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ABSTRACT 

 
Maintenance of physical fitness is essential for an individual’s health and well-being. 

While there are many aspects of physical fitness, a decline in muscle strength 

correlates with poor physical performance. Loss of muscle strength alone is a 

prognostic indicator for a variety of disorders including dynapenia, cancer, 

cardiovascular and neuromuscular diseases. Although it is straightforward to record 

muscle strength in people, it is not feasible to conduct whole life studies looking at the 

impact of genetics on muscle health. Promisingly, prospective life-long studies can be 

accomplished in the millimeter-sized roundworm C. elegans that is easy to manipulate 

genetically and has a short lifespan of ~3 weeks. The nematode body wall muscles 

have similarities to human muscle and strikingly deteriorate with age similar to 

humans, which makes C. elegans a premier genetic model for muscle strength and 

aging investigations. 

In this study, a soft deformable micropillar based microfluidic device, NemaFlex, is 

reported for quantifying muscle strength in C. elegans. Animals crawl through the 

pillars pushing them, allowing extraction of local forces from pillar displacements. It 

is expected that the forces fluctuate depending on animal’s behavior, velocity, body 

shape and position with respect to pillar, making quantitation of animal strength thus 

far elusive. Driven by the need to anchor NemaFlex for high throughput muscle 

strength assays, a robust experimental protocol and analysis workflow has been 

developed for quantifying maximum strength in C. elegans and its genetic mutants. It 

is found that forced contractions, such as induced by an acetylcholine agonist, show 

the same maximum strength as the untreated animals suggesting NemaFlex quantitates 

true strength. Mutants with neuronal defects (unc-17) and impaired sarcomeres (unc-

52 and unc-112) have been tested and observed changes that verify the neuromuscular 

origin of strength. Also, it is found that the strength of C. elegans is a cubic function 

of its body diameter during its developmental period. The knowledge of how animal 

size affects muscle strength allows accurate comparisons among worms at different 

developmental stages or among mutants with size variations.  
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NemaFlex has been configured into a simple and high-throughput lifespan measuring 

device called NemaLife, which is free from the limitations of using progeny blocking 

drugs, tedious worm picking, and high rate of matricide. The multifunctional 

capabilities of the device have been tested by conducting a pilot screen that includes 

wild-type, daf-2, daf-16, age-1 and eat-2 animals. Also, the lifespan curves obtained in 

a targeted RNAi screen are consistent with those of the genetic mutants. The device is 

equipped with unique capability of washing, delivering, and changing reagent at any 

time. This has been shown by inducing dietary restriction (DR) on wild-type worms 

and observing individual animals longitudinally and tracking physiological changes 

over age. The efficacy of DR has been demonstrated through the extension of worm 

lifespan and development at a single animal resolution with precise control of food. 

Thus, NemaLife will enable highly parallelized cross-sectional and longitudinal aging 

experiments especially when precise control of stimuli delivery is required. In addition 

to lifespan, NemaLife can make standard healthspan readouts such as locomotory 

prowess and pharyngeal pumping.  

Using NemaLife novel measures of healthspan such as muscle strength and agility can 

be recorded virtually from ‘womb to tomb’ providing insights into how muscle 

strength changes during development and declines with age. Profiling strength across 

the lifespan for individual worms show that strength increases 5-fold from the young 

adult followed by a sharp late-age decline (~45%)—providing the first direct evidence 

of muscle strength loss due to aging, similar to dynapenia in humans. In summary, 

NemaFlex and NemLife are powerful tools to conduct prospective life-long 

investigations of muscle strength and aging in C. elegans. 
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CHAPTER 1 

INTRODUCTION: GENERAL OVERVIEW 

 
1.1 Introduction 

 

Human aging is a slow and progressive deterioration of physical ability. It is 

characterized by morphological and functional changes in a human body1. The most 

apparent morphological alterations are wrinkles on skin, grey hair, flaccid muscle, 

shrunken body size and height1. Underlying functional changes are even more severe and 

posses debilitating threat to human health. Aging body suffers from loss of muscle mass, 

lower metabolic rate, loss of vision, audition and olfaction, cognitive disorders, and most 

importantly loss of mobility. It also forces functional decline in cardiovascular system 

and kidney, declines in exercise performances and immune responses2-4. Functional 

deterioration makes an aging body susceptible to a variety of diseases such as 

cardiovascular diseases, cancer, arthritis, dementia, cataract, osteoporosis, diabetes, 

hypertension, Alzheimer’s and Parkinson’s diseases. Sadly, human mortality rate grows 

exponentially after maturity in human and many other species1,5. 

Age-related health issues may require constant medical supervision and assistance. As a 

result, age-related health expenditure is drawing more resources from the national 

budgets in developed nations. A good example is the steady growth of aging population 

in US. In 2010, 14% (43.1 million) of the total US citizens were over 65 years of age and 

it is expected to rise to 20.3 % (83.7 million) by the year 20506. During this same time 

period, the population over 65 years of age in the world is expected to rise from 524 

million to approximately 1.5 billion by year 20506. The change in the population over 85 

years of age in US is even more dramatic. It is going to rise to 4.5% (18 million) of the 

total population from current 1.9% (5.9 million) by year 20506. Significant government 

expenditures are expected to meet the healthcare costs associated with this rising aging 

population. Thus, developing medical interventions and preventive measures to ensure 

healthy aging is a national and global scientific goal. 

Major advances can be made to battle age-related health issues by acquiring 

comprehensive knowledge of the factors that contribute to healthy aging. This knowledge 
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may help researchers to design appropriate drugs or preventive measures and mitigate 

age-related health problems. A significant obstacle to investigate human aging is that 

they are very much labor and time intensive. Most importantly, mechanistic 

understanding at the level of genes is practically impossible to achieve. However, some 

short-lived and small organisms such as fruit fly, zebra fish and worm have shown 

remarkable promises in aging study7. Thus, aging studies can be accelerated through the 

use of short-lived model organisms with conserved biology, high throughput analytical 

tools, and automated data analysis methods.  

The focus of this thesis is on the development of microfluidic tools for lifespan and 

healthspan studies on the worm Caenorhabditis elegans (C. elegans). This chapter will 

focus on some background information that will help in understanding the purpose and 

significance of this dissertation work. This chapter is organized into the following 

sections (i) human mortality and age-related pathologies (ii) theories and mechanisms of 

aging (iii) importance of muscle maintenance for healthy aging (iv) C. elegans – the 

celebrated animal model (v) C. elegans as a powerful model organism for aging studies 

(vi) microfluidics for worm aging and healthspan studies.  

  

1.2 HUMAN MORTALITY AND AGE-RELATED PATHOLOGIES 

 

The process of aging starts after the sexual maturity of human. During this period human 

mortality rate follows an exponential trend. Moreover, most other species also follow the 

same trend of aging. Thus, exponential nature of the mortality rate could be an important 

clue of the rate of aging. At present, human mortality rate is best described 

mathematically by the use of Gompetz function1,8,9. Gompetz mortality function is 

expressed as 

 =       (1.1) 
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where, m(t) is the mortality rate as a function of age t, A is the pre-exponent constant and 

G is the exponent or the mortality rate coefficient. Gompetz function defines two 

important parameters that characterize aging dynamics (a) initial mortality rate (IMR) 

and (b) mortality rate doubling time (MRDT). IMR is the pre-exponential constant A, 

which is the mortality rate at birth or the mortality rate evaluated at maturity (30 years for 

human). IMR is independent of aging. MRDT is defined as the time required to double 

the mortality rate which is expressed as MDRT = 0.693/G8,9. MDRT is predominantly 

aging dependant and may serve as estimate of aging rate. Gompetz function can be best 

described using the example of US mortality rate in 20021,10,11 which is shown in Fig. 1.1. 

It provides an estimate of the mortality rate with A = 8.84 and G = 0.08 which results in 

MRDT of 8.67 years. In fact, human populations tend to have a MRDT around 8 years1. 

It means the probability of death for a single individual doubles in 8 years after maturity.  

 

 

 

 

 

 

 

 

 

 

 

In the last century US life expectancy has increased from 47.3 year to 77.3 years in 

20026. This increase in the life expectancy at birth is largely due to the breakthrough in 

preventing infectious diseases. This shift in life expectancy at birth is largely due to the 

reduction in child mortality or IMR. However, MRDT or the rate of aging is thought to 

be constant over thousand years3,9. According to the Gompetz function, mortality rate 
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maturity.  
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increases exponentially after 30 years of age when functional decline and other 

pathological changes dominate life. However, the increase in the mortality rate levels off 

after about age 6512. It is perhaps because of the slower aging process of a sub-set of 

animal or stochastic effects that contribute to fluctuations at later ages11,13. As a result, 

average life expectancy of human apparently reached at a plateau. Hence, the only way to 

extend lifespan is by slowing down the MRDT or the aging process14,15.  

 

 

 

 

 

 

 

 

 

 

 

 

Although mortality rate increases exponentially, human functional loss tends to be 

linear1. In human aging, practically failure in any system tissue or organ may lead to 

death. However it is common notion that aging increases the pathological incidents with 

age and accelerate death. Fig 1.2 clearly shows that incidences of number of diseases 

increases with age such as type 2 diabetes, cardiovascular diseases, cancer, arthritis and 

kidney disease1. People over age 65 mostly suffer from arthritis, heart diseases and 

cancer1. Some diseases like sinusitis remain relatively constant throughout the life. 

Interestingly, diseases like asthma even declines1. So, aging is not only a collection of 

diseases but combination of functional dysfunction and pathology. So, it is of paramount 
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function of age for the US population1. 
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importance to understand the underlying reason for aging which alternatively propagates 

the pathological changes.  

It is also observed that the cardiovascular diseases, cancer, cerebrovascular diseases and 

Parkinson’s are the major disease contributing to most number of deaths1. The incidences 

of these diseases become significant after age 30 and contribute in determining current 

human MRDT1,11. Hypothetically, the Gompetz function predicts that by slowing down 

the rate of aging (G) slightly will reduce the incidences of age-associated diseases. If it is 

possible to slow down the rate of aging by approximately 10 %, it would reduce in half 

the incidence of age-related diseases at every single age as shown in Fig 1.3. Fig 1.3 

depicts the impact on the incidences of deaths by a hypothetical reduction of the rate of 

aging. As an example, 10 % hypothetical reduction in aging rate reduces the death events 

from approximately 8000 to 3400 per 100,000 people for 85 years of age or above. As 

40% (Fig 1.2) of the population of age 85years or above suffers from diabetes, the 

incidences of diabetes in this age group also reduce by 2.3 times. This would have 

massive impact on human lifespan and healthspan.  
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1.3 Theories and mechanisms of aging 

 

Aging is a mysterious and unsolved problem in biology. Many theories have been 

proposed so far to unravel the mystery of aging. All the proposed theories can be 

classified into two broad categories, i) programmed and ii) damage or error theories. The 

programmed theories imply that ageing rate is controlled by biological timetable. 

Biological clock may trigger switching on or off of certain genes, hormones or immune 

system etc. Sequential switching of gene expression that affects the systems responsible 

for maintenance, repair and defense responses may result in determining the rate of 

aging. Or, it can be determined by the biological clock that regulates certain hormone and 

controls the pace of aging. For instances, insulin/insulin like growth factor (IGF-1) 

signaling pathways plays a key role in the hormonal regulation of aging16. Moreover, 

performance of the immune system progressively declines over time17. The decline in 

immune system alternatively makes human vulnerable to infectious diseases. Indeed, 

compromise in the immune response is linked to heart diseases, Alzheimer’s disease and 

cancer18.     

The damage theory includes five different sub-categories, i) rate of living theory, ii) 

cross-linking theory, iii) DNA damage theory, (iv) telomere theory, and (v) free radical 

theory of aging. Basal oxygen consumption determines the rate of living. The more the 

oxygen consumption the shorter is the lifespan19. For example, chronic food shortage 

activates the target of rapamycin (TOR) pathways. Chronic dietary restriction actives the 

TOR signaling pathway for lifespan extension in two ways: (i) by stimulating autophagy 

and (ii) by increasing respiration20. However, the rate of living theory does not satisfy 

many aspect of aging. In 1942, Johan Bjorksten proposed the cross-linking theory which 

claims an accumulation of cross-linked proteins damages cells and tissues21. Recent 

studies show that cross-linking reactions are involved in the age related changes. 

DNA continuously undergoes though damages in living organism. Most of these damages 

are repaired by the DNA repair mechanism. However, some of the damages cannot be 

repaired and accumulate. There is evidence for DNA damage accumulation in non-

dividing cells of mammals. Progressive accumulation of the damage affects cell renewal 

or may hinder cell division. Consequently, DNA damage prevents repair mechanism with 
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the age and contributes to loss of viability22-24. In particular, damage in mitochondrial 

DNA might slow down physical activity and metabolic changes which leads to aging.  

Telomeres are the caps of each strand of DNA and it protects the chromosomes.  

Telomeres have been shown to shorten with each cycle of cell division25. In the life cycle 

when the telomeres reach a critical length, it stops cell replication. Thus, telomere 

determines the maximum limit of the cell division of a genetic system. It is also well-

known that telomere maintenance is appears to be essential for the prolonged persistence 

of stem cell function in organs with replication. Maintaining stem cell function in organ 

prevents organ failure and slows down aging26-28.  

According to free radical theory, mitochondria in our cells burn energy with oxygen and 

generate very highly reactive compounds, free radicals29-33. It creates damaging oxidative 

stress which accumulates over time and causes aging. Macromolecules like nucleic acids, 

lipids, sugars, and proteins are susceptible to free radical attack. Attack on these 

macromolecules may change the structure, or may degrade or cross-linked to other 

molecules. Some enzymes that functions as antioxidant helps prevent the build-up of free 

radical in the system but cannot keep aging away. However, some experimental findings 

do not agree with the free radical theory. Recently, evidences have been shown that the 

reactive oxygen species (ROS) signaling may be the most important enzyme/gene 

pathways responsible for organismal senescence.  Thus, ROS signaling pathways became 

central in developing the free radical theory of aging34.   

Currently, there is no consensus or complete understanding on the mechanism of aging. 

Complex anatomy and genetic system further makes it tremendously challenging for 

aging investigation on vertebrates or higher organism. Hence, it requires simple but 

genetically elegant animal for the discoveries that can be easily applied to higher 

organisms. Interestingly, dietary restriction (DR) has been known to extend lifespan of 

laboratory animals since 193035.Only recently, researchers have made a step forward to 

understand the genetics and evolutionary facts of aging by manipulating DR pathways in 

rodents, flies and worms7,36. In the last two decades, at least four different nutrient 

sensing signaling pathways have been proposed for longevity and they are (i) 

insulin/insulin-like growth factor (IGF-1)37,38, (ii) target of rapamycin (TOR)39-41, (iii) 
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AMP kinase42, and (iv) signaling through sirtuins43,44. However, dietary restriction is just 

one aspect out of many for understanding the whole mystery of aging. Identifying other 

important lifespan influencing pathways and factors will require genetic screen and 

associated lifespan assay. Hence, an animal of simple anatomy and simple genetic system 

with short lifespan will be ideal vehicle for the aging study. 

 

1.4 Importance of muscle maintenance for healthy aging 

 

Aging, in a broader sense, starts with the very birth of the life. In the first phase of life, 

offspring grows to maturity and is characterized by physical activities like jumping, 

running and somersaulting. In next phase, mature adult enjoys best of their health and 

reproduces. For human, generally this period extends from age of 15 – 50 years. No or 

very limited incidences of somersaulting and jumping is observed during this phase and 

individual have relatively sedentary life. Following this youthful and healthy life, 

muscles may start to weaken and limit physical activity severely. Also, age associated 

diseases affect the already weakening body at this phase. For a human, this duration 

spans from 0 - 40 years and sometimes even more. In short, physical activity decreases 

progressively after maturity and age-associated diseases appear in individuals across all 

species.  

After age of about 45 years, people can suffer from degenerative loss of skeletal muscle 

which is known as Sarcopenia45,46. It is estimated that a person can lose 0.5 - 1% muscle 

mass every year after age of 4546,47. Nearly 50% decrease in muscle mass has been 

reported by the age of 9046. Loss of individual myofibrils, loss of the ability to produce 

power per unit area of muscle fiber and infiltration of fat into declining muscle matrix 

contribute to Sarcopenia in large. Studies have consistently shown an association between 

sarcopenia, impaired mobility, and declines in functioning48. The progress of sarcopenia 

has also been associated with increased mortality49. Thus, sarcopenia indicate that age-

related deterioration may have a strong correlation with muscle mass and its function.  

Consequences of sarcopenia or muscle loss are severe, especially after middle age. 

Muscle loss can be measure in many different ways and those include the measurement 
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of endogenous muscle metabolites, regional CT scanning, regional magnetic resonance 

imaging, dual x-ray absorptiometry (DEXA) and bioelectrical impedance (BIA)48. For 

example, the prevalence of sarcopenia was found to be 13% to 24% in patients younger 

than 70 and more than 50% in patients aged 80 and older using DEXA method50. 

However, as the strength generated by unit sarcomere also decreases, measurement with 

DEXA and other technique underestimates the total effects of sarcopenia. To capture the 

effect of sarcopenia on patients, several protocols are in use such as lifting objects, 

walking speed or knee strength. One recent study show that 40% of women aged 55 to 

64, approximately 45% of women aged 65 to 74 and 65% of women aged 75 to 84 are 

unable to lift objects weighing 4.5 kilograms and more51. Declining strength again results 

decline in mobility or walking speed. A recent study shows reducing knee strength is 

predictive of the development of severe walking limitation. In that study, a sever walking 

limitation was defines as speed less than 0.4 m/s, inability to walk one quarter of a mile, 

or inability to walk at all52. Thus, muscles play a vital role in supporting overall health 

and wellness, especially into old age.  

Physiologically, about 40 % of the human’s body mass is skeletal muscle53-56. Skeletal 

muscle is the key metabolic site (consumes approximately 80% of the postprandial 

glucose) that allows us to metabolize carbohydrates efficiently, recover from injury or 

illness, and maintain our resilience and health into old age55-57. Muscle mass stores 

carbohydrate as glycogen and deplete glycogen during exercise. By utilizing 

carbohydrates this way muscle mass ultimately protects body against metabolic syndrome 

and diabetes. In short, muscle mass increases insulin sensitivity and protects against 

insulin resistance55,58. On the other hand, sarcopenia is strongly associated with 

diabetes46,59. That is, healthy muscle is protective against insulin resistance, metabolic 

syndrome and diabetes.  

Insulin resistance or diabetes usually comes along with obesity, another unwelcoming co-

morbidity. Insulin resistances left the system with excess carbohydrates. Body stores 

these excess carbohydrates as fat which leads to obesity. Studies showed obesity is 

inflammatory and inflammation causes muscle breakdown throughout the entire body. 

And, loss of muscle mass makes it harder to move and thus contribute to a sedentary 

lifestyle. Sedentary lifestyle again accelerates weight gain and muscle loss and follows 
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the same circle again, further deteriorating the problem60. The debilitating consequences 

of muscle loss and fat gain are most obvious among the elderly, and thus muscle health 

especially important after middle age. After middle age people muscle load become less 

as generally people stop exercising and other physical activities. Maintenance of muscle 

mass itself requires lot of energy and will be huge energy sink if muscles have no use. 

The metabolism efficiency decreases in muscles of elderly body and protein requirement 

for maintaining the muscle mass are higher at the time in their life. But the food intake 

probably shrinks down a lot. As a result, it breaks down the muscle proteins to spare 

energy and keep the heart and other organs functioning.   

Muscle promotes insulin sensitivity, protects against obesity, and maintains bone 

density55-58,61. Sedentary modern lifestyle leads to muscle loss and exposes to atrophy, 

osteoporosis, diabetes, obesity, fragile bones, and difficulty recovering from stress. As 

skeletal muscle is at the center in performing physical and metabolic activities, human 

health is predominantly characterized by individual’s muscular system62,63. This indicates 

muscle health can be an important predictor of aging and age-associated diseases. While 

muscle alone is not a miracle cure, maintaining healthy muscle past middle age is one 

way to preserve good health and prevent the onset of diseases. 

 

1.5 Caenorhabditis elegans  – The celebrated animal model 

 

Ceanorhabditis celegans (C. elegans) is a model organism for many fields of biological 

research including genetics, neurobiology, cell biology and developmental biology. It is a 

millimeter scale, free-living nematode and survives predominantly on bacteria. Although 

C. elegans is a very simple invertebrate, it goes through a complex developmental 

process from embryogenesis to an adult. Its reproduction time is only three days and has 

only 3 -5 weeks long life cycle64. There are two sexes of C. elegans, a self-fertilizing 

hermaphrodite and a male. A single hermaphrodite produces hundreds of progeny in 

normal condition. Self-fertilization allows hermaphrodite to produce genetically identical 

progeny. It is also amenable to genetic crosses. Large quantity of C. elegans can be easily 

cultured in laboratory condition. It grows on bacteria lawn in agar plate or in liquid, so 
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culturing them in large quantity is also inexpensive. Stock of C. elegans can be stored in -

80° C very much like bacteria for long time. These advantages made C. elegans an 

attractive multicellular organism for studying biological processes.  

 

It is anatomically very simple with well differentiated tissues and organs. Although C. 

elegans is a microscopic nematode, it has body wall muscle system remarkably similar to 

human skeletal muscle. The 95 body wall muscles are arranged in four quadrants from 

head to tail65. Similar genetic apparatus is involved for contraction of the sarcomere unit. 

Transgenic worms are already available expressing GFP in sarcomere, mitochondria, 

nucleus, actins or myosin chain and visible under fluorescent microscope. Worm uses 

muscular pharynx for pumping bacteria. Muscles in the pharynx are very similar to 

cardiac muscle and found attention in cardiology.  

An adult hermaphrodite has only 959 somatic cells and 302 neurons64-66. C. elegans is the 

only animal which has its cell lineage and neuronal circuit completely mapped and fully 

characterized67,68. This allows the opportunity to understand the role of specific cell by 

destroying the cell during embryogenesis. In 2002, Sydney Brenner, John Sulston and 

Robert Horvitz was awarded the Nobel prize in physiology for pioneering genetic studies, 

elucidating the exact cell lineage from egg to 959 cell in adult and for investigating 

programmed cell death 

Its genome has been fully sequenced (approximately 19,000 protein encoding gene) and 

approximately 35-40% of its genes have human homologues69,70. Most importantly, 

approximately 65% of the genes involved in human diseases has a counterpart in 

Fig. 1.4. A differential interference contrast (DIC) image of an adult C. elegans. Scale 

bar 0.1 mm.  
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worms71. Therefore, it resembles higher organisms in a fundamental way and is 

worthwhile to use it as a model organism to understand conserved biological processes in 

larger animals. Most importantly, the transparent feature of the worm body and the 

discovery of green fluorescent protein (GFP) allow visualization of the expression of 

specific genes through green fluorescent protein (GFP) labeling72-74. In 2008, Martin 

Chalfie has been awarded Noble prize in chemistry for his pioneering work on GFP.  

RNAi technology has been discovered using C. elegans which enables researcher to 

knock down the activity of genes75-78. Down regulation of gene expression is simply done 

by feeding the worm, engineered bacteria cloned with appropriate pieces of RNA. The 

pieces of RNA then attach to the worm’s genes and create mutant strain. The ease of 

genetic manipulation combined with its short lifespan has made C. elegans an attractive 

model for aging investigations. Andrew fire and Craig Mello was awarded the Nobel 

Prize on physiology or medicine in 2006 for their discovery of RNA interference during 

translation. Large proportion of the above genetic and developmental understanding is 

observed in higher organisms including human. As a result, C. elegans became the most 

important vehicle to understand cell division, cell differentiation, and programmed cell 

death, tissue and organ development, pathogenesis and proteomics. 

 

 1.6. C. elegans: a powerful model organism for aging study 

 

C. elegans undergoes similar functional and morphological changes with age as 

humans79. An aging worm shrinks gradually is size and slows down significantly 

compared to its younger counterpart79,80. These phenotypes suggest that C. elegans also 

undergoes through the macromolecular dysfunction to organ failure 79,81,82. Surprisingly, 

it has been discovered that, sarcopenia develops in C. elegans after the reproductive stage 

due to the loss of cytoplasm and myofibrils under laboratory conditions. Long and 

densely packed parallel sarcomeres in young animals start to reduce in number, become 

loosely packed and sometimes distorted. It is also associated with the introduction of 

lipids in the thinning muscle matrix. Apart from muscle mass loss, the smooth thin cuticle 

crumbles as it thickens considerably. The onset of muscle degradation proportionally 
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reduces activity of C. elegans; it reduces mobility gradually to a near immobile state 

before dying. All these observations remarkably resemble human sarcopenia.  

 

Fig. 1.5. Sarcomere structure of body wall muscle. (a) Well organized parallel sarcomere 
structure of a day 4 worm, (b) fragmentation and distortion of sarcomere of a day 18 
worm. 

 

Tissue and cell specific decline are quite remarkable in C. elegans and resembles known 

phenotype of higher organisms. Cells of old worms suffer from the irregularities in 

nuclear boundaries, fragmentation of muscle nuclei, disrupting mitochondrial network 

and emergence of necrotic cavities79,83,84. With age, worm accumulates age-associated 

fluorescent compounds such as Lipofuscin and advanced glycation end products (AGEs) 

in intestinal cells and in other tissues79,85,86. Gradual deterioration of tissues in the head 

and pharynx has drastic functional decline in old worms81,87. Pharyngeal pumping 

declines dramatically after the reproductive system. At this time bacterial congestion is 

very common in the older worm. The gremline cells in older worms lose the regular 

spacing between their nuclei and undergo cellularization83. Although most of the cells 

and tissues undergo age-associative degradation, aging worm maintain remarkable 

structural integrity of neurons79. However, sensory perception declines considerably in 

aging worms. Recent study shows, neurons in older worms develop ectopic branches and 

altered electrical activity88,89. 

Very recently, scientists have identified at least four different genetic pathways to extend 

lifespan in worms7,39,40,42,90-104. First, suppression of daf-2 which encodes insulin/insulin 
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like growth factor in worms extends lifespan almost by a factor of two103,104. Most 

importantly, long lived animal also remain active much later in life. This is also true for 

many species including flies and rodents7. Second, dietary restriction by having mutation 

at eat-2 extends lifespan of worms almost from 20 % – 40 %105,106. Third, a mutation in 

the gene clk-1 that suppresses mitochondrial activity in the cells extends lifespan by 10 

%107. Fourth, ife-2, a mutation that suppresses the synthesis of certain proteins, extended 

worm’s lifespan by 40%39. Manipulation in single gene level influences lifespan 

significantly which confirms lifespan is easily tunable parameter. Investigations on flies, 

mouse and apps have confirmed that interruption of the above mentioned pathways 

influences lifespan similarly. Thus C.elegans is an attractive genetic model for 

identification of genes that determine lifespan.  

 

1.7  Microfluidics for worm aging and healthspan studies 
 

Healthspan is scored traditionally by evaluating only a handful phenotypic trait such as 

crawling activity, swimming prowess and pharyngeal pumping87. On the other hand, 

aging is evaluated simply by the evaluation of the physical damage, shrinkage of size, 

appearance of fluorescent marker79. Moreover, study on healthy aging requires 

observation on phenotypic trait longitudinally. Organ and tissue specific studies involve 

much detail observations. Unfortunately, to date, almost all of these studies are carried 

out manually. Thus, study on healthspan and aging is heavily labor intensive process. As 

worm lifespan is 3 to 5 weeks, genetic screen for healthy aging may take several years. 

Fig. 1.6 depicts the traditional lifespan experiment where worms are transferred to new 

plates by hand picking which limits the throughput of experiment. Using the same 

protocol a research team of 10 individual may take approximately 12 years for the whole 

genome screen of C elegans. It shows the need of high-throughput platform and 

automation that can accelerate the screening process to appreciable level.  
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Fig. 1.6. Traditional lifespan assay and estimated time required for whole genome screen 

for lifespan influencing gene using traditional method. (a) Tracking of the subject worms 

for lifespan assay during the reproduction time by manually separating them from their 

progeny using worm pick. After reproduction time, worms are transferred to newly 

seeded plate in every 2/3 days by hand picking, (b) a crude estimation of time required 

for whole genome screen assuming one researcher can 4 (control and 3 other mutant) 

experiments at the same time. 

 

C. elegans is a small nematode which is approximately 1000 - 1500 µm long with 

transparent body of girth 50-100 µm65. It requires all ranges of microscopes for 

visualization depending on the kind of the phenotypic observation. Most of the 

observations are made on worms in agar plates or in liquid wells or by immobilizing 

them in agarose pads mounted on a glass slide. These platforms are not conducive for 

high throughput lifespan and healthspan studies. Fortunately, in the last two decades 

poly(dimethylsiloxane) (PDMS) based microfluidic technology has evolved which are 

capable of printing features at micrometer scale108-110. As the worm is in the order of 

hundreds of µm, microfluidic platforms have become a preferred choice for rendering the 

traditional assays into continuous and high throughput analysis. Microfluidic technology 

is based on photolithography and thus printing complex features of interest is easy111. It is 

not difficult to introduce valve112,113, pumps114, mixers115-117 and sensors etc. 

no of 
researcher

no. of gene/run/ 
researcher

appx. time (day)/ 
run of expt.

total no of 
gene

total no of expt
total time 

required (yrs)

1 118
5 24

10 12
15 8
20 6

203 19300 6433
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Consequently, microfluidics has found application in detection and separation with high 

resolution and sensitivity. The added benefit of PDMS is the ability to exchange oxygen 

between the channels and the environment. Oxygen permeability allows experiments and 

culture with living organism in microfluidic devices. On top of that, microscopy is easy 

since PDMS is transparent.   

In the past decade, microfluidic technology found wide range of application starting from 

chemical reaction to fluid mechanics, cell biology to worm biology, culturing living 

organism to sorting to immobilization. Generation of large amount of monodispersed 

droplets, droplet parking, on-demand release of the droplet, and reagent exchange from 

droplet by using flow have been demonstrated with microfluidics. Easy manipulation of 

the geometry allows immobilization and lifespan studies. Thus, microfluidic technologies 

have been advanced to such a level, that it is timely to use microfluidics for manipulating 

and culturing worms. In this study, the development of a microfluidic system will be 

discussed along with the development of the analysis software to measure the muscle 

strength of C. elegans and its lifespan. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 



Texas Tech University, Md Mizanur Rahman, December 2016 

17 
 

1.8 References 

 

1 Strehler, B. L. Time, Cells, and Aging.  (Academic Press, New York, 1977). 

2 Craik, F. I. M. & Salthouse, T. A. Handbook of Aging and Cognition.  (Erlbaum,  
Hillsdale, 1992). 

3 Hayflick, L.     (Ballantine Books, New York 1994). 

4 Spence, A. P.     (Prentice Hall,, Englewood Cliffs, NJ., 1995). 

5 Finch, C. E. Longevity, Senescence, and the Genome Longevity, Senescence, and 
the Genome (The University of Chicago Press, Chicago and London, 1990). 

6 Ortman, J. M., Velkoff, V. A. & Hogan, H. An aging nation: The older population 
in the united states. (United States Census Bureau, 2014). 

7 Kenyon, C. J. The genetics of ageing. Nature 464, 504 - 512 (2010). 

8 Finch, C. E. Longevity, Senescence, and the Genome (The University of Chicago 
Press, Chicago and London, 1990). 

9 Finch, C. & Pike, M. Maximum life span predictions from the Gompertz mortality 
model. Journals of Gerontology Series a-Biological Sciences and Medical 
Sciences 51, B183-B194 (1996). 

10 Kochanek, K. D. & Murphy, S. L. National Vital Statistics System, Mortality 
Data. (Centers for diseases control and prevention/National center for health 
statistics, 2004). 

11 Avraam, D., de Magalhaes, J. & Vasiev, B. A mathematical model of mortality 
dynamics across the lifespan combining heterogeneity and stochastic effects. 
Experimental Gerontology 48, 801-811 (2013). 

12 Vaupel, J. et al. Biodemographic trajectories of longevity. Science 280, 855-860 
(1998). 

13 Vaupel, J. W., Manton, K. G. & Stallard, E. The impact of heterogeneity in 
individual frailty on the dynamics of mortality. Demography 16, 439-454 (1979). 

14 Olshansky, S. J., Carnes, B. A. & Cassel, C. In search of methuselah-estimating 
the upper limits ofhuman longevity. Science 250, 634-640 (1990). 

15 Butler, R. et al. New model of health promotion and disease prevention for the 
21st century. British Medical Journal 337 (2008). 

16 van Heemst, D. Insulin, IGF-1 and longevity. Aging and Disease 1, 147-157 
(2010). 

17 Corneliu, E. A. Increase incidence of lymphomas in thymectomized mice-
evidence for immunological theory of aging. Experientia 28, 459-& (1972). 

18 Eikelenboom, P., Veerhuis, R., Familian, A., van Gool, W. & Rozemuller, J. The 
neuroinflammatory response in plaques and amyloid angiopathy in Alzheimer's 
disease. Journal of the Neurological Sciences 283, 273-274 (2009). 



Texas Tech University, Md Mizanur Rahman, December 2016 

18 
 

19 Brys, K., Vanfleteren, J. & Braeckman, B. Testing the rate-of-living/oxidative 
damage theory of aging in the nematode model Caenorhabditis elegans. 
Experimental Gerontology 42, 845-851 (2007). 

20 Hulbert, A., Pamplona, R., Buffenstein, R. & Buttemer, W. Life and death: 
Metabolic rate, membrane composition, and life span of animals. Physiological 
Reviews 87, 1175-1213 (2007). 

21 Bjorksten, J. & Tenhu, H. The cross-linking theory of aging-added evidence. 
Experimental Gerontology 25, 91-95 (1990). 

22 Gensler, H. L. & Bernstein, H. DNA damage as the primary cause of aging. 
Quarterly Review of Biology 56, 279-303 (1981). 

23 Ames, B. N. Endogenous oxidative DNA damage, aging, and cancer. Free 
Radical Research Communications 7, 121-128 (1989). 

24 Pacifici, R. E. & Davies, K. J. A. Protein, lipid and DNA-repair systems in 
oxidative stress-The free radical theory of aging revisited. Gerontology 37, 166-
180 (1991). 

25 Hodes, R. Telomere length, aging, and somatic cell turnover. Journal of 
Experimental Medicine 190, 153-156 (1999). 

26 Olovnikov, A. Telomeres, telomerase, and aging: Origin of the theory. 
Experimental Gerontology 31, 443-448 (1996). 

27 Keefe, D. et al. Telomere length predicts embryo fragmentation after in vitro 
fertilization in women - Toward a telomere theory of reproductive aging in 
women. American Journal of Obstetrics and Gynecology 192, 1256-1260 (2005). 

28 Levy, M. Z., Allsopp, R. C., Futcher, A. B., Greider, C. W. & Harley, C. B. 
Telomere end-replication problem end-replication problem and cell aging. 
Journal of Molecular Biology 225, 951-960 (1992). 

29 Wickens, A. Ageing and the free radical theory. Respiration Physiology 128, 379-
391 (2001). 

30 Sanz, A. & Stefanatos, R. K. A. The mitochondrial free radical theory of aging: A 
critical review. Current aging science 1, 10-21 (2008). 

31 Harman, D. Free-radical theory of aging. Mutation Research 275, 257-266 
(1992). 

32 Harman, D. The free radical theory of aging. Antioxidants & Redox Signaling 5, 
557-561 (2003). 

33 Liochev, S. Reactive oxygen species and the free radical theory of aging. Free 
Radical Biology and Medicine 60, 1-4 (2013). 

34 Afanas'ev, I. Signaling and Damaging Functions of Free Radicals in Aging-Free 
Radical Theory, Hormesis, and TOR. Aging and Disease 1, 75-88 (2010). 

35 C.M., M. Iodized Salt a Hundred Years Ago. Science 82, 350 - 351 (1935). 



Texas Tech University, Md Mizanur Rahman, December 2016 

19 
 

36 Shimokawa, I. & Trindade, L. Dietary Restriction and Aging in Rodents: a 
Current View on its Molecular Mechanisms. Aging and Disease 1, 89-104 (2010). 

37 Honjoh, S., Yamamoto, T., Uno, M. & Nishida, E. Signalling through RHEB-1 
mediates intermittent fasting-induced longevity in C-elegans. Nature 457, 726-
U726 (2009). 

38 Arum, O., Bonkowski, M., Rocha, J. & Bartke, A. The growth hormone receptor 
gene-disrupted mouse fails to respond to an intermittent fasting diet. Aging Cell 8, 
756-760 (2009). 

39 Hansen, M. et al. Lifespan extension by conditions that inhibit translation in 
Caenorhabditis elegans. Aging Cell 6, 95-110 (2007). 

40 Kaeberlein, M. et al. Regulation of yeast replicative life span by TOR and Sch9 in 
response to nutrients. Science 310, 1193-1196 (2005). 

41 Kapahi, P. et al. Regulation of lifespan in Drosophila by modulation of genes in 
the TOR signaling pathway. Current Biology 14, 885-890 (2004). 

42 Greer, E. et al. An AMPK-FOXO pathway mediates longevity induced by a novel 
method of dietary restriction in C-elegans. Current Biology 17, 1646-1656 (2007). 

43 Rogina, B. & Helfand, S. Sir2 mediates longevity in the fly through a pathway 
related to calorie restriction. Proceedings of the National Academy of Sciences of 
the United States of America 101, 15998-16003 (2004). 

44 Li, Y., Xu, W., McBurney, M. & Longo, V. SirT1 inhibition reduces IGF-I/IRS-
2/Ras/ERK1/2 signaling and protects neurons. Cell Metabolism 8, 38-48 (2008). 

45 Fisher, A. L. Of worms and women: sarcopenia and its role in disability and 
mortality. J Am Geriatr Soc 52, 1185-1190 (2004). 

46 Evans, W. Functional and metabolic consequences of sarcopenia. Journal of 
Nutrition 127, S998-S1003 (1997). 

47 Morley, J. et al. Sarcopenia With Limited Mobility: An International Consensus. 
Journal of the American Medical Directors Association 12, 403-409 (2011). 

48 Lukaski, H. Sarcopenia: Assessment of muscle mass. Journal of Nutrition 127, 
S994-S997 (1997). 

49 Rantanen, T. Muscle strength, disability and mortality. Scandinavian Journal of 
Medicine & Science in Sports 13, 3-8 (2003). 

50 Baumgartner, R. et al. Epidemiology of sarcopenia among the elderly in New 
Mexico. American Journal of Epidemiology 147, 755-763 (1998). 

51 Jette, A. M. & Branch, L. G. The framingham disabiity study. 2. Physical-
disability among the aging. American Journal of Public Health 71, 1211-1216 
(1981). 

52 Rantanen, T. et al. Coimpairments as predictors of severe walking disability in 
older women. Journal of the American Geriatrics Society 49, 21-27 (2001). 



Texas Tech University, Md Mizanur Rahman, December 2016 

20 
 

53 Hoppeler, H. & Fluck, M. Normal mammalian skeletal muscle and its phenotypic 
plasticity. Journal of Experimental Biology 205, 2143-2152 (2002). 

54 Zurlo, F., Larsson, K., Bogardus, C. & Ravussin, E. Skeletal-muscle metabolism 
is a major determinant of resting energy-expenditure. Journal of Clinical 
Investigation 86, 1423-1427 (1990). 

55 DeFronzo, R. & Tripathy, D. Skeletal Muscle Insulin Resistance Is the Primary 
Defect in Type 2 Diabetes. Diabetes Care 32, S157-S163 (2009). 

56 Ferrannini, E. et al. The disposal of an oral glucose-load in patients with non-
insulin-dependent diabetes. Metabolism-Clinical and Experimental 37, 79-85 
(1988). 

57 Abdul-Ghani, M. & DeFronzo, R. Pathogenesis of Insulin Resistance in Skeletal 
Muscle. Journal of Biomedicine and Biotechnology 2010: 476279 (2010). 

58 Defronzo, R. A., Simonson, D. & Ferrannini, E. Insulin resistance: a universal 
finding in diabetic states. Bull Schweiz Akad Med Wiss., 223-238 (1981). 

59 Payette, H. et al. Insulin-like growth factor-1 and interleukin 6 predict sarcopenia 
in very old community-living men and women: The Framingham Heart Study. 
Journal of the American Geriatrics Society 51, 1237-1243 (2003). 

60 Waters, D. & Baumgartner, R. Sarcopenia and Obesity. Clinics in Geriatric 
Medicine 27, 401-+ (2011). 

61 Gunnarsson, R., DeFronzo, R. & Wahren, J. Peripheral-tissues are responsible for 
the insulin resistance in non-insulin dependent diabetes-mellitus. Acta 
Endocrinologica 100, 25-25 (1982). 

62 Caspersen, C. J., Powell, K. E. & Christenson, G. M. Physical-activity, exercise, 
and physical-fitness-definitions and distinctions for health-related research. Public 
Health Reports 100, 126-131 (1985). 

63 Frontera, W. & Ochala, J. Skeletal Muscle: A Brief Review of Structure and 
Function. Calcified Tissue International 96, 183-195 (2015). 

64 Byerly, L., Russell, R. L. & Cassada, R. C. The life cycle of the nematode 
Caenorhabditis elegans. I. Wild-type growth and reproduction. Developmental 
Biology 51, 23-33 (1976). 

65 Wood, W. B. e. The nematode C. elegans.  (Cold Spring Harbor Laboratory 
Press,  New York, 1988). 

66 Brenner, S. The genetics of Caenorhabditis elegans. Genetics 77, 71 - 94 (1973). 

67 Sulston, J. E. Neuronal cell lineages in the nematode caenorhabditis elegans. Cold 
Spring Harbor Symposia on Quantitative Biology 48, 443-452 (1983). 

68 Sulston, J. E., Schierenberg, E., White, J. G. & Thomson, J. N. The embryonic-
cell lineage of the nematode caenorhabditis elegans. Developmental Biology 100, 
64-119 (1983). 

69 Consortium, C. e. S. & Consortium, C. e. S. Genome sequence of the nematode 
C-elegans: A platform for investigating biology. Science 282, 2012-2018 (1998). 



Texas Tech University, Md Mizanur Rahman, December 2016 

21 
 

70 Hillier, L. et al. Genomics in C-elegans: So many genes, such a little worm. 
Genome Research 15, 1651-1660 (2005). 

71 Sonnhammer, E. & Durbin, R. Analysis of protein domain families in 
Caenorhabditis elegans. Genomics 46, 200-216, doi:10.1006/geno.1997.4989 
(1997). 

72 Hawkins, N., Garriga, G. & Beh, C. Creating precise GFP fusions in plasmids 
using yeast homologous recombination. Biotechniques 34, 74-+ (2003). 

73 Fire, A., Harrison, S. W. & Dixon, D. A modular set of lacZ fusion vectors for 
studying gene-expression in caenorhabditis elegans Gene 93, 189-198 (1990). 

74 Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W. & Prasher, D. C. Green 
fluorescent protein as a marker for gene-expression. Science 263, 802-805 (1994). 

75 Fire, A. et al. Potent and specific genetic interference by double-stranded RNA in 
Caenorhabditis elegans. Nature 391 (1998). 

76 Tabara, H., Grishok, A. & Mello, C. RNAi in C-elegans: Soaking in the genome 
sequence. Science 282, 430-431 (1998). 

77 Timmons, L. & Fire, A. Specific interference by ingested dsRNA. Nature 395, 
854-854 (1998). 

78 Timmons, L., Court, D. & Fire, A. Ingestion of bacterially expressed dsRNAs can 
produce specific and potent genetic interference in Caenorhabditis elegans. Gene 
263, 103-112 (2001). 

79 Herndon, L. et al. Stochastic and genetic factors influence tissue-specific decline 
in ageing C-elegans. Nature 419, 808-814 (2002). 

80 Stroustrup, N. et al. The Caenorhabditis elegans Lifespan Machine. Nature 
Methods 10, 665-+ (2013). 

81 Huang, C., Xiong, C. & Kornfeld, K. Measurements of age-related changes of 
physiological processes that predict lifespan of Caenorhabditis elegans. 
Proceedings of the National Academy of Sciences of the United States of America 
101, 8084-8089 (2004). 

82 Chow, D., Glenn, C., Johnston, J., Goldberg, I. & Wolkow, C. Sarcopenia in the 
Caenorhabditis elegans pharynx correlates with muscle contraction rate over 
lifespan. Experimental Gerontology 41, 252-260 (2006). 

83 Garigan, D. et al. Genetic analysis of tissue aging in Caenorhabditis elegans: A 
role for heat-shock factor and bacterial proliferation. Genetics 161, 1101-1112 
(2002). 

84 Glenn, C. et al. Behavioral deficits during early stages of aging in Caenorhabditis 
elegans result from locomotory deficits possibly linked to muscle frailty. Journals 
of Gerontology Series a-Biological Sciences and Medical Sciences 59, 1251-1260 
(2004). 

85 Ulrich, P. & Cerami, A. Protein glycation, diabetes, and aging. Recent Progress in 
Hormone Research, Vol 56 56, 1-21 (2001). 



Texas Tech University, Md Mizanur Rahman, December 2016 

22 
 

86 Xian, B. et al. WormFarm: a quantitative control and measurement device toward 
automated Caenorhabditis elegans aging analysis. Aging Cell 12, 398-409 (2013). 

87 Bansal, A., Zhu, L., Yen, K. & Tissenbaum, H. Uncoupling lifespan and 
healthspan in Caenorhabditis elegans longevity mutants. Proceedings of the 
National Academy of Sciences of the United States of America 112, E277-E286 
(2015). 

88 Tank, E., Rodgers, K. & Kenyon, C. Spontaneous Age-Related Neurite Branching 
in Caenorhabditis elegans. Journal of Neuroscience 31, 9279-9288 (2011). 

89 Toth, M. et al. Neurite Sprouting and Synapse Deterioration in the Aging 
Caenorhabditis elegans Nervous System. Journal of Neuroscience 32, 8778-8790 
(2012). 

90 Apfeld, J., O'Connor, G., McDonagh, T., DiStefano, P. & Curtis, R. The AMP-
activated protein kinase AAK-2 links energy levels and insulin-like signals to 
lifespan in C-elegans. Genes & Development 18, 3004-3009 (2004). 

91 Berdichevsky, A., Viswanathan, M., Horvitz, H. & Guarente, L. C. elegans SIR-
2.1 interacts with 14-3-3 proteins to activate DAF-16 and extend life span. Cell 
125, 1165-1177 (2006). 

92 Viswanathan, M., Kim, S., Berdichevsky, A. & Guarente, L. A role for SIR-2.1 
regulation of ER stress response genes in determining C-elegans life span. 
Developmental Cell 9, 605-615 (2005). 

93 Bishop, N. & Guarente, L. Two neurons mediate diet-restriction-induced 
longevity in C-elegans. Nature 447, 545-+ (2007). 

94 Dorman, J. B., Albinder, B., Shroyer, T. & Kenyon, C. The age-1 and daf-2 genes 
function in a common pathway to control the life-span of caenorhabditis-elegans. 
Genetics 141, 1399-1406 (1995). 

95 Greer, E. & Brunet, A. Different dietary restriction regimens extend lifespan by 
both independent and overlapping genetic pathways in C-elegans. Aging Cell 8, 
113-127 (2009). 

96 Hansen, M. et al. A role for autophagy in the extension of lifespan by dietary 
restriction in C-elegans. Plos Genetics 4 (2008). 

97 Houthoofd, K., Braeckman, B., Johnson, T. & Vanfleteren, J. Life extension via 
dietary restriction is independent of the Ins/IGF-1 signalling pathway in 
Caenorhabditis elegans. Experimental Gerontology 38, 947-954 (2003). 

98 Dang, W. et al. Histone H4 lysine 16 acetylation regulates cellular lifespan. 
Nature 459, 802-U802 (2009). 

99 Kaeberlein, T. et al. Lifespan extension in Caenorhabditis elegans by complete 
removal of food. Aging Cell 5, 487-494 (2006). 

100 Smith, E. et al. Age- and calorie-independent life span extension from dietary 
restriction by bacterial deprivation in Caenorhabditis elegans. Bmc Developmental 
Biology 8 (2008). 



Texas Tech University, Md Mizanur Rahman, December 2016 

23 
 

101 Kenyon, C., Chang, J., Gensch, E., Rudner, A. & Tabtiang, R. A C. elegans 
mutant that lives twice as long as wild-type. Nature 366, 461-464 (1993). 

102 Kenyon, C., Weinstein, M. & OConnor, K. A pathway that links reproductive 
status to lifespan in Caenorhabditis elegans. Reproductive Aging 1204, 156-162 
(2010). 

103 Kenyon, C. The first long-lived mutants: discovery of the insulin/IGF-1 pathway 
for ageing. Philosophical Transactions of the Royal Society B-Biological Sciences 
366, 9-16 (2011). 

104 Kimura, K., Tissenbaum, H., Liu, Y. & Ruvkun, G. daf-2, an insulin receptor-like 
gene that regulates longevity and diapause in Caenorhabditis elegans. Science 
277, 942-946 (1997). 

105 McKay, J., Raizen, D., Gottschalk, A., Schafer, W. & Avery, L. eat-2 and eat-18 
are required for nicotinic neurotransmission in the Caenorhabditis elegans 
pharynx. Genetics 166, 161-169 (2004). 

106 Lakowski, B. & Hekimi, S. The genetics of caloric restriction in Caenorhabditis 
elegans. Proceedings of the National Academy of Sciences of the United States of 
America 95, 13091-13096 (1998). 

107 Felkai, S. et al. CLK-1 controls respiration, behavior and aging in the nematode 
Caenorhabditis elegans. Embo Journal 18, 1783-1792 (1999). 

108 Ng, J., Gitlin, I., Stroock, A. & Whitesides, G. Components for integrated 
poly(dimethylsiloxane) microfluidic systems. Electrophoresis 23, 3461-3473 
(2002). 

109 Whitesides, G. The origins and the future of microfluidics. Nature 442, 368-373 
(2006). 

110 Whitesides, G. & Stroock, A. Flexible methods for microfluidics. Physics Today 
54, 42-48 (2001). 

111 Xia, Y. & Whitesides, G. Soft lithography. Angewandte Chemie-International 
Edition 37, 550-575 (1998). 

112 Hong, J. & Quake, S. Integrated nanoliter systems. Nature Biotechnology 21, 
1179-1183 (2003). 

113 Weibel, D. et al. Torque-actuated valves for microfluidics. Analytical Chemistry 
77, 4726-4733 (2005). 

114 Laser, D. & Santiago, J. A review of micropumps. Journal of Micromechanics 
and Microengineering 14, R35-R64 (2004). 

115 Nguyen, N. & Wu, Z. Micromixers - a review. Journal of Micromechanics and 
Microengineering 15, R1-R16 (2005). 

116 Gunther, A., Jhunjhunwala, M., Thalmann, M., Schmidt, M. & Jensen, K. 
Micromixing of miscible liquids in segmented gas-liquid flow. Langmuir 21, 
1547-1555 (2005). 



Texas Tech University, Md Mizanur Rahman, December 2016 

24 
 

117 Garstecki, P., Fischbach, M. & Whitesides, G. Design for mixing using bubbles in 
branched microfluidic channels. Applied Physics Letters 86 (2005). 

 

 
  



Texas Tech University, Md Mizanur Rahman, December 2016 

25 
 

CHAPTER 2 

LITERATURE REVIEW: AGING, LIFESPAN AND HEALTHSPAN 

 

2.1 Introduction 

 

Exponential growth of mortality rate is the hallmark of aging1,2. It is often associated with 

functional losses, age-associated diseases, and decline in health. In humans, functional 

losses are approximately linear with age1. Aging humans also experiences rapid growth 

in the incidences of age-associated diseases1. This relation between age and the age-

associated pathogenesis suggests that a reduction in the mortality rate by genetic or 

therapeutic intervention may reduce the incidences of age-associated diseases or 

functional losses. An automatic choice to improve the mortality rate is the lifespan 

extension. However, incidences of all age-associated diseases do not grow with age. 

Instead, frequency of appearance for some diseases reduce with age1. This indicates that 

aging is not only a collection of diseases but combination of functional dysfunction and 

pathology. Hence, focus should be made on the functional aspect of an aging individual 

such as mobility, muscle strength, or skills that parallel lifespan extension.  

It has been discussed in the previous chapter that muscle is one of the most important 

tissues that undergo pronounced age-associated changes such as sarcopenia, insulin 

resistances, or other metabolic disorders3-7. In fact, sarcopenia or loss of muscle is a 

biomarker of aging3. As predominantly muscle tissues define the functional abilities, loss 

of muscle has direct influence on functional dysfunction and pathology. However, there 

are no universally accepted methods to measure impacts of sarcopenia in human. As a 

result, impact of sarcopenia or loss of muscle mass on aging is less understood. Also 

molecular, pathological, and physiological information on human muscle is difficult to 

obtain in a rapid pace.  

The nematode C. elegans (worm) is an established genetic model for aging. Body wall 

muscle system of C. elegans has remarkable similarity to human skeletal muscle and 

undergoes human-like sarcopenia with aging8. Hence, it has been the premier vehicle to 

study aging and age-associated decline of health. At least four lifespan extending 
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mechanisms are established so far to influence lifespan of C. elegans9-12. Most 

importantly, long-lived mutants show improved locomotion long after wild-type animal 

cease mobility8,13. Only recently, few studies have made an effort to characterize health 

of worms in terms of some functional features such as locomotion, pharyngeal pumping, 

or stress responses. Various arbitrary definitions have been used so far to measure 

functional health of aging worms. On the contrary, very limited effort has been made so 

far to measure muscle strength of C. elegans and its changes over time.  

Health of an individual worm depends on the extension of lifespan and associated health 

benefit. For investigating the mechanism of aging, a lifespan assay is the straightforward 

option and worms are simply scored as being alive or dead. However, to score the health 

benefits one needs to clearly define the functional measurements or health parameters. 

Further, to investigate muscular aging and its impact on animal health, one need to 

overcome the obstacles of developing a technology and protocol to measure muscle 

strength. This chapter is going to focus on and discuss i) functional measures of aging C. 

elegans, ii) cellular and molecular markers of aging, iii) key studies on healthspan of C. 

elegans, iv) role of muscle health on aging, v) a review on micropillar-based force 

detection—a tool for measuring muscle strength, and vi) problem statement of the thesis.  

 

2.2  Functional measures of aging 

 

Age-associated changes can be categorized in three groups: i) global physiological 

changes such as the body movement8,14,15, pharyngeal pumping15,16, self-fertile 

reproduction15, ii) cellular or tissue specific changes such as sarcomere disintegration8,17, 

fragmentation of the mitochondria8,13,17, altered yolk protein distribution8,13, irregular 

spacing between the nuclei of the germline cells13, and (iii) fluorescent biomarkers such 

as accumulation of age pigment lipofuscin and advanced glycation end products18,19 etc. 

A worm’s global physiological changes reflect the cellular changes and are readily 

measurable. As a result, global physiological changes became the choice as the 

healthspan metric and basis for defining healthspan. In addition to the physiological 

changes, resilience from acute or hostile environment is often correlated with health and 
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lifespan of the worm20. That is, a healthy individual should survive the environmental 

stresses more efficiently than their inferior counterpart. Among those stresses are the 

thermal stress21-23, oxidative stress24-26, osmotic stress27, noxious stimuli28, and 

pathogenic bacteria29-31. The next two sections of this chapter are going to focus on the 

age-associated physiological changes and cellular and molecular markers of aging.   

2.2.1 Locomotion 

One of the most common features observed in aging is the loss of mobility across animal 

kingdom. C. elegans exhibits active crawling on agar surfaces, and it is also an active 

swimmer when moving in liquid. A worm adopts its locomotion gait: crawling or 

swimming depending on its habitat. It crawls on agar by producing coordinated 

sinusoidal waves along the body and propels through the environment. However, ability 

to produce coordinated sinusoidal movement progressively declines with age and forces 

the worm to enter into sedentary life before death. This functional decline is likely caused 

by the degenerative loss of muscle mass, quality, and strength with age8. Lately, it has 

been reported that at least part of the deterioration is caused by the neuropathology32,33. 

Thus, locomotory compromise in aging worms resembles the loss of mobility of aging 

humans in a fundamental way. Therefore, locomotion must be an important functional 

measure to define health of an aging worm. The rest of this section will discuss the 

various approaches to correlate the locomotion and lifespan. 

2.2.1.1 Crawling  

C. elegans shows two distinct locomotive gaits: i) crawling on solid surface and ii) 

swimming in liquid. Both gaits have been investigated to characterize the age-associated 

mobility decline and correlate the health of worms with their age. Especially crawling on 

agar has been extensively used as health indicator for C. elegans. Movement on agar 

surface is defined in two ways: body movement or crawling speed. Body movement is 

the number of waves generated per unit time in an individual. Body movement is 

observed along the lifespan of individual worms. Bolanowski et al. showed that body 

movement frequency declines linearly with lifespan of wild-type C. elegans34. Fig. 2.1 

illustrates the decline in the body movement frequency of two groups of wild-type 

worms. The same trend is observed by Johnson et al. while studying four long-lived lines 
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of C. elegans35. Johnson first applied the concept of the rate of decline of the body 

movement to characterize the mobility of an individual worm or population of worm. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Average movement frequency (waves/minute) of wild type C. elegans as a 

function of age. Three groups of untreated wild type worms, (▲), population A, (●), 

population B, (□), population C, and (x), population treated with FUdR. Error bar are 

±S.E.M34 

Huang et al. used the same definition of body movement. If any worm displays a 

continuous and coordinated sinusoidal movement then that worm was classified as a 

worm with fast body movement and the duration of fast body movement was defined as 

fast body movement span. In their study Hunag et al. concluded that fast body movement 

span of worm is positively correlated with lifespan and pharyngeal pumping. In other 

words, a worm displaying continuous and coordinated sinusoidal waves has a high 

probability that it will live longer than a worm which does not exhibit coordinated 

sinusoidal waves15.   

Movement is sometimes defined simply by the amount of distance traveled over a finite 

period. Distance may be calculated by tracking the centroid of the worm automatically or 

by manually measuring the track left on the bacteria lawn such as defined by Bansal et al. 
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Most of the movement studies were carried out longitudinally in food rich environment. 

Bansal et al. observed the locomotion of 15 individual worms from each group per time 

point of long-lived mutants daf-2, ife-2, clk-1 and eat-2 longitudinally for 5 min each day 

on food rich plate and compared with the locomotion of wild type. They concluded that 

chronologically, movement capacity of daf-2 declines at the same rate as wild type. The 

clk-1 and ife-2 mutant lose their movement capacity at a slower rate while eat-2 showed a 

faster rate of decline. Physiologically or in age-matched populations, daf-2 and clk-1 

mutants’ movement capacity declines at the same rate as wild type. Compared to wild 

type, ife-2 and eat-2 mutants lose their movement capacity faster36.   

 

Fig. 2.2. Movement capacity of C. elegans and its mutants on solid agar media. Each 

plot represents a long-lived mutant with a comparison to the wild-type worm. Bar 

graphs represent the distance traveled by each mutant (colored) on agar and compared 

with the distance traveled by wild-type animals. The dotted lines represent the percent 

survival of the individual mutants (open symbols) compared with wild type (filled 

symbols)36.  

Body movement also is defined based on the crawling speed. A worm’s crawling speed is 

normally observed for 10-30 seconds. Usually, a crawling speed assay is done in a food-
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rich environment. A tapping of the agar plate is used to stimulate the worm to crawl. 

Hunag et al. defined worms as fast moving in their study if the worms were moving at a 

speed larger than 0.1 mm/sec and maintaining coordinated movement continuously15. 

They defined worms as not fast moving if the worms were sluggish, meaning they did not 

maintain coordinated movement and crawled at a speed less than 0.1 mm/sec. This 

definition is used to define healthspan of worms that will be discussed in section 4 of this 

chapter. Similar methods were used by Hosono et al., and they defined the fast moving 

worms as type I worm37. Likewise, Herndon et al. used a qualitative definition of fast 

crawling worm and used prodding the worm with a platinum wire to classify types of 

animal8. They termed their fast moving worms as class A, which do not require prodding 

to crawl, type B worms, which crawl only after prodding in the nose, and class C, which 

do not move at all. 

Very recently, Hahm et al. used maximum crawling speed to correlate lifespan with 

locomotion of wild type C. elegans and its long-lived mutants38. On a food free agar 

plate, the crawling of individual worm was captured for 30 seconds and speeds were 

calculated at every frame. From the time series of speed, the maximum observed speed is 

defined as the maximum velocity (MV) for that worm at that time point. This single 

number is used to characterize the worm. They grouped worms into high MV and low 

MV worms based on the maximum crawling speed. Worms were grouped as high MV if 

the maximum crawling speed was greater than 0.22 mm/s, otherwise it was grouped as a 

low MV worm. Hahm et al. demonstrated the age-associated decline of the maximum 

velocity of wild type worms (n=52) as shown in Fig. 2.3. They also found that MV of 

wild-type worms at day 9 of adulthood is a reliable prediction of longevity as seen in Fig. 

2.3b, c. 

2.2.1.2  Swimming 

Swimming or thrashing in a liquid environment is a similar movement assay to evaluate 

the state mobility function of aging worm. Thrashing is defined as a full change in the 

lateral bending direction of the whole worm body, pivoted around the mid-body region. 

Generally, worm body bend is counted manually for 30 seconds or 1-2 minutes using a 

standard dissecting microscope. Recently, Feng-yang et al. and Arratia et al. have 
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developed high throughput image based read outs of the body bending39,40. Thrashing is 

usually reported as bending frequency. This is different from movement assay in solid as 

the worm is forced to move in liquid all the time. Impaired worm or worms reluctant to 

swim may sink to the bottom of the liquid buffer and may become stuck to the wall of the 

plates.  

 

Fig. 2.3. Maximum velocity as a functional measure of longevity. (a) Age-associated 

changes in MV of 52 individual worms. Black dotted line represents the average MV as 

a function of age. (b) Correlation between MV and lifespan. MV of individual worms 

was measured at day 9 of adulthood and their lifespans were measured thereafter. The 

R2 coefficient of determination was also measured. (c) Survival curves of the low-MV 

(n=89) and high-MV (n=84) group of worms38. 

a

b c



Texas Tech University, Md Mizanur Rahman, December 2016 

32 
 

Like the movement behavior, thrashing rate declines with age for C. elegans and its long-

lived mutants. Bansal et al. shows that the worm loses its ability to thrash (n=15) much 

earlier in life (day 10-12) than body movement on solid. It is also observed that many 

animals lose the ability of coordination while thrashing. This defect increases with age 

irrespective of genotype36. Halm et al. reported the decline of body bends as a function of 

age on 20 individual worms. They measured the thrashing of 20 individual worms on day 

9 and found poor correlation with the lifespan38.  

Very recently, C. elegans swim test software called CeleST has been developed by Restif 

et al. to track swimming of multiple worms. CeleST is built as a comprehensive computer 

vision based software for high content and high volume data analysis41. The software 

measures multiple swim parameters including wave initiation rate, body wave number, 

asymmetry, stretch, attenuation, reverse swimming, curling, travel speed, brush stroke 

and activity index. Wave initiation rate is defined as the number of body waves initiated 

either from the head or tail per unit time and body wave number is the number of waves 

in transit through the body at a point in time. Attenuation measures how well the depth of 

a wave is maintained, while asymmetry evaluates the balance of the swim posture per 

stroke by comparing two halves of a stroke.  

Other parameters capture mostly the locomotive behavior. Stretch measures the 

maximum differences in curvature at any part of the animal body in a given stroke. 

Stretch provides a measure of the extent of the stretching effort in a stroke. Like 

crawling, a swimming worm also can move in the forward or reverse direction. Reverse 

swimming is quantified by the percentage of time the worm swims in reverse and the 

travel speed is defined as the distance traveled by the worm per unit time. Curling 

measures the relative percentage of time that a worm spends bent around with a shape of 

an “O” or “6”. Brush stroke provides a measure of the extent a worm flexes in a stroke. It 

is measured by the area covered by its entire body in a given stroke. Finally, activity 

index measures the vigor with which a worm completes a brush stroke. It is quantified by 

the time it takes to complete two brush strokes.  
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Fig. 2.4. Age associated swim behavior changes in wild-type C. elegans adult. (a) wave 

initiation rate, (b) body wave number, (c) asymmetry, (d) stretch, (e) attenuation, (f) 

reverse swimming, (g) curling, (h) travel speed, (i) brush stroke, and (j) activity index. 

Age-associated changes between graceful agers (class A) vs poor agers (class C), (k) 

activity index, (l) asymmetry, and (m) attenuation. (n) Age-associated changes in activity 

index of wild-type, age-1, and daf-16 mutants41. 

Using the above definitions, Restif et al. carried out an extensive study on 359 swimming 

worms in 9 independent trials for the age-associated changes that are shown in Fig. 2.4.In 

their study, age-associated changes were observed by measuring the above parameters at 

two time points of day 4 and day 11. Wave initiation rate, travel speed, brush stroke and 
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activity index of the day 11 worms were significantly lower than the day 4 worm 

population. On the other hand, body wave number, asymmetry, stretch, reverse 

swimming, and curling show significant increase with age. Aging worms show that they 

can maintain the depth of the wave even in later days. A comparison of class A and class 

C worms defined by Herndon et al. on day 11 shows a dramatic decrease on activity 

index and a significant increase in the asymmetry in making waves8. Their analysis also 

shows that the long lived mutant age-1 maintains a high activity at all times compared to 

wild type worm while daf-16 maintains a low activity index at all time points.  

2.2.2 Pharyngeal pumping 

The pharynx is a neuromuscular organ of C. elegans that acts as a pump for feeding. It is 

a tubular pump that contracts and creates a reciprocating motion. It helps to suck bacteria 

into the worm, and then concentrate and grind the bacteria before sending them to 

intestine. The pharynx is made up of only 20 muscle cells, 20 neurons, 4 glands, 9 

epithelial cells, and 7 marginal cells16. These muscles are oriented radially and pull the 

lumen open during contraction and close when relaxed. Pharyngeal muscles are 

involuntary muscles in C. elegans and comparable to human heart muscle16. As a result, 

the pharynx of C. elegans is sometime used as a model for cardiac studies. The rate of 

pumping determines the amount of food intake and thus growth of the worm. Mutants 

with impaired pumping rate have appearance of severely starved worms. Pumping 

behavior is regulated to adapt to the amount and quality of food42-44. Hence, in a 

controlled environment (abundance and quality of food), pharyngeal pumping is 

potentially a marker for development or health of worm. It is now known that pharyngeal 

pumping also declines gradually with age like locomotion behavior14. It has been 

suggested that the age-induced decline in sarcomere integration or the bacterial plugging 

in the pharynx may result in the decline in pumping rate36. 

Pharyngeal pumping is an easily tractable functional feature of worm under a standard 

dissecting microscope and can easily be quantified by counting manually. Thus, 

pharyngeal pumping may readily be represented as muscular fitness. As it also undergoes 

a well-characterized decline with age, it can also represent as healthspan metric. Huang et 

al. tried pharyngeal pumping first to define the health of individual worms. In their study, 
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pharyngeal pumping was scored by counting number of pharyngeal contraction during a 

10 second interval for longitudinal study on 180 wild type worms and approximately 100 

of each of the age mutants. Worms were grouped into fast pharyngeal pumping, slow 

pharyngeal pumping, and no pumping, which correspond with a pumping rate greater 

than 149 per minute, 6-149 per minute, and less than 6 per minute respectively. Based on 

these criteria, fast pharyngeal pumping span is defined as the duration from day zero to 

the last day of fast pharyngeal pumping and pharyngeal pumping span as the duration 

from day zero to the last day of slow pharyngeal pumping15. 

 

Fig. 2.5. Age-associated changes of C. elegans pharyngeal pumping. Longitudinal 

correlation analysis between (a) fast pharyngeal pumping span and lifespan, and (b) 

pharyngeal pumping span and lifespan. Each point represents one wild type 

hermaphrodite (n =180)15. (c) Age-associated decline of C. elegans and its long-lived 

mutants (n =15). Error bars represent the SE for each strain (n=10)36. 

a b

c
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Fast pharyngeal pumping span and pharyngeal pumping span were plotted against 

lifespan as shown in Fig. 2.5a-b and demonstrated a fast pharyngeal pumping span and 

pharyngeal pumping span shows a positive correlation with lifespan15. They also used 

Spearman rank correlation (SRC) method to infer statistical significance45. SRC method 

generates a list of the same individual from highest to lowest rank for each trait and a 

comparison of two lists determines an r value between +1 (perfect positive correlation) 

and -1 (perfect negative correlation). An r value of 0 means no correlation. Fast 

pharyngeal pumping span and pharyngeal pumping span show a positive correlation 

using this method also.  Fast pharyngeal pumping span is also positively correlated with 

pharyngeal span and fast body movement span as well.  

A very similar method was used by Bansal et al. in their effort to uncouple lifespan and 

healthspan in long-lived C. elegans mutant. They recorded pharyngeal pumping at four 

time points (day 1, day 5, day 10 and day 15 of adulthood) along the lifespan for 20 

individual worms of wild type and daf-2, ife-2, clk-1, and eat-2 mutants. The entire 

population from each genotype shows a gradual age-associative decline in pharyngeal 

pumping which is shown in Fig. 2.5c36. Hahm et al. also showed a similar age-associated 

decline in the pharyngeal pumping and a good correlation of lifespan with pharyngeal 

pumping of day 938.  

2.2.3 Reproductive health 

One of the earliest signatures of human aging is the impairment of reproductive fertility. 

Female reproductive aging is one of the earliest declines. The risk of birth defects, 

infertility, and miscarriage increases starting after sexual maturity. C. elegans also 

undergoes a similar reproductive fertility cessation in mid adulthood and share many 

aspects of human reproductive aging. The worm is a short-lived (15-25 days) nematode 

with a reproductive life of only 5-7 days. A single hermaphrodite lays almost 300 eggs in 

the laboratory environment. Most of the eggs are being laid on the first day, and the rate 

decreases with age. Recently, it has been demonstrated that signals from reproductive 

tissues have a significant role on the rate of aging in C. elegans. Molecular studies also 

suggest that the germline controls a network of transcriptional regulator that functions in 

the intestine and influences lifespan. In a longitudinal study on mated C. elegans, Pickett 



Texas Tech University, Md Mizanur Rahman, December 2016 

37 
 

et al. demonstrated that cross progeny production through day 4 is an early stage 

biomarker and positively correlated with longevity46.  

Fecundity or the loss of reproduction, brood size (total number of egg laid), hatching rate, 

number of oocytes, and the reproductive period are the common measures to evaluate 

reproductive health of a worm. In a regular assay, a single worm is observed on a food 

rich agar plate for its entire lifespan. The parent worm is transferred every day to another 

(new food-rich) agar plate and the progeny, oocytes, and unfertilized oocytes are counted 

from the old plate. This process continues from the first day of reproduction until the last 

day that oocytes are seen on the plate. However, C. elegans hermaphrodite produces eggs 

for much longer period when successfully mate with its male counterpart. 

Hunag et al. measured the self-fertile reproductive period of approximately 100 

individual worms each for wild type, daf-2, ife-2, clk-1 and eat-2. The self-fertile 

reproductive periods were assessed by the day of the presence of the last larvae on the 

agar plate. In their study Huang et al. concluded that there is no correlation between self-

fertile reproductive span and lifespan15. However, in a recent study Pickett et al. 

demonstrated reproductive health positively correlates with lifespan when mated 

successfully. In their study, reproductive lifespan improved to 8.8±1.8 days for mated 

group (n=272) of worms compared to 4.6±0.9 for self-fertile group (n=72) without 

significant change in the mean lifespan46. They also demonstrated the self-fertile 

reproduction does not have any correlation with lifespan. However, brood size of the 

mated hermaphrodite is positively correlated with reproductive span, body movement 

span, pharyngeal pumping, and is poorly correlated with lifespan. 
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Fig. 2.6. Increased brood size is positively correlated with somatic aging in mated 

hermaphrodite. (a) Brood size vs. reproductive span, (b) Brood size vs. body movement 

span, (c) Brood size vs. pharyngeal pumping span, and (d) Brood size vs. lifespan. Wild 

type self-fertile = 67 and wild type mated = 6446. 

2.2.4 Stress response  

One of the significant changes in the older human population is the loss of ability to 

withstand harsh environmental conditions. In fact, progressive loss of ability to recover 

from internal and external stresses has been observed in older people. Over the past two 

decades, several studies have identified that stress resistance has a positive correlation 

with enhanced lifespan in C. elegans21,35,47-49, flies50-53, and in human fibroblast in 

laboratory culture54-58. In C. elegans, dauer formation, stress tolerance, and longevity are 

regulated partly through the forkhead transcription factor daf-16 9,59-61. Forkhead 

transcription factor daf-16 is a highly conserved signaling pathway among species 

including humans. Again, daf-16 transcription factor is essential for expression of heat 

shock protein hsp-1662. An increased expression of heat shock protein increases the 
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thermo tolerance in C. elegans. Furthermore, down regulation of hsf-1, a master 

transcriptional regulator of stress-induced gene expression and protein folding 

homeostasis suppresses longevity of mutants in an insulin/insulin-like signaling 

pathway63.  

For example, reactive oxygen species are age accelerating agent. Mutation in 

insulin/insulin-like pathways (age-1) shows an increase in the expression of enzyme 

superoxide dismutase (SOD) and catalase which protect cells from oxidative stresses63,64. 

The SKN-1 transcription factor regulates the responses to oxidative stress which is also 

known to extend lifespan65. Thus, stress resistance and longevity are connected through a 

common pathway at least partly and could be a potential functional factor to evaluate C. 

elegans health. Stress tolerance is also an adaptive response. An early exposure to mild 

stress makes the worm resistant to much higher levels of stressors at late life and possibly 

enhance lifespan as well62,63,66. Additionally, an early exposure to one stress makes worm 

resistant to other stressors late in life67. Various stressors are used to evaluate stress 

tolerance and toxicity in C. elegans such as thermal stresses (exposure to low or high 

temperature), oxidative stressors, osmotic stresses, exposure to metals, hypoxia, anoxia, 

and food-deprivation. For current purposes, we will only discuss thermal stresses and 

oxidative stresses. 

2.2.4.1 Oxidative stress  

Reactive oxygen species, byproducts of cellular respiration, cause random oxidative 

damages to most of the tissues and accelerate organismal aging68,69. In C. elegans, 

various chemicals such as paraquat70, hydrogen peroxide (H2O2)
24, tert-butyl 

hydroperoxide (t-BOOH)65, juglone71, and arsenite25 have been used to induce oxidative 

stresses. As inducing oxidative stresses is simple with chemicals, it is the most prevalent 

method. Paraquat, H2O2, and t-BOOH are used to induce stresses using agar plates as well 

as 24 or 96 well plates65,72. An et al., prepared NGM plates with t-BOOH and dried them 

for 2 hours before the experiment. NGM media are prepared with standard protocol and 

by adding 6.2 mM t-BOOH in NGM media. Approximately 15–20 worms were 

transferred to 30 mm NGM plates and incubated at 20˚C. WT L4 larvae have a mean 

survival of 4–8 hrs65.  
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Vanfleteren demonstrated that L4 larvae have a mean survival of 4–8 hours in 300 mM 

Paraquat and 24 hours in 150 mM Paraquat solution in 24 well-plates70. However, Bansal 

et al. carried out longitudinal studies on wild type and its long-lived mutants to 

demonstrate the effects of oxidative stress induced by Paraquat on NGM plates36. 1 mL 

of 250 mM paraquat solution was spread on top of 30 mm NGM plates prepared with 

standard protocol. These plates were agitated in a shaker for 1 hour and dried for 2 hours 

under a laminar flow hood. Approximately 30–40 worms were transferred to each 

paraquat plate on every fifth day from the stoke plate and incubated at 20˚C. Worms were 

then scored every two days for live and dead assay. They reported that day 1 adult have a 

maximum survival of 12–13 days in paraquat plates. The daf-2 mutants were resistant 

compared to wild-type worms in early days36. However, other long-lived mutants clk-1, 

ife-2, and eat-2 were sensitive to paraquat similar to wild-type worms. Worms across 

genotypes exhibited a decline in stress resistance with age36.  

2.2.4.2 Thermal stress 

Numerous studies have shown that over expression of hsf-1, a master transcriptional 

regulator of stress-induced gene expression and protein folding homeostasis, protects 

from thermal stress and enhances lifespan. Thermal stresses are normally induced by 

exposing worms to an elevated temperature. Generally, NGM plates are incubated 2–3 

hours prior to the experiment for preheating. 25–30 L4 larvae are transferred to each plate 

and incubated47. Incubation temperature varies between research groups but 35˚C is most 

commonly used. Survival rates are monitored every hour. Lithgow et al., reported the 

mean survival of 539 ± 10 min for wild-type worms (n = 54). The long-lived mutant age-

1 shows an increased thermotolerance with mean survival of 663±17 min (n = 59)73.  

Bansal et al. carried out a longitudinal thermal assay of wild-type C. elegans and four of 

its long-lived mutants: daf-2, ife-2, clk-1, and eat-2 at 37˚C. One plate of 30–40 worms 

were taken out of the 20˚C incubator on every fourth day and incubated at 37˚C36. Worms 

were scored for the survival assay every 2 hours. Maximum survival was 14 hours for 

wild-type worm36. Similar to oxidative stress, young daf-2 mutants were resistant to heat 

stress compared with wild type. At day one, eat-2 and ife-2 were sensitive to heat stress 

and clk-1 showed a survival similar to wild type under thermal stress36.  
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2.2.5 Electrophysiology 

Aging causes functional decline such as decline in locomotory movement. Locomotion is 

governed by the skeletal muscle which is actuated by neurons. Neurons transfer signals 

through neurotransmitters into the neuromuscular junction (NMJ) and are received by the 

receptors of the muscle in the synaptic cleft. Hence, the functional changes of the NMJ 

with age may correlate to the age-associated functional changes. A quantifiable measure 

of synaptic activity would be the perfect basis to understand the neuromuscular aging. As 

the neuromuscular system preserves remarkable similarity from worm to human, a 

functional measure of the NMJ is essential to understanding aging. Fortunately, a 

quantifiable electrophysiological measurement system has been developed for C. elegans 

in the past decade74,75. It allows the access to the neuromuscular junction and opportunity 

to measure the activity of neurotransmitters and their receptors. 

Electrophysiological recording of the NMJ is done using a whole-cell patch clamp with a 

standard dissection protocol76. In short, a pipette is attached to the membrane of the 

neuromuscular junction, and a tiny section of the membrane is split open by suction. It is 

done in such a way that there is a tight seal between the membrane and the pipette so that 

the all ions flow through the pipette only. The section inside the pipette is known as the 

extracellular domain and the other side of the membrane is known as the intracellular 

membrane. An electrical circuit is installed there to connect the intracellular and 

extracellular domains and a constant potential is maintained (-60 mV to  65 mV). The 

electrical potential is manipulated between two domains through a stimulating electrode 

by withdrawing electron from the intracellular side. The changes of the potential trigger 

the ion channel to open and facilitate the ion flow. For each ion flow from one side to 

another there is an equivalent electron flow through the circuit. An amplifier is used to 

magnify and record this current.  

Cyanoacrylic glue (Histoacryl Blue) is used to immobilize the worm along the dorsal side 

of the body. A lateral incision is performed in the cuticle using an incision needle to 

expose the ventral muscle quadrant76. It also opens up the ventral nerve cord running 

longitudinally along the body. The dissection procedure is shown in Fig. 2.776. An 

inverted microscope is used to find and position the pipette appropriately into the desired 
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cell membrane. Usually, the whole-cell patch clamp recording of NMJ is performed 

under 40X or 60X water immersion lens with an EPC-10 amplifier and patchmaster 

software33,75.   

 

 

 

 

 

 

 

 

 

 

Fig. 2.7. Worm dissection methodology. 1) Worms are glued to the Sylgard coated cover 

slip by applying glue either to the head or tail. 2) The worms are then glued all along its 

body on the cover slip. 3) The cuticle incision is made using a sharp glass needle close to 

the interface with the glue at about mid-body. Flap is glued to the cover slide as well, 

which exposes body wall muscle (red) and nerve cord (green). The inset shows an 

example of cut open preparation.76 

 

Liu et al. measured the frequency and amplitude of postsynaptic current (PSC) of wild-

type worm by applying -60 mV electrical potential33. Frequency of the PSC measures the 

spontaneous release of neurotransmitter from motor neurons and thus measures the motor 

activity. The amplitude of the PSCs is affected by the function of both muscle receptors 

and motor neurons and may be a measure of the function of body wall muscle receptors. 

Liu and his group showed that the frequency of the PSC declines with age of the worms, 

and thus function of motor nervous system declines progressively with age as shown in 
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Fig. 2.8 b33. However, the amplitude of PSCs does not change significantly until mid life 

(day 11) as shown in Fig. 2.8c. In addition to that, Fig. 2.8d-e and Fig. 2.8f-g indicate that 

the amplitude increases and peaks at day 9 for the two muscle receptor channel excitatory 

nicotinic acetylcholine receptors and inhibitory GABA receptors before declining from 

day 11. A similar phenomenon was observed with muscle current evoked by the 

acetylcholine receptor agonist levamisole. These results suggest that the body wall 

muscle receptors are functional at early mid-life.  

 

Fig. 2.8. Electrophysiological measure of motor nervous and body wall muscle receptor 

in wild-type C. elegans throughout the lifespan. A) Spontaneous PSC, B) frequency of 

PSCs, C) mean amplitude of PSCs, D) acetylcholine response, E) mean amplitude of 

acetylcholine current, F) GABA responses, G) mean amplitude of GABA current, H) 

levamisol response, and I) mean amplitude of Levamisol-evoked current33. 

Using levamisol-induced contraction of the whole animal Liu et al. demonstrated that 

there is no significant deficit in the contraction in the body wall muscles in early mid-life. 
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Indeed, mobility decline is found to be due to the progressive loss of the synaptic vesicle 

fusion of motor neurons followed by the decline in quantal size and vesicle 

docking/priming. Furthermore, pharmacological stimulation restores the function of 

motor neurons in aged worms. They also concluded that the daf-2 mutation in the insulin-

signaling pathway that extends lifespan reduces the rate of functional decline of the 

motor nervous system. 

2.2.6 Neuronal morphology and neuro-muscular integrity 

Aging is most often accompanied by motility and cognitive declines. Aging is also a 

major risk factor for neurodegenerative diseases such as Alzheimer’s and Parkinson’s. 

Hence, it is predicted that nervous degeneration may be the underlying cause of many of 

the age-associated functional declines. In a living organism, neurons are long-lived cells 

and do not have a cell renewal mechanism. Hence, neuronal cell damage and functional 

decline is anticipated with age. However, a previous study on C. elegans shows 

remarkable structural integrity of the nervous system despite the deterioration of 

surrounding tissues8. Only recently, researchers found significant morphological changes 

in the aging neurons32,77-79.  

Pan et al. first demonstrated the age-dependant defects in C. elegans touch neurons. In 

their study worms were immobilized with levamisole and imaged under a microscope. 

After scoring, worms were transferred into a seeded plate to recover and 17 worms were 

monitored longitudinally for their entire lifespan. They reported that touch receptor and 

cholinergic neurons displayed age-dependant morphological defects in cytoskeletal 

disorganization, axon beading and defasciculation77. Neuronal aging accelerates for 

worms with a mutation that disrupts touch-evoked sensory activity or reduced membrane 

excitability77. This observation suggests that electrical activity is critical for adult 

neuronal integrity. 

Tank et al. reported that neurons of aging worms show neurite branching and number of 

these branches increase with time. Age-synchronized worms (n=20) with GFP expression 

in the touch neuron were imaged with a fluorescent microscope. Worms were mounted 

on agarose pad and immobilized with anesthetic. Worms were scored positive for the 

presence of extra neuronal processes of GFP-labeled branches in any of the six touch 
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neurons.  Results from the scored animals were reported as percent of the animals with 

extra neuronal processes. As the branching increased in the mechanosensory neuron, 

worms became less responsive to light touch and decreased their mobility78. They also 

reported that Jun kinase and insulin/IGF-1 signaling pathways influence branching and 

thus the rate of aging. Inhibition of the Jun kinase sharply increased and accelerated 

neurite branching. Jun kinase inhibition is also known to shorten lifespan. On the 

contrary, inhibition of daf-2 increased lifespan while delaying and suppressing neurite 

branching78. These results also suggest that neuronal aging and lifespan also share a 

common pathway of forkhead transcription factor daf-16.  

Toth et al. finally characterized the neurite branches and infer the physiological 

significance of the aging worm. They reported neuronal branching from the main 

dendrite and number of incidences of branching increases in specific neuron.  A decline 

in synaptic integrity with age was reported in their study32. Interestingly, neurite 

branching does not show significant correlation with defective touch response in aging 

worms32. However, not all neurons show morphological changes with age such as 

inhibitory GABAergic DA and DB motorneurons32. Similar to the previous results, they 

also found the down regulation in insulin signaling also help ALM and PLM neuron to 

maintain structural integrity. And thus concluded that DAF-16/FOXO and heat shock 

transcription factor HSF-1 protects neurons from morphological changes32.  

It is hypothesized that loss of synaptic efficacy is the cause of functional decline. To 

understand loss of synaptic efficacy and functional loss in C. elegans, Toth et al. 

examined ultra-structural features of synaptic integrity in day 1–2 old young adults and 

compared with day 15 old aging adults. Both graceful agers (class A: maintain 

locomotory vigor) and poor agers (class C: nearly paralyzed) were examined from a 

population of old worms.  C. elegans chemical synapses are defined by the presence of a 

presynaptic dense bar and the presence of synaptic vesicle nearby. Surprisingly, vesicle 

depleted synapses are more prevalent in older worms than their younger counterpart. The 

depletion is significantly higher in class C worms from day 15 than the class A worm of 

the same age, suggesting that synaptic integrity is highly correlated with locomotory 

capacity32.  
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Apart from the morphological changes of neuron, Mulcahy et al. studied age related 

changes in synaptic transmission80. They demonstrated that pre and post synaptic 

dysfunction cause the decline in motility in aging worms. A cholinergic agonist 

levamisole and the cholinesterase inhibitor aldicarb were used to induce whole body 

contraction of the aging worm. Treatment with levamisole increases acetylcholine in the 

neuromuscular junction and induces hyperactivity in muscle contractions. Aldicarb 

inhibits cholinesterase which is an enzyme that terminates activity of acetylcholine into 

the synaptic cleft. The extent of whole body contraction was taken as a measure of 

neuromuscular strength.   

The rapidity and magnitude of the contraction provides a measure of neuromuscular 

signaling. The difference between the response of levamisole and aldicarb highlights 

presynaptic effects. In their study, it has been observed that neuromuscular strength of 

wild-type C. elegans goes to maturation between day 1 and day 580. The same effects 

were not observed for IGF mutant daf-2. Interestingly, there was no evidence of the role 

of insulin dependent effects in aging worms. This study concluded that insulin signaling 

pathways have no role in presynaptic neuromuscular strength in aging worms. Most 

importantly, Mulcahy et al. demonstrated that the maximal contraction produced by both 

drugs were unchanged for 16 day old worm which was almost paralyzed. It has been 

shown in the same study that neuromuscular strength is maintained in aged worms80. 

 

2.3 Cellular and molecular markers of aging 

 

The nematode C. elegans undergoes tissue specific decline with age, most notably, the 

disintegration in the sarcomere units in body wall muscle and pharyngeal muscle. 

Accumulation of dark pigments and lipofuscin in the aging body, vacuole-like structure, 

distribution of yolk protein over the entire body, mitochondrial fragmentation, and 

thickening of the cuticle are some of the major physiological changes in aging C. elegans. 

In this subsection, sarcomere disintegration, mitochondrial fragmentation, and fluorescent 

pigment accumulation will be discussed.  
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2.3.1 Sarcomere disintegration 

Aging causes significant degradation in the sarcomere integrity as shown in Fig. 2.98. 

Electron microscope imaging reveals the loss of the parallel organization of sarcomere 

units of day 4 worms into frayed irregular organization in a day-18-old worm. Myosin 

thick filaments are nicely bundled in the sarcomere in a young (day 4) worm. The 

sarcomere is connected with the hypodermis and cuticle via well-distinguished dense 

bodies. In a day-18-old worm, there is inclusion of lipid, significant loss of cytoplasmic 

volumes, and loss of myosin heavy chains. But the actin and dense body remains intact 

and interface the shrunken sarcomere with the hypodermis and cuticle. Ultra-structure 

imaging also reveals that the remaining myosin filaments in the aged worm are severely 

bent. Cuticle thickness increases with the age of the worm. Disorganization of muscle 

and cell fragmentations is also evident under the cuticle. Three-fold symmetry of the 

pharyngeal muscle, marginal cell, and open lumen of a young adult worm (day 4) are also 

lost with degraded muscle and morphological changes in aged worm (day 18).  

Nuclei of body wall muscle undergo morphological changes and fragment very late in 

life8.  An adult worm (day 8) expressing GFP localized to the nuclei of body wall muscle 

shows localization of the nuclei with bright dots across the body. However, the 

localization is lost and in a day-18-old animal that has undergone significant age-

associated changes. Investigation on the nuclei shows that body wall muscle nuclei 

undergo morphological changes such as increase in the size of nucleolus, appearance of 

small dark patches, and fragmentation of the nuclei. However, lifespan extension by the 

intervention in the downstream of insulin/IGF-1 pathways (age-1 mutant) shows a 

significant delay in the onset and extent of nuclear GFP changes compared to wild-type 

worm8. The age-1 mutants live 60-100% more than wild-type worms and have enhanced 

locomotory activity. Thus, Herndon et al. concluded age-1 PI(3) kinase provides benefits 

to worm healthspan and lifespan partly by maintaining muscle integrity8.  

Glenn et al. made an effort to link behavioral deficit of early stage aging of C. elegans 

with muscle deterioration14. They ran standard chemotaxis and locomotion assays to  
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Fig. 2.9. Age-associated changes of C. elegans body wall muscle. Whole animal view of 

expression of GFP localized to the nuclei of the body wall muscle (a) day 8 and (b) day 

14 old worm, (c) – (e)  cellular changes of body wall muscle (c – day 7, d – day 12, small 

dark patch, increase of size of nucleolus; e – day 18, fragmentation phase), (f) example of 

a rare muscle nucleus undergoing autophagy, scale bar 1µm. (g) - (h) Disintegration of 

body wall muscle sarcomere as detected by expression of GFP localized to myosin heavy 

chain A (g – day 4; h – day 18), (i) – (k) electron micrographs of body wall muscle. 

Sarcomeres (white arrow) interface with the hypodermis and cuticle via dense bodies 

(black arrow). Scale bar, 1 mm. j, Cross-section through single muscle of a day 18 class 

B animal with prominent lipid inclusion (L). Note the loss of cytoplasmic volume and 

loss of myosin thick filaments (white arrow), but a retention of actin and dense bodies 

that interface with the hypodermis and cuticle (black arrow). Scale bar, 1 mm. k, 

Magnified view of a frayed sarcomere in which myosin filaments are severely bent 

(arrow), from a day 18 class B animal. Scale bar, 0.5 mm8.   

 

elucidate the loss of function of sensory neurons with the mild locomotory deficit during 

early stage of aging37,81,82. In contrast to wild-type animals, behavioral declines were 
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delayed with a mutation in the insulin/IGF-1 pathways (daf-2). They also investigated the 

changes in the muscle integrity over age by phalloidin staining actin thin filament. Actin 

thin filaments were stained using standard protocol and imaged under a fluorescent 

microscope83. Straight and evenly stained sarcomeres were observed in young adult 

worms (day 2). Sarcomeres of 4- and 6-day-old worms were similar to 2-day-old worms 

but with a slight increase in the fraction of wrinkled sarcomere. However, the majority of 

day 8 worms contained muscle with patched and wrinkled sarcomeres, indicating 

damages. Electron microscopy did not show much deterioration in day 8 worms in their 

study. Indeed, day 8 worms were able to perform sinusoidal movement and support the 

observation in electron microscope images. Glenn et al. also demonstrated that treatment 

with muscarinic agonist significantly improves locomotory behavior in aged worm. 

These suggest that neuromuscular signaling may play a part in the age-induced mobility 

deficit14. 

Bansal et al. investigated muscle structure of aging worms. In their investigation, 

phalloidin staining methods were used to image actin thin filament at four time points 

(day 1, 5, 10, 15) of wild type and four long-lived mutants (daf-2, ife-2, clk-1 and eat-2). 

Aged wild-type worms show very similar degradation of muscle sarcomere with reduced 

cell size and loss of parallel fibers. In contrast to the observations made in Herndon et al. 

and Glenn et al., both wild type and long-lived mutants showed similar signs of muscle 

degradation at day 15. At the same time point worms of all five strains showed similar 

decline in movement assay. These suggest that muscle fiber disintegration may induce 

the early loss of mobility observed in the long-lived mutants36. 

2.3.2 Mitochondrial fragmentation  

Mitochondrial dysfunction is a common phenomenon in aging skeletal muscle in humans. 

Mitochondria also undergo progressive fragmentation with human age and correlate with 

reduced muscle strength84,85. C. elegans body wall muscle undergoes very similar age 

dependant deterioration and thus similar mitochondrial dysfunction as anticipated in C. 

elegans body wall muscle. Regmi et al. characterize the morphological changes of 

mitochondria in the aging worm body wall muscle86. Morphology of mitochondria in 

body wall muscle was observed by using a strain expressing mitochondrial matrix 
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targeted GFP (mitoGFP) under the control of promoter myo-3. It is expressed in body 

wall muscle cells87.  Mitochondria are tubular in shape in young adult C. elegans. They 

observed mitochondrial fragmentation with age and an associated decrease in 

mitochondrial volume as shown in Fig. 2.10.  

 

Fig. 2.10. Age-dependant mitochondrial changes in C. elegans body wall muscle. (A) 

Morphological changes recorded by GFP expression localized to the mitochondria of 

body wall muscle, quantitative measure of age associated morphological changes body 

wall muscle mitochondria (B) extent of morphology, (C) length, (D) circularity, (E) 

area86. 

 

Mitochondrial fragmentation is categorized as tubular, intermediate, fragmented, and 

very fragmented and quantified by measuring mitochondrial length, circularity, and area. 
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Circularity is a measure of roundness with 0 being a straight line and 1 a perfect circle. 

Mitochondrial area is the area covered by the fluorescent pixel in the image. Faster rate of 

fragmentation and volume shrinkage occur in life shortening conditions and slow down in 

lifespan enhancing conditions. However, mitochondrial fragmentation early in life (day 5 

or day 7) cannot predict lifespan. Fig 2.10 explains different categories of fragmentation. 

After day 5, the amount of fragmented mitochondria shoots up to 40 % at day 11 and 

60% at day 16 compared to 0% on day 5. Mitochondrial length and area decreases 

steadily over time whereas circularity increases linearly with age86.   

Hahm et al. recently showed that maximum crawling velocity on day 9 is an early 

predictor of lifespan. They showed that tubular mitochondrial structures become sparse 

and globular with age. A significantly high level of mitochondrial fragmentation was 

observed in groups of worm moving with low maximum velocity (MV) compared with 

their high maximum velocity counterparts at day 938. Also, they reported expression of 

sod-3, a protective lifespan biomarker expressed in mitochondria, is 1.7 times higher in 

high MV group of animal than the low MV worms. These suggest that the mitochondrial 

fragmentation in body wall muscle may contribute directly in decline in mobility and 

other functional losses of the worm. 

2.3.3 Lipofuscin accumulation  

Accumulation of age-associated autofluorescence (lipofuscin) is a biomarker in aging 

humans, rats, flies, and worms88,89. Lipofuscin is a highly oxidized and cross-linked 

protein. It consists of 30–58% oxidized proteins and 19-51% lipid clusters90. It is a 

yellow brown protein aggregate that accumulates over time and autofluoresces at 570–

605 nm when excited at 366 nm91. Lipofuscin generally accumulates in the cytosolic 

compartment of the cell. The nuclear cell compartment is largely free of lipofuscin92. 

Lysosomal enzyme or proteasomal systems of the cell are unable to degrade lipofuscin 

and thus are insoluble93,94. Some cells can dilute the accumulation of lipofuscin by cell 

division95,96. However, post-mitotic cells such as skeletal muscle, cardiac myocytes, or 

neurons are not able to do so and thus accumulate over time97,98. The composition varies 

between cell types and there is no antibody specific to lipofuscin99. Thus lipofuscin 

autofluorescence has become an important detection method of aging markers. 
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Accumulation of lipofuscin is a conserved phenomenon across organisms including C. 

elegans. Lipofuscin accumulation in worms is often used as an age-related marker and a 

quantifier of worm healthspan. Garigan et al. demonstrated that lipofuscin accumulation 

starts appearing between days 2 and 5 and reaches maximum on day 10 for wild-type 

worm as shown in Fig. 2.11 (a)13. 

 

Fig. 2.11. Accumulation of lipofuscin granules of aging C. elegans and its long-lived 

mutants. (a) Wild-type and daf-2(e1370) animals at 2, 5, and 10 days of adulthood were 

photographed without automatic gain, (b) changes in autofluorescence in aging worms of 

strain daf-2, ife-2, clk-1, eat-2 and wild type. *P < 0.0513. 
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A similar observation was made by Bansal et al. They demonstrated that the wild-type 

animal does not show significant changes in autofluorescence in early days (day 1–5) but 

shows an increase in lipofuscin accumulation after day 10. Bansal et al. quantified 

fluorescence with the age of long-livedmutants (daf-2, ife-2, clk-1, and eat-2) and 

compared with wild type worms at 5 different time points (day 1, 5, 10, 15, and 20) along 

lifespan shown in Fig 2.1136. Interestingly, both long-lived mutants daf-2 and ife-2 

accumulate significantly low amounts of lipofuscin compared to the wild type in day 1 

and 5. The clk-1 and eat-2 mutants, however, show comparable autofluorescence to wild 

type for the same two time points. After day 15, the accumulation among the strains did 

not show significant differences among them, although all of the strains show an increase 

in the lipofuscin accumulation. As those strains experience different mean lifespan, these 

data suggest that age-related lipofuscin granule accumulation is not correlated with 

lifespan. 
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2.4 Key studies on healthspan of C. elegans 

 

Modern day quantitative protocols for assessing health of aging human may be used as a 

starting point to establish a quantitative definition. One example is frailty index (FI), 

which is defined as the proportion of deficits present in an individual out of the total 

number of age-related health variables. This index largely evaluates self-sufficiency and 

the disease-free state of humans100,101. With the same motivation only recently, 

researchers have tried to propose a precise definition for C. elegans healthspan. The 

proposed definitions were all based on the established age-related changes of body 

movement, pharyngeal pumping, self-fertile productive lifespan, and stress responses in 

C. elegans15,36. In this section, definitions of the functional parameters that were used to 

define healthspan and results that were derived from the literature will be discussed. We 

will repeat some of the definition physiological functions such as body movement or 

pharyngeal pumping easy flow of reading. 

2.4.1 Definitions of healthspan 

The definition of lifespan is straightforward, and it is defined as the last day the animal 

respond to touch stimuli. Lifespan defines the maximum limit of the healthspan but 

quantification of the healthy, disease free, and active life is difficult. Huang et al. are the 

first to formally propose a set of healthspan metrics and try to establish a formal 

definition of healthspan for C. elegans15. Three physiological traits of pharyngeal 

pumping, body movement, and self-fertile reproduction were used as healthspan metrics 

in Huang’s study. Pharyngeal pumping was defined as the pharyngeal stroke per minute 

and self-fertile reproduction was defined as the duration of progeny production. Body 

movement was defined in two ways (a) crawling speed on food and (b) body movement 

(number of waves per minute in continuous and coordinated crawling).  

They used a self-fertile reproductive span as a parameter to define reproductive 

healthspan which was found to be 5.8 ± 2.0 days for wild-type hermaphrodites. Self-

fertile reproductive span was defined as the time from day zero to the last day of progeny 

production. A cutoff pumping rate was used to define the fast pharyngeal pumping, slow 
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pharyngeal pumping, and no pumping. Pumping rate > 149 cycles/minute was defined as 

fast pharyngeal pumping, between 6 – 149 cycles/minute was defined as slow pumping 

rate, and anything < 6 cycles/minute was defined as no pumping. The time from day zero 

to the last day of fast pharyngeal pumping was defined as fast pharyngeal pumping span 

and similarly, time from day zero to the last day of slow pharyngeal pumping was defined 

as pharyngeal span. For wild-type hermaphrodites, mean fast pharyngeal span was 

8.1±2.1 and pharyngeal pumping span was 11.8±3.0. 

Huang et al. defined a worm as fast moving if the worm was crawling at a speed greater 

than 0.1 mm/sec or otherwise it is scored as slow moving worm. A qualitative attribute 

was also used to define fast moving worms. A worm is defined as fast moving if it 

displays a continuous and well-coordinated sinusoidal movement or else it is scored as 

not fast moving. For quantitative measure and correlation studies, worm body movement 

was used as a mobility parameter. As body movement declines progressively with age, a 

regression line will have an x-intercept for each individual. Each worm was characterized 

with this single value x-intercept to characterize the body movement and was then used 

for correlation studies as shown in Fig. 2.1. A large x-intercept means a slow decline in 

body movement and also signifies a long lifespan. Huang et al. defined the time from day 

zero to the last of fast body movement of a worm as the fast body movement span of that 

worm. For wild-type hermaphrodite they reported a fast body movement span of 8.2 ± 

1.7 days.  

Huang et al. proposed five healthspan metric i) self-fertile reproductive span, ii) fast body 

movement span, iii) fast pharyngeal pumping span, iv) pharyngeal pumping span, and v) 

lifespan. Based on these five parameters, C. elegans healthspan was segmented in four 

stages i) Stage I: period of progeny reproduction - from L4 to end of self-fertile 

reproductive span, ii) stage II: period of vigorous motor activity – time from end of 

progeny production to the end of the fast body movement span, iii) stage III: period of 

reduced motor activity – time after stage II to the end of the pharyngeal pumping span, 

and iv) stage IV: period of minimal motor activity – time from the end of stage III to the 

end of lifespan. Stage IV defines frail life of very slow or no body movement and 

pumping.  
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After almost a decade, Bansal et al. included environmental stressors as a healthspan 

metric in addition to previously established healthspan metrics36. They chose two 

principal measures of worm health. i) Frailty (analogous to human mobility) was 

measured by thrashing motion in liquids, distance traveled on a solid surface, and feeding 

rate through pharyngeal pumping, and ii) resilience to stress was measured by exposing 

the worms to heat and exposing them to an oxidative solution. However, they showed 

pharyngeal pumping cannot be a parameter to evaluate the health of long-lived mutants, 

as the pharyngeal pumping decline drastically to almost no pumping by day 15 across 

genotype.  

Based on the metric, they segmented the lifespan into two parts: healthspan and gerospan. 

Healthspan was defined as the period when the animal has greater than 50% of the 

maximal functional capacity of wild type (with respect to the above mentioned frailty and 

stress resilience metric) while gerospan was defined as the period when the animal has 

less than 50 % of the maximal functional capacity of wild type. Then, the healthspan to 

gerospan ratio was normalized to their maximum lifespan, and they compared each strain 

physiologically.  

Hahm et al. demonstrated that the maximum crawling velocity (MV) correlates well with 

lifespan. They grouped worms with high maximum velocity (high MV) and low 

maximum velocity (low MV) based on the cutoff MV of 0.22 mm/sec. Like other 

locomotive parameters, MV of individual worm also undergoes similar age-associated 

decline and used to define healthspan and gerospan. They used the same 50% criteria of 

MV to define the healthy period of life, which is defined as healthspan similar to Bansal 

et al. They introduced a new parameter of physical performance, which is the area under 

the curve of the average maximum velocity and the lifespan.  

Reduction in functional decline and incidences of age-associated diseases is the goal of 

healthy aging. It is believed that reduction in aging rate or enhancing lifespan is one way 

to find a healthy and disease free life. The idea is that manipulation of a single gene that 

extends lifespan will hopefully trigger the genetic system to shift its global function 

towards maintaining functional integrity. Ideally, an extension in lifespan should 

contribute to lengthening the healthspan and achieve a maximum reduction in gerospan. 
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Huang et al., Bansal et al., and Hahm et al. have compared the healthspan of long-lived 

mutants of C. elegans to the wild type. The remainder of this section will focus on the 

results of the above three studies. 

Huang et al. maintained 180 wild-type C. elegans and monitored them longitudinally 

over the lifespan for body movement, pharyngeal pumping, and self-fertile reproduction. 

Correlation between the five parameters (definition described in previous section) was 

established by plotting these parameters against lifespan and by using Spearman rank 

correlation45. Self-fertile reproductive span does not correlate with lifespan which is 

again shown by Pickett et al46. Self-fertile reproductive span is not correlated to the other 

parameters as well. However, fast pharyngeal span, pharyngeal span, and fast body 

movement were found to be positively correlated with lifespan. Fast body movement was 

also correlated with fast pharyngeal pumping and pharyngeal pumping span.  

Analysis in declining physiological functions in long-lived mutants daf-2, age-1, daf-16, 

eat-2, and clk-1 (Table 2.1) revealed that daf-2 and age-1 experience the same pattern of 

changes such as significant extension of fast body movement span, pharyngeal pumping 

span, and lifespan but did not affect self-fertile reproductive span. Although fast 

pharyngeal pumping was enhanced significantly for daf-2, age-1 showed only a small 

extension. The daf-16 mutant showed significant shortening of fast body movement span, 

fast pharyngeal span, pharyngeal span, and lifespan, but self-fertile reproductive span was 

unaltered. The eat-2 mutation extends self-fertile reproductive span, fast body movement 

span, and lifespan, but does not show extension of fast pharyngeal pumping span. clk-1 

significantly enhances self-fertile reproductive span, pharyngeal pumping span, and 

lifespan.  

Influences of the temperature and five mutations on the healthspan parameters are shown 

in Fig 2.12 both in absolute scale and as a proportion of adult lifespan. Low temperature 

extends lifespan significantly compared to high temperature. Fig 2.12b shows that the 

proportion of each stage remains the same for both temperatures indicating that the 

lifespan extension is only because of the global change in the rate of reactions. However, 

all five mutations did not show proportional changes in each stage. Unfortunately both 

daf-2 and age-1 displayed an extension in stage IV with a reduction in stage I compared 
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to wild type. The mutation at daf-16 displayed a reduction in stages II and III and an 

increase in stages I and IV. eat-2 showed a very long stage I but significantly shorter 

stage II, while clk-1 mutants displayed a reduction of stage II and small increases of 

stages I and III compared to wild type. According to the definition, Huang et al. 

concluded that daf-2, age-1, and daf-16 significantly increase the stage of life that is 

accompanied with minimal motor activity or increased frailty.  

 

Fig. 2.12. Healthspan measurement of wild type and five long-lived mutant conducted by 

Huang et al., (a) stages of C. elegans aging; each bar represents the average lifespan of a 

strain and each segment represents span of stages, and (b) the fraction of the mean 

lifespan a worm spent in each stage during the lifespan, (c) age-related declines of 

physiological processes in wild-type C. elegans and mutant worms15. 

 

Bansal et al. reported that the insulin signaling mutant daf-2 spent more healthy days 

with respect to all functional parameters when compared to wild type in a chronological 

scale. According to the same definition, all other mutants stayed healthy for similar 

number of days as the wild-type worm. However, each type of worm experiences 

different length of lifespan and thus lifespan was normalized. Analysis in a normalized 

(c)

(b)(a)
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scale revealed all of the mutants displayed a reduction in the healthspan and an increase 

in gerospan in almost all functional parameters as shown in Fig. 2.13. As the 50 % of the 

maximal functional capacity is an arbitrary metric, Bansal et al. reevaluated the 

healthspan analysis by redefining the cutoff to 30% and concluded the same result. Thus, 

Bansal et al. concluded that lifespan extension by the four available routes only add time 

to frailty rather than extending healthspan. Therefore the wild-type animal is the 

healthiest among the long-lived mutants daf-2, ife-2, clk-1 and eat-2. 

 

 

Fig. 2.13. Comparison of physiological healthspan vs. gerospan ratio performed by 

Bansal et al. Comparisons were made by normalizing the maximal lifespan to 100% for 

all strain36. 

 

Hahm et al. used the same definition of healthspan and gerospan as Bansal et al. 

However, only one functional parameter was used, which is the maximum velocity of the 

worm. Their results suggest that daf-2 extends lifespan by two fold compared to wild 
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type and daf-16. In a normalized healthspan to gerospan ratio, none of the strains show 

any significant increase in gerospan as shown in Fig. 2.14, which contradicts the results 

of Bansal et al. However, the daf-2 mutant showed a 2.4 fold increase in the physical 

performance over wild type and the daf-16 mutant. 

 

 

Fig. 2.14. Comparison of healthspan and gerospan of wild type, daf-2 and daf-16 worms 

(adopted from Hahm et al.). Left: absolute scale, right: normalized scale38. 

 

2.4.2 Role of muscle health on aging 

For defining healthspan across C. elegans genotypes, several physiological functions 

such as reproduction, pharyngeal pumping, auto-fluorescence, thrashing and body 

movement were chosen by different research groups. However, reproduction period, 

pharyngeal pumping and auto-florescence are proved to be not a good metric for 

healthspan study for certain limitation in each case. Body movement and stress response 

are the metric of interest for most researchers for healthspan study. 

Body movement or mobility is the most important phenotype to assess physical ability of 

individual worm. Body movement is also positively correlated with lifespan14,15,38. A 

recent development shows that maximum velocity of a worm is a predictor of lifespan. 

Worms maintain steady maximum velocity in the early phase of adulthood (days 1–5), 

but then velocity declines starting from day 638. The worm reaches sexual maturity on 

day 3 or day 4, lays most of the eggs during this period, exhibits maximum pharyngeal 

pumping rate, consumes large amounts of food, and probably experiences its highest 

metabolism rate8,15. After sexual maturity, pharyngeal pumping declines steadily until 



Texas Tech University, Md Mizanur Rahman, December 2016 

61 
 

day 815. The lifespan curve enters to the exponential phase approximately at the same 

time and follows exponential mortality rate15,38. Signs of structural damage of body wall 

muscles and morphological changes of nuclei and mitochondria start showing up from 

day 7 onwards8. Entraining into the declining phase of lifespan, pharyngeal pumping, and 

reproduction suggest a major shift in global worm physiology or catabolism. Perhaps, the 

metabolic workload to support reproduction leads the cellular machinery to fatigue or 

functional impairment. Also, drastic reduction in metabolic workload requires less food, 

and it may signal the nervous system to slow down. 

Aging causes decline in presynaptic function including decline in neurotransmitter 

production and deficit in synaptic fusion, docking, or priming. Thus aging worms show a 

progressive decline in the function of motor activity and onset of sarcopenia32,33. 

Interestingly, a mutation in the insulin/IGF-1 signaling pathway (a dauer formation 

pathway), reduces the morphological changes in neurons and reduces the rate of 

functional decline in the motor nervous system16,32,33. The mutation in the insulin/IGF-1 

signaling pathways also enhances mean lifespan by two fold compared to wild type. 

Thus, a common pathway (FOXO/daf-16) may work for lifespan extension and 

maintenance of neuronal morphology.  

The dauer formation pathway again signals cells for artificial food shortage and activates 

cell maintenance. In other words, daf-2 mutants experience a low metabolic workload, a 

low rate of pharyngeal pumping, and less progeny production. Intuitively, less metabolic 

load delays the damage in the muscle and extends lifespan. daf-2 shows slow aging 

compared to wild-type until day 10, but they show very similar structural degradation by 

day 15 of adulthood36. Thus, it draws curiosity to the question, does declining muscle 

signal for presynaptic functional decline that alternately accelerates aging?  

In recent studies, several groups made an effort to identify the fraction of lifespan a worm 

spent in frailty (gerospan). Long lived worms do not perform comparable to the wild type 

with respect to thermal or oxidative stresses, movement in liquid or solid, and maximum 

velocity of movement. In fact, gerospan contributes a large fraction of the lifespan (22-90 

%) depending on the genotype36,38. As the worm spent most of their lifetime in functional 
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inferiority (gerospan) and muscle tissues suffer drastic structural changes, it is probably 

the most important tissue to focus on for understanding aging better. 

Aging worms maintain neuronal structure remarkably well8. Pharmacological studies also 

suggested that old worms maintain neuromuscular strength8,33,80. Thus, it is intuitive that 

muscle maintenance would be a great way to shrink gerospan to experience a better and 

healthy life. Endurance type physical activity has been well known to enhance human 

health for long time. Recent studies have demonstrated that the overexpression of PGC-

a1, a transcriptional co-activator for mitochondrial biogenesis, in the skeletal muscle 

induced by exercise training protects from the stress-induced depression102. Activation of 

PGC-a1 in skeletal muscle by endurance-type activity promotes mitochondrial 

biogenesis, fatty acid oxidation, angiogenesis, and resistance to muscle atrophy103-105. 

PGC-a1generally detoxifies reactive oxygen species (ROS) and thus removes age 

accelerating agents106-108. 

A recent parabiosis experiment has shown that growth differentiation factor 11 (GDF11) 

systematically regulates muscle aging. GDF11 is a rejuvenating factor for skeletal muscle 

and generally declines with age. Supplementation of GDF11to the aged system reverses 

functional impairments and restores genomic integrity in aged muscle stem cells. An 

increase in GDF11 level helps to express PGC-1a in the skeletal muscle, increase muscle 

strength, increase endurance exercise capacity, and maintain structural and functional 

features of muscle. The restoration of functional features in aged mice is simply achieved 

by restoring regeneration of muscle stem cells. Thus, it may be therapeutically useful for 

reversing age-related changes in skeletal muscle and stem cell dysfunction. 

At present, healthspan is scored from skill-based functional features such as crawling 

speed, body bending, or pharyngeal pumping. There is no measure for the human 

equivalent of diseases. Therefore the current evaluation of worm health cannot predict the 

influence of the pathogenesis. Strength of the body wall muscle may be a good indicator 

as pathogenesis of many of the age-associated diseases is connected to metabolic 

disorders. The benefits of endurance type exercise such as depression control through the 

over expression of PGC-1a and the regeneration of muscle tissue, increase in strength 
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through over expression of GDF11 encourages us to believe that maintenance muscle 

mass and strength will be the key for healthy aging.  

Investigation on muscular aging required the visualization or tracking of muscle mass and 

tracking muscle strength with age in addition to the genetic manipulations. The only way 

to look at the muscle on live animal is the visualization of actin or myosin heavy chain 

through phalloidin staining or GFP labeling. Unfortunately, these visualization 

techniques do not quantify muscle mass. Currently, quantification of muscle mass and its 

changes are carried out only by slicing the worm muscle and imaging under electron 

microscope. Unfortunately, there are no methods available currently to measure worms 

muscle strength. As a result, it is not possible to track a single worm for the lifelong 

changes in muscle mass or strength with current available method. Hence, development 

of a muscle strength measurement tools is highly required to facilitate lifelong strength 

profiling on genetic or physiological interventions. 
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2.5  Micropillar-based force detection – A tool for measuring muscle 

forces 

 

The effort of developing the sensors for recording muscle forces of worms is a very 

recent event and thus only a handful of techniques have been known so far. As the worm 

is very small with length of approximately 1 mm and diameter of 0.1 mm, most of the 

existing methods are micro-device based. Two basic principles have been exploited for 

the recording of muscle force i) reduction in optical coupling due to the deflection of a 

single mode fiber cantilever, and ii) deflection of deformable pillar by a point force. In 

both cases the worm locomotion has been capitalized for measuring muscle forces. Using 

a nematode’s free-living activity is actually a clever technique to eliminate the difficult 

job of asking the nematode to exhibit its muscle force. In the rest of the section, the 

available methods will be discussed.  

2. 5.1 Integrated fiber optic microfluidic device as force sensor   

An integrated fiber-optic microfluidic device was developed by Liu et al. in 2012 for 

sensing forces exerted by C. elegans on a single mode fiber cantilever109. The device 

consists of two important components: i) a sinusoidally shaped microchannel with an 

opening at the lower part and ii) a silica single mode fiber (SMF) cantilever suspended 

horizontally in parallel with the channel that blocks the openings of the microchannel 

shown in Fig. 2.15. The points where the cantilever blocks the openings of the 

microchannel are defined as detection points. Worms are squeezed through multiple 

detection points where the worm then deflects the suspended cantilever. The deflection 

caused by the worm reduces the optical coupling from the SMF to a receiving multimode 

fiber MMF that was aligned and fixed in the channel with the SMF. An external photo-

detector connected to the MMF was also attached within the device in order to receive 

the transmitted optical power caused by the SMF cantilever deflection.  

The design of the device allows multiple force data from a single worm from multiple 

detection point along the cantilever. This device measures normal movement force as 

defined in Fig. 2.15 with resolution and uncertainty of approximately 1 µN. The fiber 
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optics used in the detection system makes the device highly sensitive and reliable. The 

measurements conducted in this work also focused only on the Oesophagotomum 

dentatum, a parasitic nematode. This device recorded approximately 9 µN as the normal 

movement force of L4 stage C. elegans. However, the device has some serious limitation 

for the use of recording muscle forces 

i) Fabrication is highly complicated, especially the integration of the fiber 

optics.  

ii) This device shows high sensitivity with two parameters: i) the clearance 

between the cantilever and the end of the openings in the detection point 

and ii) the diameter of the worm.  

iii) Also, it only measures the normal movement force not the bending 

moment or the shear stress. Hence, complete quantification of muscle 

force may not be sensed.  

 

Fig. 2.15. Integrated fiber-optic microfluidic device for detecting movement force of the 

Oesophagotomum dentatum109. 



Texas Tech University, Md Mizanur Rahman, December 2016 

66 
 

2.5.2 Deformable pillar based device as force sensor   

2.5.2.1 SU-8 force sensing pillar arrays 

The first attempt to measure movement forces of C. elegans was made by Doll et al. 

during 2009. They used a two-axis micro strain gauge force sensor made out of multiple 

layers of SU-8 and metal on quartz substrate shown in Fig. 2.16110. The device consists of 

four fixed-guided cantilever arms, and a strain gauge was attached with each cantilever 

arm. A vertical SU-8 pillar was attached at the central junction of the cantilever and acted 

as loading arm. The device was designed in a way that the worms moved between the tips 

of the pillar, thus allowing the cantilever to act as the force loading point. Applied force 

at the tip of the pillar induced a strain at the base and was sensed as a change in resistance 

by a metal strain gauge. The change in the resistance was recorded with a Wheatstone 

bridge configuration. The system was capable of measuring interaction force of 

navigating C. elegans.  

  

Fig. 2.16. SU-8 force sensing pillar arrays for measuring muscle force of C. elegans. (a) 

A force sensing unit consists of four fixed guided cantilever beam each connected with a 

strain gauge and a SU-8 pillar at the center, (b) a simulation shows bending induced 

stress, and (c) A single device viewed from top110.     

 

The device had sub-micronewton resolution and sampled at kHz rates. They reported the 

mean peak contact force of 2.5 ± 2.5 µN for L4 stage wild type animals. Despite the 

capability, the method suffers from some limitations: 

i) The device fabrication is extremely difficult. This particular device was 

fabricated using five layers of deposition, including an adhesion layer of 
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Cr/Au. It also has an additional step of attaching the device to a package 

by using epoxy.  

ii) It is anticipated that the gold resistor will generate and dissipate heat with 

changing resistance. This heat may introduce stress in C. elegans and thus 

disturb the locomotion behavior.  

2.4.2.2 Micropillar-based (PDMS) force measurement system 

Ghanbari et al. (2012) applied the well-established thin beam approximation theory 

(Timoshenko beam deflection theory) and designed a matrix of deformable micropillars 

made out of polydimethylsiloxane (PDMS) for measuring forces exerted by C. 

elegans111. Ghanbari et al. demonstrated the principle of multipoint locomotion forces 

from a crawling worm. The arrays of micropillars were fabricated by two layer 

photolithography shown in Fig. 2.17. Pillars were free on one end, and the other end was 

attached to the base. The device was then bonded to a glass slide. Worms were made to 

navigate through the pillar array and the deflections were recorded in images. Deflections 

were recovered from the images using an image-processing algorithm. Measured 

deflections were then converted to the applied forces experienced by the particular pillar. 

Their system attained a resolution of 2.07 µN for body width of 80 µm (adult C. elegans). 

Ghanbari reported a maximum recorded force of 61.94 µN from 1571 data points and an 

average maximum force of 32.61 µN. These values were significantly higher than all 

previous methods. In this study, Ghanbari addressed the limit of deflection that reliably 

measures the deflection forces and tried to validate the application of thin beam 

approximation theory.  

The next year, Johari et al. extended the method to micropillar based force sensors to 

understand the relation between C. elegans muscular forces and the locomotion metrics 

(speed, amplitude, and wavelength)112. In their work, locomotion forces were recorded by 

changing pillar arrangement (lattice vs. honey comb) and pillar spacing. They concluded 

that the worm exhibits maximum forces when the pillar contacts the middle part of the 

body and when the pillar spacing is narrower. Also, C. elegans locomotion behavior is 

highly dependent on the pillar microstructure and spacing. While worms crawl much 
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slower in the narrower spacing, they exert more forces than their faster moving 

counterpart in a more widely spaced microstructure.  

 

Fig. 2.17. A PDMS micropillar based microfluidic device for C. elegans force 

measurement. (a) Schematic of a worm navigating in the device, (b) photograph of a 

device with multiple channels, and (c) –(d) features of the channel and micropillars111.  



Texas Tech University, Md Mizanur Rahman, December 2016 

69 
 

In micropillar based force sensors, the worm crawls either on the glass surface or on the 

PDMS. Very recently in 2015, Khare et al. utilized the same micropillar technology to 

measure the locomotion forces, but this time they made the worm crawl on an agar 

pad113. In this work, colored PDMS was used to make the pillar. The better contrast of 

colored PDMS made the imaging, detection, and tracking of the pillar easier in moist 

agar. Using this technique, Khare et al. measured that the total average force exerted by 

C. elegans is approximately 7.68 µN. For the first time, forces of body size mutants (lon-

2 and dpy-5), uncoordinated mutants (unc-54, unc-52) and mechanosensory mutants 

(mec-4, mec-7, and mec-12) were measured. No significant differences in exerted force 

were reported except for unc-54(e675).  In the same study, they tried to address the 

dependency of locomotion forces with the location of the worm body and reassured the 

findings that body mid-sections exert the maximum force. 

Micropillar based microfluidic technology is the most attractive in evaluating the 

locomotion forces of crawling C. elegans. In all three studies, worms were allowed to 

crawl between the pillars and deflections were recorded to extract forces applied to the 

pillar by the worm. However, the above studies were lacking in these ways and neglected 

to address fundamental questions like: 

i) Most of the studies used a sample size of less than 20 worms and data were 

recorded for duration of 5-8 second. None of the above studies addressed the 

questions of what duration of observation is required to characterize a single 

worm, and what sample size is required to characterize a population?  

ii) Micropillar diameter is a key parameter for evaluating the stiffness factor of 

the pillar. The larger the diameter of the pillar the stiffer is the pillar for a 

given height of the pillar. This also sets the resolution for that force sensor. On 

the other hand, edge-to-edge spacing between the pillars is actually the 

navigation area for the worm. In all three studies, different pillar geometries 

(diameter/spacing for Ghanbari et al. = 40 µm/80 µm; for Johari et al. = 80 

µm/110 & 140 µm; for Khare et al. = 50 µm/70 µm) were used, and the 

magnitude of the forces were very different from each other (average 

maximum force for Ghanbari et al. = 32.61 µN; for Johari et al. = 20 µN and 

for Khare et al. = 7.68 µN). Johari et al. demonstrated that the arrangement 
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and spacing of the pillars influence both the kinematics of crawling of the 

worm and the locomotion forces. A very tight spacing may confine a worm 

tightly, and a very large spacing will allow the worm to swim. However, the 

dependency of the spacing is not addressed. Therefore there must be a limit 

for spacing the pillars where a consistent result will be obtained for a worm.      

iii) For a fixed spacing, the free area for the worm to crawl shrinks as the worms 

grow bigger in diameter. Intuitively, the larger the worm the more the contact 

area and the higher will be the force loading point in the pillar. Hence, larger 

animals will produce a large magnitude of the force. This dependency on the 

worm size is also not known.   

iv) C. elegans display a range of crawling behavior such as forward, reverse, and 

omega turns and thus varies in posture or body curvature. In previous studies, 

how the force exerted on the pillar changes due to the locomotory behavior 

were never addressed. 

v) Deflection or the equivalent forces recovered using the micropillar arena is 

termed as movement force or locomotion forces. However, the movement 

forces were not characterized, which left unclear what forces were being 

measured. Above all, the physics of how the muscle transfers the contraction 

to the pillar is not known.    

vi) As the forces are not characterized, there is no metric to characterize a single 

worm or a population. Also, there is no method available to distinguish 

mutants. Khare et al. proposed four parameters to characterize one single 

worm: i) total average force per animal, ii) average force applied per pillar, iii) 

maximum force on a single pillar, and iv) number of pillars touched by a 

worm. However, those parameters were never used to characterize C. elegans 

and its mutants.    

Table 2.1. represents a comparison of different methods used to measure muscle forces of 

C. elegans113. These methods do not guide how to use these data in understanding C. 

elegans physiology, how individuals differ from each other, or if there is a true maximum 

in the ability of force generation by the worm. In short, there is no protocol to 

characterize a single worm based on the locomotion force. There is no method to measure 
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the strength of the worm muscle system, and also there is no metric that can be used to 

distinguish between genetic variations. 

 Table 2.1. Comparison of reported method for measuring muscle force of C. elegans113

 

 

 2.6 Problem statement 

 

In this thesis, an approach will be developed to measure the muscle strength that will be 

used for phenotyping the neuromuscular system. A micropillar-based microfluidic device 

will be used for all assays involving force measurement with C. elegans. Timoshenko 

beam deflection theory will be used to recover the force from the measured deflection. 

The device will be named as NemaFlex. The remainder of the chapters of this thesis will 

address the above problems as, 

i) A worm must have a maximum ability to generate force, and the force sensor 

can detect this true maximum once the worm is exposed to maximum working 

challenge. This challenge can be applied in a micropillar-based array by 

manipulating the spacing and arrangement of the pillar, or in other words, the 

degree of confinement. Chapter 3 of this thesis will discuss how to expose the 

worms to a maximum challenge without changing their physiology. In short, 
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the suitable range of pillar spacing will be identified for tracing the strength of 

the worm.  

In the process of understanding the muscle strength, a simple metric will be 

defined to characterize worms that will be insensitive to the behavior. Thus, a 

protocol will be developed to measure the strength of the worm that includes 

minimum sample size (duration and number of animals), analysis to pick up 

the strength, and ways to differentiate between genetic variations.  

ii) Body wall muscle is the most important tissue of C. elegans, and these tissues 

are affected severely by aging. Intuitively, maintaining strong muscle may 

eliminate most of the functional decline and keep the organism healthy. In 

short, identification of genetic means or physiological measures for healthy 

muscle may possibly allow the organism as a whole to live healthier. Any 

genetic alteration thus requires a lifelong observation of health metrics. 

Chapter 5 will discuss the process of configuring NemaFlex to monitoring the 

animal longitudinally across lifespan. This new configured device is named as 

NemaLife. This unique feature of simultaneous monitoring of muscle strength 

at every single time point enables NemaLife to record health of a worm across 

its lifespan.  

iii) Automation of the data analysis is one of the very important aspects of this 

thesis for analyzing thousands of pillar deflections in a short amount of time. 

An image-processing algorithm built in-house and its capability will be 

discussed in Chapter 4. The unique feature of resolving the magnitude and 

direction of the force on particular pillar allows balancing the force along the 

entire body will also be discussed.           

iv) The NemaLife device is configured to monitor an individual worm across the 

lifespan. Simultaneous monitoring of health will be carried out throughout the 

lifespan. In Chapter 6, the healthspan of the individual worm will be discussed 

in terms of muscle strength of aging worms and locomotion parameters.     
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CHAPTER 3 

NEMAFLEX: A MICROFLUIDIC TOOL FOR MEASUREMENT OF 
MUSCULAR STRENGTH OF C. ELEGANS 

 

3.1 Introduction 

 

Skeletal muscle is the single tissue that makes almost half of the body mass and serves as 

major metabolic site1. As a result, alteration or degeneration of skeletal muscle will alter 

individual's health. For instance, human suffers from sarcopenia after the age of 45 and 

loses approximately 50% muscle mass by the age of 902,3. Most importantly, aging 

individual loses muscle strength and the ability to perform like young muscle. In many 

cases, they suffer from bed ridden life and may require constant medical assistance. 

Roughly at the same time, increase in the incidences of age associated diseases is also 

observed4. Diabetes and sarcopenic obesity are two such incidences whose pathological 

pathways are rooted in the genetics of skeletal muscle. Contrastingly, maintenance of 

muscle health by endurance type exercise deters aging and rejuvenates old individuals5,6.   

However, recent studies have suggested that the age-related loss of muscle strength 

(dynapenia) is weakly associated with the loss of muscle mass (sarcopenia)7. The relative 

risk of poor physical performance, functional limitation, or physical disability in older 

adults with dynapenia is significantly higher than the in older adults with sarcopenia (ref. 

dynapenia)7. Thus, understanding the mechanism of loss of muscle strength should be 

prioritizing in the venture of healthy aging. Successful interpretation will help 

indentifying remedies of the poor physical performances in aging adults. Maintenance of 

muscle strength along with muscle mass also offers great potential to eradicate the age-

associated diseases at once. Hence, it is of paramount importance to understand the 

mechanism of strength loses.  

C. elegans is the model organism for the study of skeletal muscle focusing genetics and 

the performances of the neuromuscular system. There is no significant effort has been 

made in understanding the cause of strength lose probably because of the absence of any 

workable tools to evaluate muscle strength upon any genetic of physiological changes. A 
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strength measuring methodology will build the platform and stimulate the scientist to 

decode the pathology of strength lose as well as the loss of muscle mass. Here in this 

chapter, we will be describing the development of a methodology to measure the muscle 

strength of C. elegans.   

3.2 MATERIALS AND METHODS 

Strains and worm preparation: C. elegans were maintained on E. coli OP50 bacteria 

lawns using standard protocol8. Wild-type animals were Bristol isolate (N2). Other 

strains used in this study were unc-52(e669), unc-112(r367;raEx11), and unc-17(e245). 

Age synchronized well-fed young adult animals were used for all force measurement 

experiments unless otherwise indicated. Age synchronized populations were obtained 

using a standard protocol. Approximately 20 gravid adult animals were transferred to a 

NGM plate (previously seeded with bacteria E. coli OP50) by hand picking and allowed 

to lay eggs on the bacteria lawn for 3 hours. After 3 hours, gravid adults were removed 

from the plate. Hatched worms were cultured at 20°C for approximately 60 hours (65 - 

72 hours for mutant unc-17, which grew slowly).  

Device fabrication: The force measurement device, NemaFlex, was fabricated using soft 

lithography9. A two layer master mold was fabricated in SU-8 2050 negative photoresist 

(Microchem) on a 3" silicon wafer as substrate (University Wafer)10. First, a 25 µm tall 

layer of arena/housing was fabricated followed by a second layer of 75 µm on top of the 

first layer having pillar features. This provides the device depth of approximately 100 µm 

and creates dangling (deformable) pillars of height 75 µm. The pillars were of diameter d 

= 38.0 µm  0.4 µm. The pillars were arranged in a square lattice with a center-to-center 

spacing of S = 100.4 µm  2.9 µm (edge-to-edge spacing of s =62.5 µm  2.9 µm) in a 1 

cm2 oval shape arena.  

PDMS device was casted (Sylgard 184 A and B 1:10 by weight; Dow Corning) over the 

SU-8 mold and was cured for ~2 hours at 75˚C. The replica was then treated in an air-

plasma cleaner (Harrick Plasma, Ithaca, NY) for 1 minute and bonded to a 1x3" glass 

slide. Bonding was done ensuring the pillars were not collapsed and deformed on the 

glass floor. Inlet and outlet holes were cored with a 1 mm hole puncher (Accuderm) 

before bonding. For design optimization we fabricated a composite device which consists 
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of three concentric circular pillared regions with varying pillar diameter and spacing. The 

composite chip was designed so that the same worm can navigate through the composite 

arena. Pillar dimensions, spacing, and worm crawling kinematics in the three sections are 

shown in Table 1.  

Experimental setup:  Bonded and cleaned microfluidic pillar arenas were loaded with 5 

wt% Pluoronic F127 solution through one of the inlet ports and incubated for 30 min. 

This renders the device resistant to protein/bacterial fouling and also helps to remove 

bubbles that may form during worm loading11. Next, the arena was washed with M9 

buffer. Immediately before each experiment, plates were flooded with 3-4 mL of M9 

solution (approximately 100 animals/mL). For individual worm loading, the worm 

solution from the M9-flooded culture plate was diluted to 10X (approximately 10 

animals/mL). Single animals were drawn into the tubing and then loaded into the device. 

This can also be done by hand picking a single worm. Experiments involving device 

optimization, quantitation of maximum muscle strength, and influence of body size were 

carried out at a single animal resolution. Muscle strength of mutants was evaluated over a 

population size of approximately 20. Approximately 25-30 animals were gently injected 

into the NemaFlex using a 1 mL syringe for population studies. Residual bacteria were 

removed from the device by continuous flow of M9 buffer. Animals were allowed to 

habituate the arena for approximately 5 minutes before imaging.  

Muscle contraction (levamisole) assay: Loading 20-30 animals, each in a single 

chamber, takes 15-20 min. A bacteria suspension of 100 mg E. coli OP50/mL of S-

complete was added to each device after worm loading so that the animal did not suffer 

from starvation. Individual animal chambers in NemaFlex preserve animal identities. 

Imaging of each animal before exposing to levamisole was carried out after removing 

food with S-complete and allowing the animal to habituate for 5 minutes in the food-free 

environment. The levamisole-induced muscle contraction experiment was carried out 

with 1 mM levamisole solution in S-complete. The levamisole solution was added to the 

individual devices containing individual animals using a 1 mL syringe after the first 

round of imaging. Muscle contraction induced by levamisole (worm body length 

contraction) was captured 30 seconds after addition of levamisole solution and continued 

for 3 minutes or until the worm was paralyzed. ImageJ was used to measure the length of 
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the worm before and after the levamisole exposure, and length contraction was measured 

as a percent decrease.   

Long duration behavioral/force production assay: Individual wild-type young adult 

worms were loaded into the device and allowed to acclimatize in the device for 2 

minutes. Worms were imaged for deflection at six different time points of 0, 0.5, 2, 2.5, 

4, 4.5, 6 and 6.5 hrs. The first set of images was captured 2 minutes after loading, which 

is denoted as hour 0. Animals were allowed to crawl into the device after the first set of 

imaging and recording started for the 0.5-hour time point 30 min after the loading. Food 

(100 mg E. coli OP50/mL of S-complete) was added at the 1-hour mark to prevent the 

worms from starving. The food was then removed again at the 2-hour time point, and 

then 2 minutes after food removal the worm was imaged again for the 2-hour mark. This 

washing and imaging cycle continued for four cycles for the long duration assay. All 

images were captured at 5 frames per second for at least 40 seconds.       

Image acquisition and image analysis: Most of the background experiments, the forced 

contraction assay with levamisole, and strength measurement of mutants were performed 

on an inverted microscope (IX71, Olympus, Center Valley, PA) at a magnification of 

6.4x. We used a CCD camera (ImageEM, Hamamatsu, Japan) to record the images with a 

resolution of 2.52 µm/pixel. Imaging for experiments dealing with device optimization 

and influence of body size on strength were carried out using another microscope (IX70, 

Olympus, Center Valley, PA) at the same magnification. For later experiments we used 

another camera, Retiga R6, (Qimaging, Canada) at a resolution of 1.41 µm/pixel. Images 

were recorded at 5-10 frames per second for 40 seconds for each worm. For long duration 

behavior of force generation assay, each worm was imaged for approximately 120 

seconds. An automated stage (Thor Labs Inc.) with sub-micron resolution was used to 

track worms to avoid artificial drifts of the object while imaging. Movies were processed 

offline using custom routine written in MATLAB (Mathworks, R2014b) to segment each 

frame, identify each deflecting pillar, and track the displacement of the pillar center in an 

image by fitting a circle to the darkest pixel of the pillar edge. The segmentation and 

pillar tracking algorithms are described in detail in chapter 4. Worm diameters were 

measured manually using software ImageJ (NIH). All imaging was conducted at a 

temperature of 20  1oC. 
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Data analysis: The image processing algorithm generates one data point/frame for every 

pillar deflected by the worm. The magnitude of force experienced by each individual 

pillar depends on the body posture and behavior of the worm. In every frame, the pillar 

that experiences the maximum force is recorded for that frame and a time series with all 

the maximum forces is obtained. Resulting from this is the time series of a continuous 

episode, referred to as the force signature of the individual worm. A crawling episode of 

a minimum of 30 seconds is required to generate a reliable strength profile of an animal 

(Fig. 3.4 f and g). Animal strength signatures vary depending on individual animal 

physiology and genetic variations. Scoring a minimum of 20 animals is required to assess 

a population of a certain genetic class or population under any treatment. Cumulative 

probability was generated from the data of 20 animals data using Kernel Density 

Estimator (KDE). KDE is a generalization and improvement over histograms. The 

bandwidth is estimated using an asymptotic approximation. This approximation recovers 

all the important features of the data set. The force value at a cumulative probability of 

95% (95 percentile, f95) is taken as the strength of the animal. The Wilcoxon rank-sum 

test (WRST) was used to compare two treatment groups or genetic classes. WRST is a 

nonparametric alternative to the two-sample t-test, which is based solely on the order in 

which the observations from the two samples fall.  

3.3 Results 

3.3.1 Basic principle of NemaFlex and strength analysis. At the core of the NemaFlex 

technology is a liquid-filled microfluidic chamber containing micropillars dangling from 

the chamber roof that can be moved by a nematode push (Fig. 3.1a, b). As C. elegans 

threads through the pillars, the individual pillar deflections () are quantified using a 

microscope-camera system and image analysis. The force (F) causing the observed pillar 

deflection is calculated using the Timoshenko theory for an elastic rod10,12. 

 

 F = 
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In Eqn. (1), a, h and I are the diameter, height, and moment of inertia of the cylindrical 

pillar respectively.  E (= 2.6 x 106 Pa) and g (= 0.5) are the elastic modulus and Poisson’s 
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ratio of the polydimethylsiloxane (PDMS) pillar respectively13,14. The point of contact of 

the worm with the pillar edge is denoted by l = h – (D-c)/2, which is calculated knowing 

the worm diameter (D) at mid-length and the clearance (c) between the pillar edge and 

the bottom surface of the chamber. Additionally, our micropillar arena was designed to 

accommodate the limits on pillar deflection imposed by Eqn. (1). 

In general, we find that the magnitude of the pillar forces depends on where the pillars 

contact the worm body as well as on the locomotory and behavioral characteristics of C. 

elegans. Given this probabilistic nature of pillar forces exerted by the worm, we sought to 

define a unique metric that signifies the animal strength.  Fig. 3.1c-f shows our approach 

for quantifying the maximum strength of C. elegans. We typically record a 30 second 

behavioral episode per animal. In every image of the acquired video, we identify the 

pillar with the maximal deflection or force (labeled red in Fig. 3.1c) allowing us to 

sample only those nematode pushes that are strong (Fig. 3.1d). We bin all the maximal 

force values and generate a cumulative force distribution curve that defines a probability 

for exerting a maximal force lower than or equal to a given value (Fig. 3.1e). We 

quantitate the maximal force corresponding to 95% cumulative probability, f95, as the 

maximum strength of C. elegans (Fig. 3.1f). Our error in force detection is markedly 

lower than the maximal forces exerted by the nematode (Fig. 3.1d) with a cumulative 

measurement error of 2.5 N in the f95 value. 

Our approach allows defining the maximum strength at the level of an individual or a 

population, depending on whether the binned data constitutes maximal forces from a 

single worm or a collection of worms. The cumulative force distribution curve for 

individuals typically consists of 200 data points and for a population at least 2000. Fig. 

3.1e shows the cumulative force distribution curve for individuals (n = 16). We find 

variability in the f95 values between individuals suggesting that some animals are 

naturally stronger than others.  
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Fig. 3.1. NemaFlex force measurement apparatus and analysis workflow. (a) Schematic 

showing the apparatus configuration including the chamber for housing worms, deformable pillar 

arrays, microscope objective for visualizing pillar deflection, and crawling C. elegans. The housing 

chamber is made of a non-permeable elastomeric substrate (polydimethylsiloxane) for force 

measurement experiments. Scanning electron microscope (SEM) picture of the pillars (inset). Scale 

bar, 100 µm. (b) Schematic of a deflected pillar by worm body section (exaggerated image). (c) 

Stack of images of the worm interacting with different pillars during a locomotory episode. All 

deflected pillars in each frame are circled (blue) and the red circle denotes the pillar that 

experiences maximum force. Force signature of a worm is constructed by picking up only the 

maximum force experienced (among all pillars in interaction) at each frame. The dashed horizontal 

lines help easy visualization of the pillar deflection. Scale bar, 200 µm. (d) Force profiles of a 

worm that is interacting with pillars during an episode. The arrow (black profile) indicates the force 

from the pillars that are not in contact with the worm, an estimate of our error in force 

measurement. (e) A typical representation of the force data in terms of cumulative probability 

distribution for 15 individual worms (grey lines) using Kernel density estimation (KDE). (f) A 

population average cumulative distribution function (CDF) of the same population. Strength of the 

worm is defined as the 95th percentile value, which we call the f95 value.  
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3.3.2 Validity of the force-deflection expression: In the NemaFlex device, the forces 

exerted by C. elegans on the pillars are estimated using the elastic Timoshenko beam 

deflection model12. The accuracy of the force calculation depends on the following 

factors: (i) aspect ratio of the pillar, i.e. ratio of height to diameter, (ii) magnitude of pillar 

deflection, (iii) constitutive law for the material used to fabricate pillars, (iv) loading rate, 

and (v) location where the force is applied on the pillar. Below we discuss the impact of 

each of these factors on our force analysis. 

The Euler beam theory can be used to calculate the forces on slender micropillars of 

aspect ratio > 10. For pillars of low aspect ratio, the bending due to shear needs to be 

considered as well. The pillars in the NemaFlex device that have been used 

predominantly in the study have a diameter of a = 38.0 ± 0.4 µm and h = 79.7 ±2.9 µm, 

giving an aspect ratio of 2.1 ± 0.08.  Due to this low aspect ratio we have used the 

Timoshenko beam theory to calculate the forces from deflected pillars. In a recent study, 

Du et al. have shown that for pillars of aspect ratio 1.6, Euler beam theory overestimates 

forces by as much as 29.3 %, whereas Timoshenko beam theory predictions are within 

5% of the experimental data15.  

The magnitude of pillar deflections in our study typically vary from, Δ/h = 2.5-19.3%. 

Xiang and LaVan and Lin et al. have investigated behavior of low aspect ratio PDMS 

pillars across a wide range of deflections, Δ/h = 0 – 70% 16,17. They showed that the 

predictions from the Timoshenko model are within 10% when Δ/h ≤ 20%.  Thus, using 

Eqn. (1) does not contribute large errors, even though the pillars in our study are of low 

aspect ratio and undergo reasonably large deflections.  

In this study, we assume that the poly(dimethyl)siloxane (PDMS) pillars are elastic, i.e. 

the rate at which the nematode pushes the pillars does not influence our force estimates. 

However, depending on the loading rate, PDMS can be a viscoelastic material13. In the 

study by Lin et al., they showed that when the loading rate is varied from 1.33 – 133 

µm/sec, both the elastic and viscoelastic Timoshenko beam theory agree within a margin 

of 5% error for a deflection range of Δ/h = 0-10% 15. In our experiments, C. elegans 

pushes the pillars at a very small loading rate of 0.2 – 2.26 µm/sec and the corresponding 
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deflections are less than 20 %. Therefore, the elastic Timoshenko beam model suffices 

for our force analysis15,18.  

An important consideration in the force calculation is the choice of where exactly on the 

pillar the worm is applying its load, denoted by the parameter l in Eqn. (1). Assuming the 

applied force is a point load, one obvious choice is that the load is being applied at the 

edge of the pillar as shown in Supplementary Fig. 1 as option I. The second choice is that 

the load is being exerted at the center of the projected area that the worm body presses 

against the pillar, shown as option II in Fig. 3.2.  

To test which of the options are best suited for force calculation, we used the 

experimental force-deflection data of Khare et al.19. Using a calibrated force sensor, they 

applied a known load on the pillar and measured the deflection. Also shown are the 

predictions from the elastic Timoshenko theory for the two options. We find that the 

linear fit using option II explains the experimental data better, as revealed by the close 

match between the fitting parameters (slope/intercept  = 6.48/0) of option II and the linear 

fit (slope/intercept = 6.48/0.66 and R2 = 0.93) of the experimental data (considering equal 

importance of each experimental data). In this study, we therefore assumed that the load 

exerted by the worm is at the center of the projected area that the worm body presses 

against the pillar. Moreover, when using option I, we find that in some cases l > h, 

making it unphysical in the sense that the location where the load is being applied is not 

actually on the pillar. 

3.3.3 Experimental error in the measurement of forces: The error in measurement of 

forces results from uncertainties associated with quantifying the pillar deflection. 

Uncertainty in determining pillar deflection can result from several sources including 

improper fitting of the boundaries of the pillar (e.g. due to day-to-day variations in light 

intensity), minor heterogeneity in the size distribution of pillars during micro-fabrication 

and mechanical drift in the microscope stage. To account for these different sources of 

error cumulatively, we tracked a single undeflected pillar from twenty different movies 

(of duration ≈ 30s) acquired during the study and binned the forces to produce a 

probability distribution. This error distribution has a mean at 0.9 N, a standard deviation 

of 0.8 N and an f95 value of 2.2 N (see inset of Fig.3.3). Given that the force values  
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due to the stationary pillar can reach as high as 2.2 N, we use ± 2.5 N as a conservative 

estimate of the error in our force measurement. This error is less than 10% of the 

population-averaged strength of 60 hr old wild-type animals.  

 

 

 
 

Fig. 3.2. Validation of Timoshenko beam deflection theory with experiment. Timoshenko beam 

deflection theory estimates reaction forces from a PDMS micro-pillar with good agreement for 

deflections created artificially with a FemtoTools© force sensor. Each scatter symbol represents a 

deflection caused by a FemtoTools© force sensor using known force [data obtained from Khare et 

al., Biomicrofluidics (2015)]. Solid lines represent the elastic Timoshenko estimation (equation 1) 

of the forces corresponding to the deflection caused by the FemtoTools© force sensor using two 

definitions of point load as shown in the inset (option I and option II). Pillar dimensions of a 

=50±0.58 µm; h=153±5.24 µm; s =120±0.58 µm and a worm of diameter D =80µm is used to 

evaluate point of the load.   
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Fig. 3.3. Error estimation of the NemaFlex system. False positive force detections in the system are 

determined by tracking a single undeflected pillar from twenty movies of wild-type worms. The error 

distribution has a mean at 0.9 µN, a standard deviation of 0.8 µN, and an f95 value of 2.2 µN. Inset 

compares error distribution relative to the strength of the population. The f95 value of the error 

distribution is less than 10% of the f95 value for the worm population. There is also zero overlap 

between the two force distributions, allowing clear distinction between true forces and errors. 
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3.3.4 Influence of arena geometry and animal behavior on C. elegans’ strength: The 

key design considerations for the NemaFlex device is an arena environment that (i) 

allows the nematode to crawl freely with a gait similar to that on agar and (ii) maximizes 

the force exertion by C. elegans. To optimize the arena geometry for these 

considerations, we designed a composite arena that contained three regions (A1, A2, and 

A3) with distinct pillar diameters (in the range of a ≈ 40 – 60 m) and spacings (s ≈ 60 – 

100 m)  (Table 3.1). Each of these regions produced different degrees of confinement, 

D/√2s = 50%, 60% and 80%. Varying the confinement level allowed us to assess whether 

the same nematode when navigating in A1, A2 and A3 regions yields a similar crawling 

gait and estimate of maximum strength. 

We observed that in all the three regions, individuals crawl freely without getting 

immobilized, as the mid-length body diameter is smaller than the pillar spacing and larger 

than the bottom clearance. The measured crawling amplitude and wavelength vary by 8% 

and 12%, respectively, in the three regions and are similar to that of C. elegans on agar 

(Table 3.1). We find that individuals display lower strength in the A1 arena compared to 

the A2 and A3 arenas (Fig. 3.4c, d) suggesting that when the worm is not strongly 

confined, the forces it exerts are smaller. Importantly, we observe that the f95 estimates of 

the maximum strength in arenas A2 and A3 show a near-perfect correlation (slope 

=1.1±0.48 and R2 = 0.74), indicating that arenas A2 and A3 maximize exertion of the 

muscle forces by C. elegans. Given that C. elegans displays the same level of strength 

estimates in both arena A3 and A2, we settled on using arena A3 for the NemaFlex 

device design.  

Next, we evaluated how the behavior of C. elegans impacts our estimate of its maximum 

strength. To address this, we recorded behavioral episodes of individuals of 2 min 

duration or longer. We analyzed contiguous images of 30-second duration with a 

randomly chosen starting point in the video. Alternatively, we sampled non-repeating, 

discrete images randomly (totaling 30-second duration) from the full behavioral episode. 

The f95 of individuals calculated either from contiguous or discrete sampling of the 

behavior is shown in Fig. 3.4e, f. We find that in both cases, f95 values of a given 

individual varied less than 10% of the mean value (Fig. 3.4e, f). We also sampled the 
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behavior of an individual after a long interval (120 min, 150 min) and in this case as well, 

the f95 values change by less than 10% (Fig. 3.4g). Together, these results suggest that 

sampling a 30-second behavioral episode in arena A3 is sufficient to determine the 

maximum strength of C. elegans. 

 

 

 

 

 

Fig. 3.4. Influence of arena geometry and animal behavior on C. elegans strength. (a) A 

micropillar arena containing sections with different pillar spacings labeled as A1, A2, and A3. 

Scale bar, 5 mm. (b) The same worm shown in the three different pillar spacings. The three 

spacings have different levels of confinement on the worm, which results in altered levels of 

physical challenge for the worm. Scale bars, 100 µm. (c) A comparison between animal maximum 

force measured in section A2 and section A3, and (d) in section A1 and section A3. (e) Maximum 

force of individual worms for episodes of approximately 30 seconds for a randomly selected 

starting point of a continuous episode (N=5 trials, overall length of the movie=85 – 120 seconds) 

and (f) non-repeating randomly selected discrete frames (N=5 trials, frames=165). * represents 

standard deviation of more than 10% of the mean. (g) Long duration observation of maximum 

force measured at different times for a single worm. Maximum force generated by the worm 

changes less than 10 %. At each time point (0, 2, and 2.5 hours) a 2-minute episode was captured 

for each worm and each bar represents a 30 second episode. 
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3.3.5 Design considerations for the micropillar arena: The main considerations for 

designing the micropillar arena are to (i) match closely the crawling gait (wavelength and 

amplitude) of C. elegans on agar, (ii) maximize the number of pillars deflected by the 

worm body, and (iii) accommodate the limits imposed by the elastic Timoshenko beam 

deflection theory. 

Table 3.1 Optimization of the micropillar diameter and spacing for the production of 

maximum strength by C. elegans. Here D = 65.1±3.2 m. 

 

Our worm of interest for muscle strength measurement was L4 (46-50 hrs, D = 50-55 

m,) - young adult (60-65 hrs, D = 58-67 m). We ensured that the diameter of the pillars 

was not too small such that significant deflections occurred violating the limits of 

Timoshenko beam deflection theory. Likewise, designing too large a diameter of pillars 

makes the pillars so stiff that the deflections are rather small. For example, for a pillar of 

a = 200 µm and h = 75 µm, the deflection produced by a young adult exerting 60 µN is Δ 

= 0.23 µm – that is well below the limits of optical resolution of a 4X magnification 

objective. Alternatively, for a pillar of same height and a = 20 µm, the deflection is 

calculated to be Δ = 245 µm for the same 60 µN force. At this large deflection, 

Timoshenko beam deflection theory will not hold. As a result, in this study, we explored 

pillars with a ≈ 40 – 60 µm. 

The center-to-center spacing between pillars (s) was designed such that the nematodes 

could crawl freely without getting stuck. To quantify the degree of free space available 

for the nematode to crawl, we define a confinement parameter D/√2s, where the term √2s 

denotes the largest space (along the diagonal of the square lattice) available for the worm 

body to fit between pillars. Smooth crawling of day 3 young adult C. elegans was 

reported by Albrecht et al. in an arena containing non-deformable pillars with a = 200 

Device
Pillar diameter, a 

(µm)
Confinement, 

D/√2s 
Crawling 

amplitude, A (µm)

Crawling 
wavelength, λ 

(µm)

Section 1 (A1) 63.5 ± 1.0 0.5 ± 0.1 88.1 ± 4.6 579.4 ± 25.6
Section 2 (A2) 53.8 ± 1.2 0.6 ± 0.1 92.6 ± 3.5 526.0 ± 19.4
Section 3 (A3) 44.1 ± 0.9 0.8 ± 0.1 85.0 ± 3.5 508.2 ± 32.6
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µm and a confinement D/√2s = 0.4120. Initial trials showed that a force-detection device 

with this level of confinement is too small and the animals are not challenged enough to 

push the pillars.  

Using the above heuristics, we tested a microfluidic device that contained a composite 

arena with three levels of confinement due to the distinct pillar regions A1, A2 and A3 

(Fig. 3.4a, b). The pillar dimensions and confinements for each of the pillar regions are 

listed in Table 3.1. The crawling amplitude (A) and wavelength () of young adults 

crawling on agar have been reported to be 100 ± 10 and 830 ± 20 µm respectively 21. The 

data in Table 1 shows that in the composite arena the amplitude is similar to that of agar, 

but the wavelength is reduced significantly. Yet, we observe that the animals are able to 

crawl without getting physically immobilized. Similar observations were made by 

Albrecht et al. who reported crawling wavelength of 520 µm and amplitude 150 µm for 

an adult worm in their non-deformable micropillar arena20. Thus, the nematodes are able 

to crawl without getting stuck even in arena A3, which has the strongest confinement of 

77%. However, the crawling velocity is reduced in arena A3 suggesting that this 

micropillar geometry provides a stronger physical challenge to the worm compared to A2 

and A1 arenas. 

3.3.6 NemaFlex quantitates maximum muscular strength in C. elegans: Our 

optimized arena design allows C. elegans to exert stronger forces due to enhanced 

physical confinement. Our data analysis procedure only considers the pillar with the 

maximal deflection in each image, making the probability distribution of forces to be 

biased towards the maximum strength of C. elegans. In addition, we have identified the 

optimal behavioral duration needed to achieve a statistically invariant metric of strength. 

Collectively, these results suggest that NemaFlex quantitates the maximum strength of C. 

elegans. 

To further verify that NemaFlex truly quantitates the maximum muscular strength, we 

forced C. elegans to exert muscular contractions by exposure to a controlled drug dose of 

the cholinergic agonist levamisole (Fig. 3.5a). We then assessed if the f95 value of an 

individual evaluated before paralysis matches that obtained under voluntary muscle 

contractions, i.e. without drug treatment. Levamisole is known to bind to acetylcholine 



Texas Tech University, Md Mizanur Rahman, December 2016 

96 
 

receptors in the body wall muscle of C. elegans, causing prolonged excitation of the 

muscles, shortening of body length, and eventually paralysis22. As shown in Fig. 3.5b, we 

indeed observe appreciable reduction in body length due to levamisole exposure. 

Interestingly, the f95 value before and after levamisole treatment shows an excellent linear 

correlation (slope = 1.03 ± 0.31, Fig. 3.5c), confirming our hypothesis that NemaFlex 

quantitates the maximum muscular strength of C. elegans. 

Given that NemaFlex measures the maximum strength of C. elegans, we tested its 

capability to detect strength changes due to genetic defects in body wall muscles and 

neuromuscular signaling. We measured strength in the muscular mutants unc-112 and 

unc-52, which have impaired production of the sarcomere proteins kindlin-2 and perlecan 

respectively23. We also tested the mutant unc-17, which has decreased levels of 

acetylcholine, one of the major neurotransmitters responsible for muscle contractions. In 

all three mutants, force production decreased compared to wild-type animals (Fig. 3.5d). 

Interestingly, NemaFlex ranked the strength of muscular mutants (f95 = 8.8 for unc-112 

and f95 = 16.7 for unc-52) to be much lower than that of neuronal mutant (f95 = 22.2 for 

unc-17) suggesting that severe sarcomere defects lead to a greater loss in muscle strength. 
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Fig. 3.5.  NemaFlex quantitates maximum muscular strength in C. elegans. (a) A brief protocol 

for imaging and inducing muscle contraction on individual wild-type C. elegans with 1 mM 

levamisole. A 60 sec episode is captured for each animal before levamisole treatment and capturing 

continues for 60 to 200 sec after the induction or until the animal becomes paralyzed. (b) 

Levamisole treatment-induced muscle contraction causes the body length to decrease by 12.4 ± 

2.9%. (p < 0.0005). (c) Maximum strength of individual animals before and after the levamisole 

treatment follows a linear relationship. The red line is a linear fit with slope =1.005 and dashed 

lines show the 95% confidence interval. Wilcoxon rank-sum test confirms that NemaFlex is 

measuring strength of the animal (p = 0.89). (d) Comparison of force distribution for wild type 

(N=20) and three C. elegans muscular or neuromuscular mutants unc-52 (N=15), unc-112 (N=20), 

and unc-17 (N=20).  
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3.3.7 Influence of body size on muscular strength in C. elegans: To harness the full 

capability of NemaFlex for applications ranging from developmental biology to 

neuromuscular disorders to aging requires understanding of how C. elegans’ body size 

affects its muscular strength. For example, individuals from a synchronized culture of 

wild type animals have differences in body size raising the question of whether some 

animals appear stronger simply because of their larger size. A similar question arises 

during mutant screenings where some mutants may develop slower than others, yielding 

variability in body size. In aging studies as well, it is essential to decouple the strength 

changes due to animal size and frailty. Thus, the impact of body size needs to be 

understood for anchoring NemaFlex as a powerful tool for muscle strength investigations. 

To address the influence of body size, we measured the mid-body diameter, length, and 

strength of at least 80 age-matched individuals of wild type and lon-2 mutants (Fig. 3.6a-

d). We find that even though the mean length of lon-2 mutants is approximately1.3 times 

that of wild-type animals (Fig. 3.6a, b), the muscular strength of these two populations 

are not statistically different (Fig. 3.6c), suggesting that the worm’s body length does not 

influence significantly the muscle strength recorded by NemaFlex. In striking contrast, 

we observe a strong increase of muscle strength with the worm body diameter (Fig. 3.6d). 

The data fits to the scaling relationship f95 ~ D2.97±0.02.  

To understand the relationship between worm body diameter and muscular strength, we 

consider active bending of the worm body that produces pillar forces whose vector sum is 

nearly zero (Fig. 3.6e, i). These pillar forces are produced by C. elegans due to changes 

in body curvature induced by contraction or relaxation of its muscles. For example, the 

curvature increase is induced by tension in the dorsal contracting muscle (Fig. 3.6e, ii) 

and it is decreased during dorsal relaxation (Fig. 3.6e, iii). Since thinner animals can bend 

easily due to their smaller diameter, more muscle contraction force needs to be exerted by 

larger-diameter animals to achieve the same curvature as thin animals. This qualitative 

argument explains the influence of body diameter on C. elegans’ muscle strength. 

To develop a simple model that incorporates the effect of body diameter, we consider the 

bending moment (M) induced in the muscles of a human arm that is lifting a weight (F), 

i.e. M = F×S, where S is the lever arm (Fig. 3.6f). Applying this analogy to the bending 



Texas Tech University, Md Mizanur Rahman, December 2016 

99 
 

moment introduced in the worm muscles while pushing against pillars, we get M = F×S ~ 

T×D, where T is the muscle tension in the worm body (Fig. 3.6g). Assuming the muscle 

tension is proportional to the cross-sectional area of the stress fibers (As) in the muscle, 

we have F ~ As×D/S. Since As is proportional to the worm body cross-section, i.e. As ~ 

D2, we finally have   

F ~ D3/S    (2) 

Eqn. (1) suggests that f95 should scale as the cube of worm body diameter and is inversely 

proportional to the pillar spacing. We tested the relation F ~ D3, by considering wild-type 

animals of different developmental stages (Fig. 3.6h) and also mutants (Fig. 3.6i). We 

find that the data agrees well with the predicted cubic dependence on worm body 

diameter in the all the tested cases. Further, the fact that the f95 values of individuals were 

lower in arena A1, which has larger pillar spacing than arenas A2 and A3, supports our 

simple scaling analysis. 
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Fig. 3.6. Influence of body size on C. elegans muscle strength. (a) Recorded muscle force of 

wild-type animals increases linearly (slope=3, log-log scale) with the increase of their body 

diameter during the developmental stage (48-72 hours post hatching), showing the cubic 

dependence of the muscle force production with body diameter. (b) Representative image of a 

wild-type animal (top image) and long mutant lon-2 (bottom image). Influence of the body length 

was evaluated by comparing the force production of wild type and lon-2 mutant. Scale bar, 200 

µm. (c) Distribution of the body lengths of wild type (n =94) and lon-2 (n =84) at a single time 

point (48 hours). The lon-2 worms are approximately 1.4 times longer than wild type. (d) Wild-

type and lon-2 worms produce similar forces within the error bars and both animal groups follow 

cubic dependency on diameter. (e) The nematode pushes pillars when trying to (ii) increase or (iii) 

decrease its curvature. Increase of the curvature is induced by tension from contracting muscles 

(red in (ii), green shows relaxing muscle). Similarly, decrease of the curvature is initiated by 

transferring the tension to the other pair of muscles (red in (iii)) by initiating contraction in the 

relaxed muscle section. Scale bar, 200 µm. (f) A schematic of the worm body segment under active 

bending where muscles are shown as springs resembling the contraction and relaxation of muscles. 

D/2 is the distance of the muscle from the core of the body which is proportional to the body 

diameter. (g) Small animals have smaller diameters and therefore produce smaller curvature 

compared to animals with larger diameter. (h) Illustration of the relation of muscle tension for a 

human. 
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3.3.8 Force balance of the pillar forces produced by active bending of C. elegans 

body: C. elegans produces pillar forces due to active bending of its body induced by 

contraction or relaxation of its muscles. A young adult worm interacts with 

approximately 7 to 10 pillars. Worm uses the pillars to navigate through the pillar arena 

and during the process produces pillar forces. The vector sum of the forces applied to the 

interacting pillars is supposed to be zero if the apparatus offers minimum friction. 

Accordingly, strength of 40 wild type C. elegans were measured and the forces on the 

pillars were resolved into the x and y component. Vector sum of the forces of individual 

worm is approximately zero and it is within the bound of ± 10% of the total forces 

applied by the worm as shown in Fig. 3.7a-d. Total forces are the sum of forces from all 

pillars worm is interacting in each frame. Percent error is the fraction of total forces in 

each frame and denotes the extents of deviation from zero. 

For the cases of large deviation (more than 15%), two different scenario was observed 

such as (i) episodes having an event of worm entry or exit or both (Fig. 3.7a, d), (ii) 

touching the wall of the device (Fig. 3.7c, f). A worm enters into the frame in the 

beginning 50 frames of Fig. 3.7d and leaves the frame around 110 frame while another 

worm enters approximately 150 frame creating large deviation in the force balance. 

Worm touches the wall while leaving the frame in Fig. 3.7f causing a hump around frame 

no 60. So, it is very important to choose an episode where worms are always in the frame 

for analysis of force generation dynamics.   
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3.4 Discussion 

Approximately, 12-15 worms can be imaged for movies of duration 40 seconds in an 

hour with the existing device. This includes loading, acclimatization time and time 

interval between switching to new well. Current acquisition software MicroManager 

requires little time to write the raw image in the memory. Future improvement of 

simultaneous acquisition and writing in the external memory will reduce the imaging 

time significantly. 

Approximate size of one 40 second episode is 1.1 GB and 25-30 worms (28-33 GB) are 

imaged for one genetic class. Ability to process 2.5 MB in a second using a computer of 

standard configuration, the image processing software can process ~ 30 GB in 

approximately 4 hour fro deflection. Approximately, 5000-6000 frames, 450-750 pillars 

are analyzed from one genetic class to measure the strength of a genetic class or animals 

of one age group which increases statistical reliability of the recovered strength. 

 
 
Fig. 3.7. Force balance of the pillar forces generated by wild type young adult crawling worm. (a) – 

(c) vector sum of pillar forces compared to the total forces for 3 representative worm, (d) – (f) error 

as a percentage of the balanced forces corresponding to the figure a-c respectively.  
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Currently, the software is unable to track the worm automatically. As a result, worm 

diameter is manually measured carefully using software imageJ. Worm diameter is 

required to evaluate the stiffness factor (k) for the pillar. This steps slows down the 

conversion of the measured deflection into forces. 

NemaFlex is able to differentiate the strengths produced by the worms with genetic 

defects or modification. Hence, NemaFlex can potentially be used to measure the strength 

produced by the muscle mutants which are carefully mutated to investigate the genetic 

mechanism of muscle atrophy like in dynapenia or for astronauts in microgravity. C. 

elegans is also used as model organism for major neurodegenerative diseases like 

Alzheimer and Parkinson's. Currently, all assays on the neurodegenerative models are 

scored based on the movement defects along with the fluorescent imaging. Direct 

measurement of muscle strength on the extent of protein aggregation will make 

information rich read out. 

One of the major target in preventing diseases and functional loses is to identify genes 

that helps organisms maintain both muscle mass and muscle strength. With the advent of 

the NemaFlex and its software, now it is possible to screen for the genes responsible for 

healthspan. It will help identifying potential drug intervention to cure and prevent many 

age-associated diseases. NemaFlex can also be used to investigate the developmental 

processes of the skeletal muscle, a crucial step in determining healthspan and lifespan. It 

has been known, endurance type exercise is a physiological intervention in maintaining 

or rejuvenating the muscle system. Preliminary study on worms that has undergone an 

exercise regimen has shown the benefit of muscle endurance. Thus, NemaFlex can be 

used to identify the pathways through which organism receives the exercise benefits.  

NemaFlex identifies the appropriate confinement (challenge) for young adults to recover 

the muscle strength from the deflection produced by worm body. Worm produces 

strength according to the size of their development. NemaFlex is able to differentiate 

between weak or strong and the influences of drug intervention. Thus, NemaFlex fits in 

perfectly in the genetic study of skeletal muscle and surely will accelerate the study to 

improve human healthspan.      
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CHAPTER 4 

IMAGE-BASED SOFTWARE FOR MEASURING MUSCLE STRENGTH OF C. 
ELEGNAS IN A MICROPILLAR ARRAY. 

 

4.1 Introduction 

 

Aging is a biological process and regulated by regular signaling pathways. Extensive 

molecular and physiological studies have been carried out to understand the underlying 

mechanism of aging. At least 50 different lifespan influencing gene and four nutrient 

sensing pathways involving the kinase target of rapamycin (TOR), AMP kinase, sirtuins 

and insulin/insulin-like growth factor (IGF-1) signaling have been identified as lifespan 

influencing mechanism1. However, it is now proven only lifespan extension does not 

necessarily extends healthspan. This suggests the requirement of a new set of molecular 

or physiological intervention to support extended lifespan by identifying and enhancing 

expression of the genes that regulate healthspan of C. elegans. In pursuit to the search, 

researchers have already laid the ground work by characterizing the age associated 

physiological and cellular changes of worm such as structural damage of body wall 

muscle, decline in motility, progressive decline of presynaptic functional ability and 

decline in sensory ability. 

Body wall muscle is a major tissue for executing worm’s behavior which also happens to 

be the major metabolic site2. C. elegans body wall muscle is remarkably similar to human 

skeletal muscle and experience human sarcopenia like deterioration on aging3. Thus, it 

offers excellent opportunity to explore the question of how deteriorating muscle regulates 

health and lifespan of worms. Indeed, evidences from the benefit of endurance type 

exercise encourage the idea that maintaining healthy muscle will extend healthspan. 

Thus, identification of healthspan regulating gene and pathways seem to be pivotal for 

healthy aging. However, identifying the sets of healthspan gene may require large scale 

genomic screening and a high throughput analysis system. In last chapter, we 

demonstrated a novel approach (NemaFlex) to measure the muscle strength of C. elegans. 

In NemaFlex, a worm crawls through the micropillar arena and deflects the pillar 
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according to their strength. Measured deflections are then converted into force to recover 

the applied force. The extent of challenge is optimized for extracting maximum strength 

by optimizing pillar spacing. Usually, worm touches 7 – 10 pillars and 20 - 30 second 

movie (at 5 frames per second) for reliable strength data from a single animal. Moreover, 

aging worms slow down and require longer movies. So, genomic screen for healthspan 

regulating gene will involve hundreds of animal, thousands of pillar deflection analysis 

and will be extremely time intensive procedure. Hence, automation of the image analysis 

system in a high throughput fashion is a must required feature of NemaFlex. 

A significant effort has been made to decipher the genetic and epigenetic specification by 

high precision behavioral analysis both in solid and liquid media. This has been achieved 

by automated tracking of individual worm and by image analysis from large scale 

crawling/swimming data obtained from hundreds of worm. Most of the tracking and 

analysis software were built predominantly to understand the basic mechanism of 

neuronal function and how neuronal responses manipulate behavior in response to 

environmental cues4. Significant discoveries have been made though this process. For 

example, it has been proven that C. elegans adopt a low dimensional space of shape and 

explain remarkable simplicity of motor action behind all of worm’s complex behavior. 

The feature of low dimensionality provides unique opportunity to develop a quantitative 

description of worm behavior and found multiple stimulus dependant attractors where 

worm exhibits specific behavior almost in deterministic way. This development was 

achieved from analyzing approximately 60,000 images from 10 individual worms for 

shape analysis. 

Usually, visual locomotion phenotypes are used to understand the molecular basis of 

behavior and development of C. elegans. The low dimensional shape space allowed 

building a dictionary of behavioral motifs and a fingerprint that was used to compare 

mutants and wild type and among mutants. This procedure has identified new phenotypes 

and allowed researchers to cluster mutants into related groups. And the entire process 

involved 307 mutants, 7708 individual worm and each worm was recorded for 15 min at 

25 frames per second. Recently, computer vision software called CeleST, capable of 

analyze C. elegans swim behavior, were reported5. Development of CeleST has identified 

novel locomotion feature, unknown mutant phenotypes and tracks changes in aging 
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population. High-content and high volume data provides statistical confidence and 

reveals new features in C. elegans locomotion behavior. 

NemaFlex record the deflection as well as the locomotion in the micropillar arena. In the 

previous chapters, it has been shown that worm crawls inside the microfluidic chamber 

with a wavelength and amplitude comparable to agar plate. Hence, simultaneous force 

measurement and behavioral analysis will complete the circle of neuronal signal-muscle 

strength-locomotion-behavior-neuronal signal. The high volume muscular and behavioral 

data may thus reveal the unsolved mystery of neurodegenerative diseases, muscle atrophy 

and aging at the same time. Here, we are reporting versatile software that measures the 

deflection of micropillars pushed by the worm and track the worm locomotion efficiently.  

This chapter wills discuss different aspect of the software, i) an image processing 

algorithm: (a) tracking pillar deflections and b) worm behavior analysis, ii) validation and 

efficiency of image processing, iii) definition of parameters measured, and v) 

characterization of wild type C. elegans in terms of muscle strength and behavior. 

 

4.2 Image processing algorithm 

 

4.2.1 Imaging 

The main NemaFlex apparatus consists of a square lattice of micropillars inside a 

transparent PDMS casing. An inverted microscope (Olympus IX 70) was used for the 

imaging of the crawling worm through the deflecting pillar as shown in Fig. 4.2a. An 

exaggeration of the pillar deflection is depicted in Fig. 4.2b. Imaging is done at 4X – 6X 

magnification with a field of view 3.1 mm X 2.5 mm (2688x2200 pixels) at 5 frames per 

second and each episode contains 150 - 200 frames (approximately 30 - 40 second 

duration) to meet the sampling criteria (developed in chapter 3). As imaging was done 

from the bottom, pillars appear as a circle with a projection of crawling worm in the 

image as shown in Fig. 4.2c. Images are then processed and used for tracking pillar 

deflection and worm behavior. The overall procedure for tracking pillar deflections is 

fairly simple, i) obtain the pillar array layout and pillar array verification, ii) Base 

location calculations, iii) deflection measurements, iv) validation of the measurement. 
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Fig. 4.1. Flow chart of the pillar tracking algorithm. 

4.2.2 Image pre-processing 

The pillar deflections are measured after some mostly standard image processing 

operations have been done. First, a standard 5x5 median filter is applied to every frame to 

eliminate the outlier pixels. The movie is then scanned to obtain background and 

foreground images; the maximum value for each pixel across all frames (i.e. lightest) 

being the background, and the minimum (i.e. darkest) being the foreground. For most 

pixels these will not substantially differ, though the worm's entire trajectory should be 

visible in the foreground and absent from the background. The background will mostly 

contain objects other than the worm trajectory, including pillars. 

After filtering, the threshold is calculated via Otsu's method as implemented in Matlab's 

graythresh function6. Since the standard technique of background subtraction cannot be 

used, in order to avoid dealing with the many pillars that are never touched by the worm a 

mask is created using the move foreground and the given threshold. Each frame of the 
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movie is then thresholded, masked, and scanned for contiguous objects (using Matlab's 

regionprops)7. 

The scanned image-objects are then sorted into tracks using a nearest neighbor algorithm 

with some modifications. Since there are two kinds of objects of interest (worms and 

pillars), objects are presorted by size, and tracking is done separately for these, with 

slightly different criteria for track persistence: worm-objects associate pairwise by object 

centroid, with track termination if the size changes dramatically (indicating that the worm 

has encountered another worm), while pillars associate to their track's mean centroid 

regardless of whether anything was found there in the previous frame. Note: if in a 

particular frame a pillar is touching a worm then for that frame the pillar image will 

belong to the worm object, and the corresponding pillar track will have a gap at that 

point. 

4.2.3 Pillar Measurements 

Pillar measurements are done in three phases, corresponding to different stages of image 

processing :(1) initial verification and adjustment of user supplied pillar array parameters, 

(2) determination of base locations of pillars that are at some point touched by the worm, 

and (3) per-frame measurement of deflections from base locations as pillars are touched 

by worm. 

During all three phases the circular Hough transform (CHT) is used for pillar detection8. 

While Matlab has a implementation of the CHT (imfindcircles), this is optimized to find 

filled disks, so is not suitable for our pillar profiles, which will appear as relatively thin-

rimmed annuli, or somewhat like the Chinese Taijitu (i.e. Yin-Yang) symbol when being 

pushed hard by the worm. Our own implementation is designed to find open rings in 

binary (black and white) images; it works most robustly when lines in the image are at 

most 3 pixels thick, so a prior attenuation operation (either skeletonization or outlining) is 

done in each phase. 

1. Pillar array verification. This step is undertaken to let us know where to look and 

where not to look for pillars in the subsequent operations. The movie background is 

thresholded and then skeletonized, and the CHT is set to look for as many circles as it can 

with a given radius (the user supplied value) plus or minus 10%. Note: when the CHT 
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checks for multiple radii this is computationally equivalent to running multiple passes 

checking for individual radii one at a time, so radii within the range are accurate up to a 

given resolution, which in this case will be 1/2 pixel. 

If a grid spacing parameter is supplied by the user the set of circles returned by the CHT 

is then checked for rotation with respect to the viewpoint by taking the median of the 

angles between nearest neighbors. This is necessary since it is quite difficult to obtain a 

perfectly aligned view of the micro-environment; the values involved, however, are 

generally quite small, on the order of 1% or less of one radian. After rescaling according 

to the user supplied spacing the offset within the frame is determined by taking the 

medians of the x and y components of the difference between the generated grid points 

and their nearest found circles. Once the grid is validated, circles that are not within a 

given tolerance from their closest grid position are dropped, and stub CHT data elements 

are generated for empty grid positions with 3 neigboring circles (if a pillar is pushed in 

more than one direction during the movie it is possible for it not to appear in the 

background). 

2. Base location calculations. After the scanning and tracking stages of the image 

processing are complete the pillar tracks are verified by checking against the grid 

locations as well as checking for general shape conformance to a circle. Tracks that pass 

the test are assigned to grid positions, and at this point the pillar's center and radius values 

are refined using the CHT, this time in single-circle multi-radius mode on the small 

subframe containing a pillar image-object. This image object will be a composite from 

the subset of frames that had the best shape conformance as determined above. 

Before applying the CHT the image-objects are reduced to the two or three rows of pixels 

lining the interior of the rim, since of all the alternatives available this corresponds most 

closely to actual pillar extents (in particular, the pillar image skeleton will give a radius 

value that is too large since shadowing is more extensive outside than inside the pillar; 

skeletonization was done in the previous phase since we needed an approximate location 

for each pillar before we could identify their interiors). 

It may be the case that a valid grid position does not receive an associated track during 

the check. This will happen, for example, if the pillar in question is touched by the worm 
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during every frame of the movie; in this case, each image of the particular pillar will be 

attached to a worm image-object, so no independent pillar image-objects will be available 

to constitute a pillar track. If this happens a stub for the pillar is generated based on the 

approximate position determined during the grid assessment, and the base location will 

be determined after the deflection measurements based on analysis of portion of the 

worm image-objects in question. 

3. Deflection measurements. The CHT can run quite quickly on a small subframe when 

restricted to a single radius value, which makes it feasible to run thousands of CHT's 

during this phase of the computation. After the extensive pre-computations detailed 

above, the measurement procedure is fairly simple and straight-forward: 

(i)For each frame, active worm image-objects for that frame are overlaid onto a blank 

frame, along with any nearby small objects that did not match a proper pillar (these may 

be parts of pillars, or detached tails etc. due to thresholding effects). 

(ii)An outline of the resulting binary image is taken (using Matlab's bwperim function); 

this is augmented by a dilation operation in order to increase the robustness of the CHT 

results. 

(iii) For each grid position, frames for which deflection measurements need to be done 

can be inferred from the missing elements of the pillar track; for each track missing the 

frame in question a single-circle single-radius CHT is done in a box with sides 

approximately twice the base diameter centered on the base location. 

While for a highly deflected pillar image neither the interior or exterior rim will be fully 

visible in an undistorted way, the above procedure will work here since the match the 

CHT finds will in fact consist in part of the exterior perimeter, and in part the interior 

(Fig. 4.2i). In this case the exterior perimeter in the direction of reflection will give a 

fairly trustworthy view of the actual pillar circumference since the shadowing is all on the 

inside of the pillar image (caused by light scattering due to the rounded sides of the 

pillar). In the other direction the (exterior) shadowing is blocked by the worm's body, but 

the pillar itself is hard enough to press into the worm without being noticeably deformed. 

Due to tilt the actual shape is an ellipse, but the eccentricity is low enough that the CHT 
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will find a circle using the base radius.

 

Fig. 4.2. Illustration of the image processing steps. Imaging of the crawling worm and 

pillar deflection using an inverted microscope, (a) schematic of the imaging setup, (b) 

illustration of a deflected pillar, (c) a representative image of a crawling worm in 

NemaFlex, (d) SEM image of the micropillar array inside NemaFlex. (e) – (i) the image 

processing steps for segmentation, object tracking, array verification, pillar tracking and 

deflection measurement.  

4.2.4 Verification of pillar tracking algorithm 

NemaFlex software tracks the relatively stationary pillars deflected by crawling worms. 

Algorithm of the software identifies the interior of the pillar and tracks the pillar by 
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fitting a circle of the similar diameter of the pillar. Generally, the software can track the 

pillars for small to very large deflection (deflection of the order of pillar radius). 

However, larger deflection increases larger interface to the light path and creates a 

shadow in the interior of the pillar. On the other hand, worm body may have lighter 

patches (small transparent part of the dark worm body) close to the rim of the pillar. 

Together with the interior shadow and the lighter patches, circular hough transformation 

may sometime loss the track of the actual interior rim and may track the rim of the 

shadow as illustrated by Fig. 4.3a. This type of imperfection generally arise from two 

types of imaging problem, (i) improper illumination where the optics are not align 

properly and one side of the rim appears thicker than the other side, and (ii) worms 

appear lighter when the pixel intensity of the worm body interior is close to the intensity 

of the interior shadow. Thus, it is required to validate the image processing for the 

spurious data arising from such imperfections. 

A movie is created after image processing where the fitted circle of a tracked pillar is 

overlaid in the original movie in each frame for the whole movie. In the movie, pillars are 

numbered and circles on the pillars are color coded. A default color of the circles is blue 

and turns red as the worm touches them. Pillar tracking can be visualized for 

imperfection in the frames of interest. This provides a reliable visual for the deflection 

measurement validation step. Generally, deflection measurement algorithm retunes spikes 

(positive/negative) or step changes, if the program losses the track of the actual rim of the 

pillar. Spurious deflection data are removed by the use of the visual investigation of the 

candidate deflection measurement tracks. Only 1.6% - 2.4% pillars were censored for 

analyzing 20 wild type C. elegans using a decent illumination condition.  

Deflection measurement sometimes returns very large deflections for one or two pillars in 

the move without any spike or step change. Generally, it arises from the relatively smaller 

pillar which is a fabrication error in the device. Smaller pillars have low stiffness and 

may cause significantly larger deflection compared to the rest of the pillars in the move. 

Pillars with smaller diameter are easily identified from the deflection measurement data 

where deflections from that particular pillar appeared significantly higher than the rest.    
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Fig. 4.3. Verification of the deflection measurement of parameters. Left panel: improper 

pillar tracking and their corresponding signature in the deflection measurement, (i) 

sudden shift of the circle towards the outer edge of the pillar rim causing a spike, (ii) 

proper tracking of the interior of the pillar rim characterized by steady rise, and (iii) shift 

of the fitted circle towards the interior of the worm body creates a spike (negative). Right 

panel: an example of continuous and efficient tracking of a single pillar.  

 

4.3 Capability of the software: Parameters measured 

 

A worm deflects multiple pillars while navigating through the pillar arena. Pillar tracking 

algorithm measures the deflection for each pillar touched by worm in the movie. 

However, worms only in contact with 7 – 10 pillars among the total contacted pillar in a 

single frame of the movie and deflections in those pillars are not same (Fig. 4.4a). As we 

are interested in the strength of the worm, only the force corresponding to the deflection 

that is maximum for the frame is recorded as maximum force as illustrated by the arrows 

in Fig. 4.4b. Maximum force profile for the worm is created by adding each maximum 

force over the entire movie as shown in Fig 4.4c. A cumulative probability distribution 

(CDF) is created using Kernel density function (KDF) which is shown in Fig 4.4d. Each 
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single animal produces a CDF according to their strength and behavior. This software 

evaluates several parameters along with the usual crawling metrics.  

  

Fig. 4.4. Illustration of the measurement of parameters. (a) snapshot of a worm 

interacting with five pillars at three different time point. Pillars are numbered sequentially 

from head to tail. Arrows are identifying the pillar where the worm is exerting maximum 

forces in that particular frame. Scale bar: 100 µm. (b) extracted force profile from each of 

the pillars (pillar 5 is ignored). Arrows are representing the images of figure (a). (c) 

maximum force profile is generated by collecting maximum force from each frame. (d) 

cumulative probability of maximum exerted forces is generated using Kernel density 

estimation (KDE).  

Muscle strength: NemaFlex tracks the deflection of a pillar that is pushed by the 

worm body. The extend of the push is expected to be related to the strength of the worm 

body wall muscle. In short, a stronger worm may deflect a pillar (specific modulus) more 

than a weaker worm. In fact, statistically sufficient force measurement data from a worm 

in an optimized arena do exhibit their maximum strength (chapter-3). Strength is defined 

by the maximum force value which is the 95th percentile of the cumulative probability 

distribution obtained as in figure 4.4 (d). With that definition, we find significant 

variability between individual worms, some are strong and some are weak.         

Roaming index: Similar size pillars in NemaFlex arena are equally spaced from one 

another and arrange in a square lattice. Thus, NemaFlex arena can be assumed equivalent 

to a distance measuring ruler. Moreover, NemaFlex software takes the user supplied 

pillar spacing and diameter information and finds the exact parameters. On the other 
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hand, like all other animal there is variations in C. elegans in terms of locomotion 

activity. Some are very active and some are very slow. As a result, grid output and the 

number of pillars encountered by the worm could potentially be used as the measure of 

the worm activity or how much distance it is roaming per unit time. The roaming index is 

defined as the number of new pillars a worm interacts per unit time. 

Roaming index =
     

   
                                         (5.1) 

The capability of the software to measure the strength and roaming index help us to 

investigate the question of are the fastest worms also the strongest? To answer this 

question, 103 individual L4 worm were monitored in the NemaFlex both for strength and 

the roaming index. As the worm varies by the body diameter and strength is directly 

related to the body diameter, normalized strength were used for the correlation. An 

apparent positive correlation is observed in Fig. 4.5a between the strength and the 

roaming index.  However, the correlation (R2 < 0.5) is poor. So, it is not clear as in which 

way strength and the locomotion are related within a certain genetic system. 

To further investigate, worm speed was calculated manually and used as worm activity. 

Worm speed was calculated as the maximum speed of the worm during a forward crawl. 

However, worm speed shows no correlation with the worm strength. Investigation with 

young adult individuals also shows no correlation between the strength and worm 

activity.  This result suggests that worm activity or the locomotion may be neuromuscular 

phenomena and may follow much complicated mechanism. This assay may be further 

verified with worm tracking algorithm together with the pillar tracking algorithm where 

worm instantaneous velocity to be investigated with the instantaneous force generated 

from the muscle.     
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Fig. 4.5. Correlation between worm strength and worm activity (roaming index/ crawling 

speed). (a) - (b) normalized strength as a function of worm activity (roaming index) and 

worm crawling speed of L4 worms (n =103). (c) - (d) normalized strength as a function 

of worm activity (roaming index) and worm crawling speed of young adult worms (n 

=52).   
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4.4 Discussion 

 

Deflection measurement by tracking deflectable pillar have a unique challenge of 

tracking relatively stationary pillar as well as the moving worms at the same time. 

Rotation and translation of the NemaFlex arena during imaging may complicate the 

movie processing further by introducing spurious pillar or no pillar in random grid 

location. The force measurement software is relatively unique in terms of the already 

available tracking software since it is tracking both the pillar and the worm. Validation of 

grid locations and refine hough transformation on individual pillar ensures the reliability 

of the image processing. Use of the mask created from worm tracking removes pillars 

that were never touched by the worm and make the process faster. Currently, the software 

is not capable to reliably tracking the worm skeleton and thus cannot evaluate locomotion 

kinetics reliably. Successful future implementation of the worm tracking algorithm may 

solve many biological or physiological question.  
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CHAPTER 5 

NEMALIFE: A SIMPLE MICROFLUIDIC DEVICE FOR RECORDING 
LIFESPAN AND HEALTHSPAN OF C. ELEGANS 

  

5.1  Introduction 

 

Aging pushes an active and jubilant individual into a stationary and sometimes 

miserably bed-ridden life. Aging individuals often encounter many age-associated 

disorders; however, healthy aging is also observed within individuals with absence or 

delayed onset of feebleness and decrepitude. This indicates the innate ability of the 

organism’s genetic background to sustain environmental stresses and maintain good 

quality of life. Thus, an understanding of the underlying genetics of healthy aging may 

contribute to significant improvements in human health. To be able to elucidate the 

mechanisms behind healthy aging, it is important to identify which genes determine the 

lifespan, help maintain health of tissues and organs, and coordinate between health and 

longevity. Molecular biologists have already identified key age-regulating signaling 

pathways that affect lifespan, such as insulin/insulin-like growth factor (IGF-1), target of 

rapamycin, AMP kinase, signaling through sirtuins and have discovered more than fifty 

lifespan-influencing genetic mutations1,2. However, extension of lifespan by genetic 

intervention alone does not improve healthspan rather it increases the proportion for 

gerospan 3. 

Maintenance of muscle health by endurance-type activity results in resistance of stress-

induced depression, extension of healthspan, and lifespan4,5. In particular, activation of 

transcriptional coactivators PGC1α in skeletal muscle promotes mitochondrial 

biogenesis, fatty acid oxidation, angiogenesis, and resistance to muscle atrophy 6. 

Moreover, growth differentiation factor 11 (GDF11) rejuvenates skeletal muscle, reverses 

functional impairments, restores genomic integrity in aged muscle stem cells and 

systematically regulates muscle aging7. These results suggest that there lie a possible 

route to obtain a healthy and lengthy life. To elucidate the puzzle, a lifelong observation 

of the animal healthspan is essential to capture specific response to molecular and 
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environmental perturbations. However, there exists a massive pool of molecular (several 

thousand genes) and environmental factors to screen. Fortunately, C. elegans is a 

powerful model organism for genetics and aging. And, molecular information obtained 

from C. elegans is easily transferable to higher organisms such as the fruit fly Drosophila 

melanogaster and mice. In addition, NemaFlex is capable to measure healthspan by 

measuring muscle strength and crawling speed as described in chapter 3. Thus, 

configuring NemaFlex with the feature of lifespan measurement will enable the device a 

multifunctional tool for simultaneous observation of lifespan and healthspan for 

screening pool of gene for healthy aging. 

Predominantly, lifespan studies are manually carried out on agar plates by periodically 

transferring the adult worms onto new plates to eliminate the contamination of worms by 

their progeny. Tedious agar plate-based lifespan studies severely limit the number of 

animals per experiment and number of simultaneous experiments one can carry out at any 

given time. Considering 3 - 5 weeks long lifespan of C. elegans and limited experiment 

per researchers, screening all 19,000 protein coding genes using the traditional method 

may require decades. Also, traditional lifespan assays suffers from (i) loss of animals 

from the injury during transfer, (ii) deaths by desiccation, (iii) contamination with foreign 

bacteria and/or fungi, and (iv) poor humidity control. Thus, progeny blocking drug, 

antibiotics and anti-fungal agents and retaining ring are commonly used in lifespan assay. 

Again, the environmental stresses in their natural environment are considerably different 

than in an agar plate and may influence C. elegans lifespan. Moreover, post reproductive 

stage increase in death rate provides more food available per surviving worm and may 

introduce spurious data in assay like dietary restriction 

Addition and withdrawal of drug/chemo-attractant is also limited by the step of 

transferring the worms to new plates. Slow and inhomogeneous diffusion in solid make 

the drug assay even more tedious in agar plate. Many research groups have been using 

microtitter plate and liquid media to obtain large sample size and better control on 

feeding 8,9. Generally, for large sample size (n ~ 50 – 100) in both agar plate and liquid 

based assay, the use the drug 2´-deoxy-5-fluorouridine (Floxuridine, FUdR) is very 

common to eliminate the tedious process of worm transferring and accelerate the 

experimentation process 8-15. Use of the drug FUdR reportedly has pronounced influence 
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on C. elegans lifespan 16-18. Moreover, locomotion behavior is the only healthspan 

parameter observable in agar-based lifespan assay. Hence, a fast, simple and drug free 

lifespan/healthspan assay system which closely resembles C. elegans natural habitat is 

highly desirable for aging experiments especially in context of both lifespan and 

healthspan. 

A few attempts have been made recently to demonstrate liquid-based lifespan devices. 

Most of the effort was to reduce the manual intervention of transferring, prodding, and 

scoring and Table 5.1 represents a comparison of the technologies. A microfludic 

chamber-based device has been reported for lifespan study where worms were 

maintained in the circular chambers filled with liquid media, and progeny were separated 

by inducing flow through a narrow channel allowing only the progeny to flow out of the 

chamber 19. Sample size was very small (n=16) and the reported lifespan was 8-10 days at 

24°C for wild-type animals. Microtiter plate-based lifespan study has also been reported 

where worm maintain swimming gait8,9,20. Most recently, a number of microfluidic 

lifespan devices with automated feeding system has been introduced which includes 

WormFarm21-24. A series of small channels connected to each side of the device was used 

as a screen to separate progeny from the adult worms in WormFarm. Flowing wash 

buffer carry the adult worms and thrashes against the wall on the opposite end and thus 

induces inadvertent stresses or injury. This device can score relatively large sample size 

of 200-400 animals. Moreover, worms maintain swimming gait all through their life in 

most of the devices. Worms maintaining swim gait throughout their life may experience 

stresses with unknown effects on lifespan.  

The addition of valves in the microfluidic chip, requirement of pumps, interface for 

controlling fluid delivery to the device, and software for image processing may limit the 

microfluidic lifespan device for easy and fast, bench-top use for a biologist. Very 

recently, a space and capital intensive Lifespan Machine was reported that incorporates a 

scanner-based technology to score large populations of worms in an agar plates25. The 

Lifespan Machine is capable of automatic image capture and lifespan analysis. Image 

registration technique for automated worm scoring requires long initial start-up and 

shutdown time. Experiments are discarded for any accidental displacement of plate in the 

scanner during the experiments. However, it is still an agar-based assay and poses most 
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of the limitations of agar-based lifespan. In addition to that, none of the devices are 

capable of evaluating health of the worm longitudinally and simultaneously with lifespan. 

We believe that configuring NemaFlex into a portable, bench top use lifespan device can 

mimic a habitat very close to C. elegans natural environment. In this study, we report a 

unique microfluidic device which uses regularly spaced deformable micro-pillar for C. 

elegans lifespan study. The regularly spaced deformable micro-pillar is a closer match to 

C. elegans’ natural environment and helps the worms to adopt crawling gait as in the agar 

plate. Instead of a bacterial lawn, this device uses liquid media. We named the device as 

NemaLife. This easy to use bench-top device requires no additional equipment or 

supplies. As a result, loading, synchronization, washing, feeding, and data acquisition are 

no longer tedious. The ability to add or withdraw food/drug/reagent at any time point 

may render the device with capabilities to run lifespan assays virtually with all kind of 

environmental or molecular perturbations. Thus, parallelization is simple and the device 

is flexible in the number of experiments and replicates required for appropriate statistics. 

In addition, high-resolution imaging and deformable pillars help to monitor the health of 

the animals by measuring muscle force, pharyngeal pumping, and locomotion traits. We 

demonstrate a simple and easy to use lifespan device by (i) measuring lifespan of wild-

type and long-lived mutants, (ii) recording healthspan measures such as pharyngeal 

pumping, and locomotive parameters, (iii) conducting RNAi efficacy in the device, and 

(iv) inducing dietary restriction among individuals with remarkable simplicity. 
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Table-5.1: A comparison of the advantage and disadvantages of existing lifespan scoring devices other than NGM plate. 

 

 

Lifespan 
Frequency Food (conc.) mean (max.)

Worm Motel
14 FUDR Crawling

bacteria 
lawn

- - 20 24 NGM - -

thrice/day - 14.3 (24)      20 30 - -

thrice/day - 13.0 (19) 20 30 - -

Lifespan machine
25 FUDR Crawling

bacteria 
lawn

10.7 - 
13.1(20)

25 400 - 500 NGM 
tested (daf-

2 )
-

WormFarm ( multi-

layer)
24

Fluid 
flow/screeni

ng sieve
Swimming once/day 10

9 
cells/mL

10.34±3.06 - 
11.66±3.44 

(17) 
25 300 - 400 S-Complete

tested (age-
1, sptf-3, 

Y82E9BR.3 )

worm 
motility

MIINCS (minimally 
invasive individual 
nematode culture 

system)
15

FUDR Crawling
bacteria 

lawn
- 10.7 (16) 23 463

1 µL 12.5% w/v E. 
coli OP50 

(resuspended in 
M9) was pipetted 
onto each NGM-

PEG pad 

tested 
(MicroRNA 
mir-71, mir-

239, mir-
246 )

locomotion

96-microtiter plate
20 FUDR Swimming - 2x10

10 

cells/mL
21 (29)* 20 - S-Complete - -

Microfluidic device 

(Lifespan)
19

Flui 
flow/narrow 
constriction

Swimming once/day 10
9 
cells/mL 10±2 24 20 S-Complete -

swimming 
prowess

NemaLife
Fluid 

flow/retentio
n barrier

Crawling once/day 10
9 
cells/mL

14.2±1 
(22.2±3.2)

20 80 - 180 S-Complete
tested (age-
1, daf-16 )

muscle force, 
pharyngeal 
pumping, 

locomotion 

Microfluidic chip (3 

layer)
21,22,23

Fluid 
flow/retentio

n barrier
Swimming

K-media (50 mM 
NaCl, 30 mM KCl, 
10mM NaOAc, pH 

5.5)

RNAi 
efficacy

List of Technology
Progeny 
removal

Locomotion 
gait

Feeding (E.coli OP50) Temperatur
e, C

N Media Healthspan 
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5.2  MATERIALS AND METHOD 

Worm culture: All worms have been cultured in 60 mm petri dishes on seeded nematode 

growth medium (NGM) at 20°C before loading into NemaLife device. In this study, all 

NGM filled petri dishes were seeded with 300-400 μL of bacteria Escherichia Coli OP50 

and incubated for 48 hours at 20°C. This allows each plate to contain sufficient food for 

the worms. For age synchronization, 20-25 gravid adults were placed on seeded plates to 

lay eggs for 2-4 hours2,3. After eggs were laid, the animals were removed from the plates, 

and the plates were incubated for 60-72 hours. The day the eggs were laid was scored as 

day 0. In this study, wild-type animals Bristol strain (N2), three lifespan influencing 

mutants: daf-16 (mgDf50), daf-2 (e1370), and age-1(hx546), and a dietary restriction 

mutant eat-2(ad1116) were used. Wild-type animals, daf-16, and daf-2 mutants were 

received from the Caenorhabditis Genetics Center (CGC). Strains of age-1 and eat-2 

were obtained from Driscoll lab. 

Food preparation: E. coli OP50 was used for worm culture on NGM plates as well as for 

the lifespan studies in the NemaLife devices. Bacterial suspension of 100 mg/mL in S-

complete solution corresponding to approximately 109 bacteria/mL was used for lifespan 

assay unless stated otherwise19,20. Bacterial suspensions of 100 mg/mL were prepared by 

centrifuging 500 mL of overnight culture E. coli OP50 (OD = 0.5) and stored at 4°C for 

subsequent use20. 

Feeding and bacterial induction method used to test RNAi efficacy: Engineered bacteria 

expressing double-stranded RNA (dsRNA) were used for testing the RNAi efficacy in 

NemaLife. Engineered bacteria were obtained from Driscoll Lab. Fragments designed for 

targeting daf-16 and age-1 were cloned into the L4440 feeding vector and the resulting 

plasmids were transformed into the HT115 (DE3) using standard protocol26. Bacteria 

with empty L4440 vector (no cloned fragments) were used as the control for all 

experiments involving RNAi. Bacterial colonies were grown on Luria-Bertani (LB) agar 

infused with 50 µg/ml carbenicillin for 48 hours at 37°C. Fresh plates were made each 

week. 

Single colonies of bacteria were picked and grown in culture flasks with shaking at 200 

rpm for 16 hours in sterile LB broth with 50 µg/ml ampicillin at 37°C. For induction, 0.4 
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mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added for 2 hours at 37°C while 

shaking. At 18 hours, additional IPTG was added to a total concentration of 1 mM. Food 

concentrate were prepared at 100 mg/mL using the same technique described previously. 

Final IPTG concentration was maintained at 1 mM. Food concentrate were prepared each 

day using overnight culture made from a single colony.  

Device design: Each device consists of three major components: (i) micro-pillar arena 

where the worms crawl and habitat, (ii) barriers which prevent worms from escaping the 

arena, and (iii) worm loading port, and (iv) inlet/outlet ports. The micro-pillar arena is 

100 ± 2.9 μm in height and is equipped with equally spaced micropillars in a lattice 

structure. Each micro-pillar has one end fixed on the ceiling and is 75 ± 3.1 μm in length. 

The other end of the micro-pillar is unattached, which creates a clearance of 24 ± 1.9 μm 

between the free end of the pillar and glass-slide floor. On each side of a lifespan device 

there is one channel, each of width of 500 μm. An array of 75 μm by 750 μm rectangular 

blocks are placed across the channel 1000 μm away from the nearest pillar of the micro-

pillar arena. The rectangular blocks are spaced with 25-30 μm between them and function 

as barriers to prevent the worms from escaping the arena while bacteria, eggs, and 

progeny can easily pass through. Channels on each side can be used as feeding and 

washing ports. Just before the barrier, there is a purge channel on either side so that air 

can be purged out during fluid exchange. On one side of the device, there is a worm 

loading port which does not include a barrier. Figure 4.1(a)–(c) shows a complete device, 

its components, and high-resolution SEM images of the pillars. For optimization, 

micropillars of three different stiffnesses and spacing (diameter 42±1.8 and spacing 

58±1.8, 52.03±2.1 and 78±2.1, 61.3±1.6 μm and 98±1.6 μm) were used. 

Device fabrication: All devices were fabricated using soft lithography techniques 27. A 

silicone mold was fabricated by conventional photolithographic techniques on 3-inch 

silicon wafer (University wafer) in two steps. In the first step, a 25 μm thick pattern of 

only the micro-pillar arena (without any other features) was developed using photoresist 

SU-8 2050 (Microchem). In the second step, a 100 μm layer pattern of the lifespan device 

was developed using photoresist SU-8 2100 (Microchem). The mask was aligned in such 

a way that the area containing the micro-pillar pattern falls exactly on top of the already 

developed 25 μm thick base for the pillar arena. This creates the negative for the micro-
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pillar of depth 75 μm while the rest of the features are of height 100 μm. A 4-6 mm thick 

polydimethylsiloxane (PDMS) (Sylgard 184 A and B, 1:10 by weight, Dow Corning) 

layer was casted into the mold and the positives were printed on the PDMS surface. All 

inlet/outlet holes were punched with a 1 mm hole puncher. The PDMS device was then 

bonded on a glass surface irreversibly and rendered as hydrophilic by plasma treatment.   

Device preparation: Bonded devices were cleaned with 70% ethanol. Before using the 

device for lifespan experiments, the device interiors were filled with ethanol and treated 

for 5 minutes. All channels and interior were flushed 4-5 by S-complete solution. Devices 

were degassed in a vacuum desiccator for 10 minutes followed by 30 minutes incubation 

with 5 wt% Pluronic F127. After incubation, Pluronic solutions were replaced completely 

by a thorough wash with S-complete. Absorbed surfactant to the PDMS surface prevents 

protein and bacterial fouling which helps keep the device clean throughout the 

experiment 28. Pluronic treatment also assists with removal of air bubbles if any are 

trapped. Surface-treated devices were stored in moist petri dishes at 4°C.  

Worm loading/synchronization: Age synchronized worms were washed with S-complete 

solution from 60-72 hours NGM culture plates. A final worm solution of 250 – 400 

worms/mL in S-complete solution was prepared for loading. A further diluted solution 

will provide better control over the number of worms/device. The NemaLife device is 

flexible in terms of loading method and perfectly suited for syringe/hand system, 

syringe/pump systems, and pipette. Approximately 10–15 worms were loaded into each 

device. Testing has shown that more than 20 worms increase the chance of starvation 

(qualitative observation, data not shown). A 1 mL syringe and tubing provides best 

control over the number of animal during loading. Using a different syringe, bacterial 

suspension was added through the device until clear S-complete solution was replaced 

completely. Devices were kept at 20°C in the incubator inside a 100 mm petri-dish with a 

small volume of DI water in it to maintain humidity. To age synchronize the worms, 

progeny were removed from the device by washing through the device with S-complete 

solution (500–1000 μL) every 24 hours. Unless stated, food was added to the experiment 

every day after synchronizing the worms. All connectors and pins are kept in 70 % 

alcohol, and tubing is rinsed thoroughly each day with 70% alcohol before using.  
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Lifespan scoring assay: Worms show a reduced movement inside the arena as they grow 

older especially after their reproductive stage. Worms seize movement partially or 

completely before they die. To score a animal as dead, two stimulants are used: (i) S–

complete buffer solution is flowed through the device to replace the fluid environment 

around the apparently dead worm and to act as mechanical stimuli similar to prodding, 

and (ii) gentle tapping of the device by a thin metal object three times. If there is no 

movement in the pharynx or in the tail 1 minute after the stimuli has been applied, the 

animal is scored as dead. Each death event was scored as 1 and unaccounted deaths 

(missing, washing error, matricides) were scored as 0. A lifespan curve (Kaplan-Meier) 

was then generated.  

Locomotion assay: Both forward and backward movement was evaluated after applying 

tapping stimuli. Tapping was applied on top of the device with a thin metal bar in a 

location close to the tip of the pharynx. As soon as the vibration reaches inside the device 

through the PDMS, worms induce reversal and change direction in most instances. First 

and instantaneous reversal exists for a very short period (approximately 5 seconds). Only 

the first and instantaneous reversals were scored for reversal speed. Forward locomotion 

followed by the reversal was scored as forward speed. 

Pharyngeal pumping: Movies of 10 individual worms were captured at a rate of 20 

frames/second 15 minutes after the addition of food to the device. Using image 

processing software ImageJ (NIH), the complete cycle time of contraction/retraction of 

the isthmus/terminal bulb of pharynx was manually computed. The number of pharyngeal 

pumping cycles were counted over a 10 second period for each single animal and then 

normalized for 1 minute and reported as cycles per minute.  

 

5.3  Results 

 

A fast and elegant lifespan device should have an efficient progeny removal system, easy 

feeding/reagent exchange ability, all while operating in an appropriate habitat area for 

adult worms to move and feed. NemaLife described in this study is configured into such 

as a fast and easy to use lifespan device. It is optimized for inexpensive 1 mL syringe 
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(operated manually or automatically) or 1000 µL pipette and uses fluid flow for washing 

progeny and feeding adults. Enclosed environment and small amounts of liquid handling 

attributed the ability of the lifespan device to keep the habitat sterile for extended times. 

Figure 5.1 describes the basic components of the lifespan device which facilitate efficient 

age synchronization and unprecedented control of adding or withdrawing liquid.  

5.3.1 Removal of progeny and retention of adults: Fig. 5.1a shows the components of a 

representative device and describes the procedure of liquid exchange by fluid flow. The 

red arrows on both side of the device show the adult retention barrier. Fig. 5.1 (b-right) is 

an enlarged view of the retention barrier. Either side of the barrier there are two fluid 

exchange ports indicated by black arrows. There is another inlet port which is worm 

loading channel at the top of the device. In between the barriers is called habitat arena 

which consist of micropillars shown in Fig. 5.1 (b-left). The micropillars serve three basic 

purposes: (i) to retain adults based on size while washing progeny, (ii) to help the worms 

to maintain crawling gait, and (iii) to serve as force sensors to extract muscle force of the 

aging worms. Once the worm has been loaded through the loading port into the device, 

the worm loading port is blocked with a solid pin. Worm loading port is the only exit 

which does not have a worm retention barrier. This port can be used as alternative port to 

deliver fluid during washing and feeding. For washing the progeny out, S-complete 

solution is pushed through the device using either of the side ports. The device has 

approximately 25 μm clearance between the free end of the pillar and floor of the device. 

75-μm tall soft and deformable micropillars are equally spaced (100 µm edge to edge) in 

a lattice structure as shown in Fig. 5.1b. During the reproductive stage, worms are 

sufficiently large in diameter (approximately 60 – 90 μm) that they can gain support from 

pillars by their body on all sides and crawl between the pillars. At the same time, eggs are 

only 25–30 μm in the largest dimension and L1 larva is very tiny (15-20 μm) in diameter. 

As a result, eggs and L1 larva flow with the liquid between the pillar space and pillar-to-

floor clearance. Size of the adult worm and their posture along 5-7 pillars retain them 

inside the device efficiently. Worm barriers consist of rectangular blocks spaced 25-30 

μm apart and make it convenient for L1–L2 larva to flow through. The spacing is 

extremely narrow for the adult worm and retains the adult even if any worm is in the 

barrier region during washing/feeding. Fig. 5.1c is a snapshot of the entire device with 
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adult retention after synchronization. Fig. 5.1d briefly explains the protocol for 

conducting lifespan assay in NemaLife. 

 

 

 

Fig. 5.1. Description of NemaLife device and lifespan assay protocol. (a) Components 

of a representative unit of NemaLife. Channel at the top is the worm loading port and the 

two red arrows on both sides of the device identifies the worm retention barrier. Two 

black arrows on the two extremes are the two reagent exchange port and the other two 

ports are for air purging. Habitat arena (green) is composed of micropillars and lies 

between the two barriers. Scale bar 1 mm. (b) An enlarged view of the micropillars and 

their lattice arrangement (left). Barriers are 750 µm by 75 µm rectangular blocks spaced 

by 25-30 µm (right). Scale bar 200 µm. (c) A snapshot of progeny free adults crawling in 

habit arena. Scale bar 1 mm. (d) Loading of a complete NemaLife and a brief lifespan 

assay protocol 
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Fig. 5.2. shows synchronization efficacy of NemaLife. Fig. 5.2a shows the adult worms 

along with plenty of their progeny just before washing and Fig. 5.2b shows post-wash 

retention of adults only. Adult worms navigate between pillars during washing without 

any kind of thrashing or injury. However, retained worms respond to the washing flow by 

exhibiting faster crawling momentarily. Fig. 5.2c captures the efficiency of three 

representative synchronization experiments. In this case, three devices with 16, 32, and 

44 adult worms (at the start of their reproductive stage) were washed 24 hours after 

loading into the device. Washing was carried out in 5 steps, each time with 200 μL of S-

complete solution. The fraction of progeny removal and number of adult retention are 

plotted against the wash volume. During the washing study no worms were lost (the flat 

lines) and total removal of the progeny was achieved using less than 1 mL of buffer. 

Most importantly, it takes approximately 90 seconds to complete the washing, a 

significant improvement from lifespan study in agar plate.  

5.3.2 Development of feeding protocol for lifespan study in microfluidic lifespan 

device:  

Dietary restriction extends lifespan of C. elegans in an acute manner 8,12,30,31. C. elegans 

activate specific nutrient sensing pathways affected by food availability, time of feeding, 

and /or worm age. Hence, it is important to establish a feeding protocol (food 

concentration and feeding frequency) for NemaLife for consistent lifespan of C. elegans 

and its mutants. As NemaLife is a fluid based device, food in the liquid format is the 

most desirable. With the methods of fluid exchange and progeny removal already 

established, development of a suitable feeding protocol is one of the final steps in making 

NemaLife an attractive lifespan device. An E. coli OP50 bacteria suspension at 100 

mg/mL has been tested as food to study lifespan of C. elegans in liquid media on 96 

micro-titter well plates and in microfluidic devices 19,20,24. Using a food concentration of 

100 mg/mL, three different feeding frequencies were tested in this microfluidic device: 

(i) twice a day, (ii) once a day, and (iii) every other day. Sufficiency of food in the device 

was tested by feeding the worms 100 mg/mL, and 200 mg/mL E. coli OP50 in S-

complete. Approximately 100 worms were used for each concentration. 
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Fig. 5.2. Efficacy of progeny removal from the NemaLife device. (a) an image of a 

unit of NemaLife before removing progeny, (b) image of the same device after removing 

progeny. (c) Effectiveness of the worm synchronization (progeny removal and adult 

retention) in 3 units of NemaLife (3 trials) by flowing S-complete buffer. 16, 32, and 44 

day 3 adults were allowed to reproduce in 3 different units and synchronization was 

performed on day 4. Open symbols represent adults and closed symbols represent 

progeny. Adult retention and progeny removal from a single unit is identified with same 

color and symbol. The device used in efficacy trial for progeny removal has pillar of 

diameter 40 µm and spacing of 60 µm. 

 

Fig. 5.3a represents the lifespan of three dietary disciplines (feeding frequencies). Median 

and maximum lifespan for three treatment groups are tabulated in the table with Fig. 5.3a. 

(a) (b)

(c) Device: 40 µm/60 µm
N = 3 trials

Open symbols: adult retention
Closed symbols: progeny removal
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All dietary disciplines were paired and compared based on log-rank (Mantel-Cox) test for 

statistical significance. Lifespan for every other day is significantly different (p-

value=0.0036) compared to dietary discipline once/day. Lifespan with a lowest median 

and longest lifespan shows for feeding 100 mg/mL every other day may induces dietary 

restriction in some animals. Worms treated with feeding regulation of twice a day (100 

mg/mL) are not suffering from starvation and follow a similar lifespan curve for well fed 

animals in agar plates 32. The lifespan of worms that were fed once per day (100 mg/mL) 

is different (p-value = 0.0244) from feeding regulation of twice a day (100 mg/mL). This 

difference is perhaps from the overfeeding. A sufficiency test for food concentration was 

conducted with 200 mg/mL bacteria suspension with a frequency of once per day. Fig. 

5.3b shows a similar median lifespan (max. lifespan 23 days) for animals in both 

treatment group. A statistically similar result (p-value = 0.208) with 100 mg/mL once per 

day indicates feeding regulation 200 mg/mL once/day, 100 mg/mL once/day provide 

sufficient food to elucidate C. elegans lifespan. However, clarity of 100 mg/mL food 

suspension over 200 mg/mL makes imaging easy. Moreover, matricide is minimum (2 - 

5%) for 100 mg/mL diet at once/day. Feeding frequency of once/day also provides 

operational simplicity.  

During the period of developing feeding protocol, we also observed the development of 

the worms in terms of their body diameter and length to find the best diet for fluidic 

environment. Well-fed wild-type worms of age 60 hours grow to approximately 48.5 ± 

2.3 μm in body diameter and by the time they enter their reproductive stage the average 

diameter is between 65 to 70 μm. All animals loaded into the lifespan device were at their 

early reproductive stage. From Fig. 5.3c and d, it is evident that both body diameter and 

length continue to grow until the end of their reproductive stage (day 10) for feeding 

onece/day and twice/day and remain the same after the reproductive stage is over. 

Shrinkage of the body diameter of approximately 9-12 % and slight changes in the length 

were observed for both the feeding regulation. These observations are consistent with the 

animals studied on agar plate 25. The changes on body diameter and length are not 

consistent for the worms for dietary regulation of every other day. Worm dies at a higher 

rate around the median life for dietary regulation of every other day and contributes to the 

irregular shrinkage of body length and diameter. A smaller subset actually live longer and 
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keeps body sizes like the other two diet discipline. Growth along with lifespan also shows 

that feeding frequency once every other day is not suitable. All these evidences suggest 

that a feeding protocol of 100 mg/mL and once in a day is an optimum diet for C. elegans 

in NemaLife. 

 

 

Fig. 5.3. Optimization of feeding protocol for lifespan assays. (a) Optimization of 

feeding frequency by feeding 100 mg/mL of E.coli OP50 in S-complete. (b) Optimization 

of food concentration by feeding E. coli OP50 once every day. Tables associated with 

each figure quantify the median and maximum lifespan against the variables. (c) - (d) 

development (body length and diameter) of C. elegans as a function of feeding frequency 

with food 100 mg/mL of E.coli OP50 in S-complete. The device used in feeding protocol 

optimization has pillar of diameter 40 µm and spacing of 60 µm. 
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5.3.3 Influence of arena geometry on animal locomotion and lifespan: Micro-pillars 

help worms to maintain crawling gait and pillar spacing dictates wavelength, amplitude, 

and frequency of crawling worms. Spacing in NemaLife was optimized to achieve 

locomotion as found in agar plates to match the rich agar-based lifespan data. Devices 

were characterized by confinement, which is defined as the ratio (Rs =D/√2s) between 

worm average body diameters (D) to pillar spacing (s) as described in chapter 3. Three 

devices were used for the optimization trial, device I (s = 62 μm), II (s = 78 μm) and III (s 

= 98 μm). Confinement in the devices changes as the worms continue (≈ 50 µm to a 

maximum of ≈ 95 µm) to grow in diameter during the reproductive period as shown in 

Figure 5.3(d). Worms are fully confined above Rs = 0.71 and in device-I worms are 

confined throughout their lifespan. Device-II keeps the worm unconfined nearly first half 

of the lifespan. It is only the device-III where worms are always unconfined throughout 

the lifespan and satisfy the requirement for strength measurement.  

Crawling of worms was characterized in terms of wavelength and amplitude in all three 

devices at two time points: 4-day-old worms and 8-day-old worms. At least 10 crawling 

worms were characterized for each time point, and only the day 4 animals are shown in 

Fig. 5.4a and Table-5.2 shows the same parameter for day-4 and day-8-old worms. Fig. 

5.4b represents the snapshot of a crawling worm in the 3 devices used for optimization. 

Worm crawls in agar with amplitude of 102±4 µm and wavelength of 830±20 μm [33]. 

Device-III helps worms to maintain a crawling gait that is the closest match to the agar 

with amplitude of 106±8.09 µm and wavelength of 620 -650 µm. Further increase of 

spacing to match the crawling wavelength to agar will reduce the confinement bellow the 

strength measurement requirement. 

Fig 5.4c shows the lifespan curves for wild-type animal in each of these devices 

characterized by confinement. Each device is capable of reproducing lifespan data of 

wild-type animals and there was no significant difference (p =0.99) between lifespan 

evaluated in device-I and II. However, Lifespan evaluated in device-III is significantly 

different (p = 0.0260 from that of device-I. Fully developed worms appear to struggle to 

make smooth crawling in device-I and II but can crawl smoothly in device-III very 

similar to agar. Also, aging worm’s remains confined between pillars as if trapped in 

device-I and II while the same age worm in device III can maneuver if they want. Given 
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this favorable crawling behavior and lifespan of the worms, device-III was used for all 

subsequent lifespan studies 

 

Fig. 5.4. Influence of arena geometry on animal locomotion and lifespan. 

Optimization of arena geometry by measuring confinement, crawling parameters and 

lifespan in devices with changing pillar diameter and spacing. Three devices were used in 

optimization study-Device (pillar diameter µm/spacing µm) I, II and III: 40/60, 50/80 and 

60/100. Worms were mostly confined all along the lifespan (Rs > 0.71) in device-I, only 

confined later half of the life in device 2 (0.61 >Rs > 0.86) and entirely unconfined in 

device 3 (Rs < 0.71). Optimized feeding protocol of 100 mg/mL E. coli OP50 once every 

day was used to grow the worms in devices. (a) Bar chart of crawling amplitude (blue) 

and wavelength (red) of day 4 animals with the change of pillar spacing. (b) 

Representative posture of worms in device-I, II, and III respectively explaining the pillar 

spacing, confinement of worms, and crawling gait. (c) Lifespan of wild type C. elegans 

as a function of confinement. (p-value lifespan between device-I and II =0.99 and p-value 

lifespan between device-I and III =0.026) 
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Table-5.2. Optimizations of arena geometry by adjusting inter pillar spacing. Crawling amplitude and wavelength of C. elegans in agar 

gel is used as optimization parameter. 

 

 

 

age 

avg. 

confinement, Rs 

= D/√2s

Animal ID wavelength, µm amplitude, µm

avg. 

confinement, Rs 

= D/√2s

Animal ID wavelength, µm amplitude, µm
avg. confinement, 

Rs = D/√2s
Animal ID wavelength, µm amplitude, µm

1 588.074 80.51 1 537.02 80.23 1 688.50 106.88
2 491.49 79.06 2 474.58 78.85 2 619.52 101.75
3 511.768 90.04 3 498.59 84.76 3 609.97 106.91
4 582.495 143.00 4 486.60 117.18 4 646.14 102.81
5 683.415 162.21 5 571.49 76.75 5 586.29 104.19
6 516.551 57.72 6 519.39 81.50 6 635.44 97.42
7 581.082 78.10 7 528.54 78.52 7 600.08 117.77
8 526.605 100.90 8 553.22 109.50 8 640.22 123.06
9 639.727 107.62 9 560.17 92.51 9 572.10 105.19
10 707.54 115.03 10 491.72 69.87 10 626.75 98.68

average 10 582.8747 101.42 10 522.13 86.97 10 622.50 106.47
std dev. 74.44968631 31.92 33.54 15.15 33.22 8.09
std error 23.54305798 10.09 10.61 4.79 10.51 2.56

1 707.52 75.04 1 650.03 106.91
2 557.52 72.50 2 574.43 116.18
3 590.93 129.71 3 626.61 108.65
4 523.65 99.53 4 635.08 102.99
5 657.73 85.04 5 643.09 102.77
6 722.45 79.45 6 646.07 111.72
7 637.38 69.33 7 675.12 105.03
8 532.66 75.04 8 691 99.56
9 577.98 125.72
10 658.26 110.51

average 10 616.61 92.19 8 642.68 106.73
std dev. 70.44 22.69 34.70 5.37
std error 22.27 7.18 12.27 1.90

day 8

0.96 - 1.08 0.77 - 0.86 0.61 - 0.68

device-I: 38/62 (µm/µm, diameter/spacing) device-II: 52/78 (µm/µm, diameter/spacing) device-III: 62/98 (µm/µm, diameter/spacing)

day 4

0.77 - 0.85 0.61 - 0.68 0.5 -0.54
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5.3.4 Mutant and RNAi screens in NemaLife device: An important requirement for a 

reliable lifespan device is the ability to pick up influences of genetic differences through 

lifespan. To test this, lifespan was reproduced of established long-lived mutants and 

RNAi efficacy was established. A lifespan study was carried out for worms with a 

mutation in lifespan influencing genes daf-2(e1307), daf-16(mgDf50), and age-1(hx546) 

and defective feeding mutant eat-2(ad1116) using NemaLife. For the completeness of the 

device, RNAi efficacy was established by feeding dsRNAi to the wild-type worms using 

NemaLife as a platform. 

Fig. 5.5a shows approximately 17% extension of maximum lifespan for dietary 

restriction mutant eat-2 and a decrease of 20% for daf-16 compared to wild type. This 

result is consistent with the trend from agar plates. Fig. 5.5b represents the ability of the 

microfluidic lifespan device for carrying out the lifespan study with genetic modifications 

that extends lifespan. Compared to wild-type, age mutants age-1, and daf-2 shows a 33% 

and 87% increase in lifespan. In terms of maximum lifespan it is slightly shorter for daf-

16, ≈1.5 time increase for age-1, and ≈2 time increase for daf-2 compared to wild type 

and consistent with agar study. Thus, NemaLife to pick up the influences of genetic 

differences on lifespan. Maximum lifespan of mutant daf-2 (e1370) was found to be 

44days respectively which mean the device is capable of keeping the environment sterile 

long enough to run the lifespan study for genetic modifications.  

Fig 5.5c shows the change in lifespan of wild-type C. elegans by feeding dsRNAi 

PL4440, daf-16, and age-1. Age synchronized 3-day-old wild-type worms grown on agar 

plates were used for an RNAi efficacy test. Bacteria producing dsRNAi were grown 

everyday from a single colony and were induced by 1 mM IPTG. PL4440 does not have 

any fragment cloned into it and serves as control. PL4440 shows median lifespan of 13 

days and maximum lifespan of 24 days. Median lifespan for worm group fed with daf-16 

and age-1 was 11 days and 15 days. However, maximum lifespan for these two groups 

were 21 days and 32 days. A similar reduction and extension in lifespan as in the case for 

the daf-16 and age-1 mutants was also observed. A low median lifespan for age-1 is 

probable because of the use of 3-day-old wild-type worms. This successful RNAi screen 

established RNAi efficacy in NemaLife and therefore completes the device as an 

effective device for studying lifespan. 
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Fig. 5.5. Mutant and RNAi screens in NemaLife device. (a) Lifespan extension of eat-2 (ad1116), establishes NemaLife suitable for 

carrying out dietary restriction (DR) experiments. (b) Lifespan of long lived mutants daf-16(mgDf50), daf-2(e1370) and age-1(hx546). 

(c) RNAi efficacy establishes the completeness for NemaLife as lifespan device. For RNAi efficacy fragments targeting daf-16 and 

age-1 were inserted into feeding vector L4440. Wild type C. elegans of day 3 were used in the experiment. The day of egg laying was 

counted as day 0. Sample size n is shown in the legend. 
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5.3.5 Simple control of food delivery  in longitudinal dietary restriction assay in 

NemaLife: NemaLife is a remarkably simple lifespan measuring device for exchanging 

food or other reagents. Dietary restriction (DR) on wild type worms were induced by 

controlling the concentration of the food in the NemaLife chambers. A new device was 

configured for housing individual worms and 30 worms per device shown in Fig. 5.6a 

with the same functionality as the cross-sectional device. Wild type C. elegans exhibited 

a mean lifespan of 13.3±3.3 days under 100 mg/mL diet in longitudinal device. Lifespan 

evaluated in longitudinal NemaLife was compared against the lifespan assay from a 

cross-sectional NemaLife device which is shown in Table 5.3. A feeding of bacteria 

suspension of 100 mg (E. coli OP50)/mL S-complete buffer at a frequency of once a day 

was used as control. To induce DR, food suspension of 1 mg/mL were evaluated at a 

frequency of once per day. Events of normal deaths, bagging or other unnatural deaths 

were recorded to compare between cross-sectional and longitudinal DR study. Lifespan 

of individual worms were monitored in the single chamber and were found consistent 

with the lifespan evaluated in cross-sectional device with 100 mg/mL diet. Induction of 

DR shows an extension of 26% with a huge variability of standard deviation of 13.7. This 

is due to the high matricide (bagging) of worms. Incidence of matricide is significantly 

reduced to 34% in longitudinal device with an extension of 39%. In the subsequent DR 

study, the longitudinal NemaLife was used. 

 

Table-5.3: A comparative study of lifespan evaluated in longitudinal and cross-sectional 

NemaLife. 

 

 

The utility of longitudinal device was demonstrated in a DR assay through the evaluation 

of lifespan extension, growth of individual worms, and the effects on the locomotion by 

Food (mg/mL)
Sample Size, 

N
mean lifespan 

(day)
max lifespan 

(day)
% extension 
of mean LS

% matricide
% vulval 
bursting

% washing 
error

100 mg/mL 138 11.8 ± 1.1 17 - 2.9 0 1.45
1 mg/mL 97 14.9 ± 13.7 35 26.2 60.8 0 1.03

Food (mg/mL)
Sample Size, 

N
mean lifespan 

(day)
max lifespan 

(day)
% extension 
of mean LS

% matricide
% vulval 
bursting

% washing 
error

100 mg/mL 87 13.1 ± 3.3 18 - 3.45 0 0
1 mg/mL 82 18.2 ± 7.5 38 39 34.14 0 1.219

Longitudinal

Population
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using 100 mg/mL, 10 mg/mL and 1mg/mL diet. Worms raised on 10 mg/mL bacteria 

suspension showed a 10.5% extension in lifespan. Worms raised in 1 mg/mL food in 

longitudinal device experiences the lifespan extension of approximately 64% as shown in 

Fig. 5.6b. This large lifespan is due to the reduced incidence of matricide. Fig. 5.6c and d 

represents the growth of worms in terms of body diameter and length respectively in a 

longitudinal device. Each point represents an average over 20 worms and error bar in the 

standard error. Worm diameter grows steadily to a maximum until their mean lifespan 

and the length grows to a maximum towards the end of reproduction period for worms 

under regular food diet. Increasing error bar after the mean lifespan shows that worm 

shrinks on average by 8 % of the maximum in diameter and by 10 % by length as shown 

Fig. 5.6c and d. This observation is consistent with observations from cross-sectional 

lifespan as shown in Fig. 5.3c and d and with literature.  

 Worms cultured in 10 mg/mL diet shows that the growth and changes in growth 

follows the similar trend to the worm cultured in 100 mg/mL diet. However, worm 

cultured in 1 mg/mL diet grows almost 70 % to the size of worms cultured in 100 mg/mL 

diet both in terms of body diameter and length. After the initial growth in first 2 - 3 days, 

worm size (diameter and length) mostly remains constant throughout the lifespan. The 

cessation of initial growth may signify the replenishment of the fat storage and probably 

the worms barely maintains the basic cellular function with the available diet. Similar to 

the other two groups, worms for this dietary group shrinks by 10% in diameter and 16% 

by length. 
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Fig. 5.6. Longitudinal assay for inducing dietary restriction in NemaLife. (a) NemaLife configuration for 30 individual worms for 

longitudinal lifespan assay suitable for carrying out DR experiments, (b) Lifespan of wild type C. elegans cultured in individual 

chamber at three different food concentration (E.coli OP50 in S-complete buffer), tracking growth by monitoring the (c) change of 

worm diameter, (d) change in length along the lifespan of individual worm (n = 17 for 100 mg/mL, n=17 for 10 mg/mL and n = 20 for 

1 mg/mL). Symbols used, ○: 100 mg/mL (control), □:10 mg/mL and Δ: 1 mg/mL. (e) Table shows the details of sample size used in 

the experiment, mean and maximum lifespan, percent lifespan extension compared to control and percent of death incidence other 

than normal.  
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5.4. Characterization of healthspan measures in NemaLife device 

  

Transparent PDMS and the shallow depth of NemaLife offer the opportunity to monitor 

the worms for long periods of time and thus NemaLife facilitates the monitoring of 

healthspan by measuring pharyngeal pumping and locomotion, the two classical 

healthspan assays. The deformable pillars offer unique opportunity to measure muscle 

strength of aging worms. We report two meaningful healthspan indicators: (i) reversal 

speed as an indicator of neuro-muscular aging and (ii) muscle strength over entire 

lifespan. 

5.4.1 Pharyngeal pumping of aging worm population: C. elegans use rhythmic 

contraction and relaxation of the pharynx (pharyngeal pumping) to intake bacteria. 

Pharyngeal pumping depends on a number of factors, such as (i) availability of food, (ii) 

quality of food, and (iii) condition of the environment [34,35]. Features of NemaLife offers 

ensure precise control of food and its environment. In liquid suspension well-fed worms 

pump the pharynx in the presence of bacteria and starved worms keep pumping slowly 

and irregularly. Starved worms accelerate pumping in the presence of low amount of 

bacteria compared to well-fed worms [34]. However, well-fed worms exhibit a gradual 

decrease in the pharyngeal pumping with aging, which makes it an attractive 

physiological parameter for aging. Fig. 5.7a shows the changes of pharyngeal pumping of 

a population of wild-type C. elegans. Pharyngeal pumping increases near the end of the 

reproductive stage (maximum ≈ 283 cycles/minute on day 8). It decreases gradually 

starting from day 10 until death (minimum ≈ 117 cycles/minute on day 20). After day 20, 

the pharynx of aged worms shrinks, and the body darkens, which makes counting very 

difficult. Pharyngeal pumping rate decreases slowly compared to the worms grown in 

agar [32]. In agar plate, worms crawl on the bacterial lawn, a concentrated bacteria source. 

On the other hand, bacteria suspend in fluidic environments. Thus, worms must pump 

regularly to intake sufficient amount of bacteria required for maintaining normal 

metabolism after the reproductive stage. This makes the worm having much higher 

pumping rate for aged worms compared to agar data. High pumping rates in fluidic 

environments may have advantages in the case of drug treatment.  
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5.4.2 Reversal is a good mobility indicator for aging: Reversal is an important 

locomotive characteristic of C. elegans. Worm uses reversal to avoid danger [36,37], and 

the first reversal is a means of immediate avoidance followed by a second reversal for 

direction change. An increase of number of reversal in worm locomotion with age is also 

reported [37,38]. Since reversal is a means to avoid a potentially lethal situation, reversal 

must be spontaneous, and the speed of reversal could be a very good indicator for neuro-

muscular aging. In an effort to establish mobility as an indicator of muscular aging, both 

forward mobility speed and reversal speed were calculated. Reversals were induced by a 

mechanical stimulus (gentle tapping on the device 3 times). The episode for evaluating 

reversal speed was chosen carefully from device (iii). Continuous frames of a 

spontaneous start of reversal and end of reversal were taken as a complete reversal 

episode. Reversal episodes with a pause, stop, or intermittent reversal were not included.  

Fig. 5.7b, shows the variation of both forward and reverse movement over the age of an 

animal population. Reversal is always associated with a greater speed than the speed 

observed in forward movement at a given time of worm age. Most importantly, the rate 

of decline in reversal speed is much sharper near the end of the reproductive stage, 

specifically between days 8 and 10. Days 8 to 12 are also the time period when lifespan 

of wild-type C. elegans has a sharp decline of the percent survival (larger number of 

deaths) of animals, indicating onset of aging. This observation suggests initiation of 

muscular aging is also reflected in the reversal speed of worms. In other words, reversal 

speed could be a potential biomarker for aging. A strong correlation is observed between 

the decline of the reversal speed and the mortality rate, which is shown in Fig. 5.7c. A 

linear relation between sharp increases in the mortality rate with decreasing reversal 

speed also supports the fact that reversal speed can be used an aging biomarker. 
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Fig. 5.7. Characterization of healthspan measures in NemaLife device. (a) Pharyngeal 

pumping in cycles per minute for wild type C. elegans over the course of its lifespan 

(N=10 at each time point). Error bar is the standard deviation. (b) Forward and first 

reversal as locomotion trait of aging wild type C. elegans in micropillar arena. Error bar 

is the standard deviation. (c) correlation between worm mortality (# of death per day) rate 

and first reversal speed. (d) muscle force generation of aging worm over entire lifespan 

describing Sarcopenia like muscle strength decline. Error bar is the standard error.  
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5.5 Discussion 

 

Microfluidic features and use of fluid enable NemaLife the ability of fast and efficient 

progeny removal. Micropillars help worms maintain crawling gait in habitat area and 

eliminates probable swim-induced stresses. Also, pillar geometry in the habitat area is a 

close mimic to C. elegans natural environment than just crawling in agar gel. The spacing 

between the micropillars also help worms to closely match agar like crawling kinematics 

inside the device. Above features allow the lifespan study consistent with the agar based 

experiments. Most importantly, no progeny blocking drug FUdR was used in the 

experiments and worms were allowed to reproduce naturally. Thus, NemaLife eliminates 

the complexity/frustrations of the researches of using FUdR and removes the uncertainty 

that FUdR introduces into the observations. PDMS isolates habitat area from 

environment and allows sterile environment. Thus, antibiotics and fungicides were 

eliminated from the diet used in all the lifespan experiments. Elimination of the 

antibiotics and fungicides proved the ability of the device to keep the environment sterile 

long enough to perform longest lifespan assay for daf-2(e1370). It also eliminates the 

uncertainty (if any) of the antibiotics and fungicides generally used in an agar based assay 

and thus produces cleaner data. Table 5.4 shows a comparison of lifespan of wild type C. 

elegans and its mutants cultured in NemaLife to that of agar based literature. 

Food, wash fluid and reagents were delivered by using 1 mL syringe. Flow was easily 

controlled by pushing the plunger with hand pressure. NemaLife can be configured for 

hand pipetting as well (lifespan assay of wild type and daf-2(e1370) were consistent 

using hand pipett; data not shown). Small dimension of NemaLife and easy operation 

using hand pressure makes the device a bench top and easy to use device for everyone. 

As NemaLife is based on a microfludic platform, it is very easy to parallelize the 

experiments. At present, an operator can perform lifespan experiments on 12 such 

devices; each devices with approximately 90 - 100 worm or 30 worm for longitudinal 

devices equivalent to 11 experiments in 3 - 5 weeks time. Being transparent and use of 

clear fluid enables this device suitable for automatic image acquisition and analysis for 

various phenotypic assays. A larger footprint and use of an automated pumping, 
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recording and analysis system may increase the throughput to almost 100 experiments in 

the same 3 - 5 weeks.  

 

Table-5.4. Comparison of lifespan of C. elegans and its mutants evaluated in agar based 

assay and in NemaLife. 

 

 

The ability to reproduce lifespan extension of known long lived mutant establishes the 

device to run lifespan assays with genetic modification. RNAi efficacy establishment in 

the device proves that the device is capable of evaluating lifespan upon on chip or off 

chip molecular modifications. Virtually, reagent can be added or withdrawn at any 

frequency, reagents concentration can be changed at ease, possible to expose worms to 

multiple reagents at any frequency and at anytime point in life. The fluid exchange ability 

is perhaps the most important feature of NemaLife and makes the device versatile for 

most of the assay involving lifespan. Successful demonstration of the DR experiments 

establishes the ability of the device to capture the influences of the environmental stresses 

on the growth, lifespan and healthspan of worms.  

Genotype
Method of 
progeny 

seperation

Median 
lifespan (day)

Mean lifespn 
(day)

Max. Lifespan 
(day)

N References

WT hand pick 15.2±3.6 180

daf-2(e1370) hand pick 34.6±10.2 114

daf-16(m26) hand pick 12.8±2.5 84

age-1(hx546) hand pick 24.8±7.1 134
eat-2(ad465) hand pick 18.0±4.5 74

WT FuDR 20±0 30±0

daf-2(e1370) FuDR 43±0 57±0
eat-2(ad465) FuDR 26.5±2.1 36±0.7

WT hand pick 13 18 131
daf-2(e1368) hand pick 26 35 100

WT NemaLife 15±1.1 23±1.4 460
daf-16(mgDf50) NemaLife 12.67±2.08 18.33±1.15 397
eat-2(ad1116) NemaLife 16±0 27±0 123
age-1(hx546) NemaLife 20±1.4 34±1.4 331
daf-2(e1370) NemaLife 28±0 44±0 135

Huang et. al. ,PNAS,2004,101(21)

Bansal et. al. ,PNAS,2015,E277-E286

Glenn et. al.,J Gerontol A Biol Sci 
Med Sci., (2004), 59 (12)
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Extension of NemaLife to single animal resolution is the most powerful tools to observe 

finer details of aging and may pave the way for new discovery. Traditionally, lifespan 

assay involves 20 - 50 worms in a NGM plate seeded with bacteria or 10 - 20 worms per 

well in 0.2 - 0.5 mL of bacteria suspension in micrititer plate. As the number of worms 

starts to decline after sexual maturity, navigation area or volume per worm and 

consequently amount of food availability increases over time. Thus, experiments 

involving DR and drug may produce high degree of variation in result. This has been 

observed in the differences of lifespan, growth and extent of matricides and bursting in 

cross-sectional and longitudinal devices. Worms under DR grow to the full diameter and 

length after the mean lifespan when more than 50 % of the worms are dead. This is 

probably, because of the availability of more food. Longitudinal lifespan assay device 

ensures equal amount of food everyday and throughout lifespan. Assay in single animal 

resolution shows a slight increase of the body size towards the end of the lifespan, low 

rate of matricide and bursting. Most importantly, longitudinal device may allow 

monitoring aging phenotypes at a single animal resolution.  

Transparent PDMS allows monitoring the health of the aging worms virtually from the 

womb to tomb by measuring pumping rate, locomotion (forward and reversal speed) and 

by changing muscle strength over time. This monitoring allows us to report the 

spontaneous reversal speed as a new biomarker for aging. Deformable micropillars 

directly measure the muscle strength of the worm and thus allow simultaneous 

monitoring of lifespan and muscular aging. For the first time, decline of muscle strength 

has been quantified and Sarcopenia like behavior is observed in C. elegans. However, 

there is a slight delay in the decline between reversal speed and muscle strength. 

Investigation of cell integrity in different tissue of aging worm shows the different onset 

time for aging. C. elegans show remarkable preservation of nervous system but show the 

signs of muscular deterioration starting from day 7-8 and cessation of mobility even 

before the muscular degradation2. Faster decline of reversal speed than the decline of 

muscle strength observed in NemaLife is consistent with the cell integrity data. This 

suggests muscular force production is a global response of the animal.  

We believe NemaLife is a complete device for monitoring both lifespan and healthspan 

simultaneously which will accelerate the process of identifying critical genes and drugs. 
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Thus, parallelization coupled with the feeding protocol renders NemaLife potentially the 

device that can run hundreds of lifespan experiments at the same time either for dug 

screen or gene screen. And that will help us to fight against range of aging problem 

starting from frailty to age associated diseases.  
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CHAPTER 6 

PHENOTYPING HEALTSPAN OF AGING C.ELEGANS 

 
     6.1 Introduction 

Aging increases the pathological incidences with age and accelerates death1. Accelerated 

incidences of age-associated diseases or functional dysfunction infer that there is likely a 

correlation between aging and age-associated diseases. As a result, genetics of lifespan 

has been the focus area of research for the past three decades, particularly, with the hope 

that addressing aging may take care of most of the age-associated diseases. Significant 

progress has been made so far in manipulating lifespan in model organism C. elegans, 

drosophila and in rodents2. It has been shown that long lived mutants of C. elegans 

remain active long after the wild type worm loses mobility which apparently represents 

an incidence of healthy aging. However, recent studies revealed that long lived mutant 

compromises their functional ability and the ability to resist environmental stresses. 

Lifespan extension thus does not reduce the complexity and misery of aging.  

Currently, locomotion (crawling or thrashing), pharyngeal pumping, thermal or oxidative 

resistances are the parameters which measures functional ability and used to define 

healthspan. However, muscle health has never been used as a metric for healthspan in C. 

elegans, although body wall muscle makes up approximately 40% of body mass and 

serves as major metabolic site3,4. Worm uses their muscle and executes all its behavior 

including food search, mating and escape from danger. Hence, muscle health must be a 

major parameter in evaluating individual’s health. In chapter 3 and 4, NemaFlex 

technology has been described that measures muscle strength of C. elegans. NemaFlex 

has also been configured into a lifespan machine where worms can be maintained and 

scored for muscle strength longitudinally throughout their lifespan. This chapter will 

focus on (i) the strength profile of aging wild type C. elegans, (ii) how the locomotion 

prowess changes on aging C. elegans using stimulated reversal speed and (iii) will look 

for correlation between lifespan and muscle strength.   
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   6.2 Materials and methods 

 

We used the longitudinal NemaLife device for healthspan study of aging wild type C. 

elegans where individual worm ID was preserved. Worm was cultured using the standard 

protocol. We used the protocol of NemaFlex and NemaLife (chapter-3 and 5) for scoring 

lifespan and muscle strength. Briefly, single worm was loaded into each chamber on the 

third day of their life. Food was added and incubated for 24 hours at 20 C in an 

incufridge. Every day, each chamber was washed with NGM-lite solution and a movie of 

30 sec or more was captured for strength data. A second movie was captured for 

stimulated reversal speed (chapter-5). Each worm was allowed at least 2 minutes to 

acclimatize with the food free environment before imaging. We used the NemaLife 

protocol for live and dead assay. NemaFlex software was used to recover the force data. 

A movie was not processed if the worm is not moving more than half of its body length.  

Mean strength of the population in a particular day was taken as the average of the 

strength of all individuals in that day. Normalized strength was obtained by dividing the 

strength with the cube of the body diameter. Reversal speed was measured manually by 

tracking the vulva of the worm and in few cases the pharynx. Mean reversal speed is the 

mean of the all instantaneous speeds calculate between two frames. We picked the 

maximum speed in a reversal episode as the maximum reversal speed. Mean and 

maximum reversal speed of the population was calculated the same way as the mean 

strength. Strength and reversal speeds were grouped in 10 equal sized bins in a 

normalized scale. Means and standard deviations of each of these bins were used to 

represent the strength and locomotion profile in a normalized scale. All error bars are 

standard deviation. A movie was not scored if the worm is not making a reversal after 

applying the stimulus.         
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    6.3 Results 

 

We scored lifespan, muscle strength and stimulated reversal speed as healthspan metric. 

First we evaluated the lifespan of ninety one individual wild type C. elegans in 

longitudinal NemaLife device which has the capability to measure strength. However, 

only 59 worms were tracked for muscle strength and reversal speed.  

6.3.1 Lifespan of aging wild type C. elegans in longitudinal assay: Wild type worm 

lived for maximum of 22 days and had a median lifespan of 15 days (Fig. 6.1a). Worms 

were supplemented with food (100 mg of E.coli OP50/mL of S-completer) at a frequency 

of once per day. There was a low incidence of matricide (5.5 %) in the lifespan assay. 

Worm produced lots of progeny which declines on 7th day and the reproduction period 

ended on day 8. There were very few incidences of bursting. This suggests that worms 

were cultured in nutrient rich environment and the worms should exhibit their normal 

phenotype. 

6.3.2 Strength profile of aging wild type C. elegans: Each individual was tracked for 

muscle strength over the course of its life. Generally, worm becomes immobile two to 

four days before their death. Unfortunately, NemaFlex software cannot measure 

deflection reliably for stationary worm and in very few cases we have strength 

information for the last day of the worm life. Wild type C. elegans increases their muscle 

strength through the reproductive period sharply and reaches at the peak 2-3 days after 

the reproduction period (between 9 to 11 days) as shown in Fig. 6.1b. It increases its 

strength by approximately 5 times from the early reproduction stage (day 4). After day 

11, strength declines steadily and losses approximately 45 % of the maximum muscle 

strength 

A wide heterogeneity is observed between the worms. Some worms grow faster in terms 

of body diameter and strength than the others. Also, some worms are naturally stronger 

than others as it has been observed in chapter 3 (Fig. 3.1e). Specially, day 8 (end of the 

reproductive period) and day 15 (median lifespan) worm shows a wide range of strength. 
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Very low strengths are particularly from the already aged worm and the higher strengths 

are exhibited by the healthy worms that kept the body shape intact (cuticle  

 

 
 
Fig. 6.1. Age induced decline in muscle strength of wild type C. elegans. (a) Lifespan of 

wild type C. elegans cultured in longitudinal NemaLife (N = 91) device. (b) Change in the 

muscle strength in aging wild type C. elegans (young adult - death). Each open circle 

(gray) represents the strength (f95) of a single worm in a single time point. Each open 

triangle represents the mean strength (f95) of all worm of a single time point (N=30). (c) 

Normalized muscle strength of C. elegans (normalized with the cube of their body 

diameter) as a function of time. (d) Decline of muscle strength in normalized scale. 

Normalized lifespan is the ratio of the observation time with the lifespan of each worm. In 

all cases, the error bars are the standard deviation. 
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integrity, body diameter and length) and ability to make wave. As the worm strength 

varies with the cube of their body diameter, strengths of each worm in each day is 

normalized by the cube of their body diameter which is shown in Fig. 6.1c. However, the 

low strengths are still evident during the reproductive periods.  

Individual worm ages differently from one another and has very different lifespan. Some 

worms died as early as day 10 and some lived until day 22. The low strength values are 

mostly from the short lived worm. Thus, the lifespan was normalized with the lifespan of 

each worm. Fig. 6.1d shows the normalized strength profile as a function of normalized 

lifespan. Average strength and standard deviation are obtained by grouping the strength 

into 10 different bins (bin width 0.1). All the high strength and low strength values are 

now distributed over the lifespan. In the normalized scale, worm strength increases to 

approximately 2.5 times at normalized age of 0.6 from their young adulthood. Strength 

starts to decline from normalized age 0.7. In human, strength decline are normally 

observed between ages 45-50 which is 0.58-0.64 in normalized scale taking average life 

expectancy of US population as 77.3 years5. A 20% decline was observed in the muscle 

strength of the aged worms in the normalized scale.         

6.3.3 Age-associated decline of reversal speed of aging wild type C. 

elegans: Maximum and mean reversal speed of the population reaches the pick at 

approximately day 5 and are capable to exhibit the similar crawling activity (speed) for 

next three days as shown in Fig. 6.2a and b. Both maximum and mean reversal speed 

starts to decline exponentially (2.913e-0.22T, where T is time in days, R2 =0.99) just after 

the reproduction period which is day 8 for this particular population. There is 

approximately a 10 fold decline in the maximum and mean reversal speed. Most of the 

worm lost the ability to propagate the sinusoidal wave from head to tail and thus become 

stationary 2-3 days before death. Interestingly, pharynx of these immobile worms 

remains quite active and can produce significant amount of forces.  

One important observation is reversal speed starts to decline at day 8 (approximately after 

40% lifespan in normalized scale) in contrary of decline in muscle strength which starts 

at day 11 (approximately after 70% lifespan in normalized scale). This is perhaps due to 

the early decline in the motor activity in the organism. Previously, it has been shown that 
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the neuronal structure is preserved in C. elegans and muscle undergoes age associative 

deterioration6. However, discovery of neurite branching in touch neurons significantly 

affects the worm locomotion7,8. Incidences of neurite branching increase with age and 

crawling speed declines accordingly7,8. In a recent electrophysiology study, it has been 

shown that motor activity (spontaneous release of neurotransmitter) significantly declines 

at day 7 onwards while a significant decline in the function of muscle receptor was 

observed by day 119. This observation supports the delayed onset of muscle strength 

decline and suggests, perhaps, aging is initiated by the decline in motor activity and alters 

the muscle biology which in terns propagates aging.   
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Fig. 6.2. Age associative decline of stimulated reversal speed of C. elegans. (a) Average speed 

and (b) maximum speed as a function of time. (c) Average speed and (d) maximum speed as a 

function of normalized lifespan. Error bars are standard deviations. N = 22.  
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6.3.4 Correlation between physiological parameters in aging wild type C. elegans: A 

correlation was sought between strength and the lifespan, in other words, a relation is 

sought so that strength can predict aging of C. elegans. To do that, a correlation between 

the strength of worms with the lifespan of all the worms was tried to establish. 

Unfortunately, no correlation is found between muscle strength and lifespan of wild type 

C. elegans. In a similar analysis, no significant correlation was found between reversal 

speed and lifespan. Maximum reversal speed and muscle strength of day 11 worm shows 

a probable trend in terms of predicting lifespan. Generally, the larger the speed or 

strength on day 11 the longer is the lifespan. However, the correlation value is low and 

hence cannot be concluded. Unfortunately, the sample size of this study is only 22. 

Hence, a large set of data is required to establish such correlation with statistical 

significance.  

 

 
 
Fig. 6.3. Correlation studies of different physiological parameters of aging in C. elegans. 

(a) Muscle strength vs lifespan, (b) average reversal speed vs lifespan, and (c) maximum 

reversal speed vs muscle strength (N=22). 
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Later, a criterion was established to identify the onset time of global aging by the 

inflection point from the plot of muscle strength and reversal speed with lifespan and 

between themselves. All data shows that there are two distinct processes involved in 

aging worm as it is shown in Fig. 6.4a-c where the curves changed slopes at 

approximately day 11. One may be dominated by the development/reproduction and the 

other is dominated by decay of the function. Hence, the age associated decline of the 

aging worm become evident between days 10 and 11. 

 

6.3.5 Phenotypic changes in muscle strength of wild type C. elegans across lifespan: 

Individual C. elegans ages differently. Predominantly, the aging of C. elegans can be 

grouped in three different classes, i) typical aging, ii) graceful aging, iii) sudden death. 

Typical aging: In typical aging class worm slow down gradually over age, declines in the 

ability of producing muscle forces. Sometime, worm of this class loses the ability to 

produce wave along the body. Worm’s aging typically, generally shows a gradual 

increase in strength, and reaches to maximum followed by a steady decline. Fig. 6.5a 

shows an example of typical aging. 

Graceful aging: Aging worms of this category consistently produces high forces and does 

not decline appreciably before death as shown in Fig. 6.5b. Although worm slows down 

considerably, it maintains the ability to produce wave along the body. Interestingly, 

 

 

Fig. 6.4. Correlation between the healthspan metric of aging C. elegans. (a) lifespan vs. 

mean strength of the population (inflection point denotes day 11), (b) lifespan vs. mean 

reversal speed (inflection point denotes day 11), and (c) mean reversal speed vs. mean 

strength of the population (inflection point denotes day 10).   
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worms maintain the size and shape throughout their life. Animals of this type of aging 

generally live the longest.  

Shorter gerospan: Healthy worms die suddenly with or without any signs of aging. 

Worms continues to grow to reach to their maximum strength and dies when they are at 

the peak or just after reaching the peak as shown in Fig. 6.5c similar to the observed 

shorter lived worm in a custom life-long culture apparatus10. Sometimes, worms of this 

category shows change in the body size and shape within just before the day of their 

death.  

 

Animal that dye suddenly, however, does not compromise in strength and looks healthy. 

Probably, organ failure causes sudden death.Gracefull agers normally does not show a 

large increase in the muscle strength. Rather, they achieve a moderate strength and 

 
Fig. 6.5. Aging phenotypes based on muscle strength of wild type C. elegans. Strength 

profile of three worms representing (a) typical aging, (b) graceful aging, and (c) sudden 

death respectfully. (d) Change of strengths of the worms that are aging typically, 

gracefully and dying suddenly. (e) change in mean reversal speed of the three aging 

phenotype. 
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maintain it.  They are not the most active within the arena in old age as shown by the Fig. 

6.5d and e. Although, graceful agers losses its locomotive prowesses more than the other 

two categories, it does not suffer from muscle strength loss like the typical agers. This 

suggest that there is possible mechanism exist within the wild type genetics that can age 

healthy and within this exclusive class muscle may play a key role in that mechanism. 

Almost all lifespan study shows to have approximately 10% healthy agers within the wild 

type population.    

 

    6.4 Discussion 

Wild type C. elegans sufferes from declining muscle strength similar to human 

dynapenia. It increases its strength almost 5 times to that of young adults. Later in life, 

aging cost almost 45% of their strength. This is the first time muscle strength of any 

model organism was profiled across its lifespan. During this time, worm losses its 

locomotive prowes dramatically. In fact, decline in locomotive function starts two to 

three days earlier than the decline in muscle strength which may be because of the 

functional decline of neuromusclular signaling. Interestingly, a small subset of wild type 

worm always maintain muslce strength. They also live the longest and healthy suggesting 

the importance maintaining muscle strength.  

Previously, it has been shown by electron microscopy that C. elegans also sufferes from 

loss of muscle mass. So, C. elegans is a could be a perfect model to study human 

sarcopenia/dynapenia or to study muscle atrophy in special conditions like microgravity. 

All this study is now possible for the unique features of the NemaFlex and NemaLife 

technology. Their unique ability to study individual worm longitudinaly for lifespan, 

muscle strength and locomotion prowess completed the development of the microfluidic 

platform for aging and healthspan investigation.  
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CHAPTER 7 

CONCLUSION AND FUTURE WORKS 

 
        7.1 Conclusions 

 

This body of work focused on engineering a microfluidic platform for accelerating the 

investigation of aging biology. Most importantly, it opens up a whole new facet of aging 

biology: muscle strength. In this work three major methodologies critical to aging 

investigation were developed: i) a method to measure strength of model organism C. 

elegans, ii), an image processing algorithm to measure the deflection from worm-pillar 

interactions, and iii) a method to measure lifespan of C. elegans without drug 

intervention or worm picking. 

7.1.1 Muscle strength measurement of C. elegans. 

Body wall muscle of C. elegans is similar to human skeletal muscle in terms of genetics 

and contractile units. This nematode produces muscle contraction in the dorsal and 

ventral side alternately and produces sinusoidal wave along the body, which propels them 

in their habitat area. We created micro-pillar arena with deformable pillars (NemaFlex) 

and utilized the wave that they produce during locomotion to capture the strength of the 

worm. In this study, we identified optimum level of confinement (0.6-0.8) to force the 

worm to exert their maximum strength. The sampling protocol (observation of 30 

seconds or more) has been developed to build sufficient statistics that will capture the 

true strength. The most elegant finding is the use of a single and simple metric f95, which 

is the 95th percentile of the cumulative probability distribution of muscle force. Most 

importantly, NemaFlex can rank neuromuscular mutants according to their genetic 

modification, as shown in Figure 3.5d. This capability may revolutionize the 

investigation of muscle aging and disorders such as sarcopenia, dynapenia, muscle 

dystrophy, type-2 diabetes etc. 

The cubic dependence of the body diameter to the muscle strength during the 

developmental stage is the most significant physiological findings of this work. We also 
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found that strength depends on the confinement (spacing) as a corollary of these findings. 

This is used to design NemaFlex arena for force measurement.  

7.1.2 Deflection measurement software. 

The NemaFlex software is designed to measure the deflections created by the worm 

interactions with the pillar. This software is unique in the sense that it has to track the 

moving object (worm) and the relatively stationary pillars for deflection. Tracking of the 

worm is used to create a mask and to clean up the pillars that are not deflected and other 

potential debris in the device. This will be used to develop the software further to track 

the worm trajectory. It uses circular Hough transformation for tracking pillars that are 

relatively stationary. The pillar deflection measurement has three levels of validation: i) 

identifying true grid locations and checking identified pillars against the grid location for 

spurious data, ii) single radius single Hough transformation on a single pillar for accurate 

deflection measurement, and iii) checking the circle fitting accuracy by overlaying the 

fitted circle on original movie. This software can process approximately 30 GB of data 

(equivalent to 25-30 worms) in 4 hours to measure the strength of a genetic class. 

However, the worm-tracking algorithm is not fully developed yet and hence we have to 

measure the worm diameter manually. Currently, this step is slowing down the analysis 

procedures. 

7.1.3 Lifespan measurement of C. elegans. 

We configured NemaFlex into a lifespan measuring device (NemaLife) by adding 

barriers on both inlet and outlet to prevent the adult worms from escaping the arena. The 

barriers were designed using the size (body diameter and length) differences of the L1/L2 

larva and the adult worms. We designed the pillar spacing to match closely the crawling 

kinetics of worms on an agar surface. Optimization of crawling behavior closely matches 

the stress level to that on agar surface. Progeny separation is very fast and simple by 

simply flowing fluid with hand pressure in NemaLife, which removes the complexity of 

using progeny-blocking drug FUdR and tedious worm picking steps. A feeding protocol 

of 100 mg E. coli OP50/mL (NGM lite) and once per day measures lifespan for wild-type 

worms reliably.  
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NemaLife is capable of measuring lifespan of long-lived mutants and can keep the 

environment sterile for long time. The ability to efficiently run lifespan studies of wild-

type worms by silencing specific genes using RNA interference makes this device 

versatile and high throughput as a genetic screening tool for lifespan and healthspan. A 

small volume requirement enables this device suitable for drug screening as well. The 

transparency of the device allows scoring pharyngeal pumping, crawling behavior, and 

strength measurement of aging worms. NemaLife allows us to record the strength profile 

of an aging wild-type population for the first time. Strength declines after the median 

lifespan shows that C. elegans also suffers from strength loss on aging much like human 

dynapenia.  

We developed NemaLife for monitoring lifespan at a single animal resolution 

longitudinally, which makes the device versatile for healthspan investigations. Lifespan 

and strength measurements of individual worms show the presence of wide variability in 

strength of the worms. They also age at a different rate from one another; some age much 

more quickly and become very weak, some do not show weakness until the last day of 

their lives, and some die when they are at the peak in terms of their strength. Most 

importantly, wild-type worm as a population show approximately 44% strength loss 

during the last days of their lives. With the capability of lifelong observation of lifespan 

and healthspan investigation, NemaFlex and NemaLife complete the platform for 

accelerating the research in aging biology. It is expected to bring out new discoveries and 

challenges in coming days.  
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7.2 Future works 

 

Engineering NemaFlex and NemaLife completes the microfluidic platform for 

investigating aging biology using model organism C. elegans. However, the development 

of the technology brings up new requirements and opportunities to be addressed. 

7.2. 1 Strength measurement of C. elegans larva and other mutants with genetic 

changes in muscle 

The ability to rank mutants based on the genetic defects allows us the opportunity to 

score hundreds of mutants for muscular dystrophy, neuromuscular disorders, for 

discovering the mechanism for muscle atrophy, or for identifying an endurance-type 

benefit. However, this requires improvement of the throughput of the NemaFlex device, 

imaging system, and data processing. For future work, NemaFlex will be designed in a 

way such that: i) one single worm is housed in a single chamber, ii) imaging software 

grabs and stores a movie of the worm, and iii) the imaging software actuates the 

automated stage to move to the next well for imaging the next worm. This will 

significantly increase the throughput of the device in terms of imaging a larger number of 

worms, and these improvements will also reduce the workload of a researcher in the lab.  

We will focus on two questions upon successful implementation of the software and the 

new design of the device: i) how does worm develop strength from larval stage 1 to 

young adult and (ii) the screening of the genes for elucidating the mechanism of muscle 

atrophy. During the developmental stage, protein expression in the muscle has different 

timing and so strength measurement is expected to correlate with the function of the 

proteins (genes expressed) newly produced in the sarcomere.  

7.2.2 Software Improvement 

Image processing software does not yet have the capability to find the reliable outline and 

skeleton. As a result it cannot track the worm for its crawling kinematics (wavelength, 

frequency, speed, and curvature). In the next phase of improvement, we are developing 

the software with the capability to find i) refined and reliable outline (Fig. 7.1 b), ii) 

skeleton of the worm (Fig. 7.1 c), iii) speed of the worm, and iv) curvature of the worm. 
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This development will allow us to find the relation between the velocity and the strength 

of the worm by measuring the worm velocity and strength simultaneously in the same 

frame. Additionally, the mechanism of generation of muscle strength can be investigated 

by balancing force and the torque (Fig. 7.1 d).   

 

Fig. 7.1. Future work: Integration of worm tracking algorithm into NemaFlex software. 

(a) Raw outline of the worm. Lighter pixels in worm head and tail leaves gaps and pillars 

leave arch shaped impression in the worm body. (b) Smooth outline. Worm head and tail 

has been identified. (c) Determining the skeleton by calculating the midpoint from the 

outline. (d) Force vectors are assigned in each pillar and each frame.    

7.2.3 Automation of NemaLife 

Although NemaLife has simplified the lifespan scoring and improved the throughput of 

lifespan studies, it still requires manual intervention and is therefore limited by human 

capability. In the future, we will automate the lifespan device entirely from worm loading 

to lifespan scoring. It will have four modules working synchronously to score the 

lifespan: i) worm habitat with automated loading feature, ii) automated pumping system 

for washing and feeding, iii) automated imaging system, and iv) image processing code 

for scoring lifespan. An optional module of an automated stage may be required for 

longitudinal study. With the automation completed, throughput of gene or drug screening 

will be increased by 10-50 times compared to the current NemaLife.       
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