  and  of  the  many  theories  that  have  been 

proposed to explain the process of aging, those that explain the process at the genetic 

level,  e.g.,  DNA damage  and  repair  theory  (Hart  and  Setlow,  1974;  Gensler  and 

Bernstein, 1981), have attracted much attention. Accumulation of DNA damage as a 

function of age was reported by some workers. Single-strand breaks (SSBs) (Price et 

al., 1971; Chetsanga et al., 1977) and Double strand breaks (DSBs) (Bhaskar and Rao, 

1994) were reported to accumulate in aging neurons.

The error-free  maintenance  of  nuclear  DNA is  critical  to  cellular  and  organismal 

function. The maintenance of the efficiency of cellular DNA repair machinery is an 

important facet for cellular stability, which itself may become deficient with age. In 

neurons  double  strand breaks  (DSBs)  in  DNA are predominantly  repaired  via  the 

nonhomologous end-joining (NHEJ) and homologous recombination (HR) pathways, 

whereas lesions on a single strand of DNA are repaired via base excision repair (BER) 

and nucleotide excision repair (NER) mechanisms. NHEJ is the predominant pathway 

in post mitotic cells such as neurons. NHEJ is mediated by at least six core factors, 

four of these proteins are, Ku80, Ku70, Ligase IV, and XRCC4. These proteins are 

conserved from yeast to mammals (Jeggo, 1998; Lewis and Resnick, 2000). They are 

indispensable  for  all  NHEJ  reactions,  in  mammalian  cells  and  loss  of  NHEJ  by 

mutations  in  Ku70,  Ku80,  or  DNA ligase  IV lead  to  hypersensitivity  to  ionizing 

radiation (Adachi et al., 2001; Critchlow and Jackson, 1998). More recently even topo 

II  beta  is  shown to be associated  with the core NHEJ proteins  (Bong-Gun et  al., 

2006), suggesting a role for  topo II beta in NHEJ activity. The decreasing activity of 

topoII β with aging (Kondapi et al., 2004) points out to its possible role in DNA repair 

activity in neurons during aging. 

The aim of the present study is to estimate the DNA repair capacity of CGNs, 

when SSBs and DSBs were induced and to further analyze the role of Topo IIβ in 

aging, cultured CGNs in vitro.
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Results:

Repair efficiency of aging CGNs in vitro:

Efficiency of Base excision repair:

Ethylnitrosourea (ENU) is  an alkylating  agent  that  causes alkylation  of bases that 

leads to formation of single strand breaks (SSBs). Cultured CGNs at indicated weeks 

in  culture  were  challenged  with  ENU  for  12  hours  (Damage)  and  washed  and 

recultured (Recovery) for 24 hours (see Materials and Methods). The extent of single 

strand cleavage  was estimated  by alkaline  comet  assay. The results  (Figure  5.  1) 

show that  the  sensitivity  of  CGNs to  ENU increases  with  increase  in  age  of  the 

cultures, reaching  a maximum by 4th week, while the recovery efficiency of CGNs 

reaches  a  minimum by 4th week,  suggesting  a  reduced  single  strand  break  repair 

capacity (probably BER repair) in aging CGNs in culture.

Double strand break repair of CGNs:

Double strand breaks (DSBs), generally believed to play an important  role  in aging 

process, are frequently occuring events in mammalian somatic cells, where they are 

commonly repaired by NHEJ. NHEJ activity of CGNs at different ages was analyzed 

by in vitro NHEJ activity assay. The  results presented in Fig 5.A and B show that the 

NHEJ activity in terms of plasmid multimerization was higher at 1st week of CGNs in 

culture, which decreased significantly at 3rd week, that further decreased by 4th week 

of CGNs in culture and becomes negligible at 5th week. Thus suggesting that DSB 

repair activity of the cultures was higher in young (1st week), decreases in adult (3rd 

week)  and  becomes  negligible  in  old  (5th week). A  similar  observation  has  been 

reported in rat brain extracts, where in the repair activity is higher in young, followed 

by a decrease in adult and low in old rats (Vyjayanti and Rao, 2006). 
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Genes involved in DNA repair:

To  investigate  whether  the  decreased  efficiency  of  neurons  in  supporting  NHEJ 

activity is due to corresponding decrease in NHEJ proteins, semi quantitative RT-PCR 

was  conducted.  The  topo  II  β  m-RNA  levels  were  found  to  show  a  significant 

decrease from 2nd week of CGNs in culture, reaching  negligible levels by 4th week of 

CGNs in culture, similar to that observed in the case of  Ku70 and Ku 80. In contrast, 

polymerase β (Pol-β) levels were found to be stable till the 3rd week and decreased to 

a negligible level by the 4th week (Fig 5.3). These results point out that the NHEJ 

proteins especially Ku 70, Ku 80 and topo IIβ have decreased with age (Fig 5.3) along 

the line of NHEJ activity  (Fig 5.2). To further confirm the important role played by 

topo  IIβ,  the  protein  levels  of  topo  IIβ  were  quantified.  The  results  presented  in 

Figure 5.4 A,B clearly show a age-dependent decrease of topo IIβ levels in CGNs, 

which is further confirmed by quantitative RT-PCR  (Fig 5.4 C).   The decrease in 

NHEJ activity is thus strongly correlated with the corresponding decrease in Ku 70, 

Ku 80 and topo IIβ. 
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Figure 5.1

Fig 5.1. Efficiency of Base excision repair in aging CGN cultures.  DNA repair 

efficiency  of  SSBs  (single  strand breaks)  in  the  aging  cerebellar  granule  neurons 

(CGNs) in vitro was assessed using alkaline comet assay. CGNs in vitro showed age-

dependent  decrease in recovery after  12 hour of treatment  with 0.5 M  ENU, the  

DNA damaging agent used, followed by 24 hr recovery. Representative pictures are 

presented  in  (A).  The  degree  of  damage  is  assessed  through  measurement  of  the 

extent of tail movement, which is the product of tail length and fraction of DNA in the 

comet  tail  as  presented  in  the  Bar  graph (B). (*p<0.05;  **p< 0.01)  according  to 

Student’s t-test.

75



Figure 5.2

Fig  5.2. Efficiency of  double  strand repair  in aging CGN cultures.   This  was 

assessed by in vitro functional NHEJ assay using protein extracts from aging CGNs in 

culture,  NHEJ  activity  was  analyzed   in  terms  of  plasmid  multimer  and  trimer 

formation as shown in the represented  autoradiogram ( A). The amount of multimer 

and trimer formation was measured densitometricaly using J-Image software (NIH, 

USA)  and  the  values  are  represented  as  bar  graph  (B).  Experiments  have  been 

performed in triplicate and repeated independently three times. (* p<0.05; **p< 0.01) 

according to Student’s t-test.
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Figure 5.3
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Fig 5.3. Semi-quantitative RT-PCR of proteins associated with NHEJ pathway. 

Semi quantitative RT- PCR analysis of mRNA of DNA Polymerase-β, Ku-70, Ku-80 

and topo II β in extracts of cultured CGNs. (A) Agarose gel electrophoretic analysis 

of PCR products Pol-β, Ku-70, Ku-80 and topo II β.    ß-actin is included as internal 

control. (B) Bar graph representing the densitometricaly measured agarose gel in (A). 

Experiments have been performed in triplicate and repeated independently three times 

(* p<0.05; **p< 0.01) according to Student’s t-test.
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Figure 5.4

Fig 5.4. Topo IIβ in aging CGN cultures. (A) Results of   immunoblot analysis of 

topo  IIβ  with ß-actin  as  loading  control, in  cultured  CGNs  at  indicated  time  of 

cultures, (B) Results based on the densitometricaly measured immunoblot  (A) using 

J-Image software (NIH, USA), which is  normalized with  β-actin  (* p<0.05; **p< 

0.01) according to Student’s  t-test..  (C) Bar Graph representation of the topo II β 

levels measured at m-RNA levels by quantitative RT-PCR. Relative gene expression 

was  determined  based  on  the  threshold  cycles  (Ct)  of  topo  II  β  and  of  internal 

reference gene β-actin.  Statistical comparisons were made using one-way ANOVA 

followed  by  Bonferroni’s  multiple  comparison  test.  *p<0.05,  **p<  0.001. 

Experiments  have  been  performed  in  triplicate  and  repeated  independently  three 

times.                 
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Discussion:

The present results clearly bring-out that aging granule neurons become deficient in 

topo IIβ leading to near cessation of NHEJ activity from the 5th week of culture and 

topo IIβ has thus emerged as an additional marker for NHEJ pathway and aging. The 

major factors contributing to the aging and degeneracy of functional activity of brain 

are due to decreased DNA repair potential (e.g., Rao et al., 1997; 2003). It was indeed 

shown in the case of rat  neurons that both single (SSB) and double strand breaks 

(DSB) in nuclear DNA, accumulate with age (Mandavilli et al., 1996). Ganoderiol F 

(GoIF), a ganoderma triterpene, an inhibitor of topoisomerases in vitro, is reported to 

induce  senescence  in  hepatoma  HepG2  cells  (Chang  et  al.,  2006).  Short-term 

exposure of HepG2 cells to GolF temporarily arrested the progression of the cell cycle 

and the cell growth recovered when the drug was withdrawn after a 24-h exposure. 

After 18 days of continuous treatment of HepG2 cells with 30 mM GolF, over 50% of 

cells were found to be enlarged and flattened, and were found to be beta-galactosidase 

positive phenotypes of senescent cells.  Activation of the mitogen-activated protein 

kinase EKR and up-regulation of cyclin-dependent kinase inhibitor p16 were found in 

early  stages  of  GolF  treatment  and were  presumed  to  cause  cell-cycle  arrest  and 

trigger premature senescence of HepG2 cells (Chang et al., 2006).

In  normal  human  fibroblasts,  senescence  induced  by  oncogenic  H-ras  displays  a 

cellular phenotype nearly identical to that of replicative senescence, suggesting the 

activation  of  common  senescence  mechanisms  in  replicative  and  terminally 

replicative  senescence.  Topoisomerase  IIα  and  HDAC9  gene  expression  were 

specifically altered under different conditions associated with senescence in H-ras-

induced  senescent  cells.  These  cells  exhibited  specific  down  regulation  of  genes 

involved in G2/M checkpoint control and contained tetraploid cells that were arrested 

in a G1 state (Mason et al., 2004) suggesting that  topo IIα could serve as one of the 

markers for senescence. 
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 Topo IIα gene expression levels are known to be high in proliferating tissues, such as 

bone marrow and spleen, and are undetectable or low in 17 other tissues. In contrast, 

high or intermediate levels of expression of topo IIβ gene were found in a variety of 

tissues of adult  mice,  including  those with non proliferating  cells.  These isoforms 

were  differentially  regulated  in  the  post-natal  period,  and  a  tissue-specific  role  is 

suggested for the two isoenzymes in the development of differentiated tissues such as 

the brain and the liver (Capranico et al., 1992). Between the two isoforms of  topo IIβ 

isoform is   predominantly  found  in brain tissue, while  topo IIα is found in embryos 

up to post-natal day 1. Beta isoform showed highest activity in cerebellar region as 

well as in neuronal cell fraction (Kondapi et al., 2004). Strong  signals pointing out to 

presence of  topo IIα mRNA were detected in the ventricular zone of brain region at 

embryonic day 13-15 (E13-E15), and in the external granular layer of the cerebellum 

at  postnatal  day   7-14  (P7-P14)  followed  by  a  steep  decrease  in  signal  levels 

(Watanabe et al., 1994).A significant age-dependent decrease in activity of  topo IIβ 

has been observed in brain specifically in cerebellum (Kondapi et al., 2004). Further, 

topo  IIβ knock-down  neurobalstoma  cells  were  shown  to  be  sensitive  to  DNA 

damaging agents due to decreased repair capacity of neurons (Mandraju et al., 2008). 

These  observations  suggest  that  the  low  levels  of   topo  IIβ activity  in  aging 

cerebellum may contribute to the genomic instability in cerebellar  region of aging 

brain.

The  NHEJ activity  of  the  whole  cell  extracts  in  the  present  study was  measured 

through  plasmid  end-joining  based  multimerization  assay.  The  NHEJ  activity is 

generally  known  to  be  mediated  by  four  conserved  core  factors.  Four  of  these 

proteins, Ku80, Ku70, Ligase IV, and XRCC4, are conserved from yeast to mammals; 

they are indispensable for all NHEJ reactions. Recently another protein topo II beta 

was  shown to be associated with the core NHEJ proteins (Bong-Gun Ju et al., 2006) 

suggesting  a  role  for  topo  II  beta  in  controlling   NHEJ activity.   Earlier  studies 

showed a deficiency in DSB repair in topo IIβ siRNA mediated down regulated cells 

implying, the significance of Topo II β for NHEJ activity (Mandraju et al., 2008). The 

present results (Figure 5.2) also show a higher NHEJ activity of cultured CGNs at 1st 
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week,  with   the  activity  significantly  decreasing  by   3rd week   and  reaching  a 

minimum by 5th week.   NHEJ and BER repair  activities  which are  shown to be 

predominant in the initial phase of cellular aging decrease during the later phases and, 

in the present study such a decrease was observed from 3rd week of cultured CGNs. 

This decrease in the repair activities results in enhancement of the vulnerability of 

neurons  to  damaging  agents  and,  thus  introduce  errors  in  certain  genes  causing 

senescence which in turn leads  to neuronal depletion with aging. These results point 

out that topo IIβ could serve as an additional biomarker for evaluating senescence and 

DNA repair efficiency especially in respect of NHEJ activity in aging neurons.
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CHAPTER -6

Role of Topoisomerase I in neuronal 

development
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Introduction:

DNA Topoisomerase  I  (Topo I),  is  an enzyme involved in  DNA rearrangements, 

transcription and replication. Topo I is indispensable during processes leading to cell 

development and also during cell division (Lee et al., 1993).  Inactivation of Topo I 

affects the rate of transcription in S. cerevisiae  (Di Mauro et al., 1993). Experiments 

with yeast Topo I  mutants show that for cell  growth Topo I is not indispensable 

(Thrash et al., 1985) and (Uemura and  Yanagida, 1984). This is not the case with 

Drosophila melanogaster, in which Topo I is essential for development during post 

blastocyst stage (Lee et al., 1993). 

Topo I is a crucial enzyme for cell growth and embryo development (Morham et al., 

1996).  Mammalian Topo I belongs to type IB subfamily. It plays key roles in DNA 

replication, transcription, and recombination.  The members of the type IB subfamily 

of  Topo  I  share  no  sequence  or  structural  homology  with  other  known 

Topoisomerases  (Caron  and Wang,  1994)  and  are  functionally  distinct  from the 

members of the type IA subfamily. The activity and level of Topo I is age as well as 

gender-dependent,  it  increases  from  birth  to  maturity  and  then  decreases,  more 

significantly in males, with senescence. This shows a possible role of Topoisomerase 

I activity and regulation in various brain functions (Plaschkes et. al., 2005). 

Camptothecin is one of the chemotherapeutic agents poisoning the catalytic activity of 

Topo I through formation of single strand protein-DNA crosslinks. Irreversible DNA 

double-  strand  breaks  are  produced  during  DNA  synthesis  in  the  presence  of 

camptothecin,  suggesting that this  agent should not be toxic to non-dividing cells, 

such as neurons.  Unexpectedly,  camptothecin is found to induce  significant,  dose-

dependent cell death of post mitotic rat cortical neurons in vitro, while astrocytes are 

more  resistant  (Morris  and  Geller,  1996).  Although  many  studies  link  Topo  I  to 

important cellular functions, the precise role of the enzyme in these processes remains 

obscure. 
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Granule neurons are the most abundant type of neurons in the brain.  The granule 

neurons,  in  addition  to  their  sheer  volume  and  homogeneity  of  their  population 

together with the fact  that  they can be transfected with ease render them ideal for 

neurotoxic studies.

In the present study, we have analyzed the neurotoxic activity of Topo I inhibitor, 

camptothecin, in cultured CGNs and analyzed the role of Topo I in drug-mediated 

neurotoxicity versus siRNA mediated down-regulation of enzyme. 

Results:

siRNA mediated Transient down regulation of Topoisomerase I.

siRNA-mediated transient downregulation of Topoisomerase-I CGNs transfected with 

Topo-I siRNA and camptothecin for 16 h were analyzed to determine protein and 

mRNA  levels  with  immunoblotting  and  semi-quantitative  RT-PCR,  respectively, 

using Topo-I-specific monoclonal antibodies and PCR primers, as described above 

(  Chapter  2  Methods).  The  immunoblotting  analysis  and RT-PCR studies  show a 

nearly  80%  decrease  in  Topo-I  in  0.5  mM  Topo-I  siRNA-transfected  CGNs. 

Camptothecin (10 mM) showed no marked effect on the Topo-I mRNA and protein 

levels  (Fig.6.1). Fluorescence  confocal  images  (Fig.  6.6) confirm  the  efficient 

downregulation of Topo-I with siRNA, whereas no significant change was observed 

in control and camptothecin treated CGNs.

Effect of Topo-I-siRNA and Camptothecin on viability of CGNs.

The effect of Topo-I-siRNA and camptothecin on the viability of CGNs in culture 

was  tested  using  MTT  assay  as  described  in  (Chapter  2  Methods).  Increasing 

concentrations of camptothecin and Topo-I-siRNA was used to test the viability of 
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CGNs (Fig 6.2).  Camptothecin showed cytotoxicity starting at 1µM decreasing the 

viability to more than  50% at 10µM. Topo-I-siRNA showed only a 20% decrease in 

viability  at  0.5  µM  at  a   concentration  corresponding  to  more  than  80% 

downregulation  of  Topo-I  (Fig.  6.1)  and  there  was  no  change   even  at  higher 

concentrations of siRNA. These results show that siRNA mediated down regulation of 

Topo-I was achieved under these conditions.
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Figure 6.1

Fig  6.1.  Protein  and  mRNA  levels  of  Topo-I  in  siRNA-transfected  and 

camptothecin-treated CGNs. Following 16 h of siRNA transfection or camptothecin 

(Cpt, 10 mM) treatment, cultured CGNs were used for protein and RNA isolation and 

were subjected to immunoblotting and semi-quantitative RT-PCR. Panel A shows the 

immunoblot of a ~100 kD Topo-I protein with a 43 kD b-actin as an endogenous 

control; Panel B represents the corresponding densitometric graph. Panel C shows the 

amplification of Topo-I and bactin m-RNA by PCR followed by separation on a 1% 

agarose gel with the corresponding densitometric data in Panel D. The results clearly 

show  a  significant  decrease  in  Topo-I  protein  and  mRNA  levels  (_80%),  which 

suggests  there  was  efficient  downregulation  of  Topo-I  using  siRNA,  while 

camptothecin induced no significant decrease in these levels. Data are presented as 

the mean ± SD in three independent experiments; *p < 0.05.
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Figure 6.2

Fig  6.2.   MTT  assay  for  viability  of  CGNs. Acolorimetric-basedMTTassaywas 

performed  to  examinethesurvival  ofCGNsunder  siRNAtransfectionorcamptothecin 

treatments using 1-day-old CGNs in culture. The data are represented in termsof % 

cell viability of CGNs at the indicated concentrations of siRNA or camptothecin. The 

bar graph clearly shows a decrease in CGN viability with increasing camptothecin 

concentrations,  whereas  there  was  no  significant  change  with  increasing 

concentrations  of  Topo-I  siRNA.  Data  are  presented  as  the  mean  ±  SD in  three 

independent  experiments;  *p  <  0.05  and  **p  <  0.01  as  compared  to  the  normal 

control.
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Comparison of apoptosis in  Topo I siRNA transfected  and  Camptothecin 

treated CGNs .

Camptothecin is  known  to  induce  caspase-3  dependant  death  of  cortical  neurons 

(Stefanis et al.,1999) and (Keramaris et al., 2000),  which plays a central role in the 

execution-phase of cellular apoptosis. As a measure of apoptosis, caspase-3-activity 

was assessed by extent of cleavage of the fluorogenic substrate  Ac-DEVD-AMC by 

neuronal  lysates  prepared after  transfection  with Topo I  siRNA and camptothecin 

treatments.   As  shown  in  Figure  6.3,  there  is  elevation  in  caspase-3  activity  in 

camptothecin treated cell extracts while Topo I siRNA transfected  extracts did not 

show any marked increase. Further we have used FACS analysis of Annexin V as an 

additional measure of apoptosis. As one of the earliest indications of apoptosis is the 

translocation of the membrane phospholipid phosphatidylserine (PS) from the inner to 

the outer leaflet of the plasma membrane to which Annexin V binds (Vermes et al., 

1995). 

FACS analysis of FITC- apoptotic cell population showed a marked increase of about 

20% in 10µM Cpt  while   0.5 μM Topo I siRNA transfected CGNs didn’t show any 

significant  increase  (  ~  5%) in   Annexin-V positive  cells  (FITC) (Fig  6.4). This 

further confirms that it is camptothecin, not Topo I siRNA that induces a high degree 

of apoptosis in  CGNs. These results suggest that the increase in apoptosis is not due 

to the cells devoid of Topo I, but rather due to the induction of pro-apoptotic factors 

by the protein-DNA- camptothecin cross link mediated signaling or single stranded 

DNA break intermediates.

Comparison of overall protein expression in Topo I siRNA transfected and 

Camptothecin treated CGNs. 

Action  of  Topo  I  down  regulation  on  overall  protein  expression  in  siRNA  and 

camptothecin  treated  granule  neurons  was  studied  using  in  vitro S35 methionine 

incorporation assay as outlined in materials and methods. The autoradiogram (Fig 6.5 
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B) and   S35 radiolabel counts   (Fig  6.5  C)   show  decreased   S35 methionine 

incorporation  in  the  protein  extracts  of  Camptothecin  but  not  in  Topo  I   siRNA 

transfected samples.  This suggests Topo I has no significant role in regulation of 

protein expression. This effect induced by camptothecin may be due to factors like 

DNA strand breaks that may be involved in induction of apoptosis, proteolysis and 

DNA fragmentation.
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Figure 6.3

Fig 6.3. Caspase-3 activity in CGN extracts. Caspase-3 activity was measured using 

a  fluorogenic  (Ac-DEVD-AMC) substrate  in  the  extracts  of  siRNA-transfected  or 

camptothecin-treated CGNs. The data are presented in terms of caspase-3 activity in 

different  siRNA transfected  or  camptothecin-treated  CGN extracts.  The  bar  graph 

clearly  shows  elevation  of  caspase-3  activity  with  increasing  concentrations  of 

camptothecin,  while  Topo-I  siRNA  showed  no  significant  elevation  of  caspase-3 

activity. Data are represented as the mean ±SD in three independent experiments; *p 

< 0.05 and **p < 0.01 as compared to the normal control.
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Figure 6.4

Fig 6.4. Flow cytometric analysis of FITC Annexin-V staining. Cultured CGNs 

were  subjected  to  16  h  of  transfection  with  0.5  mMsilencing  and  non-silencing 

(scrambled) Topo-I siRNA or treatment with 10 mM camptothecin. CGNs were then 

incubated with FITC Annexin-V (Vybrant Apoptosis Assay Kit#3, Invitrogen, USA) 

and  were  analyzed  for  Annexin-V  positive  cells  using  a  flow  cytometer  (BD 

biosciences). Data are presented in the contour diagram of Annexin-V-labeled cells. 

The  upper  right  quadrant  in  the  dot  plot  shows  a  significant  increase  (~20%)  in 

Annexin-V  positive  cells  in  camptothecin-treated  CGNs,  while  Topo-I  siRNA-

transfected CGNs only showed a small increase (~5%) in annexin-V positive cells. 

Data are the mean ± SD in three independent experiments; *p < 0.05 as compared to 

the control.
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Figure 6.5
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Fig  6.5.  S35-methionine  incorporation. Protein  synthesis  in  siRNA-  or 

camptothecin-treated  CGNs  was  assayed  by  incorporation  of  radiolabeled  S35-

methionine.  Panel  A  represents  Coomassie-stained  100  mg  total  protein  extracts 

separated on 10% SDS PAGE, as detailed. Panel B represents the autoradiogram of 

the  corresponding  Coomassie  gel.  Panel  C  represents  the  bar  graph  of  the  S35-

methionine incorporation that was measured using a liquid scintillation counter; 25 

mg of  siRNA- and camptothecin-treated  CGN cell  extracts  were  assayed for  S35 

methionine  incorporation  using  a  toluene-based  liquid  scintillation  counter  as 

radiation counts per minute (CPM). The data clearly show a significant decrease in 

S35-methionine  incorporation  into  10  mMcamptothecin-treated  CGNs,  whereas 

Topo-I siRNA showed no significant change in comparison with control cells. Data 

are  presented  as  the  mean  ±  SD in  three  independent  experiments;  *p  <  0.05  as 

compared to the normal control.
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Neurite  outgrowth  in  Topo-I-siRNA   transfected and  Camptothecin  treated 

CGNs.

The degree of maturation of  neurite  growth was examined (arborization status of 

neurons) and  traced  based on the pEGFP-N2 (GFP-green) and anti-neurofilament 

(NF-red) positive cells in Topo-I- siRNA tranfected CGNs and NF (red) positive  in 

case  of  camptothecin  treated  cultures,  as  described  above.  The  results  show  that 

0.5μM  Topo  I  siRNA+pEGFP-N2  transfected  CGNs  failed  to  arborize  normally, 

when  compared  to  control  and  scrambled  siRNA  treated  cells.  While  10μM 

camptothecin treated granule neurons showed an enhanced aggregation followed by 

clumping  and  altered  morphological  features  of  apoptosis  without  any  extended 

processes  (Supplementary Fig 6) (Fig 6.  6 A).  Further  analysis  of  the length of 

neurite using Image J software showed a significant decrease in neurite outgrowth 

(Fig 6.6 B)  in both siRNA downregulated cells  or camptothecin treated cells. The 

observed affect in the presence of camptothecin could be due to clumping of cells 

(Fig  6.6  A)  or  death  of   cells  due  to  apoptosis.  While  in  the  case  of  siRNA 

downregulated cells, the observed effect on the neurite out growth could be due to 

deficiency of Topo I enzymatic activity, which implicates the role of Topo I in neurite 

out growth, though the exact mechanism needs to be elucidated.
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Figure 6.6

Fig. 6.6. Morphometric analysis of CGNs. Figure represents fluorescent confocal 

images of pEGFP-N2 (GFP-green), Topo-I (Cy3-blue) and neurofilament (NF) (Cy5-

red) staining in treated CGNs as indicated. Individual neuritic processes were traced 

manually and measured with Image J, a java-based image analysis program (NIH, 

USA); GFP-green and anti-neurofilament (NF-red) positive cells were traced in Topo-

I siRNA + pEGFP-N2-transfected CGNs, and NF (red) positive cells were traced in 

camptothecin-treated cultures. Panel A represents the confocal images, and Panel B 

represents the bar graph of the average total  neurite length, which was determined 

from a sample of at least 50 neurons per dish from two independent experiments. The 

results clearly demonstrate a significant change in neuronal arborization  in Topo-I 

siRNA-transfected CGNs. Data are presented as the mean ± SD;

 *p < 0.05 as compared to control. Scale bar-15 mm.
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Supplementary Figure 6

Supplementary Fig 6. Fluorescence confocal imaging of CGNs. Cerebellar granule 

neurons  after  co  tranfection  with  pEGFP-N2 plasmid  +  Topo  I  siRNA  and 

camptothecin treatments were fixed and subjected to immuno cytochemical analysis 

for  Topo  I  and  neurofilament.  Fig  6  represents  Fluorescent  confocal  images  of 

pEGFP-N2 (GFP- green), Topo I (Cy 3-blue) and neurofilament (NF) (Cy 5- red) 

staining in treated CGNs as indicated. The results clearly show a markable decrease in 

Topo I levels in Topo I siRNA treated CGNs corresponding to GFP positive cells. 

scale bar-40μm.
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Discussion.

The  present  study  shows  that  Topo-I  downregulation  alone  does  not  induce  any 

apoptotic factors; however, camptothecin, a Topo-I specific inhibitor, promotes the 

formation of Topo-I DNA cleavage complexes, which may induce apoptosis in cells. 

The viability of CGNs in 0.5 mM Topo-I siRNA-transfected neurons showed only a 

~20% decrease, whereas camptothecin showed more than a 50% decrease in viability 

at 10 mM. The observed marginal decrease in ~20% of Topo-I siRNA-treated granule 

neurons was not associated with elevated levels of caspase 3 and Annexin-V positive 

cells.  However,  camptothecin-treated  neurons  had elevated  levels  of  pro-apoptotic 

markers. This result suggests that camptothecin induces apoptotic death, whereas the 

downregulation of Topo-I marginally decreases neuronal survival (<20%) in a non-

apoptotic  pathway.  Our  results  thus  demonstrate  that  camptothecin  is  neurotoxic, 

affecting neuronal  survival  through induction of a pro-apoptotic  pathway, whereas 

transient downregulation of Topo-I with siRNA showed no significant effect on cell 

viability and activation of pro-apoptotic markers. Neuronal development includes the 

birth  and  differentiation  of  neurons  from  stem  cell  precursors.  High  rates  of 

transcription  and  protein  synthesis  are  required  for  neuronal  development, 

differentiation and information processing. Neurons are metabolically very active and 

hence carry out a high level of protein synthesis. We have used the incorporation of 

radiolabeled S35-methionine to assess the effect of camptothecin and Topo-I siRNA 

on overall protein synthesis. Topo-I siRNA-transfected CGNs showed no significant 

effect on total protein synthesis compared to camptothecin- treated neurons. However, 

the decrease in protein synthesis in camptothecin-treated cerebellar granule neurons 

might be attributed to its apoptotic induction and DNA damage (data not shown here). 

This result establishes that Topo-I itself has no significant role in DNA transcription 

and  translation.  Directional  neurite  extension  from  the  soma  depends  on  precise 

cytoskeletal  and  adhesion  dynamics  that  are  induced  by  sensing  attractive  and 

extracellular  cues,  such  as  chemokines  and  extracellular  matrix  proteins  (ECMs) 

(Dityatev  and  Schachner,  2003;  Kleene  and  Schachner,  2004). Although  a  large 

amount of information is available on the extracellular mechanisms, the intracellular 

mechanisms  have  only  recently  been  addressed.  The  camptothecin  and  Topo-I 

siRNA-transfected CGNs failed to extend their neuritic processes; this result suggests 
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a role for Topo-I in neuritogenesis. There is a significant effect on the arborization 

status  of  neurons  related  to  neuritic  growth  in  Topo-I  siRNAtransfected  and 

camptothecin-treated granule neurons. This effect of camptothecin on neuritic growth 

can  be  attributed  to  neurotoxicity  and  protein  depletion,  whereas  the  Topo-I 

siRNAmediated downregulation suggests a significant role for Topo-I in processes 

related to neuritic growth and development, including controlling the genes involved 

at the transcriptional level. Present observation is similar to that of Topoisomerase-II, 

which shows no effect on expression of housekeeping genes but has a role in neuronal 

development  and maturation  (neuritic  growth  and cone  formation)  (Tsutsui  et  al., 

2001; Nur-E-Kamala et al., 2007).
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Conclusions:

The results of the present study on prolonged CGNs in culture clearly demonstrate the 

significant similarities between physiological aging in vivo and of prolonged culture 

of CGNs in vitro. This will provide new directions towards understanding of normal 

aging processes in brain. Understanding the molecular basis of aging processes at the 

cellular  level  should  provide  clues  to  gain  insights  into  the  pathology  of  various 

neurological diseases e.g. Alzheimer's and Parkinson’s diseases, which are considered 

to be associated with high risk factors with increasing age. 

• Earlier studies from our lab showed a significant age-dependent decrease in 

activity  of topo IIβ in brain specifically  in cerebellum (Kondapi et al.,  2004). 

Further, topo IIβ knock-down neurobalstoma cells were shown to be sensitive to 

DNA damaging agents due to decreased repair capacity  (Mandraju et al., 2008). 

• These observations suggest that the low levels of  topo IIβ activity in aging 

cerebellum may contribute to the genomic instability in cerebellar region of aging 

brain. 

• The above studies also show a age-dependant decrease in Topo I, Topo III 

along with Topo IIβ both in aging rat brain extracts as well as in aging CGNs in 

culture.

• Topo III  α show age-dependant increase both at protein and m-RNA levels 

till 4th week (adult rats), while remains same till 5th week (old rats), suggesting its 

significance in aged condition. This is similar to earlier reports which show that, 

disruption of gene encoding Topo IIIα in mice causes embryonic lethality (Li and 

Wang 1998).
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• This varied expression of Topoisomerases in aging brain and aging CGNs in  

vitro  suggest  distinctive  roles  shared  by  these  enzymes  in  development  and 

functioning of brain.

• NHEJ and BER repair activities are shown to be predominant in the initial 

phase of life, decrease during the later phases of aging. This strongly correlates 

with Topo IIβ levels, an enzyme that can be used as additional biomarker for 

senesense and aging.

Further,  our  study shows that  Topo I  down regulation  alone does not  induce any 

apoptotic factors, while camptothecin though a Topo I specific inhibitor, causes Topo 

I DNA cleavage complexes inducing apoptosis in cells.   This clearly suggests that 

camptothecin  induces  apoptotic  death,  while  the  knock-down  of  Topo  I  affects 

neuronal differentiation in a non-apoptotic pathway. 

• Si RNA  mediated downregulation of Topo I in CGNs show no significant 

effect  on total  protein synthesis as compared to camptothecin treated neurons. 

This establishes that Topo I itself has no significant role in DNA transcription 

affecting an active translation.

• Topo I depleted neurons failed to extend their neuritic processes pointing out 

to a possible role of Topo I in neuritogenesis. 

In summary, the results bring out the importance of DNA topoisomerases viz., 

Type I (Topo I, III α and IIIβ) and Type II (Topo II α and IIβ) in  neuronal 

development, and aging, whose actual mechanisms needs to be elucidated.
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a b s t r a c t

Caspase-3 belonging to a family of cysteine proteases is main executioner of apoptotic cascade pathway.
The inhibitors of this protein are useful in the treatment of cardiomyopathy and neurodegenerative dis-
eases. For the discovery of novel Caspase-3 non-peptide inhibitors from Maybridge database, ligand
based and structure based virtual screening methods were used. Quantitative 3D pharmacophore models
were generated using 25 known inhibitors of Caspase-3 and it was used as initial screen to retrieve the
hits from the database. These compounds with high estimated activity were analyzed for drug like prop-
erties and docking studies were performed, to study the interaction between new hits and active site. One
of the hits (AW01208), with good predictions was selected for synthesis and biological screening. This
compound showed an inhibition activity against Caspase-3 in SKNH cell lines.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Caspases are a family of cysteine proteases responsible for pro-
moting cell death (Apoptosis).1 Caspase-3 (apopain), is situated at
a key junction in the apoptosis, mediating apoptotic cascade from
the intrinsic and extrinsic activation pathways. Apoptosis has been
observed in a large number of pathological conditions, including
ischemia-reperfusion injury (stroke and myocardial infarction),
cardiomyopathy, neurodegeneration (Alzheimer’s disease, Parkin-
son’s disease, Huntington’s disease, and ALS), sepsis, type I diabe-
tes, and allograft rejection.2,3 Two different classes of caspases
involved in apoptosis, the initiator caspases and the executioner
caspases. The initiator caspases, which include Caspase-2, -8, -9,
and -10, are located at the top of the signalling cascade; their pri-
mary function is to activate the executioner caspases, Caspase-3,
-6, and -7.

The executioner caspases are responsible for the physiological
(e.g., cleavage of the DNA repair enzyme poly (ADP-ribose) poly-
merase-1, nuclear laminins, and cytoskeleton proteins) and mor-
phological changes (DNA strand breaks, nuclear membrane
damage, and membrane blebbing) that occur in apoptosis. Most
of the caspases are activated by cleavage at a specific aspartate site

by assembly of their active subunit forms. Activation of Caspase-9
requires the release of cytochrome c from mitochondria to cytosol
where the caspase resides. Caspase-3 is activated by the upstream
Caspase-8 and Caspase-9 and since it serves as a convergence point
for different signalling pathways.4,5

Several Merck Caspase-3 inhibitors are currently in preclinical
trials. M-826, a small reversible Caspase-3 inhibitor, blocked brain
tissue damage in an animal model of hypoxia–ischemia when in-
jected 2 h after ligation6 and another merck Caspase-3 specific
inhibitor M-791 decreased lymphocyte apoptosis in thymus and
spleen of mice subjected to sepsis induced by cecal ligation-punc-
ture and rescued 80–90% of animals from lethal septic shock.7,8

In our present study, we used computational approach to iden-
tify the potent and selective Caspase-3 inhibitors. Three-dimen-
sional (3D) pharmacophore models were generated using the
known set of Caspase-3 inhibitors, to reveal the chemical features
required for its activity. Best pharmacophore (Hypo 1) is validated
with docking and structure based pharmacophore studies. These
models were used to rapidly screen compounds from Maybridge
database, for the identification of a series of novel and highly
potent Caspase-3 inhibitors. Ten molecules were selected from
virtual screening using pharmacophore as query and these mole-
cules are selected for synthesis and in vitro screening studies based
on the docking scores, predicted binding location and their drug
like properties.

0968-0896/$ - see front matter � 2009 Elsevier Ltd. All rights reserved.
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2. Methods

2.1. Molecular modelling

We have collected 97 human Caspase-3 inhibitors with activity
data (IC50) spanning over 6 orders of magnitude (from 0.1 nM to
27,900 nM)9–15 from research articles. Activity measured was at
same assay method for all the compounds used in this study. Activ-
ity values are uniformed to nM. The 3D structures of all molecules
were constructed by using Cerius216 and further these molecules
are subjected to energy minimization using the steepest descent
algorithm with a convergence gradient value of 0.001 kcal/mol.
The Geometry optimization was carried out with the MOPAC 6 pack-
ages using semi empirical AM1 Hamiltonian method.17

2.2. Pharmacophore generation

Pharmacophore models were generated for known inhibitors of
Caspase-3 using Catalyst package.18 Chemical-featured quantita-
tive pharmacophore can be generated automatically using the
HypoGen module within Catalyst, provided that structure–activity
relationship data of a well-balanced set of compounds is available.

All compounds used in the study were subjected to best method
option of conformational search using Monte Carlo-like algorithm
together with poling19 to generate a maximum of 250 conformers.
Our models emphasized a conformational diversity within the con-
straint of a 20 kcal/mol energy threshold above the estimated global
minimum based on use of the CHARMM force field and using poling
algorithm.20,21 The molecules associated with their conformation
models were then submitted to Catalyst hypotheses generation.

The dataset was divided into training set and test set, consider-
ing both structural diversity and wide coverage of the activity
range (shown in Scaffold 1–5, in Supplementary data). The com-
pounds with activity with <10 nM were considered as highly ac-
tives (+++), compounds with an activity range of 10–100 nM as
moderate actives (++) and activity of >1000 nM as least actives (+).

In hypotheses generation, the structure and activity correlations
in the training set were rigorously examined. HypoGen identifies
features that are common to the active compounds but excludes
common features for the inactive compounds within conforma-
tionally allowable regions of space. Ten hypotheses were generated
for every HypoGen run from which the ones with the highest cor-
relation values were chosen. The pharmacophore models were val-
idated using cost analysis and test set activity prediction.

The best pharmacophore (Hypo 1) having high correlation coef-
ficient (r), lowest total cost, and lower RMSD value was chosen to
estimate the activity of test set (Details of Cost parameters men-
tioned in Supplementary data).

2.3. Docking studies

X-ray crystal structure of Caspase-3 (PDB ID 1pau with a resolu-
tion of 2.50 Å) was used for docking studies. Preparation of the pro-
tein for docking included removal of ligand and solvent coupled with
addition of hydrogen atoms. All selected inhibitors were docked into
the active site of the target protein using Glide (version 8.0, Schrö-
dinger, Inc.) in standard precision mode (Glide SP).22,23 The binding
region was defined by a 12 A0_12 A0_12 A0 box centred on the cen-
troid of the crystallographic ligand to confine the centroid of the
docked ligand. No scaling factors were applied to the Van der Waals
radii. Default settings were used for all the remaining parameters.
The top 20 poses were generated for each ligand. The docking poses
were then energy minimized with Macro model in the OPLS2001
force field24 with flexible ligand and rigid receptor. Best pose was se-
lected on the basis of Glide score and the interactions formed be-
tween the ligands and active site amino acids.

2.4. Virtual screening

To find the novel non-peptide inhibitors of Caspase-3, virtual
screening was conducted on Maybridge database25 containing
about 50,000 compounds along with their conformations. Best
pharmacophore model (Hypo 1) comprising of four chemical fea-
tures was used as a query to retrieve the leads from the database.
Fast flexible search method was used for database searching to re-
trieve new lead molecules.

2.5. Experimental

In silico studies led to the identification of top 10 lead com-
pounds with Caspase-3 inhibitor activity. The synthesis of
AW01208 (3,4-dichloro-N-{3-[4-(2-chloro-6-fluoro-benzyl)-pip-
erazin-1-yl]-propyl}-benzamide) is described in-detail in Scheme
1. Spectral data such as NMR, IR, and LC–MS of AW01208 was gi-
ven in Scheme 2 (Supplementary data). After synthesis, the lead
compound AW1208 (3,4-dichloro-N-{3-[4-(2-chloro-6-fluoro-ben-
zyl)-piperazin-1-yl]-propyl}-benzamide) was used to carry out
in vitro bioassay studies using spectroflourimetric techniques to
assess the Caspase-3 inhibition ability of the synthesized com-
pound. All chemicals and reagents were purchased from Aldrich
Chemical Co. unless and otherwise indicated, and used without
further purification. All reactions were carried out under an inert
nitrogen atmosphere with dry solvents using anhydrous conditions
unless otherwise stated. The 1H NMR spectra of compounds were
recorded on Bruker DRX-400 spectrometer using Si(CH3)4 [TMS]
as an internal standard. Samples were dissolved in an appropriate
deuterated solvent (CDCl3). Proton chemical shifts are reported as
parts per million (d) relative to tetramethylsilane (Me4Si;
0.00 ppm), 13C NMR spectra are reported as d relative to deuterated
chloroform (CDCl3, 77.0 ppm). Solution mass spectrum (LCMS) of
compound AW01208 was obtained on a LCMS-2010A Shimadzu
spectrometer using ESI mode of ionisation. Infrared (IR) spectra
were recorded on KBr pellets with a JASCO FT/IR-5300 spectrome-
ter in the region of 400–4000 cm�1

IV

Cl

Cl

Cl

O

V

DCM, RT, 12h

Et3N

VI

N
H

Cl

Cl

O

N

N

F

Cl

H2N N

N

F

Cl

+

2.5.1. Synthesis of (3-bromopropyl) carbamic acid benzyl ester
(II)

The compound was prepared according to the literature.26
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2.5.2. Synthesis of {[3-(4-(2-chloro, 6-fluoro benzyl piperazin-1-
yl)] propyl} carbamic acid benzyl ester (IIIa)

The free base (III) form of (IIIa) (0.450 g) and the alkyl bromide
(0.650 g) (1.1 equiv) and K2CO3 (0.78) (2 equiv) were heated to re-
flux in 20.0 mL CH3CN solvent for 4 h under nitrogen atmosphere.
The mixtures were cooled at room temperature. Then evaporated
the solvent and the residue dissolved in water and extracted with
ethyl acetate. The organic extract was dried (Na2SO4) filtered and
solvent evaporated in vacuo to give the product as clear oil. Col-
umn chromatography (100% ethyl acetate, Rf 0.4). NMR data: 1H
NMR (400 MHz, d ppm) (CDCl3): 1.62–1.68 (m, 2H), 2.40–2.58 (br
d, 10H), 3.26 (q, 2H, J = 4.6 Hz), 3.70 (s, 2H), 5.09 (s, 2H), 5.89 (s,
1H), 6.95–6.99 (m, 1H), 7.18 (s, 2H), 7.28–7.30 (m, 5H).

2.5.3. Synthesis of {[3-(4-(2-chloro, 6-fluoro benzyl piperazin-1-
yl)] propylamide (IV)

Iodotrimethylsilane (0.278 mL, 1.94 mmol) was added to a solu-
tion of compound (IIIa) (0.278 g, 1.94 mmol) in acetonitrile (5 mL).
The reaction mixture was stirred for 15 min at room temperature,
quenched with methanol (3 mL) and stirred for an additional
10 min. Volatiles are removed in vacuo; the residue was dissolved
in 3 N HCl (10 mL) and extracted with ether (6.0 mL). The aqueous
portion was neutralized to pH 9–10 with aqueous NH4OH. Extrac-
tion with CHCl3 (5.0 mL) and drying (Na2SO4) followed by evapora-
tion yielded the product as a clear viscous oil that was used in the
next step without further purification. NMR and IR data: 1H NMR
(400 MHz, d ppm) (CDCl3): 1.60–1.66 (m, 2H), 2.38 (t, 2H,
J = 7.4 Hz), 2.46 (br s, 4H), 2.60 (br s, 4H), 2.74 (t, 2H, J = 6.8 Hz),
3.73 (s, 2H), 6.93–6.70 (m, 1H), 7.17–7.19 (m, 2H). 13C NMR d
30.29, 40.79, 52.30, 52.61, 53.23, 56.41, 113.9, 123.7, 125.37,
129.05, 136.63, 160.86. IR (NaCl plate, neat) 697, 1134, 1260,
1538, 1694, 2946, 3332 cm�1.

2.5.4. Synthesis of 3,4-dichloro-N-{3-[4-(2-chloro-6-fluoro-
benzyl)-piperazin-1-yl]-propyl}-benzamide (VI)

A mixture of amine (IV) (0.15 mL) (1 equiv), triethylamine and
5.0 mL dry DCM was stirred under nitrogen gas for 10 min, then

the acid chloride (V) (0.080 g) (1.1 equiv) was added and stirred
continuously for 12 h. The solvent was removed under reduced
pressure and mixture was stirred with water. Later extracted into
ethyl acetate and the organic layer washed with water and brine
solution then with water and dried with Na2SO4. The solvent was
evaporated by rotary vapour and separated by the column chroma-
tography by using 4% methanol + 96% CHCl3 mixture. A clear oily
liquid compound was obtained. NMR data: 1H NMR (400 MHz, d
ppm) (CDCl3): 1.92 (s, 2H), 2.76 (br d, 8H), 3.48 (s, 2H), 3.69 (s,
2H), 4.04 (br s, 2H), 6.93 (d, 1H), 7.15 (s, 1H), 7.39 (d, 1H), 7.72
(d, 1H), 7.99 (s, 1H), 8.40 (s, 1H). Mass spectra given in SI, LCMS
Data: Molecular ion peak obtained at 458 with few other fragment
peaks.

2.6. Biological screening

Caspase-3 inhibition studies were estimated by using a Spectro-
fluorometric method27,28 by measuring the accumulation of a
flourogenic product. The activities of the compound were evalu-
ated in SKNSH cell lines as a cell-based model of apoptosis. The
compound inhibited Caspase-3 activity in a concentration depen-
dent manner.

Inhibition studies were carried out using Caspase-3 Assay kit
(BD PharmingenTM). The kit is designed to measure Caspase-3
cleaving activity, an early marker of cells undergoing apoptosis.
Doxorubicin induced apoptotic extracts were used as Caspase-3
and 7 sources. Ac-DEVD-AMC is a synthetic tetra peptide flouro-
genic substrate (MW = 675 Da; purity � 98%) that was used to
identify and quantitate Caspase-3 activity in apoptotic cell lysates.

Caspase-3 cleaves the tetra peptide between D and AMC, releas-
ing AMC. The enzymatic activity of Caspase-3 and 7 was deter-
mined by measuring the accumulation of the flourogenic product
7-amino-4-methyl coumarin (AMC) using an excitation wave-
length of 380 nm and an emission wavelength range of 420–
460 nm. Apoptotic cell lysates containing active Caspase-3 yield a
considerable emission as compared to non-apoptotic cell lysates.
The Caspase-3 and 7 were first assayed to determine the optimal
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Scheme 1. Reagents and conditions: (a) benzylchloroformate; (b) K2CO3, MeCN, 80 �C; (c) iodotrimethysilane, MeCN.
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concentration for each experiment. Optimal concentrations were
based in the linear range of the enzyme activation curves.

The Caspase-3 protein inhibitor compound was tested with the
standard compounds as a control for caspase activity. The non-
peptide inhibitor was dissolved in DMSO, and a serial dilution
was performed before screening in order to obtain desired concen-
trations. The compound synthesized was analyzed for Caspase-3
inhibitory activity with doxorubicin induced extract for Caspase-
3 source.

3. Results and discussion

3.1. Pharmacophore generation

Pharmacophore models are developed in HypoGen module in
Catalyst software. All dataset compounds were divided into a train-
ing set of 25 compounds and a representative test set of 72 com-
pounds. HypoGen attempts to construct the simplest hypotheses
that best correlates the activities (experimental vs predicted).

Ten statically best pharmacophore models were generated and
these models were considered for further analysis. The Null cost
(no correlation cost) for 10 hypotheses was 173.02, the fixed cost
(ideal cost) of the run was 100.12 and the configuration cost was
14.90. A difference of 59.45 bits obtained between fixed and null
costs is a sign of highly predictive nature of hypotheses. All 10
hypotheses generated showed high correlation coefficient between
experimental and predicted IC50 values, in the range of 0.93–0.86
and moreover, these are having cost difference greater than 45 bits
between the cost of each hypothesis and the null cost. It indicates
that all the hypotheses are having true correlation between 75%
and 90%. The cost values, correlation coefficients (r), RMSD, and
pharmacophore features are listed in Table 1. The best pharmaco-
phore (Hypo 1) consisted of one H-bond acceptor (HBA), one H-
bond donor (HBD), and two hydrophobic (HY) features shown in
Figure 1. This model is having high correlation coefficient (r) of
0.93, lowest total cost (59.45), and least RMSD value (0.98) and it
was chosen to further validate its predictive power by estimating
the activity of test set.

For the highly active compound (62) all the features are per-
fectly mapped to the features of Hypo 1 and had a fit score of
9.19, shown in Figure 2a. Whereas, for the least active compound
(92) only three features of Hypo 1 were mapped properly and
had fit value of 4.98, shown in Figure 2b. In compound 62, HBA fea-
ture is mapped to oxygen atom of carbonyl group present in amide
moiety. The HBD feature mapped to the NH group which is at-
tached to the 5th position of 4-oxo pentanoic acid. Among the
two hydrophobic groups, one was mapped to the tertiary butyl
group substituted at 5th position on pyrazine ring of the com-
pound and another on n-pentane chain.

The experimental and predicted activities of training set are
listed in Scaffold 1–5 (in Supplementary data). In training set,
among the 7 highly active compounds, all are predicted as highly
active (+++). Out of 8 moderately active compounds (++), only
three compounds was predicted as high active (+++), and the rest
were predicted on the target. Out of 10 least active compounds,
all compounds were predicted as least active (+).

The prediction power of Hypo 1 was evaluated by using 72 test
set containing chemically diverse compounds. The experimental
and predicted activities of test set are listed in str1–5 (in Supple-
mentary data). Among the 9 highly active ‘+++’ compounds in the
test set, pharmacophore model was able to predict 8 compounds
correctly and only one compound predicted as moderate active.
Out of 47 compounds present in moderately active ‘++’ range, 39
compounds predicted as ‘++’, but 7 compounds predicted as high
active and one compound inactive. Out of 16 least actives only 3
compounds predicted as ‘++’.

For the highly active compound (97) all the features are per-
fectly mapped to the 3 features of Hypo 1, shown in Figure 2a.
Whereas, for the least active compound (11) mapped three fea-
tures of Hypo 1 were mapped properly, shown in Figure 3b.

The generated pharmacophore model has predicted the activity
of these test set compounds with correlation of 0.88 (shown in
Graph 1). The over all correlation between the experimental and
predicted activity was about 0.88 and hence from this analysis,
Hypo 1 was able to distinguish actives from the inactives.

Table 1
Results of pharmacophore hypothesis generated using training set against Caspase-3 inhibitors

Hypo no. Total cost Cost-difference Error cost RMS Correlation Features

1 113.57 59.45 96.24 0.98 0.93 A,D,H,H
2 115.78 57.24 97.96 1.05 0.92 A,D,H,H
3 118.02 55.00 100.76 1.15 0.90 A,D,H,H
4 118.11 54.91 101.51 1.18 0.89 A,D,H,H
5 120.20 52.82 103.23 1.23 0.88 A,D,H,H
6 121.09 51.93 104.96 1.29 0.87 A,D,H,H
7 121.31 51.71 104.55 1.27 0.87 A,D,H,H
8 121.80 51.22 105.40 1.30 0.87 A,D,H,H
9 122.15 50.87 105.25 1.30 0.87 A,D,H,H

10 122.16 50.86 105.84 1.31 0.86 A,D,H,H

All cost values are in bits.
A = hydrogen bond acceptor, D = hydrogen bond donor, H = hydrophobic.
Cost details of ten pharmacophores: Fixed cost: 100.12, Configuration cost 14.90 and Null cost 173.02.

Figure 1. The best hypothesis model Hypo 1 produced by the HypoGen module in
Catalyst 4.11 software. Pharmacophore features are color-coded with green, blue,
and red contours representing the hydrogen-bond acceptor feature (A), hydropho-
bic feature (Z), hydrogen bond donor, respectively. Distance between pharmaco-
phore features are reported in angstroms (Å).
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3.2. Docking studies

Initial docking calculations were performed for these 97 known
inhibitors to analyze the important interactions between protein
and the ligand to generate a structural model for virtual ligand
docking (VLS).

All docking calculations were performed using the ‘Standard
Precision’ (SP) mode of GLIDE program and with OPLS-AA 2001 force
field. All the compounds in the study were docked in the active site
of receptor and calculated the binding interactions. The estimated
docking scores (G Score) by the algorithm for these compounds are
listed in Table 2. These studies provided insight into interactions
that may be important for inhibitor activity by comparing docking
simulations of each inhibitor in the Caspase-3.

The docked conformations determined by Glide with the best
docking energy for the high active compounds are in the range of
�11.35 and for the low active compounds are having in the range
of �5.49. In Figure 4a, showing the Glide generated binding pose of
highly active compound (62) inside the active of Caspase-3. As de-
picted from the figure, the compound is showing four hydrogen
bond interactions with the atoms active amino acids. The two
important hydrogen bond contacts with Arg207, the first hydrogen
bond is formed by the backbone CO and NH of the compound
(CO���HN, 2.13 Å) and the second hydrogen bond is formed by side

chain NH of Arg207 and CO group of the compound (NH���OC,
2.74 Å). Other two crucial hydrogen bond interactions are formed
between the compound and the receptor is: NH of indole ring pres-
ent in Try 214 with CO group of compound (NH���OC, 3.25 Å), back-
bone NH of Ser209 with carbonyl oxygen of the ligand (NH���OC,
2.62 Å).

All dataset molecules were docked into the active site of Cas-
pase-3, and the correlation was calculated between Glide score
and the pIC50 by linear regression analysis method. An acceptable
correlation coefficient (r) of 0.78 was obtained between experi-
mental pIC50 and docking energy (Graph 2).

Figure 2. Pharmacophore mapping of the most active and least compound (1 from
the training set) on the best hypothesis model Hypo 1 (a). Pharmacophore mapping
of the highest active compound on the best hypothesis model Hypo 1 from the
training set model number 62. (b) Pharmacophore mapping of the least active
compound on the best hypothesis model Hypo 1 from the training set model
number 92.

Figure 3. Pharmacophore mapping of the most active and least compound (1 from
the test set) on the best hypothesis model Hypo 1 (a). Pharmacophore mapping of
the highest active compound on the best hypothesis model Hypo 1 from the test set
model number 77. (b) Pharmacophore mapping of the least active compound on the
best hypothesis model Hypo 1 from the test set model number 91.

Graph 1. Correlation graph between experimental (pIC50) and Hypo 1-estimated
activities (pIC50) of training and test set.
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3.3. Virtual screening

The main aim of our study is to identify the non-peptide inhib-
itors against Caspase-3 for the database. For conducting virtual

Table 2
Experimental activity (pIC50) and dock scores obtained by Glide SP of dataset
molecules

Compound number Experimental activity (pIC50) Dock score

sdmol 62 10.000 �11.351
sdmol 20 9.523 �9.037
sdmol 80 9.000 �9.338
sdmol 77 9.000 �8.139
sdmol 82 8.699 �9.822
sdmol 78 8.699 �8.634
sdmol 17 8.523 �8.428
sdmol 11 8.377 �7.868
sdmol 72 8.301 �8.101
sdmol 19 8.301 �8.576
sdmol 15 8.301 �8.952
sdmol 16 8.284 �7.964
sdmol 68 8.222 �8.762
sdmol 60 8.222 �7.410
sdmol 39 8.097 �8.576
sdmol 59 8.046 �7.921
sdmol 58 7.959 �7.096
sdmol 73 7.921 �7.817
sdmol 36 7.921 �7.841
sdmol 61 7.886 �7.416
sdmol 57 7.886 �7.503
sdmol 47 7.886 �6.921
sdmol 71 7.854 �7.341
sdmol 70 7.854 �7.527
sdmol 48 7.854 �7.568
sdmol 44 7.854 �8.354
sdmol 43 7.854 �7.916
sdmol 56 7.824 �7.720
sdmol 64 7.770 �8.030
sdmol 55 7.770 �6.914
sdmol 81 7.745 �7.238
sdmol 34 7.745 �7.365
sdmol 69 7.721 �7.021
sdmol 74 7.699 �7.677
sdmol 67 7.699 �6.484
sdmol 51 7.678 �6.122
sdmol 83 7.638 �6.221
sdmol 46 7.638 �6.272
sdmol 54 7.585 �6.531
sdmol 35 7.585 �7.996
sdmol 85 7.569 �6.208
sdmol 76 7.523 �6.443
sdmol 3 7.509 �6.576
sdmol 97 7.481 �6.771
sdmol 96 7.481 �7.109
sdmol 45 7.481 �5.576
sdmol 86 7.444 �6.094
sdmol 28 7.444 �5.576
sdmol 84 7.398 �6.576
sdmol 53 7.377 �5.576
sdmol 14 7.357 �6.345
sdmol 10 7.357 �6.389
sdmol 79 7.337 �7.072
sdmol 38 7.337 �7.322
sdmol 23 7.319 �5.576
sdmol 65 7.301 �5.576
sdmol 37 7.292 �5.576
sdmol 21 7.276 �7.506
sdmol 95 7.237 �7.263
sdmol 41 7.201 �6.000
sdmol 42 7.194 �6.049
sdmol 63 7.180 �7.031
sdmol 8 7.155 �7.350
sdmol 75 7.155 �6.728
sdmol 66 7.155 �6.855
sdmol 30 7.149 �6.427
sdmol 24 7.143 �6.426
sdmol 40 7.108 �6.300
sdmol 22 7.097 �7.169
sdmol 32 7.086 �6.576
sdmol 25 7.056 �7.223
sdmol 49 7.000 �6.511
sdmol 52 6.959 �6.614
sdmol 50 6.921 �6.342
sdmol 1 6.921 �6.751
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Graph 2. Correlation graph between experimental activity (pIC50) and docking
score.

Table 2 (continued)

Compound number Experimental activity (pIC50) Dock score

sdmol 31 6.854 �6.855
sdmol 26 6.854 �5.246
sdmol 33 6.796 �5.522
sdmol 5 6.770 �6.220
sdmol 18 6.770 �5.278
sdmol 12 6.770 �6.549
sdmol 29 6.721 �6.188
sdmol 89 6.602 �7.464
sdmol 88 6.532 �7.217
sdmol 27 6.509 �6.018
sdmol 93 6.456 �6.031
sdmol 94 6.441 �6.295
sdmol 9 6.387 �6.187
sdmol 4 6.041 �6.076
sdmol 90 5.889 �5.491
sdmol 7 5.721 �5.679
sdmol 6 5.658 �5.540
sdmol 2 5.553 �5.180
sdmol 13 5.260 �5.702
sdmol 87 4.959 �6.546
sdmol 91 4.814 �4.625

Figure 4. Docked conformation of the most active compound 62 in the active site.
Broken lines represent hydrogen bonds.
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screening we used Maybridge database containing 50,000 com-
pounds. Best hypothesis (hypo 1) used as a query, to retrieve the
novel and potent candidates from the database. Two thousand five
hundred compounds were retrieved as hits and these compounds
were further screened for drug like properties using Lipinski rule29

of 5 as a filter. The remaining molecules were overlaid with the 3D-
pharmacophore by using the ‘Best Fit’ option and the top 200
scored hits were analysed for binding patterns using docking stud-
ies. Ten compounds having interactions with important amino
acids: Arg207, Try 214, and Ser209 of Caspase-3, were selected
for synthesis and biological testing to measure the Caspase-3
inhibitory activity. The binding pose of the AW01208 inside the ac-
tive site of the Caspase-3 was shown in Figure 5b. The compound is
having strong hydrogen bond with the active site amino acid
Arg207 (backbone CO with amide NH of the compound with
2.013 Å). We have finished the synthesis and screening for the
hit 1 (AW01208) shown in Figure 5a and the synthesis and the
inhibitory activity of the hit 1 was evaluated as reported in Section
2.5.

3.4. Biological screening

The first graph with concentration on x-axis and fluorescence
intensity on y-axis in Figure 6 shows induction of non-apoptotic
control in SKNH cells shown by increase in fluorescence intensity
in comparison to the standard inhibitor used. Further increased
concentrations from 0.5 lM to 5 lM of Doxorubicin indicates
increased slope values (an average value of 5 experiments in dupli-
cates) with individual concentrations thereby indicating increased
levels of apoptosis in the SKNH cell lines further evidenced by
increase in fluorescence intensity with strong emission at higher
concentrations of Doxorubicin (5 lM).

Plot of fluorescence intensity with respect to variable wave-
lengths shown in Figure 7. The results showed the maximum fluo-

rescence intensity from 420 to 430 nm for Doxorubicin at 1 lM
and 5 lM.

Plot of concentration and fluorescence intensity shown in Fig-
ure 8. The various concentrations of the compound AW01208
was taken and fluorescence intensity was studied, the AW01208
showed maximum fluorescence for 10 lM, 50 lM, and 100 lM
solutions. The fluorescence was decreasing for increase in concen-
trations, that is, for 0.5 lM, 1 mM, and 5 mM.

Plot of fluorescence and wavelength shown in Figure 9. The
fluorescence of inhibitor compound and standard inhibitor was
studied in the range 420–460 nm. The standard inhibitor showed
maximum fluorescence at 430–440 nm and the synthesized inhib-
itor AW01208 of 0.5 lM concentration exhibited maximum fluo-
rescence at 440 nm. The inhibitory effect of Caspase-3 is better
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Figure 5. (a) 2D-structure of the virtual screening hit, (b) best docked conformation
of the AW01208 in the active site. Broken lines represent hydrogen bonds.
Hydrogen bond distances are presented in angstroms (Å).
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Figure 6. Doxorubicin induced apoptosis in SKNSH cell lines.

Figure 7. Doxorubicin induced apoptosis in SKNSH cell lines as measured by
Caspase-3 activity.

Figure 8. Caspase 3 inhibition by compound AW01208 at various concentrations.
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evidenced by the decrease in fluorescence intensity when the con-
centration of the compound is 5 mM which is approximately 50%
decrease in intensity with respect to the strong fluorescence emit-
ted by the apoptotic controlled cells but did not show any inhibi-
tion at 10 lM. The fluorescence intensity was decreased with
increase in concentrations of the lead compound AW01208. It is
evident from the graph in Figure 9 that the decrease in fluores-
cence intensity observed for compound AW01208 at 5 mM con-
centration and inhibitory effect is approximately 50% when
compared to the apoptotic controlled cells. Similar experiments
were carried out with Caspase-7 protein and the lead compound
AW01208 did not showed much inhibition effect with Caspase-7
protein and hence the experimental results are further not dis-
cussed here. From the above biological studies it is evident that
the compound AW01208 is a specific inhibitor for Caspase-3 and
not for Caspase-7.

The above data obtained shows that the compound AW1208
determined by in silico studies and synthesized in the lab is highly
selective. Caspase-3 inhibition was effective then Caspase-7, due to
the fact that the receptor sites of Caspase-3 and 7 differ from each
other.

4. Conclusion

We have generated ligand based pharmacophore model using
25 diversed compounds. The model consisted of one H-bond
acceptor (HBA), one H-bond donor (HBD), and two hydrophobic
(HY) features. Further docking studies were performed on the
known inhibitors and these results indicated that the amino acids
Arg207, Ser209, and Trp214 present in the active site of caspase-3
are important for ligand binding. Using both ligand and structure

based models virtual screening was performed against Maybridge
database to find the novel non-peptide inhibitors. From this study,
we identified compound (AW1208) as a non-peptide inhibitor
against Caspase-3.

Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bmc.2009.06.069.
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A B S T R A C T

DNA Topoisomerase-I (Topo-I) is an enzyme involved in DNA rearrangements, transcription and

replication and is a potential target for cancer chemotherapy. Camptothecin is one of the

chemotherapeutic agents inhibiting the catalytic activity of Topo-I through the formation of single-

strand protein–DNA cross-links. Here, we show that camptothecin is toxic to primary cerebellar granule

neurons (CGNs), and camptothecin-induced toxicity is not solely due to the inhibition of Topo-I. An

analysis of the effect of camptothecin on CGNs in culture showed that camptothecin inhibits the viability

of CGNs. The observed inhibition of cell viability is through the induction of a pro-apoptotic pathway that

leads to neuronal degeneration. Furthermore, results show that camptothecin inhibits both protein

synthesis and the neuritic outgrowth of CGNs. To determine if the observed neurotoxicity was due to

inhibition of Topo-I alone, siRNA-mediated Topo-I-downregulated CGNs were analyzed for cell viability,

apoptosis, protein synthesis and neurite outgrowth. The results of these experiments demonstrate that

Topo-I downregulation affects only neurite outgrowth and has no significant effect on viability,

apoptosis and protein synthesis in granule neurons. In conclusion, camptothecin-induced neurotoxicity

may be due to the induction of protein–DNA cross-links and other unknown drug-related interactions

rather than the inhibition of Topo-I activity alone.

� 2010 Elsevier Inc. All rights reserved.

Contents lists available at ScienceDirect

NeuroToxicology
1. Introduction

DNA Topoisomerases are a class of enzymes involved in the
regulation of DNA supercoiling that play a crucial role in DNA
transcription, replication and recombination; however, the exact
mechanism is not understood. During DNA replication, the two
strands of DNA are completely delinked by Topoisomerases, and
the translocating RNA polymerase generates supercoiling tension
in the DNA that is released during transcription (Wu et al., 1988;
Wang, 1998). DNA Topoisomerases resolve the entangled DNA
intermediates by transiently cleaving one or two DNA strands and
passing the strand through the nick of another intact strand(s).
Subsequently, the enzymes rejoin the DNA break and complete one
round of the catalytic cycle (Vosberg, 1985; Wang, 1987, 1996;
Champoux, 2001). Based on their catalytic mechanism, Topoi-
somerases have been categorized into four subfamilies: type IA, IB,
IIA and IIB.

All higher eukaryotes contain at least one type I Topoisomerase
enzyme that plays a major role in supporting fork movement
during replication and in facilitating relaxation of transcription-
* Corresponding author. Tel.: +91 40 23134571; fax: +91 40 23010145.

E-mail addresses: akondapi@yahoo.com, akksl@uohyd.ernet.in (A.K. Kondapi).
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related supercoils. Topo-I is indispensable during processes
leading to cell development and cell division (Lee et al., 1993).
Inactivation of Topo-I affects the rate of transcription in
Saccharomyces cerevisiae (Di Mauro et al., 1993). Experiments
with yeast Topo-I mutants show that Topo-I is not indispensable
for cell growth (Thrash et al., 1985; Uemura and Yanagida, 1984).
However, in Drosophila melanogaster, Topo-I is essential for
development after the blastocyst stage (Lee et al., 1993).

Topo-I is a crucial enzyme for cell growth and embryo
development (Morham et al., 1996). Mammalian Topo-I belongs
to the type IB subfamily. It plays key roles in DNA replication,
transcription, and recombination. The members of the type IB
subfamily share no sequence or structural homology with other
known Topoisomerases (Caron and Wang, 1994) and are function-
ally distinct from the members of the type IA subfamily. The
activity level of Topo-I is age- and gender-dependent, and this
activity increases from birth to maturity and then decreases, more
significantly in males, with senescence. This shows a possible role
for Topoisomerase-I activity and regulation in various brain
functions (Plaschkes et al., 2005).

(S)-(+)-camptothecin (Camptothecin, Cat. No. C9911, Sigma), a
specific Topo-I inhibitor, traps covalent intermediates of single-
strand protein–DNA cross-links, thereby damaging the genome
(Kang et al., 2004). Camptothecin seems to act by stabilizing the
rotoxic activity of a Topoisomerase-I inhibitor, camptothecin, in
.1016/j.neuro.2010.06.008
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Topo-I-DNA covalent intermediate, which significantly slows the
reclosure step of the nicking-closing reaction (Hsiang et al., 1985;
Porter and Champoux, 1989). Camptothecin is an S-phase-specific
anti-cancer agent that inhibits the activity of the Topo-I enzyme.
Irreversible DNA double-strand breaks are produced during DNA
synthesis in the presence of camptothecin, suggesting that this
agent should not be toxic to non-dividing cells, such as neurons.
Unexpectedly, camptothecin is found to induce significant, dose-
dependent cell death of postmitotic rat cortical neurons in vitro,
whereas astrocytes are more resistant (Morris and Geller, 1996).
Although many studies link Topo-I to important cellular functions,
the precise role of the enzyme in these processes remains obscure.

Granule neurons are the most abundant type of neuron in the
brain. The granule neurons are ideal for neurotoxic studies because
they exist in high numbers, have a homogeneous population and
can be transfected with ease.

In the present study, we have analyzed the neurotoxic activity
of the Topo-I inhibitor camptothecin in cultured CGNs and
analyzed the role of Topo-I in drug-mediated neurotoxicity
compared to siRNA-mediated downregulation of the enzyme.

2. Methods

2.1. Culture and cell viability assay (MTT) of rat cerebellar granule

neurons

Postnatal day 6–8 Wistar rat pups were obtained from the
University Animal House Facility (University of Hyderabad, India).
Primary cultures of rat CGNs were obtained from dissociated
cerebellum as described previously (Cambray-Deakin, 1995). The
cells were plated in poly-L-lysine-coated 24-well dishes in 0.5 ml of
medium per well at a density of�200,000 cells per well. The growth
medium consisted of MEM Eagle’s with Earle’s BSS, 2 mM glutamine
(0.292 g/L), 10% fetal bovine serum (Lifetech), 6 mg/ml glucose,
25 mM KCl, 10 U/ml penicillin, and 10 mg/ml streptomycin-contain-
ing DNase-I (0.05%). To eliminate non-neuronal cells, 1 mM
arabinosylcytosine (SIGMA, USA), a mitotic inhibitor, was added
to the cultures 12 h later. Over 95% of the cells cultured using this
method were granule cells and were identified both by their small
size (diameter 8–12 mm) and by their rounded body shape with
bipolar neurites. All experiments were conducted 1 day after plating
when neurons were arborizing (dendrites and axons). At 24 h after
plating, the neurons were treated with Topo-I siRNA (0.1 mM–1 mM)
using lipofectamine-2000 (Invitrogen, Cat. No. 11668) as transfec-
tion agent and with camptothecin (1–100 mM, Sigma, Cat. No.
C9911, Sigma); a non-silencing Topo-I siRNA (0.5 mM, scrambled)
was used as a control. The effect of varying concentrations of Topo-I
siRNA and camptothecin on the viability of the granule neurons in
culture after 16 h of treatment was determined by colorimetric
quantification of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide, Sigma) with an assay that was described
previously (Mosmann, 1983). After the treatment, the cultured CGNs
in poly-L-lysine-coated 24-well plates were incubated with 500 ml
of 0.5 mg/ml MTT in fresh medium at 37 8C for 4 h. The plates were
then centrifuged at 1500 rpm for 20 min at 37 8C, and the medium
was carefully removed. Dimethyl sulfoxide (DMSO, 500 ml) was
then added to each well to dissolve the formazan crystals. The
DMSO-dissolved formazan crystals were read immediately at
540 nm with DMSO as blank on a spectrophotometer.

2.2. siRNA synthesis

We used double-strand siRNA oligos for transient down-
regulation of Topo-I in rat CGNs. Lipofectamine 2000 (Invitrogen)
was used for transfecting the double-strand siRNA oligos. One day
after plating, the cultures were used for transfection, as standard-
Please cite this article in press as: Uday Bhanu M, Kondapi AK. Neu
cultured cerebellar granule neurons. Neurotoxicology (2010), doi:10
ized in our lab (Mandraju et al., 2008). Double-strand siRNA oligos
were synthesized as described earlier (Donze and Picard, 2002). For
this protocol, desalted DNA oligonucleotides were obtained from
Sigma (India). The oligonucleotide-directed production of small
RNA transcripts with T7 RNA polymerase has been implemented as
described (Milligan and Uhlenbeck, 1989). For each transcription
reaction, 1 nM of each oligonucleotide was annealed in 50 ml of TE
buffer (10 mM Tris–HCl, pH 8.0, and 1 mM EDTA) by heating at
95 8C; after 2 min, the heating block was switched off and allowed
to slowly cool to obtain double-stranded DNA. Transcription was
performed in 50 ml of transcription mix: 1 � T7 transcription
buffer (40 mM Tris–HCl, pH 7.9; 6 mM MgCl2; 10 mM dithio-
threitol (DTT); 10 mM NaCl and 2 mM spermidine), 1 mM
nucleotide triphosphates (NTPs), 0.1 U yeast pyrophosphatase
(Sigma), 40 U Rnase OUT (Life Technologies) and 100 U T7 RNA
polymerase (Invitrogen), which contained 200 pM of the double-
stranded DNA (dsDNA) as a template. After incubation at 37 8C for
2 h, 1 U RNase-free DNase (Genetix) was added at 37 8C for 15 min.
Sense and antisense 21-nucelotides (nt) RNAs generated in
separate reactions were annealed by mixing both crude transcrip-
tion reactions and heating at 95 8C for 5 min, followed by 1 h at
37 8C to obtain T7 RNA polymerase-synthesized small interfering
double-stranded RNA (T7 siRNA). The mixture (100 ml) was then
adjusted with 0.2 M sodium acetate, pH 5.2 and precipitated with
2.5 volumes of ethanol. After centrifugation, the pellet was washed
once with 70% ethanol, dried and resuspended in 50 ml of water.

2.2.1. siRNA oligos

The following oligos were used to synthesize siRNA: Topo-I sense
strand-50GCGGATTTCCGATTGAATGTT30, Topo-I anti-sense strand-
50CATTCAAT CGGAAATCCGCTT30, scrambled sense-50TTCGC-
GGATCGATTGAATGTT30 and scrambled anti-sense-50CATTCA-
ATCGATCCGCGAATT30.

2.2.2. siRNA transfection

Cultured granule neuron cells (2 � 106 million) were trans-
fected using lipofectamine-2000 (Invitrogen) with 0.5 mM of non-
silencing Topo-I siRNA (scrambled) and silencing Topo-I siRNA
separately. For the immunofluorescence studies, the CGNs were
co-transfected with the green fluorescent-expressing pEGFP-N2
plasmid along with siRNA. Earlier studies on neuronal transfection
of DNA vectors using LIPOFECT-AMINE 2000TM demonstrated that
neuronal transfection was approximately 20–25% with the cortical
neurons and 25–30% with the hippocampal neurons (Ohki et al.,
2001); we could achieve similar transfection efficiency with the
pEGFP-N2 plasmid in CGNs in vitro.

2.3. Western blot analysis

Cells were harvested by scraping the cells into a solution
(25 mM Tris–HCl pH 7.4, 137 mM NaCl, 3 mM KCl) and centrifug-
ing at 300 � g for 7 min at 4 8C. The cell pellet was homogenized in
0.2 ml homogenization buffer (20 mM Tris–HCl pH 7.5, 0.1 mM b-
mercaptoethanol, 1 mM MgCl2, 0.1 mM EDTA, 5% glycerol, 0.1%
triton X-100, 0.5 mM KCl, 0.5 mM PMSF and 1 mg/ml pepstatin and
leupeptin) for 10 min on ice followed by sonication for 15–20 s.
The protein concentrations in the cell lysates were measured by
the Bradford method (Bradford, 1976). Twenty micrograms of total
protein/lane were separated on 10% sodium dodecyl sulfate (SDS)
gels and then transferred to nitrocellulose membranes (Towbin
et al., 1979). The membranes were blocked with 5% non-fat dry
milk in TBS-containing 0.05% Tween 20 for 1 h and then incubated
overnight at 4 8C with corresponding protein-specific antibodies at
an 1:1000 dilution (anti-Topo-I monoclonal antibodies (Mab),
Sigma; and anti b-actin polyclonal antibodies (Pab), BD bios-
ciences). Subsequently, the blots were washed and incubated with
rotoxic activity of a Topoisomerase-I inhibitor, camptothecin, in
.1016/j.neuro.2010.06.008
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secondary anti-mouse IgG and anti-rabbit IgG alkaline phospha-
tase (ALP, Upstate) conjugated antibodies (1:2000 dilution),
respectively. The blots were developed using a NBT (nitro-blue
tetrazolium chloride) – BCIP (5-bromo-4-chloro-30-indolypho-
sphate p-toluidine salt) substrate in freshly prepared alkaline
phosphatase buffer (100 mM Tris-pH 9.5, 5 mM MgCl2, 100 mM
NaCl). Western blots were quantified using the NIH IMAGE
program. All studies were performed a minimum of three times
using independent cultures.

2.4. Reverse transcription PCR (RT-PCR)

Total RNA was extracted from 0.5 mM Topo-I siRNA-transfected
or 10 mM camptothecin-treated granule neurons using TRI-
REAGENT (Sigma, USA). Aliquots of 5 mg were then subjected to
reverse transcription using an oligo deoxy-thymidine (dT) primer
and an Enhanced Avian First Strand Synthesis Kit (eAMV-RT,
SIGMA). Equal aliquots were then used for PCR with primers for rat
b-actin and Topo-I. Cycling conditions were optimized for each
primer, and PCR products were run on a 1.2% agarose gel stained
with ethidium bromide. Gels were digitally photographed, and
densitometric analysis was performed using Image J software
(NIH, USA), a java-based image analysis program (NIH, USA)
available on the internet. Values were expressed as ratios with
respect to b-actin.

The following primers were used for PCR: Topo-I FP-50CTCTA
GTCCACCACGAATTAAAGAC30, RP-50TACTTCTTCTGCTT TGGGACT-
CAG 30, b-actin FP-50CTGACAGGATGCAGAAGGAG30 and RP-
50GATAGAGCCACCAATCC ACA30.

2.5. Annexin-V assay by flow cytometer

Annexin-V staining of apoptotic cells was used to compare
whether downregulation of Topo-I with siRNA or treatment with
camptothecin induces cell death. Sixteen hours after transfection
with the appropriate siRNA constructs and camptothecin con-
centrations, apoptosis was measured in terms of Annexin-V
staining (Vybrant Apoptosis Assay Kit#3, Invitrogen, USA)
followed by fluorescence activated cell sorter (FACS) analysis
(BD biosciences). For the cytotoxicity assay, 2 � 106 freshly
trypsinized 0.5 mM Topo-I siRNA-transfected or 10 mM camp-
tothecin-treated granule neurons were used. The collected target
cells were then washed in PBS, resuspended in 1� Annexin binding
buffer and stained with Annexin-V-FITC for 5 min at room
temperature in the dark. The staining solution was removed,
and the cells were resuspended in cold PBS on ice for FACS.
Quantification of cytotoxicity was determined by the percentage of
apoptotic target cells scored by FACS analysis.

2.6. Caspase-3 assay

Caspase-3 activity was measured through cleavage of a
colorless substrate specific for caspase-3 (Ac-DEVD-AMC), which
releases the chromophore 7-amino-4-methylcoumarin (AMC).
Assays were carried out according to the manufacturer’s instruc-
tions (Caspase-3 assay kit, BD Pharmingen, San Jose, CA, USA). To
evaluate the activity of caspase-3, cell lysates were prepared in
lysis buffer after their respective treatment with 10 mM camp-
tothecin and Topo-I siRNA. Assays were performed by incubating
50 mg of protein from the cell lysate per sample in 1 ml of protease
assay buffer (40 mM HEPES (pH 7.5), 20% glycerol, 4 mM DTT) that
contained 10 ml of 1 mg/ml caspase-3 substrate (Ac-DEVD-AMC,
2 mM). Lysates were incubated at 37 8C for 1 h. Samples were
measured for the AMC that was liberated from Ac-DEVD-AMC
using a spectrofluorometer with an excitation wavelength of
380 nm and an emission wavelength range of 420–460 nm.
Please cite this article in press as: Uday Bhanu M, Kondapi AK. Neu
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2.7. S35-methionine in vitro labeling

S35-methionine is a commonly used isotope for radio labeling of
proteins. Topo-I siRNA-transfected CGNs or camptothecin-treated
CGNs (2 � 106 cells) were incubated for 16 h with 10 mCi S35-
methionine in methionine-free DMEM medium (Gibco) for 4 h in a
5% CO2 incubator; afterwards, the cells were suspended in a
protein lysis buffer (20 mM Tris–HCl (pH 7.5), 0.1 mM b-
mercaptoethanol, 1 mM MgCl2, 0.1 mM EDTA, 5% glycerol, 0.1%
triton X-100, 0.5 mM KCl, 0.5 mM PMSF and 1 mg/ml pepstatin and
leupeptin), and 100 mg of total protein extract was subjected to
10% polyacrylamide gel electrophoresis (PAGE) and stained with
Coomassie. The dried gels were exposed to X-ray film for 4 days
and developed. The protein equivalent of S35-methionine incorpo-
ration into proteins was measured using 25 mg of treated cell
extracts, aliquoted on a filter and dried, followed by counting in a
toluene-containing scintillation liquid using a LKB Beta counter.
The data are represented as counts per minute (cpm).

2.8. Immunofluorescence

CGNs were dissociated and cultured, asdescribed above, in 6-well
plates containing poly-L-lysine-coated cover slips at a density of
2� 106 cells/well. After 24 h in culture, the cells were co-transfected
with siRNA and a pEGFP-N2 plasmid (a gift from Prof. N. Siva Kumar,
University of Hyderabad, India) using lipofectamine 2000, or treated
with 10 mM camptothecin separately, as required. After a 16 h
treatment, the neurons were fixed with a 4% paraformaldehyde
mixture that contained 0.025% triton X-100 for 15 min at room
temperature, blocked with PBS-containing 5% bovine serum and
incubated with monoclonal anti-Topo-I (1:100 dilution, Sigma, USA)
and polyclonal anti-neurofilament (NF, 1:100 dilution). Subsequent-
ly, the cells were washed 3–4 times with PBS and incubated with
fluorescent-tagged anti-mouse IgG-Cy3 and anti-rabbit IgG-Cy5
(Chem Bio) at 1:250 dilutions. These cultures on cover slips were
mounted onto a glass slide and viewed under a Leica Fluorescence
ConfocalMicroscope(Leach Instruments, Heidelberg, Germany). The
excitation/emission wavelengths used were 400 nm/510 nm for GFP
(green), 548 nm/562 nm for Cy3 (blue) and 650/700 for Cy5 (red).

2.9. Morphometric analysis

To evaluate neurite length, cells were co-transfected with
0.5 mM Topo-I siRNA and a pEGFP-N2 plasmid and were cultured
for 16 h. In a separate dish, cells were treated with 10 mM
camptothecin for 16 h. After 16 h, cells were fixed and immuno-
labeled with anti-Topo-I and anti-NF antibodies, as described in
Section 2.8. Based on the GFP (green) and NF (red) positive cells,
individual processes were traced manually and measured with
Image J software. The total neurite length per neuron was
determined and measured as the sum of the lengths of all the
neurites of the neurons in culture. The average total neurite length
was determined from a sample of at least 50 neurons per group
from two independent experiments. The neurite lengths were
compared for the Topo-I siRNA and control cells. Values are
expressed as the mean � standard error. Statistical differences were
evaluated with an independent parametric t-test.

2.10. Data analysis

All experiments were repeated three times individually, unless
otherwise specified. Differences between groups were assessed
with an One Way Analysis of Variance (ANOVA) followed by a
Student–Newman–Keuls test using Sigma Plot 11.0 for Windows,
and p-value less than 0.05 (p < 0.05) were considered statistically
significant. Data are expressed as the mean � standard deviation.
rotoxic activity of a Topoisomerase-I inhibitor, camptothecin, in
.1016/j.neuro.2010.06.008
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Fig. 2. MTT assay for viability of CGNs. A colorimetric-based MTT assay was

performed to examine the survival of CGNs under siRNA transfection or

camptothecin treatments using 1-day-old CGNs in culture. The data are

represented in terms of % cell viability of CGNs at the indicated concentrations

of siRNA or camptothecin. The bar graph clearly shows a decrease in CGN viability

with increasing camptothecin concentrations, whereas there was no significant

change with increasing concentrations of Topo-I siRNA. Data are presented as the

mean � SD in three independent experiments; *p < 0.05 and **p < 0.01 as compared to

the normal control.
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3. Results

3.1. siRNA-mediated transient downregulation of Topoisomerase-I

CGNs transfected with Topo-I siRNA and camptothecin for 16 h
were analyzed to determine protein and mRNA levels with
immunoblotting and semi-quantitative RT-PCR, respectively, using
Topo-I-specific monoclonal antibodies and PCR primers, as
described above (Section 2). The immunoblotting analysis and
RT-PCR studies show a nearly 80% decrease in Topo-I in 0.5 mM
Topo-I siRNA-transfected CGNs. Camptothecin (10 mM) showed no
marked effect on the Topo-I mRNA and protein levels (Fig. 1).
Fluorescence confocal images (Fig. 6) confirm the efficient down-
regulation of Topo-I with siRNA, whereas no significant change
was observed in control and camptothecin-treated CGNs.

3.2. Effect of Topo-I siRNA and camptothecin on the viability of CGNs

The effect of Topo-I siRNA and camptothecin on the viability of
CGNs in culture was tested using a MTT assay, as described in
Section 2. Increasing concentrations of camptothecin and Topo-I-
siRNA were used to test the viability of CGNs (Fig. 2). Camptothecin
showed cytotoxicity starting at 1 mM and decreased the viability of
the CGNs by more than 50% at 10 mM. Topo-I siRNA showed only a
20% decrease in the viability of the CGNs at 0.5 mM, which is a
concentration corresponding to more than 80% downregulation of
Topo-I (Fig. 1), and there was no change in viability at higher siRNA
concentrations. These results show that siRNA-mediated down-
regulation of Topo-I was achieved under these conditions.

3.3. Comparison of apoptosis in Topo-I siRNA-transfected and

camptothecin-treated CGNs

Camptothecin is known to induce caspase-3-dependent death of
cortical neurons (Stefanis et al., 1999; Keramaris et al., 2000), which
plays a central role in the execution-phase of cellular apoptosis. As a
measure of apoptosis, caspase-3 activity was assessed by the extent
Fig. 1. Protein and mRNA levels of Topo-I in siRNA-transfected and camptothecin-treated

cultured CGNs were used for protein and RNA isolation and were subjected to immunob

Topo-I protein with a 43 kD b-actin as an endogenous control; Panel B represents the co

actin m-RNA by PCR followed by separation on a 1% agarose gel with the corresponding de

protein and mRNA levels (�80%), which suggests there was efficient downregulation o

levels. Data are presented as the mean � SD in three independent experiments; *p < 0.0

Please cite this article in press as: Uday Bhanu M, Kondapi AK. Neu
cultured cerebellar granule neurons. Neurotoxicology (2010), doi:10
of the cleavage of the fluorogenic substrate Ac-DEVD-AMC by
neuronal lysates prepared after transfection with Topo-I siRNA and
camptothecin treatments. As shown in Fig. 3, there is elevation in
caspase-3 activity in camptothecin-treated cell extracts, while Topo-
I siRNA-transfected extracts did not show any marked increase. We
used FACS analysis of Annexin-V as an additional measure of
apoptosis because one of the earliest indications of apoptosis is the
translocation of the membrane phospholipid phosphatidylserine
(PS) from the inner to the outer leaflet of the plasma membrane to
which Annexin-V binds (Vermes et al., 1995).

FACS analysis of the FITC-labeled apoptotic cell population
showed a marked increase of about 20% in 10 mM camptothecin,
whereas 0.5 mM Topo-I siRNA-transfected CGNs did not show any
CGNs. Following 16 h of siRNA transfection or camptothecin (Cpt, 10 mM) treatment,

lotting and semi-quantitative RT-PCR. Panel A shows the immunoblot of a �100 kD

rresponding densitometric graph. Panel C shows the amplification of Topo-I and b-

nsitometric data in Panel D. The results clearly show a significant decrease in Topo-I

f Topo-I using siRNA, while camptothecin induced no significant decrease in these

5.
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Fig. 3. Caspase-3 activity in CGN extracts. Caspase-3 activity was measured using a fluorogenic (Ac-DEVD-AMC) substrate in the extracts of siRNA-transfected or

camptothecin-treated CGNs. The data are presented in terms of caspase-3 activity in different siRNA-transfected or camptothecin-treated CGN extracts. The bar graph clearly

shows elevation of caspase-3 activity with increasing concentrations of camptothecin, while Topo-I siRNA showed no significant elevation of caspase-3 activity. Data are

represented as the mean � SD in three independent experiments; *p < 0.05 and **p < 0.01 as compared to the normal control.

Fig. 4. Flow cytometric analysis of FITC Annexin-V staining. Cultured CGNs were subjected to 16 h of transfection with 0.5 mM silencing and non-silencing (scrambled) Topo-I

siRNA or treatment with 10 mM camptothecin. CGNs were then incubated with FITC Annexin-V (Vybrant Apoptosis Assay Kit#3, Invitrogen, USA) and were analyzed for

Annexin-V positive cells using a flow cytometer (BD biosciences). Data are presented in the contour diagram of Annexin-V-labeled cells. The upper right quadrant in the dot

plot shows a significant increase (�20%) in Annexin-V positive cells in camptothecin-treated CGNs, while Topo-I siRNA-transfected CGNs only showed a small increase (�5%)

in annexin-V positive cells. Data are the mean � SD in three independent experiments; *p < 0.05 as compared to the control.
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significant increase (�5%) in Annexin-V positive cells (FITC)
(Fig. 4). This result further confirms that it is camptothecin, not
Topo-I siRNA, that induces a high degree of apoptosis in CGNs.
These results suggest that the increase in apoptosis is not due to
the cells devoid of Topo-I, but rather the induction of pro-apoptotic
factors by the protein–DNA–camptothecin cross-link-mediated
signaling or the single-stranded DNA break intermediates.

3.4. Comparison of overall protein expression in Topo-I siRNA-

transfected and camptothecin-treated CGNs

The effect of Topo-I downregulation on overall protein
expression in siRNA- and camptothecin-treated granule neurons
was studied using the in vitro S35-methionine incorporation assay
described in Section 2. The autoradiogram (Fig. 5B) and S35
Fig. 5. S35-methionine incorporation. Protein synthesis in siRNA- or camptothecin-tre

represents Coomassie-stained 100 mg total protein extracts separated on 10% SDS PAGE

gel. Panel C represents the bar graph of the S35-methionine incorporation that was meas

CGN cell extracts were assayed for S35-methionine incorporation using a toluene-based

show a significant decrease in S35-methionine incorporation into 10 mM camptothecin-tr

control cells. Data are presented as the mean � SD in three independent experiments; *p
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radiolabel counts (Fig. 5C) show decreased S35-methionine
incorporation in the protein extracts of camptothecin but not in
Topo-I siRNA-transfected samples. This result suggests that Topo-I
has no significant role in regulation of protein expression. This
effect induced by camptothecin may be due to factors such as DNA
strand breaks that may be involved in induction of apoptosis,
proteolysis and DNA fragmentation.

3.5. Neurite outgrowth in Topo-I siRNA-transfected and

camptothecin-treated CGNs

The degree of maturation of neurite growth was examined
(arborization status of neurons) and traced based on the pEGFP-N2
(GFP-green) and anti-neurofilament (NF-red) positive cells in
Topo-I siRNA-transfected CGNs and NF (red) positive cells in
ated CGNs was assayed by incorporation of radiolabeled S35-methionine. Panel A

, as detailed. Panel B represents the autoradiogram of the corresponding Coomassie

ured using a liquid scintillation counter; 25 mg of siRNA- and camptothecin-treated

liquid scintillation counter as radiation counts per minute (CPM). The data clearly

eated CGNs, whereas Topo-I siRNA showed no significant change in comparison with

< 0.05 as compared to the normal control.
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Fig. 6. Morphometric analysis of CGNs. Figure represents fluorescent confocal images of pEGFP-N2 (GFP-green), Topo-I (Cy3-blue) and neurofilament (NF) (Cy5-red) staining

in treated CGNs as indicated. Individual neuritic processes were traced manually and measured with Image J, a java-based image analysis program (NIH, USA); GFP-green and

anti-neurofilament (NF-red) positive cells were traced in Topo-I siRNA + pEGFP-N2-transfected CGNs, and NF (red) positive cells were traced in camptothecin-treated

cultures. Panel A represents the confocal images, and Panel B represents the bar graph of the average total neurite length, which was determined from a sample of at least 50

neurons per dish from two independent experiments. The results clearly demonstrate a significant change in neuronal arborization in Topo-I siRNA-transfected CGNs. Data

are presented as the mean � SD; *p < 0.05 as compared to control. Scale bar-15 mm (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.).
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camptothecin-treated cultures, as described above. The results
show that 0.5 mM Topo-I siRNA + pEGFP-N2 transfected CGNs
failed to arborize normally when compared to control and
scrambled siRNA-treated cells. Camptothecin-treated (10 mM)
granule neurons showed enhanced aggregation followed by
clumping and altered morphological features of apoptosis without
any extended processes (Fig. 6A). Further analysis of the length of
the neurite using Image J software showed a significant decrease in
neurite outgrowth (Fig. 6B) in both siRNA-downregulated cells and
camptothecin-treated cells. The observed effect in the presence of
camptothecin could be due to the clumping of cells (Fig. 6A) or to
the death of cells due to apoptosis. In the case of siRNA-
downregulated cells, the observed effect on neurite outgrowth
could be due to a deficiency in Topo-I enzymatic activity, which
implicates the role of Topo-I in neurite outgrowth; however, the
exact mechanism needs to be elucidated.

4. Discussion

The present study shows that Topo-I downregulation alone
does not induce any apoptotic factors; however, camptothecin, a
Topo-I specific inhibitor, promotes the formation of Topo-I DNA
cleavage complexes, which may induce apoptosis in cells. The
viability of CGNs in 0.5 mM Topo-I siRNA-transfected neurons
showed only a �20% decrease, whereas camptothecin showed
more than a 50% decrease in viability at 10 mM. The observed
marginal decrease in �20% of Topo-I siRNA-treated granule
neurons was not associated with elevated levels of caspase 3
and Annexin-V positive cells. However, camptothecin-treated
neurons had elevated levels of pro-apoptotic markers. This result
suggests that camptothecin induces apoptotic death, whereas the
downregulation of Topo-I marginally decreases neuronal survival
(<20%) in a non-apoptotic pathway. Our results thus demonstrate
that camptothecin is neurotoxic, affecting neuronal survival
through induction of a pro-apoptotic pathway, whereas transient
downregulation of Topo-I with siRNA showed no significant effect
on cell viability and activation of pro-apoptotic markers.
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Neuronal development includes the birth and differentiation
of neurons from stem cell precursors. High rates of transcription
and protein synthesis are required for neuronal development,
differentiation and information processing. Neurons are meta-
bolically very active and hence carry out a high level of protein
synthesis. We have used the incorporation of radiolabeled S35-
methionine to assess the effect of camptothecin and Topo-I
siRNA on overall protein synthesis. Topo-I siRNA-transfected
CGNs showed no significant effect on total protein synthesis
compared to camptothecin-treated neurons. However, the
decrease in protein synthesis in camptothecin-treated cerebellar
granule neurons might be attributed to its apoptotic induction
and DNA damage (data not shown here). This result establishes
that Topo-I itself has no significant role in DNA transcription and
translation.

Directional neurite extension from the soma depends on
precise cytoskeletal and adhesion dynamics that are induced by
sensing attractive and extracellular cues, such as chemokines and
extracellular matrix proteins (ECMs) (Dityatev and Schachner,
2003; Kleene and Schachner, 2004). Although a large amount of
information is available on the extracellular mechanisms, the
intracellular mechanisms have only recently been addressed. The
camptothecin and Topo-I siRNA-transfected CGNs failed to
extend their neuritic processes; this result suggests a role for
Topo-I in neuritogenesis. There is a significant effect on the
arborization status of neurons related to neuritic growth in Topo-
I siRNA-transfected and camptothecin-treated granule neurons.
This effect of camptothecin on neuritic growth can be attributed
to neurotoxicity and protein depletion, whereas the Topo-I
siRNA-mediated downregulation suggests a significant role for
Topo-I in processes related to neuritic growth and development,
including controlling the genes involved at the transcriptional
level. Present observation is similar to that of Topoisomerase-II,
which shows no effect on expression of housekeeping genes but
has a role in neuronal development and maturation (neuritic
growth and cone formation) (Tsutsui et al., 2001; Nur-E-Kamala
et al., 2007).
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5. Conclusions

Camptothecin exhibits neurotoxicity due to induction of
apoptotic cell death of cultured CGNs. Because the siRNA-mediated
downregulation of Topo-I did not exhibit any toxicity and
apoptosis, the observed neurotoxicity of camptothecin implicates
the role of the DNA single-strand break intermediates formed in
the presence of camptothecin. Further, siRNA-mediated down-
regulation of Topo-I implicates a role for Topo-I in neuritic
outgrowth and development without involving itself in active
protein synthesis and neuronal survival.
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