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Age-related loss of inhibitory signaling in C. elegans.
ABSTRACT

In the aging brain, many of the alterations underlying cognitive and behavioral decline remain opaque. C.
elegans offers a powerful model for aging research, with a simple, well-studied nervous system to further our
understanding of the cellular modifications and functional alterations accompanying senescence. We perform
multi-neuronal functional imaging across the aged C. elegans nervous system, measuring an age-associated
breakdown in system-wide functional organization. At single-cell resolution, we detect shifts in activity
dynamics toward higher frequencies, alongside a specific loss of inhibitory signaling occurring early in the
aging process. These effects are partially delayed or accelerated by a long-lived or neurodegenerative mutant
background, respectively. We further provide evidence that these effects are partially mediated through
degradation of GABA signaling, via a pathway involving UNC-2/CaV2a and caspase activation. Data from
mammals are consistent with our findings, suggesting a conserved shift in the balance of excitatory/inhibitory
signaling with age leading to functional decline.

INTRODUCTION

Progressive breakdown of neuronal function is a hallmark of natural aging. Yet the relationship between the
molecular, cellular, and ultrastructural modifications (Mattson and Arumugam, 2018), the alterations in
neuronal dynamics and signaling, and the deficits in cognitive performance and behavior that emerge with
advanced age remain unclear. At the cellular level, dramatic neuronal loss is not observed; however, changes
in neuronal excitability and signaling have been well documented (Peters et al., 2008) (Morrison and Baxter,
2012). These effects include decreased inhibition within multiple sensory systems (Richardson et al., 2013)
(Schmidt et al., 2010) (David-Jirgens and Dinse, 2010) (Cheng and Lin, 2013) and the hippocampus (Potier et
al., 2006), suggesting a potential shift in the balance of excitatory/inhibitory signaling with age. Maintenance of
this signaling balance is critical for functional homeostasis in the nervous system and its breakdown is
associated with numerous pathological states, including autism spectrum disorders, epilepsy, and Alzheimer’s
disease (Turrigiano and Nelson, 2004) (Isaacson and Scanziani, 2011) (Vico Varela et al., 2019). While such
imbalances might also contribute to shifts in functional organization with age, the link between alterations in
cellular signaling and breakdown of system dynamics is ill-defined. Recent studies employing task-free
functional magnetic resonance imaging (fMRI) have shown that aging alters intrinsic brain connectivity and the
functional organization of large-scale resting state networks (Sala-Llonch et al., 2015), which correlates with
diminished cognitive performance (Bagarinao et al., 2019) (Varangis et al., 2019). To further elucidate the link
between age-associated decline in system-state dynamics and changes in activity and signaling at the cellular
level, we turned to comprehensive system-wide functional neuronal imaging within the nematode C. elegans.

Recent advances in multi-neuron fluorescence imaging present an unprecedented ability to measure and
understand the dynamics, function, and breakdown of small neuronal systems. Applied to the microscopic
nematode Caenorhabditis elegans, such techniques enable measurement of neuronal activity across the
majority of the nervous system with single cell resolution, revealing spontaneous behavioral state-dynamics
(Kato et al., 2015) (Nguyen et al., 2016) (Venkatachalam et al., 2016) that are lost under unique
circumstances, such as developmental quiescence or exposure to volatile anesthetics (Nichols et al., 2017)
(Awal et al., 2020). Moreover, C. elegans is also a powerful system for the study of aging with longevity studies
contributing much to our understanding of conserved molecular pathways affecting organismal aging (Mack et
al., 2018). C. elegans is both short-lived and genetically tractable, facilitating the high-throughput analyses of
how these pathways and their manipulation affect various aspects of normal aging. With its capabilities for
comprehensive multi-neuron imaging and well-established aging studies, C. elegans presents a unique window
into the age-associated breakdown of neuronal signaling and system dynamics.

Neuronal aging studies in C. elegans illustrate that its nervous system, comprised of 302 stereotyped and
identifiable neurons, is largely spared from large anatomical age-related deterioration, paralleling what is seen
in higher organisms. Gross morphology is well-preserved, with limited neurite deterioration (Herndon et al.,
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2002), no neural apoptosis or necrosis (Pan et al., 2011), and no significant changes to the nuclear
architecture (Haithcock et al., 2005). Closer inspection of neurite ultrastructure, however, revealed novel age-
dependent features, including ectopic outgrowths and the beading and blebbing of axons (Pan et al., 2011)
(Tank et al., 2011) (Toth et al., 2012). A breakdown in synaptic integrity was also found to accompany aging,
with evidence suggesting that functional neuronal decline precedes that of the musculature. Initial shifts in
behavior, several of which correlate with reduced synaptic integrity, may therefore reflect nervous system
deterioration rather than sarcopenia, although disentangling the two has been challenging (Toth et al., 2012)
(Liu et al., 2013) (Mulcahy et al., 2013). The disruption of specific behaviors in the context of normal worm
aging has also been well documented and includes behaviors ranging from defecation (Croll et al., 1977)
(Bolanowski et al., 1981) (Felkai et al., 1999), crawling dynamics (Glenn et al., 2004) (Podshivalova et al.,
2017), chemotaxis (Glenn et al., 2004), to associative learning (Kauffman et al., 2010). To date, however,
studies that have directly examined neuronal activity underlying such behavioral changes have been limited to
individual neurons and synapses (Chokshi et al., 2010) (Mulcahy et al., 2013) (Liu et al., 2013) (Zullo et al.,
2019) (Huang et al., 2020) or simple circuits (Leinwand et al., 2015).

Here we perform functional multi-neuron fluorescence imaging in C. elegans throughout its lifespan. As the
animals age, we measure a distinct loss of inhibitory signaling that alters the excitatory/inhibitory balance of the
nervous system and is accompanied by an increase in individual neuron activity. These cellular effects
correspond with a breakdown of system-wide behavior state dynamics. We determine that these effects may
be partially mediated through a UNC-2/CaV2 calcium/caspase pathway known to degrade inhibitory GABA
signaling during development. Finally, we show that a long-lived or neurodegenerative mutant background
delays or accelerates many aspects of normal neuronal aging respectively. Our findings in C. elegans
recapitulate numerous aspects of neuronal aging found in higher organisms, emphasizing the loss of inhibitory
signaling and disruption of excitatory/inhibitory balance as a key element of neuronal decline and begin to
uncover the cellular mechanisms driving these changes.

RESULTS
Command interneuron AVA becomes more active and exhibits slower dynamics with age

As the nematode C. elegans ages, the locomotive behavior of the animal is grossly altered (Fig1A). Young
adult worms tend to crawl in a forward direction with infrequent bouts of spontaneous backward movement
(reversals), which typically precede changes in the direction of travel and constitute an important component of
the animal’s foraging strategy (Pierce-Shimomura et al., 1999) (Croll, 1975) (CROLL, 1975). As has been
previously shown (Glenn et al., 2004) (Podshivalova et al., 2017), we measure a progressive increase in the
rate at which animals initiate reversals with age (Fig1B). We further observe that the typical reversal becomes
shorter, resulting in the aged animal making more brief or “hesitant” reversals. While a reversal can be elicited
by anterior mechanosensation (Chalfie et al., 1985), the age-dependent increase in reversal frequency cannot
be explained by an enhancement in anterior touch sensitivity. Instead we measure a decrease in touch
sensitivity with age (Fig1C), consistent with previous reports (Vayndorf et al., 2016). Therefore, this behavioral
shift likely arises due to age-related changes in neuronal dynamics within the neurocircuitry controlling reversal
behavior.

To determine the effects of aging on the command interneurons controlling C. elegans crawling, we performed
functional fluorescence imaging of the premotor interneuron AVA, known to mediate backward locomotion
(Chalfie et al., 1985) (Kawano et al., 2011) (Fig1D). AVA calcium transient traces measured as GCaMP
fluorescence (Fig1E) were acquired from worms spanning the animals adult life i.e. days 1, 3, 6, 9, and 12 of
adulthood. In healthy young animals, the AVA interneuron displays binary dynamics as it switches between
active and inactive states. These states have been shown to correlate closely with reverse and forward
crawling behavior, respectively (Chalfie et al., 1985) (Kawano et al., 2011). In aged worms, a striking reduction
was observed in the rate at which AVA transitions from inactive to active state (i.e. from low to high GCaMP6s
fluorescence). This is made visually apparent by overlaying and averaging the individual calcium transient
2.
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onsets (Fig1F). Transient rise times were calculated as the time required to shift from 5% to 95% of the
maximum fluorescence (as previously described (Wirak et al., 2020), see Statistical Methods). A progressive
increase in AVA Rise Time is observed through days 1-12 of nematode adulthood (Fig1G). In contrast, the Fall
Time (the time required to shift from 95% to 5% of the maximum fluorescence) shows no significant change
with age (Fig1F&H). Notably, the proportion of time AVA exhibits high activity (i.e. the duty ratio) progressively
increases with age (Fig1l). This is primarily due to an increase in calcium transient duration, while the
frequency of calcium transients remains unchanged (FigS1). Indeed, prolonged AVA activation is congruent
with the increased tendency for reversals in aged animals.

Global neuronal activity becomes increasingly disorganized with age

We next sought to assess system-wide neuronal dynamics across the C. elegans lifespan. Using methods we
recently developed, we employed light-sheet microscopy to simultaneously capture the GCaMP6s signal from
120 neurons within the C. elegans head-region (Awal et al., 2020). Measurements were acquired from worms
atdays 1, 3, 6, 9, and 12 of adulthood with 10-20 animals per condition. We observed substantially more noise
at day 12, so experiments focused on day 9 as a robust senescent timepoint. Example results from individual
animals at day 1 and day 9 are shown in Figure 2A, while additional day 1, 3, 6, 9 and 12 examples are
displayed in Supplementary Figure S2. As we and others have observed previously (Kato et al., 2015), young
adult animals display a clear system-wide organization of neuronal dynamics, with large groups of neurons
showing correlated activity (Fig2A). The activity of such multi-neuron systems can be effectively presented
using Principal Component Analysis (PCA), where the first three principal components (typically representing
80-90% of the variation in the system) are visualized in a 3-dimensional plot. As illustrated in Figure 2C and
S2, neuronal activity in young adult animals typically traces out a smooth trajectory in such PCA plots, which
constitutes a well-defined activity manifold. Prior studies have demonstrated that regions along these traces
represent particular behavioral states of the animal (e.g. forward or backward movement or turning) that are
linked by smooth transitions between states (Kato et al., 2015) (Awal et al., 2020).

As C. elegans age, we observe a striking breakdown in the system organization. The lower panel of Figure 2A
displays typical neuron activity measured in day 9 old animals. Apparent transitions between global states
remain discernable by eye within the 120-neuron activity arrays. However, these states are less distinct and
appear prolonged. This change is reflected in the accompanying PCA plot in the lower panel of Figure 2C. In
contrast to the smooth transitions between repeating neuronal states observed in the young animal, this plot
displays a much more erratic trajectory, with no apparent overall organization. The contrast between neuronal
dynamics of young and old worms is further exemplified by the time correlation plots (Fig2B, S2). The neuronal
activity at each time point is compared to that at every other time point by calculating the relative distance in
activity space (see Methods). Blue represents two time points with very similar neuronal activity patterns while
red indicates significantly different neuronal activity patterns. In the young animal, there are a series of rapid
transitions away from the reference activity pattern (yellow, red regions) and also transitions back to similar
activity patterns (green, blue regions). In the older animal these dynamics break down. Transitions between
states are slower and more erratic. Additionally, the system does not readily return to previous activity patterns,
indicating a breakdown in the recurrence of these system states.

To further quantify the breakdown in system-wide dynamics, we measured the smoothness of the PCA
trajectories over time. At each time point we calculated the absolute change in direction as the discrete time
derivative of the tangential angle describing the trajectory. A smoothly curving trajectory will have small angular
changes in direction over time, while a completely stochastic, randomized trajectory will have equally
distributed changes in direction over the possible 180 degrees. Example probability histograms of angular
changes for individual worms are displayed in Figure 1C inset and Figure S2. Pooling all such measurements
from all trials taken at a particular age we generate an aggregate probability histogram of the angular
directional changes of PCA trajectory for each age (Fig2D). For young adult day 1 animals, this histogram is
highly skewed toward smaller angles, reflecting the smooth characteristic of the trajectories and temporal
continuity in the neuronal activity. As the animals age this bias is progressively lost, generating histograms with
more equal distributions across all angular changes reflecting erratic randomly changing trajectories. This
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increased stochasticity of the PCA traces across the population of animals with age reflects the gradual loss of
organization and temporal continuity in neuronal activity.

Aged neurons exhibit higher frequency activity and a specific loss of anti-correlativity

Within each ensemble of recorded neurons, it is possible to measure how individual neuron dynamics change
with age. Power spectral density (PSD) analyses have been extensively used to quantitatively describe
neuronal activity (Draguhn and Buzsaki, 2004) (Buzsaki and Watson, 2012). We generated normalized PSDs
for each of the 120 neurons imaged in each animal and averaged across all neurons measured within each
age group (see Statistical Methods). Overlaying these average spectra revealed a progressive shift in relative
power from low- to higher-frequencies with age (prominently from 0-0.05 to 0.10-0.15 Hz, respectively)
(Fig3A) This shift is further illustrated by plotting each age group’s cumulative power spectrum (Fig3A, insert).
To quantify this effect, we calculated the 40% spectral edge for each worm’s PSD (i.e. the frequency below
which 40% of the power resides, see Statistical Methods). We observed a progressive increase in the average
PSD 40% spectral edge with age (Fig3B).

The C. elegans nervous system possesses a subset of strongly connected neurons displaying highly
correlated or anti-correlated activities (Cook et al., 2019). Such connections are essential for the effective
organization and function of a nervous system. To measure changes in neuronal connectivity with age, we
calculated the signal correlativity between all possible neuron pairs among the 40 most dynamically active
neurons in each animal. We then pooled all correlation measurements at each age to generate an aggregate
probability histogram of neuron-neuron correlations (Fig3C). We observe a striking reduction in the proportion
of strongly anti-correlated neuron pairs with age. In contrast, the proportion of highly correlated neuron pairs
remains relatively stable. To quantify this effect, we calculated the proportion of neuron pairs demonstrating
strong negative or positive correlativity (i.e. the Negative and Positive Correlation Proportion, respectively) for
each worm and averaged by age (see Statistical Methods). We observe a significant reduction in the Negative
Correlation Proportion occurring as early as day 3 of adulthood and further progressing with age (Fig3D).
However, no change is observed in the Positive Correlation Proportion (Fig.3E). The loss of neuronal pairs that
are negatively correlated suggests a specific breakdown in inhibitory signaling with age, accompanied by a
shift in the excitatory/inhibitory balance of the nervous system.

Age-associated changes to neuronal dynamics are recapitulated in young unc-2 gain-of-function
mutant animals.

To investigate the molecular mechanisms that could underlie age-related changes in network behavior, we
considered candidate genes known to regulate excitatory/inhibitory balance. Mutations in the unc-2/CaV2a.
gene have been shown to alter the excitatory/inhibitory signaling balance in the C. elegans nervous system
(Huang et al., 2019). unc-2 encodes the C. elegans orthologue of the pore-forming alpha-1A subunit of the
voltage-dependent P/Q-type calcium channel (CACNA1A). Animals with the gain-of-function (gf) mutation unc-
2(zf35) show an increased rate of spontaneous reversals as young adults (Fig4A), strikingly similar to that of
aged wild-type animals. Multi-neuron imaging in gain-of-function unc-2(gf) animals, revealed striking similarities
between the neuronal dynamics of day 1 unc-2(gf) animals and those of older (day 9) wild-type animals. The
average power spectra of this mutant displays the shift from low- to high-frequency power that accompanies
wild-type aging as early as day 1 (Fig4B). Indeed, the 40% spectral edge is significantly increased at day 1 in
unc-2(gf) animals, relative to wild-type (Fig4C). The distribution of neuron-pair correlations was similarly
affected by the mutation, as the age-related changes were recapitulated at a younger age in unc-2(gf) animals
(Fig4D). The Negative Correlation Proportion is significantly decreased at day 1 in unc-2(gf) animals, relative to
wild-type (Fig4E), while the Positive Correlation Proportion is unchanged across ages and genotypes (data not
shown). Likewise, the temporal continuity of system activity in unc-2(gf) animals breaks down at an early age,
with the probability histogram of angular directional changes of PCA trajectory from day 1 unc-2(gf) worms
closely matching that of day 9 wild-type animals (Fig4F). These experiments demonstrate that UNC-2/CaV2a
gain-of-function results in increased crawling reversal rate and neuronal hyperactivity, a loss of inhibitory
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signaling, and disruption of system organization in young animals, all of which closely match the effects
observed with aging.

We next examined the canonical loss-of-function unc-2(e55) mutant strain recently shown to decrease the
neuronal excitatory/inhibitory balance in C. elegans (Huang et al.). Young adult unc-2(If) worms show lethargic
crawling behavior and a decreased spontaneous reversal rate throughout their lifespan (Fig4A). We performed
multi-neuronal imaging on the unc-2(If) animals at day 1 and day 9 of adulthood. We find that the PSD of unc-
2(If) animals shifts to higher frequencies to a far lesser extent with age (FigdB&C). Likewise, the 40% spectral
edge is trending lower at day 9, relative to wild-type (p = 0.06) (Fig4C). However, age-related changes to the
neuron-pair correlativity appear unaffected (Fig4D), as the Negative Correlation Proportion at day 9 remains
comparable to wild-type (Fig4E). Moreover, the breakdown in temporal continuity of system activity appears
largely unchanged with only a slight shift in the distribution of PCA angular directional changes at day 9
compared to wild-type (FigdF). Thus, UNC-2/CaV2a loss-of-function appears to preserve many, but not all
aspects, of neuronal signaling that are typically altered with age.

Age-associated changes to neuronal dynamics are partially rescued in aged ced-4 loss-of-function
mutants

During development, UNC-2 mediated calcium signaling has been directly linked to the removal of presynaptic
GABAergic complexes in C. elegans motor neurons (Miller-Fleming et al., 2016). This signaling triggers CED-3
caspase activity to degrade these presynaptic domains and is blocked by a loss-of-function mutation in its
upstream regulator CED-4/Apaf-1 (Miller-Fleming et al., 2016). To test if a similar process may be at work
during aging, we tested a loss-of-function ced-4(n1162) mutant strain in our imaging assays. In these animals
we did not observe the characteristic shift from low to high frequency in the neuronal activity PSD, resulting in
no significant change in the 40% spectral edge with age (FigbA&B). Likewise, the loss of strongly anti-
correlated neuron pairs with age was diminished (Fig5C). The Negative Correlation Proportion in ced-4 worms
is not significantly changed with age, when comparing days 1 and 9, and is significantly higher on day 9, as
compared to wild-type day 9 (Fig5D). Similar to the unc-2(If) mutant, the age-dependent breakdown in system-
wide temporal continuity was largely unchanged in ced-4 animals, with only a very mild shift in the distribution
of PCA angular directional changes at day 9 compared to wild-type (Fig5E). These results show striking
similarities to that of loss-of-function unc-2(If), suggesting that they may indeed contribute to the same cellular
processes affecting neuronal aging.

Agonizing GABAA receptors partially restores neuronal dynamics in aged worms

To verify that a breakdown in inhibitory GABA signaling plays an important role in the age-dependent changes
to neural dynamics, we applied the GABAa agonist muscimol to young adult and aged worms. We found that
acute muscimol application reshapes the neuronal activity PSD in a manner opposite to the effects of aging,
causing a shift from high to low frequency power in both young adult and aged animals and significantly
lowering the 40% spectral edge in day 9 animals (Fig6A&B). Unsurprisingly, there is no effect on the age-
dependent loss of negative correlation between neurons in muscimol-treated animals (Fig6C&D), as increased
inhibitory tone from an exogenous ligand should not affect neuronal connectivity. However, muscimol treatment
did somewhat rescue system organization in the aged animal, as PCA analysis reveals better temporal
continuity in neuronal dynamics (i.e. the distribution of PCA angular directional changes retains more bias
toward smaller angles in day 9 animals) (Fig6E). Taken as a whole, these results demonstrate that
pharmacological stimulation of GABAx signaling can counteract many of the age-dependent effects we
observe in C. elegans neuronal dynamics.

Long-lived daf-2 and neurodegenerative sel-12 mutations alter neuronal dynamics with age.

To further assess the effects of aging on neuronal dynamics, we examined a genetic strain with extended life-

span, as well as a strain displaying age-associated neurodegeneration. C. elegans harboring a loss-of-function
mutation within the insulin/ IGF-1 receptor orthologue daf-2 display robust longevity (Kenyon et al., 1993). daf-
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2 reversal behavior is curious, as young adults have been shown to display a high reversal rate that is
maintained with age (FigS3A) (Podshivalova et al., 2017). Imaging the AVA neuron individually, we find that
AVA activation and inactivation dynamics are fully preserved at day 9 (FigS3B-D), but the interneuron’s duty
ratio is still altered with age, similar to wild-type. (FigS3E). Performing multi-neuronal imaging, we find that daf-
2 mutation appears to prevent or delay some but not all characteristics of normal aging. The shift in neuronal
activity towards higher frequencies (Fig7A) appears to be diminished, with the 40% spectral edge of day 9 daf-
2 worms showing no significant difference from day 1 daf-2 and trending lower than day 9 wild-type animals (p
= 0.13) (Fig7B). Likewise, age-dependent breakdown in system-wide temporal continuity was somewhat
diminished in daf-2 animals, with the distribution of PCA angular directional changes retaining more bias
toward smaller angles (Fig71). However, the loss of strongly anti-correlated neuron pairs with age was
unaffected by daf-2 mutation, with the Negative Correlation Proportion changing with age comparably to wild-
type (Fig7E&F).

Mutations in the C. elegans orthologue to presenilin PSEN2, sel-12, were recently shown to display functional
and anatomical neurodegeneration during early life (Sarasija et al., 2018). Performing multi-neuronal imaging,
we found the average neuronal activity PSD of young day 1 sel-12 worms is highly similar to that of aged day 9
wild-type animals (Fig7C). Young sel-12 animals also display decreased anti-correlativity between neuron-
pairs, and a reduced Negative Correlation Proportion, similar to that of day 9 wild-type animals (Fig7G&H).
Interestingly, they also display a reduction in strongly correlated neuron pairs that we do not see in wild-type at
any age, (Fig7G). Finally, we found a large effect on system-wide dynamics and temporal continuity, with the
distribution of PCA angular directional changes for sel-12 day 1 and day 3 animals closely matching that of day
9 wild-type animals (Fig7J). These findings demonstrate distinct parallels in the neuronal dynamics in the
context of sel-12 neurodegeneration and that of healthy neuronal aging.

DISCUSSION

Despite the simplicity of the C. elegans nervous system, it has demonstrated the capacity to mediate a variety
of complex behaviors, such as chemotaxis and associative learning, which exhibit age-associated decline
(Glenn et al., 2004) (Kauffman et al., 2010). We are beginning to gain insight into the alterations of the nervous
system that underlie this functional decline with age, including changes to neurite ultrastructure (Pan et al.,
2011) (Tank et al., 2011) (Toth et al., 2012), synaptic transmission (Liu et al., 2013) (Mulcahy et al., 2013), and
basal activity and excitability of specific neurons (Chokshi et al., 2010) (Liu et al., 2013) (Leinwand et al., 2015)
(Zullo et al., 2019) (Huang et al., 2020). In this study, we expand these efforts to include advanced multi-
neuron fluorescence imaging that captures the activity dynamics across large swaths of the nervous system at
single-cell resolution. Measuring global neural activity in aged C. elegans revealed novel age-associated
changes in neuronal signaling and activity that underlie the decline in system dynamics and organization.

With age, we observe a striking breakdown in system-wide organization and temporal continuity of neuronal
dynamics. This decline includes a loss of well-defined and recurrent system states observed in young adult
animals that can be visualized using both principal component trajectories (Fig2C, S2) and time correlation
heatmaps (Fig2B, S2). While young worms display bouts of rapid transitions between repeated states, old
worms appear to dwell for longer periods of time in less-defined states, transition slowly between states, and
do not efficiently return to prior states. These age-associated changes in global system dynamics are
congruent with the prolonged calcium transients and slower state transitions we observe in the AVA command
interneuron (Fig1F-l). Moreover, the principal component trajectories of older animals display progressively
more random, erratic changes in direction over short time-periods, as measured by the distribution of angular
changes (Fig2D). These observations are reflective of a system that has lost temporal continuity and no longer
adheres to a well-defined activity manifold. Interestingly, the most dramatic changes in system organization
occur as early as day 3 of adulthood, suggesting that breakdown of system-wide state dynamics begins
remarkably early in the aging process.
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We observe a progressive reduction in anti-correlated neuronal activity with advancing age in C. elegans
(Fig3C). However, this is not accompanied by a loss of positive correlativity, resulting in a specific loss of
inhibitory signaling with age that shifts the of excitatory/inhibitory balance toward excitation (Fig3D&E). Again,
these effects begin as early as day 3 of adulthood. Maintaining an appropriate excitatory/inhibitory balance is
essential to the health and function of the nervous system. Increased excitability has been associated with
aging in higher order species (Richardson et al., 2013) (Schmidt et al., 2010) (David-Jurgens and Dinse, 2010)
(Cheng and Lin, 2013) (Potier et al., 2006), and also many neurological diseases, such as Alzheimer’s disease
(Vico Varela et al., 2019), migraines (Vecchia and Pietrobon, 2012), and epilepsy (Fritschy, 2008). We also
observe a concurrent increase in neuronal activity in aged worms, measured as a shift toward higher frequency
dynamics (Fig3A&B). Interestingly, this shift in frequency power occurs primarily after the loss of inhibitory
signaling, sometime between day 3 and 6 of adulthood. The clinical relevance of such findings is highlighted by
a recent study that ties decreased neuron excitability to longevity, both in humans and C. elegans (Zullo et al.,
2019). Our results here demonstrate that shifts in the excitatory/inhibitory balance in C. elegans with age are
not due to increased excitatory signaling but rather a distinct loss of inhibitory signaling.

In C. elegans, the presynaptic voltage-gated calcium channel UNC-2/CaV2a has been shown to modulate the
excitatory/inhibitory balance of the nervous system. Specifically, unc-2 gain-of-function (gf) has a differential
effect on excitatory versus inhibitory signaling at the neuromuscular junction, with increased cholinergic
signaling and reduced GABAergic signaling (Huang et al., 2019). Moreover, young unc-2 gain-of-function
mutants display multiple characteristics similar to those of aged wild-type worms. These mutants initiate
spontaneous reversals more frequently than their wild-type counterparts (Fig4A) (Huang et al., 2019) and also
demonstrate an increased sensitivity to aldicarb (a nematode cholinesterase inhibitor), reflecting an increase in
neuromuscular acetylcholine signaling (Huang et al., 2019). These characteristics are also observed in aged C.
elegans (Glenn et al., 2004) (Podshivalova et al., 2017) (Mulcahy et al., 2013). Upon examining young day 1
unc-2 gain-of-function worms using our own imaging techniques, we observe a breakdown in system
organization and shifts in neural dynamics that are strikingly similar to those in wild-type day 9 senescent
animals. This is true across all metrics: spectral power (FigdB&C), neuronal correlativity (Fig4dD&E), and
system organization as measured by the angular changes in principal component trajectory (Fig4F).
Meanwhile, in unc-2 loss-of-function (If) mutants, we observe a partial rescue of such age-associated changes,
primarily with respect to spectral power (Fig4B&C).

Huang et al. demonstrated that unc-2 gain-of-function leads to a reduction in GABAergic signaling at the
neuromuscular junction. Moreover, they found that these mutant animals were partially resistant to the GABAa
agonist muscimol (Huang et al., 2019). Mammalian studies have shown diminished prominence and functional
integrity of inhibitory y-aminobutyric acid (GABA) synapses with age (McQualil et al., 2015) (Rozycka and
Liguz-Lecznar, 2017). We therefore assessed the effects of acute muscimol exposure in senescent wild-type
worms. We find that application of the drug reshapes the power spectral density in a manner antithetical to the
effects of aging, restoring low frequency power and reducing high frequency power in aged day 9 worms.
Interestingly, muscimol has a comparable effect on young day 1 animals (Fig6A&B). Muscimol application also
partially restores system-wide organization and temporal continuity in day 9 worms (Fig6E). While we do not
observe any effects on neuronal correlativity (Fig6C&D), this is unsurprising, as we would not expect increased
inhibitory tone from an exogenous ligand to affect neuronal connectivity. Overall, these results demonstrate
that the changes in neuronal dynamics and activity with age can be effectively reduced by increased GABA
signaling, further suggesting that the loss of inhibitory signaling with age contributes to early neuronal decline.

The UNC-2/CaV2a channel has been directly tied to the removal of GABAergic synapses in Dorsal D-type
motor neurons during development (Miller-Fleming et al., 2016). This process appears to be partially reliant
upon calcium-mediated CED-4/Apaf-1 signaling. CED-4/Apaf-1 is a key mediator of the conserved apoptotic
caspase pathway which has been shown to contribute to the removal of presynaptic domains in C. elegans
(Meng et al., 2015) (Miller-Fleming et al., 2016), synapse elimination in higher order species (Erturk et al.,
2014) (Wang et al., 2014) (Li et al., 2010), and more substantial neuronal remodeling, such as regeneration
following injury (Pinan-Lucarre et al., 2012) (Wang et al., 2019). We find that suppression of the caspase
activator CED-4 reduces age-associated decline in neuron dynamics in a manner similar to that of unc-2 loss-
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of-function (If) mutation. Ced-4 mutation prevents the shift in spectral power toward higher frequencies in day 9
animals (FigbA&B) and also substantially reduces the loss of inhibitory signaling, helping to maintain the
excitatory/inhibitory balance (FigsC&D). However, any effects on system organization are minimal (FigSE). Our
results thus far suggest that a pathway involving UNC-2/CaV2c. mediating calcium activation of caspases
could play a non-apoptotic role in neuronal aging, resulting in progressive degradation of inhibitory signaling
with age. Further investigations will be needed to elucidate additional components and mechanisms of this
pathway.

Finally, we found that many aspects of neuronal dynamics in C. elegans are preserved in long-lived animals
but exhibited premature decline in a neurodegenerative model. daf-2 is a well-studied model for longevity in C.
elegans that acts through the silencing of the insulin signaling pathway. Importantly, daf-2 animals also display
extended “healthspan” with preserved behavioral traits and mobility later in life (Podshivalova et al., 2017).
Correspondingly, we find that the frequency dynamics of neuronal activity and system-wide dynamics are
partially preserved in daf-2 animals, while neuronal correlativity is not, demonstrating that specific aspects of
neuronal aging are mitigated by silencing of the insulin/ IGF-1 pathway. In contrast, recent work in C. elegans
has shown that loss of sel-12 leads to disruptions in calcium homeostasis, eliciting mitochondrial dysfunction
and neurodegeneration during early life (Sarasija et al., 2018). Importantly, sel-12 encodes the C. elegans
orthologue to mammalian presenilin PSEN2, mutations of which are directly associated with familial early onset
Alzheimer’s disease (Cruts and Van Broeckhoven, 1998). We find that sel-712 animals prematurely display
many attributes of age-associated neuronal dynamics, including loss of inhibitory signaling, higher dynamic
frequencies, and the disruption of system-wide organization and continuity. Interestingly, they also display a
decrease in strongly correlated neuron pairs that we do not observe in normal aging, suggesting changes in
neuron-connectivity that are unique to sel-12 neurodegeneration. Our findings highlight the similarities and
differences in neuronal dynamics between normal aging and this neurodegenerative context.

In this study, we have performed the first comprehensive assessment of activity dynamics across a large swath
of the aging C. elegans nervous system. Our results highlight the conserved similarities with neuronal aging in
mammals and further C. elegans as a robust model for the study of functional neuronal decline in aging and
neurodegenerative diseases. Our unique measurements allow us to link a breakdown in system-wide
organization and dynamics to changes in individual neuron activity and signaling. We identify a loss of
inhibitory signaling as a key element of early aging resulting in disruption of excitatory/inhibitory neuronal
homeostasis. These changes appear to involve UNC-2/CaV2a and CED-4/Apaf-1 signaling and are mitigated
by application of a GABAAa agonist. With this study, we determine how changes in neuronal signaling and
activity drive age-related decline in nervous system dynamics and begin to identify the underlying cellular
processes. Our work provides a powerful system for the understanding of the genetic and circuit-level
underpinnings of normal aging and neuropathological states.

MATERIALS AND METHODS
C. elegans Strains and Maintenance

Hermaphrodite C. elegans were maintained at 20°C on nematode growth medium (NGM)-agarose plates
coated with food-source Escherichia coli strain OP50. Experiments were performed on Days 1, 3, 6, 9, and 12
of nematode adulthood. Age-synchronization was accomplished via timed egg-lays, during which gravid adults
were allowed to lay eggs on NGM plates for a period of 2 h, before removal. Adult worms were regularly
transferred to fresh plates, as needed, to prevent starvation and to separate the aging adults from their
progeny, except when aged on plates containing 50 uM 5-Fluoro-2'-deoxyuridine (FUdR) specifically for
Spontaneous Reversal Rate behavioral experiments. Confocal microscopy and associated behavioral
experiments were performed using the transgenic strain QW1574 (lite-1[ce314], zfis146[nmr-
1::NLSwCherry::SL2::GCaMP&6s, lim-4(-3328-2174)::NLSwCherry::SL2::GCaMP6s, Igc-55(-120-
773)::NLSwCherry::SL2::GCaMP6s, npr-9::NLSwCherry::SL2::GCaMP6s] #18.9 [from zfex696]), which
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expresses the nuclear-localized red fluorescent protein NLSwCherry and cytoplasmic calcium-sensitive green
fluorescent protein GCaMP6s in eight pairs of premotor interneurons (AVA, AVB, AVD, AVE, AIB, RIM, RIV,
and PVC) in an otherwise unmodified wild-type N2 background (Awal et al., 2018). When indicated, behavioral
and confocal experiments were performed using QW1574 worms that had been crossed with the long-lived
strain CB1370 (daf-2[e1370]), which harbors a suppressive mutation within the daf-2 insulin/ insulin-like growth
factor 1 receptor orthologue. Light-sheet microscopy and associated behavioral experiments were performed
using the transgenic strain QW1217 (zfls124[Prgef-1::GCaMP6s]; otls355[Prab-3::NLS::tagRFP]), which pan-
neuronally expresses nuclear-localized tagRFP and cytoplasmic GCaMP6s. When indicated, light-sheet
microscopy and associated behavioral experiments were performed using QW1217 worms that had been
crossed with strain CB1370 (daf-2[e1370]), CB55 (unc-2[e55]), QW37 (unc-2[zf35]), MT2547 (ced-4[n1162]) or
ANB87 (sel-12[ty11]). CB55 and QW37 harbor loss- and gain-of-function mutations, respectively, within the
CaV2 channel a1 subunit UNC-2. MT2547 harbors a suppressive mutation within CED-4, a key caspase
activator within the conserved apoptotic cell-death pathway and homolog to Apaf-1. AN87 harbors a mutation
which introduces a premature stop codon within the PSEN2 (presenilin 2) orthologue SEL-12. The following
strains and crosses were generated in the laboratory of Dr. Mark Alkema (University of Massachusetts Medical
School, Worcester, Massachusetts): QW1574, QW1217, QW1319 (QW1217; CB55), and QW1348 (QW1217;
QW37). The following strains were obtained from the Caenorhabditis Genetics Center (University of
Minnesota, Minneapolis, Minnesota): CB55 (unc-2[e55]), MT2547 (ced-4[n1162]), CB1370 (daf-2[e1370]), and
ANB87 (sel-12[ty11]).

Behavior

All C. elegans behavior was assessed in a food-free environment. Spontaneous Reversal Rate: Immediately
before transfer to food-free NGM-agarose plates, worms were washed 3x in 1 x S-Basal solution (100 mM
NaCl, 50 mM KPOs buffer, 5 ug/ml cholesterol) to remove bacteria. Animals were then left undisturbed for 10
minutes on clean plates, before assessment. Crawling behavior was video recorded and subsequently
analyzed using ImagedJ (Rueden et al., 2017). The spontaneous reversal rates of individual animals were
determined by counting the number of spontaneous reversals initiated during timeframes ranging from 2 to 10
minutes. Anterior Touch Responsiveness: To facilitate the removal of bacteria, worms were moved to fresh
NGM-agarose plates (without bacteria) and allowed to crawl around for 5 min. This was repeated once more,
before animals were transferred to a third and final plate, where they were left undisturbed for 10 min prior to
behavioral assessments. Individual animals, locomoting in a forward direction, were stroked with an eyelash
across the anterior portion of their bodies a total of 5 times, with a recovery period of at least 5 min between
stimuli. Animals were scored as responsive or non-responsive to a given stimulus, if a movement reversal was
elicited or not, respectively. Worm populations were blinded to experimenters performing behavioral
measurements.

Confocal Microscopy

Confocal fluorescence microscopy was performed as previously described (Wirak et al., 2020) to capture
spontaneous in vivo activity of the premotor interneuron AVA. In short, worms were briefly paralyzed in 5 mM
tetramisole immediately prior to encasement in a transparent and permeable polyethylene hydrogel (Burnett et
al., 2018). AVA was then imaged for 10 minutes at a rate of 4 images/second and its activity dynamics
captured via calcium indicator GCaMP6s fluorescence. Nuclear-localized RFP fluorescence was captured in
parallel, to facilitate downstream image registration.

Light-sheet Microscopy

Light-sheet microscopy and imaging preparation were performed as previously described (Awal et al., 2020), to
capture spontaneous in vivo neural activity within the animal’s entire head-region at single-cell resolution.
Minor changes in protocol include the covalent attachment of the crosslinked polyethylene hydrogel to a
silanized glass coverslip (prepared as described (Burnett et al., 2018)), instead of hydrogel-coverslip
attachment via cyanoacrylate ester. Briefly, following hydrogel encapsulation, worms were placed in a Petri

-9.-


https://doi.org/10.1101/2021.07.07.451497

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.07.451497; this version posted July 8, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Age-related loss of inhibitory signaling in C. elegans.

dish and immersed in 1 x S-Basal solution (100 mM NaCl, 50 mM KPO; buffer, 5 ug/ml cholesterol) with 5 mM
tetramisole. Imaging was performed using a Dual Inverted Selective Plane lllumination (diSPIM) fluorescence
microscope (Applied Scientific Instrumentation, USA) with water immersion 0.8 NA 40x objectives (Nikon USA,
Melville, NY). Each animal was imaged for 10 minutes at a rate of 2 volumes/second (voxel size 0.1625 x
0.1625 x 1 uym), capturing both nuclear-RFP and cytoplasmic-GCaMP6s fluorescence. Custom Python and
MATLAB (Mathworks, USA) scripts were employed during postprocessing to track 120 RFP-labelled nuclei per
animal in three dimensions and extract GCaMP6s signals from the surrounding somas. When indicated, the 1
x S-Basal solution in which the animals were immersed was supplemented with 1 mM muscimol.

Data Analysis

All GCaMP&6s fluorescence intensity traces were normalized AF/Fy (i.e. the change in fluorescence above
baseline, divided by that baseline). AVA Activity: From the normalized AVA activity traces, calcium transient
onsets (i.e. on transitions) and offsets (i.e. off transitions) were manually identified by clear rises and falls in
GCaMP6s fluorescence intensity. As previously described (Wirak et al., 2020), nonlinear fitting of hyperbolic
tangent functions to these on and off transitions facilitated the unbiased analysis of activity state transition
properties and eliminated noise. To determine the Rise Time of a given on transition, its fitted function was
used to calculate the time required to rise from 5% of the maximum fluorescence above baseline to 95%. Off
transition Fall Times (i.e. the time required to fall from 95% to 5% of the max fluorescence above baseline)
were similarly determined. Average on and off transition plots were generated by aligning individual traces
such that the calculated 5% max(AF/Fo) and 95% max(AF/Fo) positions, respectively, aligned at the same
frame, prior to averaging. To determine the proportion of time that AVA was active versus inactive, its duty ratio
was calculated. This was done by summing the calcium transient durations for a given GCaMP6s trace and
dividing by the total length of the trace (i.e. 10 minutes). The duration of a given calcium transient was defined
as the time difference between the first frame of its onset and the first frame of its offset. Multi-neuron
Activity: Each imaging condition consists of 10-20 animals, with activity traces pulled from 120 neurons per
animal. Principal component analysis was performed on the normalized fluorescence traces (AF/Fo) and PCA
figures generated by plotting the first three principle components on a 3D graph to generate a trajectory over
time. Smoothness of these trajectories over time was assessed by calculating the instantaneous change in
direction at each time point, i.e. the absolute angular difference between the tangential direction over the past
three seconds and that of the future three seconds. This calculation amounts to a discrete time derivative of
the tangential angle describing the trajectory defined within an intrinsic co-ordinate system and is widely used
in analyzing 3-dimensional trajectories. Probability histograms for individual animals (trials) or across all trials
of a specific condition where generated by pooling the measurements of angular change from all timepoints
within that/those trial(s). Prior to further analyses, time differentials were calculated from normalized activity
arrays using total-variation regularization (Chartrand, 2011). To calculate mean power spectral densities
(PSDs) for each condition (Fig3A), PSDs were generated for each worm’s 120-neuron activity array, by Fourier
transformation, and then averaged. To account for potential age-dependent changes in GCaMP6s expression
and reporter function, these average PSDs were then normalized such that the total power of each is equal to
1. Average PSDs are alternatively displayed as cumulative PSD plots (Fig3A, inset), displaying the proportion
of power residing below a given frequency. Relative shifts in PSD power were quantified by calculating for
each condition the average 40% spectral edge (i.e. the frequency below which resides 40% of the total spectral
power) (Fig3B). This was done by averaging each worm’s 40% spectral edge. This particular spectral edge
was chosen because it demonstrated the most prominent age-dependent shift in wild-type animals. Neuron-
neuron correlativity was further determined for each possible neuron pair among the 40 most dynamically
active neurons (i.e. those having the greatest standard deviation in neuronal signal) within a given worm’s 120-
neuron activity array. This was calculated between the GCaMP6s fluorescence time differentials of the two
neurons. The 40 most dynamically active neurons were specifically examined in order to focus on those
exhibiting highly dynamic, as opposed to static, activity. Neuron pair correlativity probability histograms (Fig3C)
were generated for each condition by pooling all neuron-neuron correlativity values across all animals. To
determine the proportion of neuron pairs exhibiting strong negative correlativity, the Negative Correlation
Proportion (i.e. the proportion of correlativity values less than -0.2) (Fig3D) was calculated for each animal and
averages generated for each condition. Likewise, to determine the proportion of neuron pairs exhibiting strong
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positive correlativity, the Positive Correlation Proportion (i.e. the proportion of correlativity values greater than
0.2) (Fig3E) was calculated for each animal and averages generated for each condition.

Statistical Methods

One-way ANOVA analyses were initially performed for each metric, across all conditions. Metrics were then
compared across all conditions, between figures, with post hoc Sidak multiple comparisons tests. Wild-type
data displayed in the figures is the same data set and is displayed versus the relevant data for that figure.
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LEGENDS (FIGURES)

Figure 1: Activity dynamics of the AVA command interneuron with age. (A) Travel paths of two and three
C. elegans, respectively, on day 1 and day 9 of adulthood (over 30 seconds). (B) Spontaneous reversal rates
of adult worms of various ages, normalized to day 1 frequency. (Fordays 1, 3,6,and 9, n =9, 18, 22, and 14
animals, respectively). (C) Anterior touch responsiveness in adult worms of various ages. Responsiveness
denotes how often an eyelash drawn across the anterior portion of an animal’s body elicited a reversal (see
Methods). (For days 1, 3, 6, 9, and 12, n = 20, 44, 53, 53, and 33 animals, respectively). (D) Transgenic
expression of the calcium-sensitive green fluorescent protein GCaMP6s in the command interneuron AVA. (E)
GCaMP calcium transients measured from the AVA interneuron acquired from animals at day 1 and 9 of
adulthood. (F) Average AVA GCaMP fluorescence transient onsets and offsets in day 1 and 9 worms (shaded
areas delineate the standard error of the mean). (For day 1 and 9 onsets, n = 37 and 38 traces from 20 and 16
animals, respectively. For day 1 and 9 offsets, n = 33 and 32 from 19 and 14 animals, respectively). (G, H) The
average rise time (i.e. transient time from a “ON” transition from 5% to 95% of maximum fluorescence) and
average fall time (95% to 5%) Of AVA GCaMP fluorescence transients at various ages. (For day 1, 3, 6, 9, and
12 onsets, n = 37, 34, 36, 38, and 43 traces from 20, 13, 13, 16, and 14 animals, respectively. For day 1, 3, 6,
9, and 12 offsets, n = 33, 24, 28, 32, and 29 traces from 20, 11,11, 14, and 13 animals, respectively. (I) Duty
ratio of AVA fluorescence, defined as the proportion of time that AVA is active versus inactive (see Methods).
(Fordays 1, 3,6, 9, and 12, n = 21, 13, 13, 12, and 16 animals, respectively). Error bars denote standard error
of the mean. *P < 0.05; ** P < 0.01; *** P < 0.001, Sidak post hoc test.

Figure 2. Breakdown of system dynamics and state organization with age. (A) Example traces of 120-
neuron GCaMP fluorescence measurements, captured in the head-region of a day 1 young adult and a day 9
senescent worm (blue and red represent low and high fluorescence respectively). (B) Time correlation
heatmaps derived of the fluorescence measurements in A. The relative distance in activity space is calculated
between every pair of time points in the trial (see Methods) indicated by color (blue indicates zero, red
indicates maximal distance). (C) 3-dimensional plots displaying the trajectories of the first three principal
components derived from fluorescence measurements in A. Insets are probability histograms of the angular
directional changes for those principal component trajectories (see Methods). (D) Aggregate probability
histograms of the angular directional changes in principal component trajectories for all animals measured at
various ages. (For D, n = 20, 10, 10, 20, 10 animals for days 1, 3, 6, 9, and 12, respectively).

Figure 3. Neuron activity dynamics and correlation with age. (A) Mean power spectral densities (PSDs)
derived from the fluorescence traces of individual neurons measured at various ages. Inset: cumulative PSD
plots, display the proportion of power residing below a given frequency. (B) Mean 40% spectral edges across
neuron PSDs at various ages, denoting the average frequency below which resides 40% of the total spectral
power. (For A and B, n = 120 neurons per animal with 20 animals per condition). (C) Aggregate probability
histograms of neuron-pair correlativity among the 40 most dynamically active neurons, in worms atday 1 and 9
of adulthood (see Methods). (D) The Negative Correlation Proportion, denoting the measured proportion of
strongly negative neuron-pair correlativity values (<-0.2). (E) The Positive Correlation Proportion, denoting the
measured proportion of strongly positive neuron-pair correlativity values (>0.2). (For C-E, n = 40 neurons per
animal with 20, 10, 10, 20, and 10 animals for days 1, 3, 6, 9, and 12, respectively). Error bars denote standard
error of the mean. *P < 0.05; ** P < 0.01; *** P < 0.001, Sidak post hoc test.

Figure 4. Neuron activity dynamics of unc-2 mutant animals with age. (A) Spontaneous reversal rates of
wild-type worms, unc-2(e55) loss-of-function (If) mutant worms, and unc-2(zf35) gain-of-function (gf) mutant
worms on days 1 and 6 of adulthood. (On days 1 and 6, n = 28 and 26 for wild-type worms, 26 and 26 for unc-
2(If) worms, and 25 and 22 for unc-2(gf) worms, respectively). (B) Mean power spectral densities (PSDs) of the
neuron GCaMP fluorescence in wild-type, unc-2(If), and unc-2(gf) worms on days 1 and 9 of adulthood. Insert:
cumulative PSD plots. (C) Mean 40% spectral edges of the individual PSDs used to generate graphs in B. (For
B and C, n = 120 neurons per animal with 17-20 animals per condition). (D) Aggregate probability histograms,
and (E) the Negative Correlation Proportion, of neuron-pair correlativity among the 40 most dynamically active
neurons, in wild-type, unc-2(If), and unc-2(gf) worms on days 1 and 9 of adulthood. (For D and E, n = 40
neurons per animal with 17-20 animals per condition). (F) Aggregate probability histograms of the angular
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directional changes in PCA trajectories for wild-type, unc-2(If), and unc-2(gf) worms on days 1 and 9 of
adulthood. (Each PCA trajectory was generated with 120 neurons per animal with 17-20 animals per
condition). Error bars denote standard error of the mean. *P < 0.05; ** P < 0.01; *** P < 0.001, Sidak post hoc
test.

Figure 5. Ced-4 mutation diminishes age-associated changes in neuronal dynamics. (A) Mean power
spectral densities (PSDs) of the neuron GCaMP fluorescence traces in wild-type and ced-4(n1162) loss-of-
function worms on days 1 and 9 of adulthood. Insert: cumulative PSD plots (B) Mean 40% spectral edges of
the individual PSDs used to generate graphs in A. (For A and B, n = 120 neurons per animal with 18-20
animals per condition). (C) Aggregate probability histograms, and (D) the Negative Correlation Proportion, of
neuron-pair correlativity among the 40 most dynamically active neurons, in wild-type and ced-4 worms on days
1 and 9 of adulthood. (For C and D, n = 40 neurons per animal with 18-20 animals per condition). (E)
Aggregate probability histograms of the angular directional changes of PCA trajectories for wild-type and ced-4
worms on days 1 and 9 of adulthood. (Each PCA trajectory was generated with 120 neurons per animal with
18-20 animals per condition). Error bars denote standard error of the mean. *P < 0.05; ** P <0.01; ** P <
0.001, Sidak post hoc test.

Figure 6. Acute muscimol application rescues several age-associated changes in neuron dynamics. (A)
Mean power spectral densities (PSDs) of the neuron GCaMP fluorescence traces in untreated and muscimol-
treated animals on days 1 and 9 of adulthood. Insert: cumulative PSD plots. (B) Mean 40% spectral edges of
the individual PSDs used to generate graphs in A. (For A and B, n = 120 neurons per animal with 17-20
animals per condition). (C) Aggregate probability histograms, and (D) the Negative Correlation Proportion, of
neuron-pair correlativity among the 40 most dynamically active neurons, in untreated and muscimol-treated
worms on days 1 and 9 of adulthood. (For C and D, n = 40 neurons per animal with 17-20 animals per
condition). (E) Aggregate probability histograms of the angular directional changes of PCA trajectories in
untreated and muscimol-treated worms on days 1 and 9 of adulthood. (Each PCA trajectory was generated
with 120 neurons per animal with 17-20 animals per condition). Error bars denote standard error of the mean.
ns P > 0.05; *P < 0.05; ** P < 0.01; ** P < 0.001, Sidak post hoc test.

Figure 7. Effects of long-lived daf-2 mutation and neurodegenerative sel-712 mutation on age-associated
changes in neuronal dynamics. (A&C) Mean power spectral densities (PSDs) of the neuron GCaMP
fluorescence traces in wild-type, daf-2(e1370) loss-of-function, and sel-12(ty11) truncation worms on days 1, 3,
and 9 of adulthood. Insert: cumulative PSD plots (B&D) Mean 40% spectral edges of the individual PSDs used
to generate graphs in A. (For A and B, n = 120 neurons per animal with 18-20 animals per condition). (E&G)
Aggregate probability histograms, and (F&H) the Negative Correlation Proportion of neuron-pair correlativity
among the 40 most dynamically active head-region neurons, in wild-type, daf-2, and sel-12 worms on days 1
and 9 of adulthood. (For C and D, n = 40 neurons per animal with 18-20 animals per condition). (1&J)
Aggregate probability histograms of the angular directional changes of PCA trajectories for wild-type, daf-2,
and sel-12 worms on days 1, 3, and 9 of adulthood. (Each PCA trajectory was generated with 120 neurons per
animal with 18-20 animals per condition). Error bars denote standard error of the mean. *P < 0.05; ** P < 0.01;
*** P < 0.001, Sidak post hoc test.
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LEGENDS (SUPPLEMENTAL FIGURES)

Figure S1: AVA calcium transient frequency and duration. GCaMP calcium transient (A) frequency and (B)
duration in the AVA interneuron. (For days 1, 3, 6, 9, and 12 onsets, n = 21, 13, 13, 12, and 16 animals,
respectively). Error bars denote standard error of the mean. *P < 0.05; ** P < 0.01; *** P < 0.001, Sidak post
hoc test.

Figure S2: Multi-neuron activity from individual worms with age. From left to right column: Example traces
of 120-neuron GCaMP fluorescence measurements, captured in the head-region of individual adult worms at
various ages (blue and red represent low and high fluorescence respectively). Time correlation heatmaps
derived of the fluorescence measurements in the 120-neuron GCaMP arrays, where the relative distance in
activity space is calculated between every time point (see Statistical Methods) (blue represents two time points
with very similar neuronal activity patterns while red indicates significantly different neuronal activity patterns).
3-dimensional plots displaying the trajectories of the first three principal components derived from fluorescence
measurements in the 120-neuron GCaMP arrays. Probability histograms of the angular directional changes for
those principal component trajectories (see Statistical Methods) (histograms highly skewed toward low angular
changes reflect plots with smooth trajectories over time, whereas histograms with a broader distribution of
angular changes reflect plots with erratic trajectories).

Figure S3. AVA activity dynamics in daf-2 mutant animals with age. (A) Spontaneous reversal rates of
wild-type and daf-2 worms at day 1 and 6 of adulthood. (For wild-type days 1 and 6, n = 28 and 26 animals,
respectively. For daf-2 days 1 and 6, n = 38 and 20 animals, respectively). (B) Average AVA GCaMP
fluorescence transient onsets and offsets in day 1 and 9 daf-2(e1370) worms (shaded areas delineate the
standard error of the mean). (For day 1 and 9 onsets, n = 12 and 30 traces from 7 and 15 animals,
respectively. For day 1 and 9 offsets, n = 15 and 29 from 8 and 12 animals, respectively). (C, D) The average
rise time (i.e. transient time from a “ON” transition from 5% to 95% of maximum fluorescence) and average fall
time (95% to 5%) Of AVA GCaMP fluorescence transients at various ages. (For wild-type day 1 and 9 onsets,
n = 37 and 38 traces from 20 and 16 animals, respectively. For daf-2 day 1 and 9 onsets, n = 12 and 29 traces
from 7 and 14 animals, respectively. For wild-type day 1 and 9 offsets, n = 33 and 32 traces from 20 and 14
animals, respectively. For daf-2 day 1 and 9 offsets, n = 15 and 29 traces from 8 and 12 animals, respectively.
(E) Duty ratio of AVA fluorescence, defined as the proportion of time that AVA is active versus inactive (see
Statistical Methods). (For wild-type day 1 and 9, n = 21 and 12 animals, respectively. For daf-2 day 1 and 9, n
=15 and 15 animals, respectively). Error bars denote standard error of the mean. *P < 0.05; ** P < 0.01; *** P
< 0.001, Sidak post hoc test.
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