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Abstract

One challenge in aging research concerns identifying physiological parameters or biomarkers that
can reflect the physical health of an animal and predict its lifespan. In C. elegans, a model organism
widely used in aging research, motor deficits develop in old worms. Here we employed machine
vision to quantify worm locomotion behavior throughout lifespan. We confirm that aging worms
undergo a progressive decline in motor activity, beginning in early life. Importantly, the rate of motor
activity decline rather than the absolute motor activity in the early-to-mid life of individual worms
in an isogenic population inversely correlates with their lifespan, and thus may serve as a lifespan
predictor. Long-lived mutant strains with deficits in insulin/IGF-1 signaling or food intake display
a reduction in the rate of motor activity decline, suggesting that this parameter might also be used
for across-strain comparison of healthspan. Our work identifies an endogenous physiological
parameter for lifespan prediction and healthspan comparison.

Introduction

Aging is characterized by progressive declines in multiple physiological functions leading to
death. Studies in the past decade using model organisms (e.g. worms, flies and mice) have
demonstrated that aging can be modulated by both genetic and environmental factors [1,7,
10,19]. It also becomes clear that stochastic factors affect longevity, as animals bearing the
same genetic background and reared under the same environment show variation in lifespan
and rate of tissue aging [11,12]. This makes the chronological age an unreliable parameter to
reflect the physical health or the biological age of an animal. Thus, to better understand how
genes and environmental cues modulate the rate of aging, it would be important to search for
physiological parameters or biomarkers that can be correlated with the biological age of an
individual [17]. In particular, it would be highly valuable if such parameters can also be used
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to predict lifespan [17]. Clearly, it is more desirable to make lifespan predictions at the early
rather than the late stage of aging. However, no reliable lifespan predictor has been identified
in mammals [17].

C. elegans has emerged as a powerful model organism for the study of aging. A recent study
has reported an ectopically-expressed marker that can predict worm lifespan at the early stage
of aging [29]. Nevertheless, no similar endogenous lifespan predictors have been identified in
worms. Locomotion behavior represents one of the most prominent behaviors in C. elegans
[4]. It is known that old worms develop motor deficits and are less active than young worms
[5,9,13,14,16,18]. Indeed, the expression of motor activity has been used as a common standard
in lifespan analysis to score whether a worm is alive [20]. Previous studies have attempted to
correlate the behavioral states of worm locomotion with the biological age of the animal, and
some qualitative or semi-quantitative parameters have been proposed to predict lifespan at the
late or mid-to-late rather than early stage of aging [13,14,18]. For example, there appears to
be a correlation between the lifespan of a worm and the number of days during which it can
maintain active movement [14]. However, because these methods all rely on human
observation/description rather than machine vision, it is difficult to extract reliable behavioral
parameters in a quantitative, objective manner. In addition, motor activity displays great
variation between different strains and some strains are less active than others, thus making it
difficult to conduct across-strain comparison.

Here we employed machine vision to quantify locomotion behavior of aging worms throughout
lifespan. We identify the rate of motor activity decay as an endogenous physiological parameter
that can predict lifespan at the early-to-mid stage of aging. We also present evidence that this
parameter may potentially be used for across-strain comparison of healthspan.

Worms were analyzed for spontaneous locomotion behavior on NGM plates every other day
throughout lifespan using an automated worm tracking system as previously described [6,
24]. In brief, NGM plates were spread with a thin layer of freshly-grown bacteria (OP50) five
minutes prior to tracking. Tracking was performed at 20°C and at a relative humidity of ~40%
with the lid off. The tracking system consists of a stereomicroscope (Zeiss Stemi 2000C)
mounted with a digital camera (Cohu 7800) and a digital motion system (Parker Automation)
that follows worm movement. The system is controlled by laboratory-developed software. To
record locomotion, worm images were captured at 2 Hz for 5 mins and compressed into AVI
files, and the mean centroid velocity of each worm was quantified using laboratory-developed
software.

Lifespan analysis was conducted at 20°C as described previously [20]. In all experiments, the
first day of adulthood was scored as day 1. When analyzing N2 worms individually, worms
were grown separately on NGM plates (one per plate). Each worm was scored for its viability
every day, and the same worm was assayed for behavioral analysis every other day until death.
In experiments involving multiple strains, 360 worms of each strain were grown on NGM
plates (12 per plate), and one animal from each plate (total of 30 plates) was randomly picked
for behavioral analysis. Worms that crawled off the plate, exploded or bagged were censored
at the time of the event. All statistical analyses were done using the Statistica (StatSoft, Inc.)
and Statview 5.01 (SAS) software.
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Results and discussion

Worms exhibit a progressive decline in motor activity, beginning in early life

The observation that old worms are less active than young worms suggests a correlation
between locomotion behavior and aging [5,9,13,14,16,18]. In addition, the stochastic nature
of age-associated motor activity decline makes it possible to predict lifespan by defining
physiological parameters in locomotion behavior [12]. To explore this possibility, we
quantified spontaneous locomotion behavior of 169 wild-type worms individually every other
day throughout their lifespan. To do so, we utilized an automated worm tracking system that
records worm movement and provides quantitative measurement of its activity such as
locomotion speed in real time [6,24]. We found that the locomotion speed of these worms
exhibited an exponential decay beginning as early as day 5 of adulthood (Figure 1A). These
results indicate that aging worms undergo a progressive decline in motor activity, beginning
in early life.

The rate of motor activity decay in the early-to-mid life of aging worms inversely correlates
with lifespan

In analyzing data from individual worms, we made a preliminary observation that short-lived
worms seemed to exhibit a faster rate of decay in the speed of locomotion throughout lifespan
than long-lived worms (Figure 1C-E). This implies a possible correlation between the rate of
motor activity decay and lifespan.

We then asked whether a lifespan prediction can be made at the early-to-mid stage of aging.
As the mean lifespan of these worms was 19.5 days, we decided to focus our attention on events
occurring between day 3 and day 9, a period that spans the early-mid life of these worms. By
plotting out the lifespan value of individual worms against different parameters of their
locomotion activity, we found that the locomotion speed at individual days alone (i.e. day 3,
5, 7 or 9) showed either no or weak correlation with lifespan (Figure 2A-D). Nor was a
correlation observed between lifespan and the mean or maximal locomotion speed at days 3
—9 (Figure 2E and 2F). In contrast, there appeared to be a strong inverse correlation between
lifespan and the rate of locomotion speed decay during days 3—9 (r2 = 0.91; r = —0.70;
p<0.00001) (Figure 2G). The Spearman rank correlation method also indicates an inverse
correlation between lifespan and the rate of locomotion speed decay during days 3—9 (—0.63;
p<0.0001). These results suggest that the rate of motor activity decay can be used as a lifespan
predictor.

To further evaluate this lifespan predictor, we calculated the odds value. If the rate of
locomotion activity decay of a worm during days 3—9 is slower and faster than that of a worm
with a mean decay rate, the odds value for this worm to live longer and shorter than mean
lifespan is 3.4 and 3.1, respectively (p<0.0001); namely, the probability for this worm to live
longer and shorter than mean lifespan is 77% and 76%, respectively.

Mutations that extend lifespan reduce the rate of motor activity decay in aging worms

Having identified the rate of motor activity decay as a lifespan predictor, we then asked whether
and how this parameter is regulated by genes known to affect lifespan. The insulin/IGF-1
signaling pathway has been found to modulate lifespan [3,7,19,25,33]. In particular, mutations
in the daf-2 insulin-like receptor extend lifespan up to one fold [20,21]. daf-2 mutant worms
are also more resistant to a variety of stress conditions and less susceptible to tumorigenesis
than are wild-type worms [8,26,28,31]. To ascertain whether and how the daf-2 gene affects
the rate of motor activity decay, we quantified spontaneous locomotion behavior of daf-2
(e1370) and daf-2(e1368) worms throughout their lifesapn. As a control, wild-type worms were
assayed under the same conditions. We found that the rate of motor activity decay was greatly
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reduced in daf-2(e1370) worms (Figure 3A and 3B). A similar phenomenon was also observed
in daf-2(e1368) worms (Figure 3A and 3B). These results support the view that daf-2 mutations
not only extend worms’ lifespan but also their “healthspan” [7,19,32].

We also examined whether caloric restriction affects the rate of motor activity decay during
aging by quantifying spontaneous locomotion behavior of eat-2 worms. Mutations in eat-2
reduce food intake and thereby extend lifespan, and these worms have been used as a common
model for caloric restriction-mediated modulation of lifespan in C. elegans [22,23]. We found
that the rate of motor activity decay was also reduced in eat-2 worms (Figure 3A and 3B),
supporting the notion that caloric restriction extends both lifespan and healthspan.

The rate of motor activity decay may potentially be used for across-strain comparison of

healthspan

Interestingly, while the locomotion speed of daf-2(e1368) worms was higher than that of wild-
type worms at the same age, the same phenomenon was not observed in daf-2(e1370) worms
(Figure 3A). In fact, the locomotion speed of daf-2(e1370) worms at days 1-5 was lower than
that of wild-type worms (Figure 3A). Similarly, though lifespan was extended in eat-2 worms
(Figure 3C), their motor activity was lower than those of wild-type worms until day 11 (Figure
3A). Thus, there appears to be no strong correlation between the mean lifespan and the absolute
speed of locomotion when comparing different strains, a phenomenon also observed among
different individual worms with the same genetic background (Figure 2A-D).

In contrast, there seems to be an inverse correlation between the rate of motor activity decay
and the mean lifespan of the strain (Figure 3B). Specifically, the strain with the slowest rate
of motor activity decay showed the longest mean lifespan, and vice versa (Figure 3B). This
suggests that the rate of motor activity decay might potentially be used for across-strain
comparison of healthspan.

Concluding remarks

In summary, using machine vision we have quantified the locomotion behavior of aging worms
throughout lifespan. Our method automates and standardizes data acquisition and processing,
thus allowing for extraction of behavioral parameters in an objective, quantitative manner. As
such, it offers an advantage over previous methods that rely on human observation. Using this
method, we have identified the rate of motor activity decay as an endogenous physiological
parameter that can predict lifespan at the early-to-mid stage of aging. Interestingly, the absolute
motor activity of a worm in early-mid life does not show a strong correlation with lifespan.
We have also shown that the rate of motor activity decay is affected by genetic factors,
suggesting that it may potentially be used for across-strain comparison of healthspan. As our
method assays the rate of motor activity decay but not the absolute motor activity during aging,
it may be applied to strains with reduced motor activity. Nevertheless, it should be noted that
this method cannot be applied to those severely uncoordinated (Unc) mutant strains that do not
possess motor activity throughout lifespan (e.g. unc-13) [27].

Progressive motor activity decline also occurs in old animals of other organisms and likely
represents a universal phenomenon of aging in the animal kingdom [2,15,30]. Our work raises
the possibility that similar strategies may be applied to other organisms to identify endogenous
physiological parameters for lifespan prediction and healthspan comparison.
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Figure 1. Worms undergo progressive decay in motor activity throughout lifespan

(A) Progressive decay in the speed of spontaneous locomotion in aging worms. Locomotion
behavior of 169 wild-type worms (N2) was quantified every other day until death, and the
mean locomotion speed of these worms was plotted as a function of age. Beginning at day 3,
worms display a progressive decline in locomotion speed, which can be best fit by first-order
exponential decay. Censored worms were not included for analysis. Error bars represent SD.
(B) Lifespan curve (Kaplan—Meier test) of the same N2 worms assayed in (A). Mean lifespan:
19.5 £ 0.3 (SEM) days; 75% lifespan: 22 days.

(C-E) Individual worms with different lifespan exhibit variation in the rate of locomotion
activity decay.
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(C) Sample traces from three representative worms with different lifespan. Each sample trace
shows the locomotion speed of a worm in real time recorded at the indicated age by an
automated worm tracking system.

(D) The speed of spontaneous locomotion of each representative worm plotted as a function
of age beginning day 3. Locomotion speed decayed throughout lifespan and can be best fitted
by first-order exponential decay, and the rate of the decay can be described by the equation:
AVIAt=-k*V, where V denotes the speed of locomotion of the animal at a given age, t denotes
age and k is a constant. The kinetic constant k is thus used to quantify the rate of motor activity
decay.

(E) A table showing the rate of locomotion activity decay and lifespan of the three
representative worms.
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Figure 2. The rate of motor activity decay during the early-to-mid life of aworm inversely correlates
with its lifespan

(A-D) The speed of locomotion of wild-type worms at day 3, 5, 7 or 9 shows no or weak
correlation with lifespan. Locomotion speed of all 169 individuals at day 3 (A), day 5 (B), day
7 (C) or day 9 (D) was plotted as a function of their lifespan. The solid line in each plot
represents the fitting line.

(E) The mean speed of locomotion of wild-type worms during days 3—9 shows no correlation
with lifespan. The speed of locomotion of each worm during days 3—9 was averaged and plotted
as a function of its lifespan.
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(F) The maximal speed of locomotion of wild-type worms during days 3—9 shows no
correlation with lifespan. The highest value of locomotion speed of each worm during days 3
—9 was plotted as a function of its lifespan.

(G) The rate of locomotion speed decay of wild-type worms during days 3—9 inversely
correlates with lifespan. The speed of locomotion of each worm during days 3—9 was plotted
as a function of age, and the rate of locomotion speed decay of each worm during this period
was calculated using the equation described in Figure 1D.
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Figure 3. Mutant strains with deficits in insulin signaling and food intake reduce the rate of motor
activity decline

(A-B) The rate of locomotion speed decay is reduced in daf-2 and eat-2 mutant worms.
Locomotion speed of wild-type (N2), daf-2 and eat-2 mutants was plotted as a function of age
beginning day 3 (A), and the rate of locomotion speed decay in each strain was calculated and
shown in (B). n>30. Censored worms were not included for analysis. The mean lifespan of
each strain was also shown in (B). Error bars represent SD.

(C) Lifespan curve (Kaplan—Meier test) of daf-2(e1370) [mean lifespan: 50.5 £ 0.8 (SEM)
days; 75% lifespan: 60 days], daf-2(e1368) [mean lifespan: 26.3 = 0.4 (SEM) days; 75%
lifespan: 30 days], eat-2(e465) worms [mean lifespan: 24.2 + 0.3 (SEM) days; 75% lifespan:
28 days], and N2 worms [mean lifespan: 17.0 £ 0.2 (SEM) days; 75% lifespan: 20 days] assayed
in (A-B).
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