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Abstract

Aging is a complex biological process influenced by environmental, genetic, and
physiological factors. Recent progress in aging research indicates that diverse environmental
stressors, including changes in nutrient supply, oxygen levels, and temperature, can significantly
improve health and extend lifespan across species. The beneficial effects of these environmental
stressors are frequently mediated by cell nonautonomous signaling, where sensory cells relay
critical information to peripheral tissues to initiate a protective stress response. Intriguingly,
activating these neural pathways can enhance health and longevity even when external stressors
are not present. Understanding the pathways that regulate aging, particularly those involving cell
nonautonomous signaling, is crucial for developing effective treatments that promote healthspan
and lifespan. This dissertation explores how sensory perception and neural circuits influence
longevity, health, and behavior using Caenorhabditis elegans as a model organism.

This work first examines the interaction between sensory perception and dietary
restriction (DR), a well-established longevity intervention. I demonstrate that tactile cues
resembling bacterial food disrupt the lifespan extension provided by DR. This effect relies on
primary mechanoreceptors and downstream neurotransmitters, including dopamine and tyramine,
as well as neuropeptides like insulin and GnRH. These findings reveal a novel sensory pathway
linking touch to systemic longevity regulation, emphasizing the role of neural sensory perception
in aging. My collaborators and I then investigate the response to low oxygen, or hypoxia, another

environmental longevity intervention. Hypoxia-induced longevity requires serotonin signaling

xvil



through ADF serotonergic neurons and SER-7 receptor activity in RIS interneurons. This
pathway also engages additional neuromodulators, such as tyramine, GABA, and NLP-17. By
dissecting these molecular mechanisms, we identify potential therapeutic targets for neural aging
interventions, such as modulating hypoxic signaling components in specific neuronal subsets to
minimize adverse effects.

In addition to signaling from the nervous system to peripheral tissues in longevity
pathways, I also explore cell nonautonomous signals originating from peripheral tissues and
modifying the nervous system. This retrograde signaling is explored in the context of fino-2, a
gene involved in longevity and metabolism. My collaborators and I find that altering fino-2
expression affects exploratory behavior through modifying tryptophan metabolism, linking broad
metabolic changes to altered neural signaling. Normal exploratory behavior can be restored in
fmo-2 mutants through modifying serotonin and quinolinic acid synthesis, highlighting the
interconnectedness of metabolism, behavior, and longevity, while also illustrating the challenges
posed by pleiotropic effects in longevity interventions.

Finally, this dissertation addresses methodological challenges in C. elegans research. By
developing a metabolically inactive bacterial food source and automated fluorescent image
quantification techniques, I improve our capacity to study neural signaling and metabolic
pathways with greater throughput and precision. Collectively, this work explores the intricate
interplay between sensory perception, neural signaling, and peripheral longevity pathways.
Ultimately, these findings could contribute to the broader goal of identifying conserved

mechanisms that promote health and longevity in humans.
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Chapter 1 Introduction

1.1 Motivation for and the Current State of Understanding the Biology of Aging

1.1.1 People around the world are living longer, but not healthier lives.

Between 2020 and 2050, the proportion of the global population over the age of 65 is
expected to double and the number of people aged 80 years and older will triple! (Figure 1.1A).
While these numbers reflect great improvements in child mortality and treating infectious
disease®?, they do not reflect a compression of morbidity: there has been little change in the age
of onset of chronic health conditions despite increasing lifespan?. As a result, the prevalence of
age-associated chronic diseases such as cancer, dementia, diabetes, and heart disease has risen
markedly?*. As of 2017, age-associated chronic diseases affected nearly two thirds of adults in
the United States®. This increasing prevalence of age-associated disease not only has
consequences for aging individuals and caretakers, but also results in a strained healthcare
system lacking in capacity and financial resources?.

Traditionally, biomedical research aims to understand the molecular mechanisms of a
specific disease to develop a targeted pharmaceutical treatment. This approach prioritizes the
discovery of different individual treatments or cures for many chronic conditions like cancer,
diabetes, heart disease, and dementia. However, curing a patient of one chronic condition does
relatively little to extend healthspan, as they are still at high risk for other age-associated

diseases. For example, curing all forms of cancer would only extend average lifespan in the

United States by about two years®. This high likelihood of chronic disease comorbidity can also



be observed in Figure 1.1B, where data from a representative population of ~750,000 people in
Scotland shows the average number of comorbid chronic conditions rising with age’. Rather than
attempting to cure each chronic disease, an alternative approach to improving human health is to
instead target the primary driver of all these conditions—the aging process itself (Figure 1.1C).
If this strategy is followed, it is predicted that each year average healthspan is extended in the
United States will reduce medical spending by approximately 3.5 trillion dollars over the next 50
years®. Consequently, understanding the biology of aging has great potential to dramatically
extend human healthspan and, in the process, reduce the financial and emotional burden of age-

associated disease.
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1.1.2 Activation of stress-response pathways can extend lifespan.

The first clear evidence that aging rate is modifiable came in 1935, when McCay and
colleagues reported that dietary restriction extended mean lifespan in rats®. This finding has been
replicated by many research groups across taxa®!?, and caloric restriction shows promise in
improving health markers in healthy human populations'*-°. Initially, after the discovery that
environmental factors could influence the rate of aging, the prevailing scientific view was that
aging was governed by highly complex genetic interactions and identifying single genes that
could alter lifespan seemed unlikely, if not impossible'®. This assumption was challenged in
1983, when Klass et al identified the first genetic mutants with extended lifespans,
demonstrating that it is possible for single gene modifications to impact longevity'”-%,
Subsequent work from the Johnson, Kenyon, and Ruvkun laboratories further supported these
findings by demonstrating the role of insulin signaling and the FOXO transcription factor DAF-
16 in regulating C. elegans lifespan’®-?/,

In the following decades, many additional physiological pathways that influence the

aging process have been discovered in various model organisms. These interventions, such as

23,24 21,25,26 27,28

dietary restriction (DR)?2, temperature stress>>?*, insulin signaling , and hypoxia“"*°, share a
common theme in that they activate stress response pathways that benefit the organism when
applied at an appropriate dose. This phenomenon, where a mild dose of a stressor stimulates
beneficial activation of stress response pathways, is referred to as hormesis?*>° (Figure 1.2).
Hormetic stressors are often first perceived by sensory cells in the nervous system that activate

pro-longevity pathways in peripheral tissues to extend lifespan via cell nonautonomous

signaling®!. However, the ability of a stressor to induce a beneficial hormetic effect depends on



the baseline health of the organism, the specific dose of the stressor, and levels of other, co-

occurring environmental stressors>2,
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Figure 1.2 Mild stress exposure that produces a beneficial effect is known as hormesis. Examples of
environmental stressors that promote a hormetic effect on lifespan through distinct molecular mechanisms (left) and
a diagram of the concept of hormesis (right). Plot on right is adapted from Calabrese et al., 2015%°.

1.1.3 Stress response pathways can be activated via environmental, genetic and
pharmaceutical interventions.

Within the field of biogerontology, three primary strategies have emerged to induce a
hormetic response and improve organismal health: environmental interventions, genetic
interventions, and pharmaceutical interventions. Environmental interventions show promise in
that exposing animals to actual stressors robustly extends lifespan across taxa and does not
require development of and access to pharmaceuticals. However, these types of lifestyle
interventions like calorie restriction are often not practical for improving healthspan on a large
scale due to low adherence, difficulty in achieving the correct dose, and broad physiological
effects that extend beyond aging®*-®. One potential solution to these issues is to activate stress-

response pathways through genetic or pharmaceutical means. For instance, dietary restriction



promotes lifespan across species through several mechanisms, including reduced insulin and
mTOR signaling®”. Genetic modifications that decrease insulin and growth hormone signaling
can also mimic the effects of DR***°, Similarly, pharmaceutical agents like rapamycin can
mimic DR by inhibiting mTOR signaling, thereby improving health*!. Currently, much work is
focused on identifying pro-longevity circuits downstream of environmental interventions, with
the goal of finding targeted pharmaceutical strategies that are more feasible than administrating
stressors like DR in human populations*.

In the remainder of this chapter, we will explore what is currently known about cell
nonautonomous signaling and hormesis in health and longevity. We will then explore potential
obstacles to implementing environmental, genetic, and pharmaceutical anti-aging interventions
in humans. Finally, we will synthesize these concepts to highlight how the work presented in this

thesis contributes to three key challenges facing anti-aging treatments.

1.2 Cell Nonautonomous Signaling and Hormesis in Health and Longevity!

1.2.1 Cell nonautonomous signaling plays a critical role in activating hormetic stress-response
pathways.

Deciphering how cells relay information to one another remains a foundational discovery
in biology. It was first posited by John Langley that cells express receptor proteins on the
extracellular side of the cell membrane and, when bound by a signaling molecule, initiate a
downstream physiological response*’. This was validated by a series of discoveries, starting with
Rita Levi-Montalcini’s identification of nerve growth factor in the 1950s, followed by the

discovery of additional growth factors*, and ultimately leading to the identification of the

! This section is revised and updated from the publication “Cell Nonautonomous Regulation of Health and
Longevity” in Elife (2020 Dec 10;9:€62659) with authors listed as Miller, H.A., Dean, E.S., Pletcher, S.D., and
Leiser, S.F.



receptors themselves®. These discoveries were pivotal in furthering our understanding of cellular

patterning during development*®

and how organisms adapt to external stimuli. This principle that
cells can relay critical information to other cells in response to an initial signaling cue has
profound implications: genes expressed in one cell or tissue can influence the physiology of
distant cells and tissues. This ability of gene expression in one cell to affect processes in other
cells and tissues is known as cell nonautonomous action or signaling.

More recently, high-profile studies from multiple laboratories have demonstrated that
many signaling pathways known to improve longevity—such as mitochondrial stress, insulin-
like signaling, heat shock, and the hypoxic response—operate through cell nonautonomous
signaling mechanisms*’~2. These pathways typically originate in sensory cells, often neurons,
that signal to peripheral tissues to promote survival in stressful environments. Importantly,
activating these stress response pathways, either through genetic modification or exposure to
environmental stress, is often sufficient to improve health and longevity. Additionally, careful
genetic modification of these pathways has the potential to target the aging process while sparing
growth, developmental, and reproductive consequences of environmental stress. The growing
understanding of cell nonautonomous signaling in aging is a relatively recent concept in
geroscience that presents promising opportunities to identify pharmaceutical interventions that
modulate signaling to enhance healthspan and longevity.

In this review, we summarize the recent wave of studies investigating the effects of cell
nonautonomous signaling on canonical aging pathways across taxa. We also highlight where the

field has excelled and draw insights from other research areas that have successfully mapped the

neuronal circuitry underlying behavioral phenotypes.



1.2.2 Caenorhabditis elegans

Utilization of the model organism C. elegans has played an integral role in advancing the
biology of aging. The discovery that mutations in the sole insulin-like growth factor receptor
(IGFR), daf-2, can double the lifespan of a multicellular organism helped launch the field'®-!-38,
With their discrete, well-defined somatic cell fates, C. elegans provide an ideal model system for
studying how cell nonautonomous signaling influences complex phenotypes like aging. We

begin by discussing the extensive work on different C. elegans pathways that protect against

stress and modify aging through cell nonautonomous mechanisms.

1.2.2.1 Energy balance and insulin signaling

After discovering that reduced insulin signaling extends lifespan, the aging field explored
the tissue specificity of insulin signaling in longevity. The Kenyon lab used mosaic expression of
daf-2 to identify specific cell lineages where mutations are necessary for lifespan extension,
marking the first clear demonstration of cell nonautonomous signaling in aging>. Subsequent
epistasis experiments revealed that the longevity benefits of daf-2 mutations depend on the class
O forkhead transcription factor daf-16, whose nuclear localization drives pro-longevity effects™.
From these initial studies on tissue specific activity of insulin signaling, cell nonautonomous
signaling and the nervous system soon emerged as key players in regulating longevity (Figure
1.3).

While most of daf-16’s pro-longevity effects are thought to be tied to cell autonomous
transcription of target genes in the intestine™, intestinal expression of daf-16 also induces target
genes in other peripheral tissues including the nervous system. This cell nonautonomous
signaling between the nervous system and peripheral DAF-16 is bidirectional: DAF-16 activity

can be induced by neurons and neuron-specific genes are targets of DAF-16. For example, a



study analyzing RNA in isolated neurons of daf-16 and daf-16; daf-2 mutants found that daf-16
targets genes exclusively expressed in mechanosensory neurons>. This led to the identification
of a novel gene, fkh-9/FOXL1, that, when knocked out, entirely abrogates daf-2 lifespan.
However, cell nonautonomous signals from the nervous system to daf-16 in peripheral tissues
can also modify aging. Specifically, another transcriptional microarray analysis identified a set of
neuronally expressed genes downregulated in animals on daf-2 RNAi1 and upregulated in animals
on daf-16 RNAi’’. One of these hits, the insulin-like peptide ins-7, is required for daf-2 RNAi-
mediated lifespan extension, suggesting ins-7 may act as a cell nonautonomous signal from the
nervous system to the intestine. These data are compelling as C. elegans are predicted to have 40
insulin-like peptides that both agonize and antagonize daf-2, some of which modify the lifespan
of wild-type animals when neuronally overexpressed®®. In addition to neuronal signaling
molecules, individual neurons can also modify lifespan through cell nonautonomous activation
of daf-16. When the projections of sensory amphid neurons are genetically knocked out or laser
ablated, the animals live longer, often with the requirement of daf-16 activity>*°.

Insulin signaling also regulates longevity through cell nonautonomous communication
between non-neuronal tissues. For example, recent studies show that some DAF-16 target genes,
like dod-8, dod-11, and hsp-12.6, influence muscle aging non-autonomously®', supporting the
idea that metabolism and aging are interrelated, with bidirectional signaling between tissues.
Foundational work from the Kenyon lab also discovered that ablating the germline inactivates
daf-16 and extends lifespan®® through activation of a daf-12-dependent sterol signaling pathway
in somatic reproductive tissues®>. Modification of these reproductive tissues then induces the

expression of lips-17/fard-1 and produces an unknown lipophilic signal to increase sod-3/dod-8



in other somatic tissues®!. This signaling pathway illustrates how cells signaling across tissues
that “times are good/bad” can influence the aging process.

Intriguing work from the Ruvkun lab has also found that germline modification of insulin
signaling interacts with the nervous system through microRNAs (miRNAs). miRNAs were
discovered in C. elegans®, and their small size, abundance across the genome, and evolutionary
conservation, makes them an intriguing cell nonautonomous signaling molecule. One miRNA,
mir-71 is necessary for lifespan extension in glp-/ germline mutants, and mir-71 overexpression
in a glp-1 background extends lifespan beyond that of germline mutations alone®. Rescuing mir-
71 only in neurons is sufficient to rescue the germline mutant longevity phenotype, and intestinal
daf-16 expression is necessary for mir-71 overexpression to extend lifespan in germline mutants.
While this study presents an incomplete picture, it provides sound evidence for future studies to
consider miRNAs as a target for inter-tissue signaling during the aging process.

In addition to modification of insulin signaling, germline ablation-mediated longevity
also requires other types of cell nonautonomous signaling. For example, the absence of gonadal
stem cell signaling leads to activation of intestinal transcription factors like skn-1/Nrf2 that help
to globally remodel the organism’s metabolism®. A lack of gonadal stem cells also increases
circulating fatty acids (FAs) that are normally deposited in this tissue. This increase in
circulating lipids may induce skn-1/Nrf2 nuclear localization that, in turn, enhances lipid
metabolism and increases lifespan. nhr-49/HNF4a, a nuclear hormone receptor widely expressed
throughout somatic tissues, also regulates both glp-/-mediated longevity and lipid metabolism®’.
Furthermore, nhr-49 overexpression extends lifespan in a daf-16- and glp-/-dependent manner.

While this work cannot be directly translated to human health, these data provide initial evidence



for critical signaling events between stem cells and nearby somatic tissues that influence
longevity.

Multiple nutrient sensing pathways that interact with insulin signaling are conserved from
worms to mammals including the target of rapamycin (TOR) and AMP-activated protein kinase
(AMPK) pathways. The latter nematode ortholog, aak-2, has increased activity under low energy
conditions and is sufficient to promote longevity when overexpressed®®. Follow-up studies show
that aak-2 activity suppresses cAMP-response element binding protein (CREB)/CREB-regulated
transcription coactivator 1 (CRTC-1) transcriptional regulation and this ultimately extends
lifespan®. crtc-1 neuron-specific knockout extends lifespan without the undesirable pleiotropic
effects that accompany AMPK activation, like decreased growth and fecundity’. Interestingly,
nhr-49/HNF4a is activated by AAK-2"!, and its neuronal expression is required for the lifespan
extension in AAK-2 overexpressing animals. Furthermore, neuronal CRTC-1 is sufficient to
block AMPK-mediated longevity. Neuronal crtc-1 levels modify intestinal aak-2 activity
through the neurotransmitter octopamine as a mechanism for the nervous system to convey
“times are good”.

TOR and AMPK play antagonistic roles in modulating lifespan and metabolism.
Downregulation of TORC1 complex proteins, like raga-1, increases lifespan’? but requires
neuronal aak-2 activity®. Moreover, neuronal TORC1 expression is sufficient to shorten
lifespan, consistent with a central “times are good” signal modulating longevity. RNA-seq
comparisons of wild-type to raga-1 knockout and neuronal overexpression identified unc-
64/syntaxin as epistatic to neuronal raga-1 activity. This work supports neural signaling as a
driver of metabolic rearrangements, like increased mitochondrial fragmentation, that occur in

peripheral tissues.
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Although many of these studies identify the existence of neurosignaling pathways that
drive metabolic changes in peripheral tissues, few have identified the signal(s) through which the
nervous system transmits information to these tissues. Probing the precise mechanisms of
nervous system to intestinal signaling is an essential next step in furthering our understanding of

how cell nonautonomous signaling influences aging.
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Figure 1.3 Summary of the role energy balance and insulin signaling on cell nonautonomous modulation of
longevity in C. elegans. Mammalian orthologs are listed in parentheses. If there are no parentheses, the name is
shared across taxa.
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1.2.2.2 Proteostasis signaling pathways

A significant body of literature links increased stress resistance with longevity, leading to
the hypothesis that acute moderate stress can trigger hormetic effects that extend lifespan®’.
Eukaryotic cells have evolved several organelle-specific stress responses that, when induced,
extend nematode lifespan. One of these longevity-promoting stress responses is the unfolded
protein response (UPR), a cellular signaling mechanism that helps maintain the balance of
protein folding when stressful events cause the accumulation of unfolded proteins. This response
can occur in either the mitochondria (mt-UPR) or the endoplasmic reticulum (ER-UPR).

Much like stress responses resulting from energy imbalance, these stress-response
pathways that maintain proteostasis can also promote longevity. One example of mt-UPR
mediated longevity is that knockdown of complex IV of the electron transport chain (ETC) with
cco-1 RNAL1 leads to delayed growth, slowed movement, reduced body length, and increased
lifespan. Notably, cco-1 knockdown exclusively in neurons increases lifespan without pleiotropic
phenotypes by altering mitochondrial homeostasis in peripheral tissues’®. Interestingly, this
lifespan extension requires the mitochondrial unfolded protein response (mt-UPR), but not daf-
16/insulin signaling. A follow up study using the heat shock protein-6 (hsp-6p::GFP)
transcriptional reporter identified vps-35 as lacking peripheral mt-UPR’*, VPS-35 is a highly
conserved protein in the retromer complex, involved in recycling Wnt and the Wnt secretion
factor MG-47°. In agreement with this, the Wnt receptor egl-20 is necessary and sufficient for
cell nonautonomous mt-UPR induction and longevity. Neuronal serotonin production is also
necessary for cell nonautonomous mt-UPR even though the loss of each of the four known
serotonin receptors (ser-1, ser-4, ser-7, and mod-1) has no effect’*. These results clearly define
that mitochondrial stress, through reduction of ETC activity or separate activation of the mt-

UPR, can be transmitted by neurons cell nonautonomously to modify aging. As with many of
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these neuronal based networks, however, the central signaling pathways that activate the mt-UPR
are not fully characterized.

In addition to the mt-UPR, multiple labs find that neuronal activation of the ER-UPR is
sufficient to enhance stress resistance and extend lifespan’6-*°. This crucial discovery stems from
identifying that the constitutively active spliceoform of X-box binding protein / (xbp-1s), a
transcription factor activated by the ER-UPR, rescues older animal survival on the oxidative

stressor paraquat’®

. Expression of xbp-1s in the nervous system or intestine extends lifespan, and
exclusive xbp-1s expression in the neurons is sufficient to increase paraquat stress resistance in
young and older animals. It is likely that neuronal ER-UPR releases an activation signal
conferring xbp-1s upregulation in the intestines that rescues motility in models of proteotoxicity
like AB, polyglutamine aggregates (Q40), and dynamin’’.

More recent studies have begun to parse out where xbp-1s is required in the nervous
system to extend lifespan. Work by the Taylor lab discovered that proteotoxic stress induced
xbp-1s in the RIM and RIC neurons, and that xbp-1 expression in just these neurons is sufficient
to activate the intestinal ER-UPR. RIM is the primary tyramine producing neuron in C. elegans,
and tyramine signaling was also required for neuronal xbp-1s to induce the intestinal ER-UPR®!,
While this study suggests the neurotransmitter tyramine may act as a cell nonautonomous signal
in ER-UPR mediated longevity, work by the Dillin lab proposes a different cell nonautonomous
signal. Specifically, Frakes ef al. identified that expression of xbp-1s in glial cells is sufficient to
extend lifespan and activate the ER-UPR in peripheral tissues’®. This xbp-1s-mediated signal
requires neuropeptide signaling but not neurotransmission for intestinal induction of Asp-4,

suggesting a neuropeptide is the intermediate signal from the glia cells to the intestine’®. While it

is useful to identify neuropeptides as the causative signaling molecules, there remain hundreds of
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potential coding regions annotated as “neuropeptides” in C. elegans®>*3. Additional work in this
area should examine whether neuronal and glial xbp-1s communicate to the intestine through
distinct or partially overlapping mechanisms to better understand how tyramine and neuropeptide
signaling may interact to induce the intestinal ER-UPR.

Another open question surrounds whether other transcription factors that respond to the
ER-UPR can recapitulate the effects of xbp-1 activation. Preliminary findings point to xbp-1/
activity, not pek-1 or atf-6, a kinase and a transcription factor also activated by the ER-UPR®, as
key to modifying lifespan. This implies that uncovering the pro-longevity targets of XBP-1 will
be of high interest to understand and translate these results. Neuronal activation of xbp-1s results
in changes in fat metabolism, a build-up in oleic acid (OA), and leaner animals®. It is possible
that the pro-longevity phenotypes associated with xbp-Is are due to increased expression of
lysosomal genes, like asp-13 and vha-18, that enhance acidity and, therefore, protease activity.
Furthermore, the lifespan phenotype and expansion of the ER in xbp-/s animals requires lipid
depletion”. Initial results show enhanced intestinal lipid depletion through ehbp-1
overexpression modestly extends lifespan and partially recapitulates the effects of xbp-1s. Taken
together, these data emphasize the significant role metabolically active tissues, like the intestine,
play in properly responding to cues from the nervous system (summarized in Figure 1.4). While
the ER-UPR field is beginning to narrow in on specific neuronal cells and signaling molecules,
much is left to delineate in the neuronal circuitry. Understanding how, when and where
neuromodulators affect normal and pro-longevity conditions is paramount in translating these

results to higher organisms and discovering therapeutic treatments to mimic these phenomena.
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Figure 1.4 Summary of the role of proteostasis in cell nonautonomous modulation of longevity in C. elegans.
Mammalian orthologs are listed in parentheses. If there are no parentheses, the name is shared across taxa.

1.2.2.3 Perception of external stimuli

An organism's ability to respond to changes in the environment, such as temperature,
oxygen levels, and smells, is vital to their survival. In this section, we chronicle research findings
linking perception of environmental cues to hormetic activation of longevity circuits (Figure
1.5). Some of these pathways converge on downstream components of the energy balance and
proteostasis responses previously discussed, while others are thought to benefit lifespan through
distinct mechanisms.

As poikilotherms, C. elegans are responsive to heat- and cold-shock. Generally, longevity

varies inversely with temperature, where animals housed at lower temperatures (15 °C) live
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longer than those at higher temperatures (25 °C)3. Based on our understanding of
thermodynamics this observation seems intuitive, but several papers have challenged this theory
and shown that changes in lifespan across temperature are genetically modulated. In fact, many
pro-longevity genetic mutations have a distinct relationship with temperature, promoting
longevity at either cold or warm temperatures but rarely both®. These data are consistent with
many genes playing an active role in the physiological response to changes in temperature.
Whether by modifying the perception of or response to temperature, this interplay suggests that
genes actively influence lifespan at various temperatures, refuting thermodynamics as the sole
influence on temperature-mediated lifespan changes.

A robust body of research surrounds the connection between activating the heat shock
response (HSR) and longevity. In C. elegans, post-reproductive adulthood is accompanied by an
abrupt decline in protein quality control®-*, Thus, maintaining the ability to effectively respond
to heat stress remains a hallmark of long-lived animals. It is important to note that heat shock,
described in the literature as >30 °C, likely uses partially distinct genetic mechanisms from
warmer conditions (22 °C-25 °C) that will be addressed separately.

Early studies implicate the nervous system in regulating proteostasis through the HSR.
Key signaling components of amphid neurons, gcy-3 and ttx-3, are necessary for proper
induction of global HSR during heat shock®’. These early studies also implicate an unknown
neurotransmitter in signaling from the nervous system to promote survival during heat shock.
Optogenetic stimulation of the AFD thermosensory neurons triggers serotonin release from the
ADF neurons that activates heat shock factor 1 (HSF-1) in the germline in the absence of heat
shock®. In the absence of ser-1, a 5-HT2B serotonin receptor ortholog, HSF-1 is not re-localized

to the nucleus upon AFD optogenetic excitation or heat shock. This result suggests that ser-1 is
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necessary for proper signaling during HSR. It is worth noting there is no predicted synapse or
gap junction between AFD and ADF neurons, meaning there are likely intermediate signaling
molecule(s) and/or cells yet to be discovered.

While HSR proteins are necessary for animals to survive warmer temperatures’’, it is
significant that overexpression of 4sf-/ in neurons is also sufficient to increase stress resistance
and longevity at standard temperatures (20 °C)°%. Linking back to earlier work, intact signaling
from the AFD/AIY neurons is required for heat stress resistance in worms overexpressing Asf-
I%. This may be through pat-4/ integrin-linked kinase (ILK) activity in the AFD/ATY"-.
Interestingly, intestinal daf-16 activity is required for Asf-1 overexpression to extend lifespan but
is not required for heat stress resistance’?, suggesting these phenotypes have distinct signaling
events despite their positive correlation.

Less is known about the mechanisms of cold- and warm-sensory signaling and metabolic
remodeling that promotes longevity. As with the HSR, the AFD neurons are thought to play a
role in appropriately responding to warmer temperatures as laser ablation and genetic disruption
exclusively shortens lifespan at 25 °C°!. Mutants lacking functional CNG calcium channels, a
tax-2/tax-4 heterodimer, are also short-lived at 25 °C and thought to be necessary for AFD
neuronal activity when exposed to warm temperatures. These results are corroborated in a recent
study showing the ASJ sensory neurons also require functional tax-2/tax-4 channels to sense
warm temperatures and activate intestinal daf-16 to extend lifespan’*®>. Experimental evidence
suggests once these thermosensory neurons are activated they deploy daf-9, a cytochrome P450
ortholog, which inhibits daf-12, a nuclear hormone receptor, allowing worms to live longer at 25
°C?!. An important distinction remains between AFD activation during warm- and heat-shock as

many heat shock proteins, like Asp-60 and hsp-70, are not upregulated at 25 °C°!. These data
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suggest that perception and response to temperature through thermosensory neurons are
sufficient to modulate aging across temperatures. They also refute thermodynamics as the sole
mechanism for how poikilotherms live shorter at higher temperatures.

In agreement with neural modulation of aging in warmer temperatures, a transient
receptor potential (TRP) channel, TRPA-1, detects cold temperatures in chemosensory neurons.
TRPA-1 signals through a protein kinase C (PKC) ortholog, PKC-2, to increase intestinal DAF-
16 activity and therefore lifespan®. Loss of #7pa-1 channels in the nervous system prevents the
lifespan increase observed in Wild-Type (WT) worms at cooler temperatures (15-20 °C) but does
not change longevity at warmer temperatures (25 °C). Interestingly, human transgenic TRPA-1
recapitulates many of these findings, suggesting a conservation in function. An unbiased screen
of all sensory neurons showed frpa-1 expression in the head neuron IL1 is necessary and
sufficient to rescue trpa-1 knockout. Further, genetically knocking out glutamate secretion and
uptake prevents IL1 from modifying lifespan®. MGL-1, the glutamate receptor implicated in this
study, is only expressed in neurons, indicating there must be another neuron involved in this
pathway. Knocking out serotonin signaling blocks the effects of IL1 on lifespan, and transgenic
serotonin expression in the NSM enteric neuron rescues the phenotype. The intestinal GPCR ser-
7 is the likely downstream receptor responding to serotonin release’. This study offers a more
complete model than is often presented in the field, and suggests it is feasible for other cell
nonautonomous signaling pathways to be more explicitly characterized in future studies.

In addition to responding to temperature change, the C. elegans nervous system plays a
crucial role in determining nutrient quality and safety as they forage for food. Interestingly, the
lack of any perceived food signal (i.e. dietary restriction (DR)), can also act as a signal on its

own. DR, first reported to increase lifespan in rats in 1935%7, is an intervention that significantly
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limits food intake without causing malnutrition, and has been the most consistent intervention to
increase longevity across species’’. However, since implementation of any dietary intervention
for humans at a whole population level is challenging, mapping out the molecular and signaling
mechanisms downstream of food perception, where they can be targeted directly, circumvents
the challenges of adopting population level-DR protocols.

The first report of DR acting through a sensory, cell nonautonomous signaling
mechanism in worms was in 2007. Bishop and Guarente identified the antioxidant response
transcription factor skinhead 1 (SKN-1) in ASI sensory neurons leads to increased whole-body
respiration and extended lifespan”®. This report remains foundational in establishing food
perception, or lack thereof, as a major driver of the health benefits of DR. More recent studies
corroborate the significance of sensory neurons in lifespan when nematodes are subjected to
long- and short-term starvation. A subset of sensory neurons, the ASI and ASJ, shorten lifespan
through the expression of insulin-like peptide (ILP) ins-6 during food perception®. More
specifically, ins-6 is released upon feeding, and ins-6 overexpression exclusively in the ASI or
ASJ neurons blocks the longevity effects of fax-2; tax-4 mutant worms when fasted. This
suggests that an unknown inverse signal may suppress ins-6 expression during fasting.

Sensory cues from food perceived by the nervous system trigger a host of behavioral and
metabolic rearrangements that accompany changes in lifespan. Particularly, in the absence of
food, nematodes tend to increase their movement when foraging and stop pharyngeal pumping®”-
101 Once an attractive odorant is perceived, serotonin is released triggering triglyceride fat
catabolism by a predicted acyl-CoA oxidase, acox-1'%%. Surprisingly, this fat catabolism is
necessary and sufficient to modulate changes in behavior. acox-1 mutants do not respond with

the canonical behavioral changes observed when animals are exposed to exogenous serotonin!%,
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Additionally, rescuing acox-1 expression in the intestine alone abrogates the fat accumulation
and pumping response to serotonin exposure. egl-2, an ether-a-go-go (EAG) potassium channel
expressed in the sensory neurons, likely functions as an intermediary neuron signaling back to
serotonin neurons communicating satiety from peripheral tissues. Intriguingly, antagonizing
serotonin signaling through an atypical antidepressant mianserin extends lifespan and is non-
additive with DR!'**!% The role of neuronal serotonin signaling in food perception and DR-
mediated longevity is also supported by the finding that the smell of food attenuates DR lifespan

105 Based on these findings, it is

extension in a serotonin- and dopamine-dependent manner
worth exploring whether the changes in metabolism and lifespan when serotonin signaling is
antagonized are acting within the same pathway. Together, these results also corroborate the
hypothesis that a feed-forward signal is released from the intestine back to the nervous system
during food perception.

Finally, recognition of low-oxygen conditions or genetic stabilization of the conserved
hypoxia-inducible factor-1 (HIF-1) extends nematode longevity'°-1%7. A single protein, flavin-
containing monooxygenase-2 (FMO-2), is both necessary and sufficient to provide many of the
benefits of HIF-1 activation*®. This hypoxia-FMO-2 longevity pathway also relies on cell
nonautonomous signaling between neurons and the intestine: neuronal stabilization of HIF-1 is
sufficient to induce intestinal fimo-2 and improve health and longevity. Serotonergic signaling is
required for HIF-1-mediated longevity and fmo-2 induction, while FMO-2 overexpression in the
intestine is sufficient to increase lifespan. Interestingly, other researchers have found FMO
induction in multiple mammalian models with increased lifespan, including DR, consistent with
FMOs playing a conserved role in promoting long-term health and increasing the likelihood

these results will be translatable to human longevity!'%!1°,
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Together, perception of many environmental signals influence lifespan in C. elegans.
While the mode of sensory detection varies between these environmental signals, perception of
temperature, oxygen, food availability, and chemosensory cues all activate sensory neuron-
initiated signaling pathways. This external perception interacts with internal cues (e.g. germline
signals, proteostasis, and metabolism) to appropriately respond and modify physiology. While
we have begun to identify the cells and signals involved in these sensory-driven longevity
pathways, many questions remain regarding how information is transmitted and interpreted both

within and between tissues.

A Intervention Neuron A Neuron B Neuron C E
Heat Stress AFD ADF NA TRPA 1
TAX 214
Cold Stress IL1 NSM unknown Neuron A (CNGs) Neuron C p
Dietary NA ASI/ASJ NA l’
Restriciton
Hypoxia NA RIM NA Qowww' @
\ glutamate.
B Dietary Restriction Hypoxia
tms 6 oS Neuron
(insulin) ,’ \\ ( \
v I v serotonin @
—— G () — (D
@‘ RS @ _‘
Longevity
S &
== Neuron 5
\ (insulin) L
@ INS-6 @serotonin ‘
IEAF-Z (R) / @serotonin
N\ Vs \\
! 4 Barie) o)
= % vonoeiy ¢ @EH—— @S
SRS SRS
Q(Fmg-g) N 7 Longevity
Intestine c~a o \_ Sae’ Intestine /
DR and Hypoxia Signaling Temperature Stress Signaling

Figure 1.5 Summary of the role of perception on cell nonautonomous modulation of longevity in C. elegans.
Mammalian orthologs are listed in parentheses. If there are no parentheses, the name is shared across taxa.

1.2.3 Drosophila melanogaster

While C. elegans, with its simplicity and constant number of somatic cells, is perhaps the

most powerful system for identifying genetic mechanisms of aging, this model does pose some
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limitations: the nematode nervous system is rudimentary, precise manipulation of diet and other
environmental factors is difficult, and the limited behavioral repertoire of the worm is restrictive.
Conversely, studies of cell nonautonomous modulation of aging in vertebrate animals are
impeded by multiple factors, including but not limited to 1) the time required for measuring a
longer lifespan, 2) challenges in using large-scale genetic modification for pathway discovery,
and 3) the difficulty of identifying small subsets of key cells within substantially larger and more
complex tissues.

Given the remarkable advances in neuroscience, together with its long-standing success
as a model for both behavioral neuroscience and aging biology, the vinegar fly, Drosophila
melanogaster, provides unique strengths to investigate these questions. Conservation of
mechanisms of aging, including insulin/FOXO-related signaling and sensory-derived control of
longevity, in worms, flies, and mammals suggests that signaling mechanisms likely become
more complex in higher organisms but produce similar pro-longevity outcomes. Although the
phylogenetic relationship between nematodes, arthropods, and vertebrates is debated, 18S rRNA
and mitochondrial rDNA sequencing suggests a greater evolutionary distance between D.
melanogaster and C. elegans than between D. melanogaster and M. musculus'''. Consequently,
mechanisms of aging conserved between worms and flies are also likely to span the smaller
evolutionary gap between flies and mammals. In the following sections we provide an overview

of key cell nonautonomous modulators of fly health and aging®>!!2,

1.2.3.1 Energy Balance and insulin signaling

Soon after the foundational discovery that reduced insulin signaling increases nematode

lifespan, experiments in Drosophila revealed that such results were not worm-specific and that

113

this pathway may be involved in modulating aging across taxa' °. Mutations disrupting
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molecules in this pathway such as the single insulin receptor, d/nR, or the fly homolog of the
insulin receptor substrate, chico, exert cell nonautonomous effects on aging, where reduced
insulin/IGF-1 signaling (IIS) is associated with extended lifespan®*!!*. Genetic manipulations
that mimic reduced IIS, such as overexpression of dFOXO in the abdominal or pericerebral fat
body or overexpression of phosphatase, dPTEN, in the pericerebral fat body also extend fly
lifespan'!>11®. These data indicate that insulin signaling acts cell nonautonomously to control
aging and promotes bi-directional signaling between peripheral tissues and neurons similarly to
what is seen in C. elegans.

The Drosophila melanogaster genome encodes several insulin-like peptide genes (dilps),
which are produced in a handful of neurosecretory cells in the pars intercerebralis region of the
fly brain. These insulin producing cells, called IPCs, release the signaling molecules into the
hemolymph to signal to the rest of the body through a single insulin-like receptor (InR)!'"11°,
Among their range of biological functions in development and physiology, dilps modulate aging,
and in this context the most well-studied are dilp2, dilp3, dilp5, and dilp6''°'?! . Partial ablation
of IPCs—the production site of DILPs 2, 3, and 5—reduces IIS and increases lifespan!?>!2?,
Knocking down GABA-B receptors in IPCs decreases DILP secretion in fed and fasted
conditions, yielding a small but significant decrease in stress resistance and lifespan under

starvation'?*

. Mutation of dilp2, dilp3, and dilp5 together increases lifespan as does loss of
dilp2 alone, although loss of other individual dilps does not!'"®. Induction of dilp6 in fat body
tissue also promotes longevity. However, it is unclear whether this is a direct effect of DILP6 or
is due to a decrease in the secretion of DILP2 from the IPCs'?°. Similarly, the extended lifespan

observed following increased dFOXO expression in pericerebral fat body may also result from a

decrease in dilp2 expression in the IPCs!?>. More recent work has revealed a role for dilpI in
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promoting lifespan!?®, potentially through induction of adipokinetic hormone (AKH), which is a
functional homolog of mammalian glucagon'?’ and which increases fly lifespan, fat metabolism,
and free fatty acid catabolism!?%1%°,

The link between lifespan extension from manipulation of neuronal dilps and the insulin-
responsive transcription factor FOXO in peripheral tissues are less clear in Drosophila compared
to in C. elegans, suggesting that IIS extends lifespan, at least partly, through FOXO-independent
pathways. Loss of dilp2 does not influence the expression of known FOXO target genes and
interactions with dilp! do not modify this result'?®. Flies lacking IPCs or with loss of dilps 2, 3,
and 5 exhibit an abnormal response to diet manipulation!!*!?!, although dFOXO mutation leaves
the response largely intact'*. Furthermore, loss of dFOXO only partially rescues longevity
benefits of chico mutants'!.

Another nutrient-sensing pathway that acts cell nonautonomously in flies, like worms, is
AMPK. Neuronal or intestinal activation of AMPK or Atgl induces autophagy in both the brain
and gut to slow organismal aging and improves numerous healthspan measures'*>. Downstream
of this activation, Dilps are implicated in mediating the inter-tissue response from the nervous
system to the intestines and vice versa'*. It is interesting that AMPK activation from several
tissues causes metabolic remodeling across the whole body. Together, these data point to a feed-

forward mechanism where signaling events occur bi-directionally to modulate the fly response to

successfully survive stressful stimuli (Figure 1.6).
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Figure 1.6 Summary of the role energy balance and insulin signaling on cell nonautonomous modulation of
longevity in D. melanogaster. Mammalian orthologs are listed in parentheses. If there are no parentheses, the name
is shared across taxa.

1.2.3.2 Proteostasis signaling pathways

When it was first discovered that knocking-down mitochondrial electron transport chain
components in nematodes extends lifespan, it seemed unlikely this phenomenon would be
conserved in higher systems. Surprisingly, research using flies (Figure 1.7) and mice (later
discussed in Section 1.3) points to a significant role for mitochondrial function in organismal
lifespan. Global knockdown of ETC components in complexes I, III, IV, and V extends fly

lifespan, but does not inhibit ETC complex formation or ATP production'3?. Furthermore,
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knockdown of complexes I and IV in neurons alone is sufficient to extend lifespan. This led
researchers to ask how knockdown of the ETC extends lifespan. Follow up studies show that
knockdown of ETC complex I using ND75 RNAI in muscle tissue increases reactive oxygen
species (ROS) and activates the mito-UPR and ImpL2 (insulin/IGF binding protein)'*4.
Subsequently, upregulation of mito-UPR target genes preserve muscle function while ImpL2
signals to the brain and fat body to decrease global insulin signaling. It is likely both pathways
contribute to the longevity phenotype of decreased respiration chain expression. Additional data
also suggest that ImpL2 increases lysosomal biogenesis and that autophagy genes are necessary
for ND75 knockdown animals to live long. Another datapoint suggesting conservation of this
pathway is that knockdown of ETC ND75 in complex I results in smaller flies, a phenotype that
is also observed in the nematode ortholog isp-/ mutants'>.

Modifying the mitochondrial proton gradient by expressing human uncoupling proteins
(hUCPs) modulates fly lifespan. Interestingly, the context of when and where the hUCPs are
expressed plays a critical role in health and longevity outcomes. hUCP?2 targeted to the neurons
increases health and longevity while increasing the rate of glycolysis and decreasing ROS
production and oxidative damage'*®. Similarly, moderate pan-neuronal overexpression of hUCP3
leads to a modest lifespan extension exclusively in male flies'*’. However, use of a stronger
driver that targets hUCP3 pan-neuronally or to the median neurosecretory cells (mNSC)
significantly decreases their lifespan. These data suggest that lowering uncoupling mitochondria
by high expression of hUCP3 alters mNSC function in a way that increases DILP levels in fly
heads and leads to a concomitant decrease in lifespan. Much is left to be done to fully understand

the relationship between modulating mitochondria ROS levels and lifespan.
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Proteostasis also plays a key role in muscle maintenance with age. While slightly
tangential to this review’s primary focus on longevity outcomes, the loss of muscle mass often
precedes other age-related phenotypes like risks of falling. Throughout life, a fly’s muscles
accumulate protein aggregates that impair function. Maintenance of proteostasis is enhanced in
long-lived animals through elevated activity of FOXO target genes like 4E-BP that increase
lysosome/autophagy functions'®®. Interestingly, FOXO signaling through 4E-BP activity in
muscle decreases feeding behavior and the release of insulins that delay the age-related
accumulation of protein aggregates in other tissues. This result suggests bi-directional cell
nonautonomous signaling across tissues with a yet to be discovered signal'®.

Finally, overexpression of the gene hedgehog (44), the Hedgehog signaling pathway
ligand in Drosophila, extends lifespan through activation of the ER-UPR. While overexpression
of hedgehog signaling components in neurons has little effect on lifespan, overexpression in glial
cells is sufficient to extend it. Downstream of 4/ overexpression, overexpressing hsp69 and
hsp40 in glia is sufficient to rescue lifespan in A4 signaling mutants. Similarly, overexpression of
smoothened (smo) and Asp68 in glia partially rescues the lifespan shortening effects of
expressing human AB42 plaques in Drosophila glia. Hh signaling may increase chaperone
protein expression in adult glia, which act to maintain the integrity of dopaminergic neurons,

leading to increased longevity'®

. Conversely, disrupting this pathway shortens lifespan and
decreases the number of dopaminergic neurons'?°. This work parallels nicely with work in C.
elegans described above in which glial cells modulate aging through the UPR’®. While such data
are compelling, it remains unclear how neuronal and glial subtypes contribute to the lifespan

extension of enhanced hedgehog signaling. It is also interesting to consider the conserved role

glia cells play in neurotransmission, cell nonautonomous signaling, and longevity.
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Figure 1.7 Summary of the role of proteostasis in cell nonautonomous modulation of longevity in D.
melanogaster. Mammalian orthologs are listed in parentheses. If there are no parentheses, the name is shared across
taxa.

1.2.3.3 Perception of external stimuli

Research in Drosophila has greatly expanded our understanding of the effects of sensory
perception on aging. Sensory inputs that relate information about nutrition, conspecifics, and
dangerous situations rapidly initiate changes in fly physiology and patterns of aging, often within
a few days (Figure 1.8). It is known, for example, that a restricted set of olfactory and gustatory
neurons influence aging by either promoting or limiting lifespan, fat deposition, or general vigor

141,142

in old age''>!4°. Sensory perception of specific sugars and amino acids , as well as social

signals such as the health of conspecifics'* or availability of potential mates'*, is also
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important. Conserved neuropeptides and functionally-defined neuronal populations, some
associated with psychological conditions such as reward and hunger, are involved in mediating
these effects through new candidate cell nonautonomous aging mechanisms!#14,

Much of this work is centered around the effects of food perception. Exposure of flies to
the odor of an important food source (live yeast) as well as knock-out of a critical co-factor for
normal olfactory function (Or83b/Orco) established food perception is sufficient to partially
reverse DR-mediated longevity''?. Loss of Orco function significantly increases fly lifespan.
These effects are independent of food intake, activity, respiration, or early-life reproduction,
suggesting a direct effect of sensory perception. Mutation of the water sensor, ppk28, extends
Drosophila lifespan by up to 40%, and this effect requires AKH/glucagon receptor'?®. AKH
protein levels are higher in ppk28 mutant animals, and activation of Akh-expressing neurons is
sufficient to recapitulate the effects of loss of ppk28 on lifespan. Gustatory perception is also
necessary for normal stress resistance and lifespan in a low-glucose environment'“’. Loss of
sweet taste receptor Gr64 produces a sleep-impairment phenotype that is phenocopied by
blocking dopamine neurotransmission, and taste-blind flies lived longer than control flies,
despite eating more'#’. Conversely, loss of the Drosophila trehalose receptor, Gria, significantly
decreases lifespan without altering feeding!?’, establishing that taste inputs can modulate lifespan
in both directions. Much like some methods of DR-mediated longevity in C. elegans, loss of
labellar taste bristles requires insulin signaling to extend lifespan in flies'*’.

Interestingly, the effects of dietary restriction on Drosophila aging are predominantly
influenced by dietary composition rather than the overall caloric content of the food'**!>!. Flies
exposed to restriction of essential amino acids will choose to switch from a diet comprised

primarily of sugar to one primarily of protein!>2. This behavioral switch in feeding preference
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requires both serotonin signaling through the 5-HT2A receptor and plasticity of a dopaminergic
circuit®>!33, When flies are allowed to choose the sugar and protein composition of their own

t>2; an effect that also

diet, they live shorter than when presented with a single, complete die
requires nutrient sensing and signaling through the serotonin receptor 5-HT2A.

Outside of a flies’ ability to assess food quality, several other sensory cues rely on
neuronal signaling to modulate lifespan. Exposure to female sex pheromones in the absence of
mating causes rapid and reversible declines in fat stores, stress resistance and longevity in male
flies!>*. These changes in metabolism and lifespan require taste perception through the gustatory
receptor, ppk23, as well as neuronal signaling involving the conserved neuropeptide NPF/NPY
and FOXO. Moreover, these effects are partially reversed by copulation, suggesting that survival
costs of reproduction in male flies are controlled by neural circuits through which reproductive
expectation dictates costly precopulatory investment in reproductive success. Related circuits
that perceive reproductive reward ameliorate the consequences of this investment if mating is
achieved!*!. Because mating decreases both worm and fly lifespan, it’s worthwhile to ponder
why perception of imminent mating without achieving it causes greater physiological harm to a
flies’ health. Perhaps upon completing a satisfying activity that is evolutionarily beneficial, like
eating or mating, specific neural circuits and signaling peptides reinforce these behaviors, and
without these signals only detrimental effects remain.

In addition to cues regarding food availability and reproduction, cues that putatively
signal danger are also important. Drosophila can visually perceive dead conspecifics in their
environment and this experience induces both short- and long-term effects on health and
longevity. Exposure to dead flies decreases resistance to starvation, depletes lipid storage, and

143

shortens lifespan' ™. As with protein perception, serotonin signaling via receptor 5-HT2A is
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required for death perception to influence lifespan, suggesting a key role for 5S-HT2A signaling

in lifespan. In addition to death perception, carbon dioxide levels can also act as a danger signal.

In Drosophila, Gr63a encodes for one of two proteins which make up a CO2 receptor'>, and

flies with a loss of function mutation in Gr63a are long-lived. Interestingly, Gr63a is expressed

on olfactory neurons, and is also required for the odor of live yeast to shorten lifespan.

Consequently, nutrient sensing and carbon dioxide sensing could act through interconnected

pathways to influence lifespan'>®.
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Figure 1.8 Summary of the role of perception on cell nonautonomous modulation of longevity in D.
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taxa.

1.2.4 Mammals

Fewer studies have explored the effects of aging and cell nonautonomous signaling in

mammals due to the extended amount of time and effort needed to perform these experiments.
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Despite these considerations, a growing body of literature suggests the types of signaling events
seen in invertebrates are conserved from worms to mice. These initial findings portend an
increase in the number of studies investigating the effects of the nervous system on aging. In this
section we will discuss the individual studies performed in mice and compelling evidence that
suggests this phenomenon may be conserved in humans (Figure 1.9).

Similar to the effects observed in worms and flies, reduced insulin and growth hormone

signaling also significantly increase mouse lifespan'>’

. Ames dwarf mice, and the similar Snell
dwarf mice, each have a single-gene mutation, Prop1 and Pitl, respectively, that impairs anterior
pituitary development leading to decreased growth hormone, thyroid stimulating hormone, and
prolactin levels. These mice live 40% longer than controls and have decreased plasma IGF-1%,
However, dwarf mice do become obese in old age, showing that pituitary modulation of aging is
independent of body weight regulation. Interestingly, grafting a control pituitary gland in
adulthood does not rescue control lifespan in Snell dwarf mice?. The mechanism for the
longevity of dwarf mice likely involves IGF-1, because similar results have been obtained using

the knockout for growth-hormone receptor binding protein (GHR-KO)'®

, a heterozygous null
mutation of the IGF-I receptor'*®, and the knockout of growth hormone releasing hormone (lit/lit
mice, mutant for Ghrhr)?®. Similarly, partial loss of function of IGF-1R in neurons during
development leads to reduced growth and lifespan extension!®’. These mice gain slightly more
weight with age than WT controls and have higher levels of subcutaneous adipose tissue, higher
circulating leptin, and higher circulating lipids. These studies show decreased insulin signaling
can alter global metabolism and extend lifespan in mammals. While they do not directly test the

effects of other types of neural signaling, this work does confirm that insulin signaling influences

lifespan in mice.
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Related work in humans suggests insulin regulation, sensitivity, and neuronal excitability
all positively correlate with longevity. A transcriptome analysis of cerebral cortex tissue
compared >85 year old humans to the <80 year old group. This comparison identified one
transcriptional repressor, REST, in which expression positively correlated with longevity!®!.
REST negatively regulates neural excitation and FOXO1 expression, and C. elegans REST
orthologues spr-3 and spr-4 are required for daf-2/IGFR knockout lifespan extension. The
signaling mechanisms between neuronal REST activity and FOXO1 expression in peripheral
tissues are not known, but these data provide ample evidence of conserved cell nonautonomous
modulation of long-term health.

Similarly, genetic studies of centenarians have identified the locus encoding for tyrosine
hydroxylase (TH), insulin (INS), and Insulin Growth Factor 2 (IGF2) as correlative with
longevity'®2. TH is the rate-limiting enzyme responsible for producing the neurotransmitter
dopamine'®. This study also looked more closely at the association of specific INS and IGF2
polymorphisms with longevity in humans. Polymorphisms in the subregion spanning TH and
INS were significantly associated with lifespan in females, while polymorphisms in the region
spanning TH and IGF2 were significant in males. These data support the role of insulin and
dopamine signaling in human lifespan, and the gender difference observed may be explained by
variations in metabolism between the sexes in old age. Supporting these findings, another
research group genotyped a cohort of 90-109 year olds and compared them to ancestry-matched
younger people (ages 7-45). The 90+ cohort had a 66% higher incidence of a specific allele of
164

the dopamine D4 receptor (DRD4 7R) which correlated with higher physical activity

Additionally, DRD4 knockout in mice leads to an ~8% decrease in lifespan. It’s unclear what
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changes in dopaminergic signaling occur in these two populations and whether the increased
physical activity is directly linked with the DRD4 allele.

Unlike dwarf mice, mice heterozygous at the insulin receptor substrate 2 (Irs2) locus do
not differ from their control counterparts in food intake or body weight, but do have significantly

165 Knocking out Irs2 in neurons (blrs2) is

increased insulin sensitivity and live ~25% longer
sufficient to phenocopy the lifespan extension in the global knockout, and leads to decreased
mRNA expression of superoxide dismutase 2 (Sod2) and Foxol. These results support previous
hypotheses that reduced insulin signaling in neurons modulates lifespan by enhanced protection
from oxidative stress. It will be interesting to test whether enhanced Irs2 expression in the
nervous system shortens mouse lifespan.

Recent studies address questions about initiation and duration of a longevity intervention.
Most studies introduce dietary or therapeutic interventions while the mice are young adults'®.
This method is not entirely translatable to humans as most would likely be middle-aged or
elderly before adopting a pro-longevity treatment regimen. Many labs are beginning to address
this concern by testing the effects of longevity treatments after reaching midlife*!'®’. Applying
these principles, supplementing middle-age and elderly mice with intranasally administered
recombinant human Hsp70 extends lifespan by ~10% and improves learning and memory during
old age'®®. Interestingly, Hsp70-treated mice had higher neuronal density in the temporal cortex
and the hippocampus and immunostaining of the cerebral cortex for ribosomal proteins reveals
more accumulation of proteasomal subunits in the Hsp70-treated mice. This suggests that Hsp70

promotes proteasomal activity and can extend lifespan in mammals, presumably through both

cell autonomous and cell nonautonomous mechanisms.

34



Within the mammalian brain, the hypothalamus is a key producer of neuropeptides and
hormones. It is likely many signals from the hypothalamus are important to relay information
from neurosignaling pathways to the rest of the body. Additionally, the hypothalamus is key to
maintaining homeostasis in energy balance, blood pressure, oxygenation, body temperature,
circadian rhythm and circadian rhythm'®. Therefore, any perturbations in the environment are
likely transmitted from sensory neurons to the hypothalamus. Overexpressing uncoupling protein
2 (UCP2) in mouse hypocretin neurons (Hert) increases body temperature specifically in the
hypothalamus and leads to a decrease of 0.3-0.5°C in core body temperature!’’. These transgenic
Hcrt-UCP2 mice have the same calorie intake relative to WT controls but live 12-20% longer!".
These data suggest that neuronal regulation of core body temperature influences lifespan
independently of DR and supports cell nonautonomous modulation of aging in mice.

The significant role the hypothalamus plays in cell nonautonomous modulation of aging
is further supported by experiments modulating neuronal NF-kB levels in middle-aged mice.
NF-«B is a well-studied transcription factor involved with inflammation and the immune
response!’!. As aging is correlated with increased inflammation, this study asked whether
changes in NF-kB expression with age lead to pro- or anti-aging phenotypes. Middle-aged mice
with activated NF-kB in the hypothalamus have slightly shorter lifespan whereas NF-xB
inhibition extends lifespan by ~15%>’. NF-xB inhibition improves maze-learning, muscle
endurance, and bone mass while NF-kB knockout in hypothalamic microglia is sufficient to
phenocopy the lifespan extension from neural inhibition of NF-kB. Both neuronal and glial
hypothalamic NF-xB knockdown also leads to increased gonadotropin-releasing hormone
(GnRH) mRNA expression in old mice. GnRH neurons are hypothalamic cells that regulate

fertility through pulsatile GnRH release, and importantly, increases in GnRH expression or

35



treatment of mice with GnRH injection correlates with improved neurogenesis and lifespan. The
implication of this study is that increased inflammation from NF-kB expression during aging
leads to loss of GnRH release and subsequent diminished health, and that restoring GnRH levels
can reverse this effect. Notably, recent work demonstrated that treating mice with an inhibitor of
IL-11, a pro-inflammatory cytokine upregulated by NF-«kB, can extend mouse lifespan by ~22%
and 25% in males and females, respectively!’?. These data not only support a role for the
hypothalamus in cell nonautonomous modulation of aging, but also suggest plausible signaling
mechanisms (GnRH and/or IL-11 release) for this role.

Recent work further explores the role of the brain in influencing health and longevity in
mice. Brain-specific Sirtl OE (BRASTO) mice live 10-15% longer than controls and have
decreased cancer incidence'”®. Middle-aged (20 month) BRASTO mice also exhibit improved
healthspan parameters when compared to their aged-matched controls; they are more physically
active, have higher core body temperature, consume more oxygen, and have more non-REM
sleep. Similar traits are often correlated with increased quality of life in elderly humans!74176,
While the causative mechanisms behind the improved health and longevity of BRASTO mice are
not fully characterized, they show an increase in skeletal muscle mitochondria and mitochondrial
functional gene expression in addition to higher mRNA expression of markers of neuronal
activity in hypothalamic neurons. Further studies will hopefully identify how SIRT1 expression
in the brain changes downstream physiology to improve health and longevity. This will likely
involve modulation of neuronal signaling, perhaps due to improved health of neurons in the
brain. It will also be interesting to find whether and how these changes are distinct from and

overlap with pathways such as insulin-like signaling, that also emanate from the brain. This
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study further supports the role of neurons, and hypothalamic neurons in particular, as key
modulators of cell nonautonomous aging.

Another focus of aging research in mammals has been cellular senescence, a process
characterized by permanent cessation of cellular proliferation. There is a large body of work
supporting the hypothesis that the proliferation of senescent cells throughout an animal’s lifetime
could accelerate their aging via pro-inflammatory secreted compounds. Plasminogen activator
inhibitor-1 (PAI-1), a neuronally expressed protein, regulates cellular senescence in
mammals!””!78, In one mouse model of accelerated aging—genetic knockout of the klotho
“aging-suppressor” gene—the klotho knockout mice exhibited increased plasma PAI-1 levels

17 Knocking out PAI-1 in klotho mutant mice reduces

when compared to age-matched controls
senescence, normalizes telomere length, preserves organ function, and completely rescues their
lifespan. These mice are likely short-lived due to accumulation of pro-inflammatory molecules
from the “senescence messaging secretome” (SMS) that influences aging through cell
nonautonomous signaling. In support of this hypothesis, there is mounting correlative data
suggesting elevated PAI-1 levels in humans is strongly associated with aging disease states!®’.
While these data are intriguing, more experiments are needed to test whether neuronal SMS
mechanistically accelerates aging in mice with normal lifespans.

Cell nonautonomous signaling from senescent cells is another likely mechanism
influencing aging. Mammals accumulate senescent cells throughout life, and when chronically
present, senescent cells exacerbate age-dependent tissue deterioration due to inflammatory
signals dubbed the senescence-associated secretory phenotype (SASP)!3!. However, when

transiently present, senescent cells can promote healthy outcomes like optimal wound healing'®2,

While the local effects of these signals have been well-studied, their systemic effects remain
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unclear'®. Much work is left to parse out the efficacious effects of senescent cells from SASP,
but it is compelling that many anti-aging therapeutics shown to extend mouse lifespan seem to
target and kill senescent cells'®. Whether the lack of these senescent cells is responsible for the
pro-longevity effects from these drugs remains unclear. Senolytic compounds have recently
entered clinical trials to test their efficacy in treating age-associated diseases'®* and early results
show that senolytic therapy improved outcomes in a tauopathy-based mouse model of
Alzheimer’s'®. Together, these data indicate senescent cells could represent a local and possibly
systemic mechanism for cell nonautonomous modulation of aging.

The process of identifying pro- and anti-aging signaling events such as SASP is
accelerated by the use of heterochronic (differently aged) animals sharing a circulatory system
either through parabiosis or serum transfer. Incredibly, circulating factors in the blood of young
mice can restore cellular function in older mice. Specifically, old mice exposed to young serum
show enhanced Notch signaling in satellite cells, increased hepatocyte proliferation, enhanced
neurogenesis, decreased incidence of cardiac hypertrophy, and a reduced SASP response!'8¢-1%°,
Follow-up studies show the TGF-f3 superfamily member protein GDF11 decreases with age and
restoring its levels-alone is sufficient to reverse age-related dysfunction in the skeletal system'"

as well as restoration of the neurogenic niche'®®

. Despite the observed benefits of young serum in
older mice, an initial study found that young plasma is not able to extend lifespan in aged
mice'??. Together, these results provide the basis for ongoing work identifying the mechanisms
of these observations with the hope of showing that defined “youth factors” can improve human

healthspan, lifespan, or both. These data highlight the significant role circulating proteins and

secreted compounds likely play in modulating aging cell nonautonomously.
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Labs with a previous invertebrate focus have begun to explore whether cell
nonautonomous signaling pathways are conserved from invertebrates to mammals. To that end,
globally knocking out the capsaicin receptor TRPV1 in mice causes no change in body weight or
circulating growth hormone (GH)/IGF-1, but increases metabolic activity and energy
expenditure and extends lifespan by 10-20%"°'. In worms, knocking out the TRPV-1 orthologues,
osm-9 and ocr-2, requires the transcription factor CRTC-1 to influence lifespan. In mouse dorsal
root ganglion (DRG) primary neuron cultures, TRPV-1 is also necessary for nuclear
translocation of CRTC-1. CRTC-1 interacts with CREB in DRG neurons to regulate secretion of
the neuropeptides CGRP and substance P in pancreatic beta cells. The model suggests TRPV-1
knockout mice have reduced CRTC-1 activity which reduces calcitonin gene-related peptide
(CGRP) expression and increases pancreatic insulin secretion leading to better glucose tolerance
and longevity. It is likely this type of translational study will become more common in the future,
establishing which cell nonautonomous pathways of aging are conserved from invertebrates to
mammals.

Together, mammalian aging studies show a clear role for cell nonautonomous signaling, but
with less detail than in invertebrate organisms. Similar to invertebrates, insulin-like signaling
represents the best studied pathway, but additional details are continuously emerging. Whether
emanating from whole brain (SIRT1), regions of the brain (e.g. hypothalamic NF-kB and UCP), or
from individual tissues throughout the body (SASP, parabiosis), cell nonautonomous modification of
systemic aging plays a role in mammals. For many of these pathways, the field is very new and more

exciting data will likely come in the future.
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Figure 1.9 The intersection of cell nonautonomous signaling and aging in mammals.

1.2.5 Emerging Concepts in Cell Nonautonomous Signaling and Longevity

The work reviewed here (summarized in Figure 1.10) represents a small sliver of the

extensive discoveries the aging field has made i

n the past three decades. Despite cell

nonautonomous signaling being a relatively new concept to the field, the critical role the nervous

system plays in promoting healthy aging is well-established. Moreover, by understanding how
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key signaling tissues evaluate and appropriately integrate large amounts of internal stimuli
(energy stores and the allocation of resources) and external stimuli (availability of food/sexual
partners and quality), we can target the decision-making processes improve healthspan and
lifespan.

Despite the clear role that cell nonautonomous signaling plays in maintaining
proteostasis, oxygen homeostasis, food regulation, and overall physiology, there is much we
don’t know about these areas. All fields, but invertebrate aging research in particular, could
follow the lead of the behavior field, where there is convincing data establishing detailed neural
circuits and signaling molecules that regulate aspects of behavior. The aging field has
occasionally completed similar work, but much less is understood about how cells recognize and
relay signals about different types of internal and external environmental stimuli. This is to be
expected, as behavioral outcomes are often measurable in seconds or minutes, whereas long-term
health and lifespans require weeks or months (for invertebrates) or years (for mammals). Due to
time constraints, this is an area where invertebrate research will likely need to lead, but future
work should follow up on the translatability of these networks. A subset of invertebrate studies
do establish key aspects of these circuits, and if more effort was put into this endeavor, we may
also find whether behavior and long-term health interact or are controlled by entirely distinct
pathways.

With the establishment of cell nonautonomous regulation of aging in multiple pathways
and organisms, there is immense therapeutic potential for this area going forward. Most
therapeutics logically target the tissues where physiological change is most important. However,
understanding upstream signaling networks provides a unique opportunity to use the natural

signals to “trick” key tissues into improving long-term health. This will not necessarily be easy,
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as targeting neural circuits using broad drugs (e.g. SSRIs) often has pleiotropic effects, but the
better we understand these signaling networks the more specifically we could, in theory, mimic
the signal(s). Using a signaling approach to anti-aging therapeutics would allow for induction of
hormetic effects without the need for an acute stressor and has great potential to mimic well
established longevity interventions such as dietary restriction. It will be of paramount
importance, as the field continues to mature, that we test the conservation of these networks from
simple worms to complex mammals. It is probable, however, that like the first discovered cell
nonautonomous network to influence aging (insulin-like signaling), other pathways will be
partially or largely conserved.

Much of the work reviewed here investigates how the nervous system communicates with
peripheral tissues to influence aging. This can be thought of as canonical cell nonautonomous
signaling. However, recent data from invertebrates supports the idea of non-canonical cell
nonautonomous mechanisms where the peripheral tissues use a retrograde signal back to the
nervous system to maintain or further modify physiology'**19*1%5_ This type of signaling is
logical, as organisms require feedback from individual tissues to monitor homeostasis, but the
role of retrograde signaling in regulation of aging is not well understood. This concept presents
an interesting case for future studies to investigate the circuitry events that occur from the
downstream metabolic tissues back to the nervous system. It also provides an opportunity to
better understand how cells at the interface of forward and retrograde signaling (i.e. the
hypothalamus) make decisions that affect both upstream and downstream physiology.

Another area that will be crucial in future studies will be the identification of epigenetic
regulation of these cell nonautonomous networks. While sentinel-like cells such as neurons

signal to peripheral tissues to modify stress resistance and longevity, how these pathways
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maintain their benefits over time is not well understood. Studies show that just a day of
hypoxia!%, for example, can extend lifespan in a worm, but whether that is just due to the
persistent benefits of physiological changes made during that day or due to lasting epigenetic
changes in peripheral tissues is an open question. The answer will give clues as to whether we
could develop therapeutics that are only taken intermittently or whether more continuous
treatment is necessary to extend healthspan. Additionally, studies in this area could separate how
organisms respond to acute and chronic stress, and whether a series of acute activations of stress
responses bring about long-term benefits.

Together, cell nonautonomous regulation of aging represents an exciting area of study
that is well-established with many exciting but open questions. The future of this area has great
potential to both improve our understanding of the aging process and lead to useful therapeutic

advances that improve human health.
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Figure 1.10 Summary model. Perception of environmental stressors by the nervous system activates cell
nonautonomous signaling pathways that induce pro-longevity effector proteins in peripheral tissues.
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1.3 Potential Obstacles to Anti-Aging Treatments

Longevity interventions often capitalize on the hormetic activation of stress response
pathways that can enhance cellular resilience and promote healthy aging. In model organisms,
these pathways can be triggered by various environmental stressors, pharmaceutical agents, and
genetic modifications. However, while each of these strategies shows promise in theory, their
practical implementation in real-world settings presents several challenges. In this section, we
will examine the potential obstacles associated with translating longevity interventions into

human applications (Figure 1.11).

Environmental

Treatments: DR, hypoxia,

temperature stress, exercise
Itis hard to determine and to control the correct
dose of an environmental stressor

@ Conflicting sensory cues affect perception of
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environmental stressors modifies behavior
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Figure 1.11 A summary of the challenges facing environmental, genetic, and pharmaceutical longevity
treatments.

1.3.1 Challenges facing environmental longevity interventions

One potential avenue for anti-aging treatments involves exposing individuals to various
physical stressors, such as dietary restriction (DR), exercise, heat stress, or cold stress, all of
which activate hormetic stress responses that enhance resilience and healthspan®. However,
translating these interventions from controlled laboratory environments to real-world settings is
difficult for three main reasons. First, it is difficult to achieve consistent application and dosing
of an environmental stressor. Second, intentional and repeated stress exposure requires a baseline

level of health and great motivation on the part of the individual. Third, while laboratory settings
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can carefully regulate these stressors, the environmental factors encountered by individuals in

daily life introduce complexities that may significantly affect the efficacy of these interventions.

1.3.1.1 Challenges in dosage and interactions between multiple stressors

The first major challenge in implementing environmental stress exposure as a longevity
treatment is the difficulty in controlling the dose of stress, which must be precise to yield
beneficial effects without causing harm. Hormesis, by definition, requires a moderate amount of
stress to provoke an adaptive response; too little has no effect, and too much can be
detrimental®*32. In laboratory settings, researchers can carefully manipulate stressors—such as
restricting calories by a specific percent of total intake or implementing heat exposure at a
specific temperature and duration—to remain within a hormetic range. However, stress exposure
in the real world is inherently more unpredictable, and the interaction between different stressors
is poorly understood. For example, illness, sleep deprivation, psychological stress, and physical
exertion could all interact with environmental stressors in ways that enhance or attenuate their
effects. Similarly, there is growing interest in the role of social stressors such as adverse

19 Qverall, it remains unclear how

childhood events and socioeconomic status on aging
interactions between multiple hormetic and non-hormetic stressors will affect the overall balance
needed to optimize health.

Additionally, determining the optimal dose of stress exposure for individuals remains a
significant hurdle. While interventions like calorie restriction and exercise have the potential to
extend lifespan in various species, the appropriate "dose" of these interventions can vary not only
between individuals but also over time for the same individual'*”'*8. Additionally, variability in

dose-response between individuals in a population can increase with age'”. This variability

makes it difficult to establish clear guidelines for implementing these interventions in a way that
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ensures benefits without inducing harm. Pharmaceutical interventions face similar dosing
challenges, but environmental stress exposure in daily life is far harder to control and

personalize.

1.3.1.2 Behavioral resistance to stress exposure

A second major challenge facing stress-based treatments is the inherent resistance of
individuals to voluntarily expose themselves to the kinds of stressors required to extend lifespan.
Humans are naturally inclined to avoid discomfort, as evolutionary pressures have shaped
behavior to seek safety and conserve energy?°?°!. For example, despite overwhelming evidence
that physical exercise and appropriate calorie intake prevents disease and improves health,
compliance with these recommendations remains low. According to the Centers for Disease
Control and Prevention (CDC), approximately 50% of American adults were trying to reduce
their caloric intake as of 2016%°2. However, studies looking at long-term adherence to dietary
changes report that only between 5-20% of these attempts are successful’**»?*, Even when
dietary change is regularly monitored and enforced as part of a scientific study, it is extremely
rare for humans to achieve the 20-40% reduction in caloric intake often employed in scientific
studies of DR-mediated longevity. For example, the first human trial examining the effects of
calorie restriction on longevity biomarkers aimed for a 25% reduction in calorie intake in
healthy, normal-weight subjects. Subjects in this study were also rigorously screened for their
likelihood of long-term compliance. Even so, after one year in the study, the average participant
only achieved a 12% decrease in caloric intake®*. Similar difficulties are observed with respect to
other lifestyle interventions like exercise. A study by Gjestvang et al. found that only 17% of
adults who joined a new fitness center still followed a consistent exercise regimen one year

later?®. These surveys suggest that stress-based interventions may only be feasible for a small,
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highly motivated subset of the population, making widespread adoption of such approaches

unlikely.

1.3.1.3 Conflicting sensory cues influence stress perception in a complex environment

Even for those individuals who are highly motivated to adopt stress-based interventions,
the external environment poses additional challenges. In the modern developed world, we are
often exposed to cues that signal comfort and safety, which can undermine the effects of
environmental stress exposure. For instance, research on dietary restriction in invertebrates has
demonstrated that even when organisms are dietary restricted, exposure to food-related cues
(such as odors or tastes) can attenuate the lifespan-extending benefits of DR!%%:112:206 While this
phenomenon is not well-studied in mammals, these blunting effects in invertebrates are mediated
by the highly conserved signaling molecules serotonin and dopamine®>!%!43, Given that humans
are frequently exposed to cues of food availability, such as advertisements, odors, and the
widespread consumption of non-nutritive sweeteners, these environmental signals may hinder
the effectiveness of DR-based interventions in real-world settings. For example, in 2012, 13% of
packaged foods and 35% of beverages were marketed as low-calorie, low-fat, or low-sugar
products®®’. The increased consumption of non-nutritive sweeteners (such as aspartame or
sucralose), which affect taste perception without providing calories, has further exacerbated this
issue, with over 30% of U.S. adults reporting daily consumption of artificial sweeteners as of
20172%, These factors suggest that the constant exposure to food cues may blunt the
effectiveness of environmental stress interventions like DR in humans, requiring additional
studies to understand their impact on health in humans.

Taken together, the challenges associated with stress exposure-based longevity

interventions underscore the need for further research into the appropriate dosage of stressors
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required to achieve a hormetic response, as well as the impact of conflicting sensory cues. While
the controlled environment of the laboratory offers valuable insights, the complexities of real-
world stressors and human behavior must be addressed before these interventions can be widely
implemented. Consequently, a deeper understanding of how stress exposure interacts with the
modern environment and individual variability is crucial for the successful application of

longevity strategies based on environmental stress.

1.3.2 Challenges facing pharmaceutical longevity interventions

Developing anti-aging drugs in humans faces several significant challenges, particularly
in identifying targets that effectively modulate aging across a heterogenous population. While
much progress has been made in understanding molecular mechanisms involved in aging, the
complexity of human biology suggests that a one-size-fits-all approach may not be feasible.
Pharmaceutical agents targeting hormetic stress-response pathways have shown promise in
extending lifespan in animal models such as mice, worms, and flies?*-2!°, However, translating
these findings into effective human therapies will require identifying the most promising drug
targets, understanding variability in drug efficacy across individuals, and overcoming limitations

in drug combination strategies.

1.3.2.1 Individual variability and the need for personalized and/or combinatorial approaches

Multiple pharmaceutical agents extend lifespan in non-human mammals by modulating
key effectors of different stress-response pathways. Acarbose, rapamycin, and 17 a-estradiol are
prime examples of drugs that extend lifespan in mice, though their sites of action and specific
mechanisms of action differ significantly. For instance, acarbose likely extends lifespan by
inhibiting intestinal enzymes that break down carbohydrates, thereby decreasing the postprandial

211

blood glucose concentrations and reducing insulin signaling”'. Rapamycin is an inhibitor of the

48



mechanistic target of rapamycin complex 1 (mTORC1) and promotes autophagy?'2. Finally, 17
a-estradiol is a selective estrogen receptor modulator thought to extend male lifespan by altering
estrogen receptor signaling, which influences numerous metabolic and stress-response pathways
in non-neuronal tissues®'*2!*, While these drugs show promise in extending lifespan in
mammals, the debate over which could be the most effective or best intervention for human
aging remains unresolved.

One critical challenge in applying these interventions to humans is variability in the
efficacy of each treatment based on environment, sex, and genetics: lifespan extension therapies
that work effectively in one group of mice may not necessarily produce similar results in
humans, nor can they be relied upon to work equally well across the entire population. Even in
mouse studies, genetic background, age, and sex can significantly impact the effectiveness of
these drugs, suggesting the need for personalized or combinatorial treatment approaches. For
example, the proposed anti-aging drug metformin was reported to extend lifespan in female
Swiss-H Rappolovo (SHR) mice?'® and male C57BL/6 mice*!é, but the Interventions Testing
Program (ITP) found no effect of metformin on lifespan in male or female UM-HET3 mice?!”.
Similarly, the ITP found 17 a-estradiol extends lifespan in males but not in females?'>. This
variability highlights the necessity for multiple FDA-approved and efficacious longevity
treatments, each targeting different subsets of the population based on genetic and/or metabolic
differences.

Another challenge to consider when translating anti-aging therapies from animal models
to humans is the diminishing effect of longevity interventions as one moves up the evolutionary
scale. While genetic interventions like knocking down the insulin-like growth factor receptor can

double lifespan in C. elegans®S, similar interventions tend to have much smaller effects in higher
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organisms like mice: the growth hormone-deficient Snell dwarf mouse, one of the longest-lived
mouse models, only lives approximately 50% longer than wild-type mice*’. Activating these
longevity pathways via pharmaceutical means decreases the effect on lifespan even further: the
largest effect on lifespan observed in the ITP is a 22% increase from acarbose treatment in male
mice?!®. This trend suggests that even the most promising longevity drugs may have modest
effects on human lifespan. The small magnitude of these effects may be a significant factor in the
challenge of translating animal-based findings to humans, as even if a drug has a measurable
impact on aging, it may not produce dramatic results.

One option to address these challenges is to tailor interventions to the specific biology of
individuals, which will require a better understanding of how different therapies interact and
which ones are most likely to produce positive outcomes in each individual. Additionally, there
is great interest in combining multiple longevity pharmaceuticals with the hope of achieving an
additive effect on health and lifespan. For example, Admasu et. al identified two drug
combinations that synergistically improve lifespan and healthspan in C. elegans. The synergistic
effects of both drug combinations required TGF-f signaling and increased levels of
monounsaturated fatty acids®'®. Combining multiple anti-aging pharmaceuticals in flies has also
proved efficacious. Simultaneous inhibition of mitogen-activated protein kinase kinase, mTOR
complex 1, and glycogen synthase kinase-3 acted additively to increase Drosophila lifespan by
48%%1°. These data suggest it may be possible to target two or more pathways simultaneously to
slow mammalian aging.

However, combining multiple drugs to enhance lifespan or healthspan is complicated by

220,221

issues such as drug-drug interactions , variability in individual responses to different

222,223

dosages , and increased costs. These challenges are exacerbated by the fact that personalized
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dosing regimens for aging interventions are still in early stages and will need to be standardized.
As a result, combining multiple drugs to treat aging remains a complex and potentially risky
strategy that requires careful consideration of individual responses, drug interactions, and

delivery methods.

1.3.2.2 The potential of the nervous system as a target for anti-aging pharmaceuticals

Given these challenges, one potential alternative to a multi-drug approach is to focus on
drug targets that could coordinate the regulation of stress-response pathways across various
tissues. The nervous system is a promising target for these types of longevity therapeutics
because it plays a central role in coordinating diverse physiological processes across the body,
influencing metabolic regulation, immune function, and stress resilience. Moreover, research into
cell nonautonomous regulation of aging has identified several promising neuronal signals that
influence aging in other tissues. For instance, modified serotonin signaling in C. elegans and D.
melanogaster can alter lifespan through multiple downstream mechanismg®%105:142,143.145.224
Similarly neuronal signals in worms, flies, and mice can play a crucial role in modifying the
insulin/IGF-1 signaling pathway and proteostasis in peripheral tissues’*7%120:225-228 These
examples suggest that manipulating neural signals upstream of metabolic and stress resistance
effectors could be a powerful strategy to influence aging.

Moreover, because the nervous system is composed of highly specialized subsets of cells,
limited interventions in neural circuits could have large effects on multiple downstream
pathways to affect lifespan. This contrasts with the broader effects of systemic drug
interventions, which may require separately targeting multiple pathways or tissues to produce a

meaningful impact. Importantly, the FDA has already approved many neuromodulating drugs for

psychiatric treatments, and several of these drugs, including trifluoperazine, butaclamol,
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thioridazine, and mianserin, have demonstrated lifespan-extending properties in invertebrate
models!'®?2*-23%_ This raises the possibility that these drugs could be repurposed for use in anti-
aging therapies in humans, with potentially fewer regulatory hurdles compared to novel drug
development.

Despite the potential of the nervous system as a target for anti-aging therapeutics, a
crucial challenge remains: the need to more fully understand the neural circuits that regulate
aging across different tissues. While neuronal signals that influence aging in model organisms
have been identified, a detailed mapping of these brain circuits is necessary to identify central
regulators of aging. Understanding these circuits will provide insight into how individual
neurons and their signaling networks can modulate aging processes in peripheral tissues,
ultimately guiding the development of more effective and targeted anti-aging therapies. In
conclusion, while there are many obstacles to applying anti-aging pharmaceuticals in humans,
focusing on the nervous system as a central hub for regulating aging offers a promising avenue
for future research. Identifying neural targets and understanding how they coordinate various
longevity pathways may lead to more effective therapies with greater impact on human health

and lifespan.

1.3.3 The complex interplay between longevity interventions, reproduction, stress resistance,
and behavior

A final challenge in implementing lifespan therapeutics in humans is to mitigate the
pleiotropic effects of longevity-promoting stress response pathways. These pathway effects are
often not limited to the intended effects on aging, and some may be undesirable or
counterproductive. For instance, many longevity interventions divert resources from

reproductive health to preserve somatic function, often resulting in reduced fertility®*"-232,
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Additionally, although these interventions may successfully extend lifespan in controlled
laboratory settings, they may impair an organism's ability to cope with real-world stressors, such
as infections****%°. Both acute and chronic exposure to stress can also profoundly impact
behavior and mental well-being”%#7. For example, calorie restriction in humans has been linked
to declines in cognitive performance and increased feelings of dysphoria*®. Similarly, stresses
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induced by other longevity interventions, such as heat**® or hypoxia**’, are not well studied, but

have been associated with mental health issues in people.

1.3.3.1 Interactions between anti-aging treatments and reproduction

With respect to reproduction, there is clear evidence that genetic longevity interventions
often extend lifespan at the cost of fertility. This is also observed in invertebrates, as worms and
flies with germline mutations are long-lived**!. Similarly, some long-lived mouse strains like
Snell and Ames dwarf mice are unable to carry pregnancies to term without hormone

supplementation®*?

. Encouragingly, this hormone treatment does not block the enhanced health
and longevity of Snell Dwarf mice?®, indicating it is possible to separate their longevity and
reproductive phenotypes. Additionally, while longevity interventions may not increase total
reproductive capacity, some anti-aging drugs are being investigated for their potential to extend
the reproductive lifespan?4?244243_Qverall, the effects of genetic and longevity pharmaceutical
interventions on reproduction vary based on the treatment as well as the age and sex of the

organism in question. More work is needed to fully decipher the complex interactions between

each promising longevity treatment and fertility.

1.3.3.2 Interactions between anti-aging treatments and stress resistance

Much like with reproduction, different genetic and pharmaceutical longevity

interventions have varied and complex effects on stress resistance and immune function. While
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many genetic longevity interventions also enhance stress resistance in invertebrate models?*,

this is not always the case. For example, long-lived fcer-1 overexpressing worms are more
susceptible to pathogen infection than WT worms, while zcer-1 knockouts are pathogen
resistant®?’. Interesting interactions between genetic mimics of dietary restriction and immune
function have also been observed: work from the Blackwell lab found that the longevity of
dietary restricted worms and daf-2 knockout worms requires suppression of components of the
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innate immune response, such a p38 signaling~*°. While this requirement suggests a potential

tradeoff between immunity and longevity, multiple studies of dietary restriction in flies report

enhanced pathogen resistance following acute dietary restriction®*’

. It is also proposed that
decreased appetite, a common response to infection across taxa, is a behavioral response to
promote enhanced immune function?°. In mammals, both acute and longer-term dietary
restriction interacts with the immune response®!->>3, but the consequences of these changes
appear to be nuanced and context-dependent.

While some reports have investigated the interactions between dietary restriction or
genetic DR mimetics and immune function, very little is known about how promising anti-aging
pharmaceuticals alter immune function. One exception to this is rapamycin, although there is
still no clear consensus regarding how long-term low dose rapamycin treatment affects
immunity. Rapamycin was originally used as immunosuppressant following organ

transplantation®>*

. Consequently, one might expect chronic rapamycin use to have detrimental
effects on immune function. However, the dosage of rapamycin that extends lifespan is much
lower than the dose used for intentional immunosuppression*"2!2. In fact, multiple studies

suggest that rapamycin could enhance immune function in old age?3>°°. Rapamycin also plays a

role in adaptation to physical stress in humans by suppressing muscle protein synthesis after
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resistance training?’. This function can blunt the positive effects of physical activity and would
be a clear negative side effect of the drug. Taken together, these data demonstrate clear
interactions between longevity treatments, stress resistance, and stress adaptation. Nevertheless,
more research is needed to understand the implications of these interactions on health outside of
the controlled, pathogen free laboratory environment in which most longevity treatments are

tested.

1.3.3.3 Interactions between anti-aging treatments and behavior

With respect to behavioral changes, many studies of novel longevity treatments examine
whether movement capacity is enhanced in middle and/or old age as a measure of
healthspan!>238-262 Work in invertebrate models also demonstrates that more complicated
behaviors, like learning and memory, are preserved longer into old age in animals with reduced
insulin signaling?%*?%*. Additionally, reproductive capacity is often examined as a measure of
overall health and fitness?2>268, However, longevity treatments are rarely evaluated for their
effects on decision-making and mental state. Nevertheless, many genetic and pharmaceutical
longevity interventions activate stress response pathways that are known to elicit behavioral
changes that allow an organism to avoid or prepare to endure a stressful
environment?36-237:239.240.269270 ' Consequently, there is premise to explore the impact these
longevity interventions may have on behavior in young animals.

Many longevity interventions target key metabolic tissues like the liver?’!, the
hypothalamus® and the intestine?'3, all of which can directly or indirectly modify mental state
and decision-making. While the role of these metabolic tissues in mental state is still poorly
understood, there is growing evidence that these tissues affect the nervous system and behavior.

For instance, the ketogenic diet, which induces significant metabolic shifts and decreases insulin
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signaling, has been used for nearly a century to treat epilepsy, though the precise mechanisms
behind its effects on brain function remain unclear?’?. Additionally, metabolic dysfunction,
including elevated glucose and triglycerides, is strongly correlated with poor mental health
outcomes?”. This further highlights the broader effects of longevity interventions on behavior.
Finally, new and exciting research on the gut-brain axis links many metabolic processes in the
gut to changes in brain function and behavior. Metabolites produced by intestinal microbes can

274-276

act as neuromodulators , influencing neural activity and mood regulation. Additionally,

many neurotransmitters traditionally associated with the brain, such as serotonin and dopamine,

are synthesized in the gut and can cross the blood-brain barrier®”’

. Each of these examples further
emphasizes the role of peripheral metabolism in influencing mental health and behavior.

In conclusion, it is crucial to assess the effects of longevity interventions not only on
aging and lifespan but also on reproduction, stress resistance, and behavior. Understanding how
these different physiological processes are interrelated and whether they are separable will be
essential for developing safe and effective anti-aging treatments. By mapping the mechanisms
underlying both longevity and behavioral changes, we can gain insight into the potential trade-
offs of these interventions and identify strategies to minimize negative side effects while
maximizing benefits. This approach will be key to advancing our understanding of aging and

improving the quality of life for individuals undergoing lifespan and healthspan-extending

treatments.

1.4 Goals of this Dissertation

In this dissertation, I aim to improve our understanding of the role of cell nonautonomous
signaling in aging to address potential challenges facing longevity interventions. In Chapter 2

explores a potential obstacle facing the best-studied environmental longevity intervention,
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dietary restriction. Specifically, we examine how exposure to food-like cues in a complex
environment attenuates the longevity benefits of dietary restriction in C. elegans. Understanding
the neural circuits through which perception of environmental food cues influences activation of
downstream longevity effectors could aid in the development of longevity interventions that are
not affected by external signals.

Chapter 3 continues our exploration of the role of neural signaling in extending lifespan,
but this time focusing on the cell nonautonomous circuit through which hypoxia, or a low
oxygen environment, extends lifespan in C. elegans. In this detailed circuit mapping of a cell
nonautonomous longevity pathway, we identify multiple manipulations of neural signals that
mimic exposure to hypoxia and extend lifespan in a normoxic environment.

Next, Chapter 4 looks downstream of these environmental longevity interventions and
instead focuses on a pro-longevity effector, fino-2, that is activated by both DR and hypoxia to
extend lifespan in nematodes. Because 1) these two environmental longevity interventions
converge on fmo-2 induction, and 2) mammalian Fmos are also upregulated in long-lived mice,
Fmo overexpression represents a possible target for new longevity treatments. However, we find
that altering fmo-2 expression changes multiple behavioral phenotypes in young adult worms.
This chapter focuses on determining whether these behavioral changes are separable from the
effects fmo-2 expression has on aging.

From Chapters 2-4, we can see that C. elegans are a valuable model system for mapping
cell nonautonomous circuits in relation to lifespan and behavioral outcomes. However, there are
some challenges in using nematodes as a model organism. For example, C. elegans consume a
diet of live OP50 E. coli bacteria. Consequently, it can be difficult to determine whether

phenotypes observed under various environmental or drug supplementation conditions are due to
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alterations in bacterial metabolism or in worm physiology. To address this challenge, we
developed a method of metabolically inactivating bacteria without decreasing their nutritional
quality. This technique is detailed in Chapter 5. This chapter, which focuses on new methods in
C. elegans research, also discusses a method developed to automate the quantification of
fluorescent images of worms. This process greatly increases the feasibility of large imaging
screens, allowing for the identification of key signaling components among many genes of
interest.

Finally, Chapter 6 summarizes how this work advances our understanding of the
interactions between longevity interventions, conflicting environmental cues, and behavioral
effects. However, this thesis represents only a small advancement in our knowledge of how cell
nonautonomous signaling pathways modify aging and physiology. Chapter 6 also explores how
this work provides a framework for future investigations and proposes additional studies to

advance our understanding cell nonautonomous signaling in aging and behavior.
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Chapter 2 Touch Limits Lifespan through Neural to Intestinal Signaling?

2.1 Foreword

This Chapter builds off of previous work in the lab led by Dr. Hillary Miller and Dr.
Shijiao Huang. When I first joined the lab, I assisted Dr. Miller and Dr. Huang in dissecting the
neural circuitry through which perception of food smells under DR conditions decreases
induction of the pro-longevity enzyme FMO-2 and, in turn, attenuates DR-mediated longevity.
Based off our findings related to the role of olfactory perception in longevity, I wondered
whether other forms of sensory perception, like mechanosensation, could elicit similar effects.
After identifying a method to separate mechanosensory food-like cues from food consumption in
C. elegans, 1 found that, much like attractive smells, attractive touch cues decrease both DR-
mediated fimo-2 induction and longevity. This chapter describes our discovery and mapping of
an attractive touch cell nonautonomous signaling pathway. This pathway is perceived by the
nematode nervous system and communicated to peripheral tissues to effect longevity effectors
like FMO-2. While much work remains to explore the implications of this pathway in aging (see
Chapter 6), this project begins to address how complex and conflicting sensory cues may affect
potential longevity interventions like dietary restriction. I completed the entirety of this work
with the exception of Dr. Safa Beydoun performing replicates of key experiments and regular

feedback from Dr. Scott Leiser.

2 In revision at PNAS (2025 May; doi: 10.1101/2021.06.18.449022) with authors listed as Kitto, E.S., Beydoun, S.,
and Leiser, S.F.
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2.2 Abstract

In multicellular organisms, sensory perception affects many aspects of behavior and
physiology. Perception of environmental stressors like food scarcity often leads to physiological
changes that promote survival and slow aging. However, recent work shows that perception of
attractive food smells can block the health benefits of dietary restriction in multiple model
organisms. While it is known that sensory perception and cell non-autonomous signaling can
modulate health and longevity, our knowledge of the specific sensory cues and mechanistic
pathways that define this signaling is still limited. Here we find that the sense of touch interacts
with nutritional state to modulate lifespan in C. elegans. Worms subjected to dietary restriction
are shorter-lived when they perceive tactile stimuli that mimic bacterial food and/or protective
soil. Touch modulation of dietary restriction requires putative mechanoreceptor proteins, the
neurotransmitters dopamine and tyramine/adrenaline, and the neuropeptides INS-11 and GnRH.
Ultimately, the touch circuit regulates the longevity effectors DAF-2/IGF1R and FMO-2/FMOS.
These results establish a physiological touch circuit and connect neural reward pathways to the
growth and reproductive axes. Finding that texture mechanosensation can modulate longevity

suggests a role for touch in healthspan and lifespan.

2.3 Introduction

In order to survive and thrive in a changing environment, all organisms must accurately
perceive and respond to a wide range of sensory cues. Sight, touch, smell, taste, and sound
inform animals of stressors, nutrient availability, and the presence of other organisms. Animals
integrate this constant stream of information to respond appropriately to their environment: they
must modify their behavior and metabolism to exploit favorable conditions while surviving or
fleeing harsh conditions. In recent years, the field of geroscience has found that environmental

stressors like dietary restriction (DR)*’, temperature stress?’®, and hypoxia®’ can extend lifespan
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and healthspan. There is great interest in leveraging these longevity-promoting conditions to
improve human health. The most well-studied of these interventions is DR, defined as a
reduction in nutrient intake that does not cause malnutrition. DR extends healthspan and lifespan
across taxa *’ and there is evidence it can benefit human health'?,

By genetically manipulating sensory perception, scientists have been able to decouple the
perception of a stressor from exposure to the stressor itself. Surprisingly, perceiving a stressful
environment can extend an organism’s lifespan, even under favorable conditions®'. On the other
hand, perceiving attractive smells'®'4%27 and tastes’>?°® decreases the health benefits of DR.
Although previous work has shown that smell and taste modulate lifespan, other senses can also
indicate the quality of the environment. In the sightless nematode C. elegans, tactile cues are
especially important for interpreting environmental cues®®’. For example, the sights and textures
of food can signal abundant nutrition. Tactile cues can also indicate whether an environment is
safe or dangerous, leading to changes in health and lifespan. For example, repeated tapping of
the plate Caenorhabditis elegans are cultured on decreases their lifespan under normal fed
conditions through activation of a fight-or-flight response®. On the other hand, the
mechanosensation of a food source triggers behavioral changes to remain in the food-rich
environment?®!. In mammals, this type of attractive mechanosensory cue could correspond to
chewing food, or potentially to other forms of comforting touch like a soft blanket or a hug. But
although organisms experience rich mechanosensory stimulation from food and shelter in their
natural environment, the role of gentle mechanosensation in longevity is largely unexplored.

In this work, we utilize inedible food-like beads?®! to explore the role of touch in DR-
mediated longevity in C. elegans. We find that touch modulates DR through a pathway that is

distinct from smell, taste, and mechanosensory-driven behavioral circuits. These findings suggest
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a role for touch in modulating lifespan. Specifically, our results implicate the neurotransmitters
dopamine and tyramine/adrenaline as well as the hormones insulin and Gonadotropin-Releasing
Hormone (GnRH) in touch modification of aging. These neural signals ultimately communicate
touch information to the intestine, where the longevity effector FMO-2 modulates aging. The
involvement of dopamine and tyramine (the C. elegans adrenaline homologue) suggests a
possible interaction between canonical reward and stress-response circuits associated with these
bioamines and longevity. Moreover, these two neuroendocrine signals suggest a central role for
the nervous system in balancing lifespan with growth and reproduction under stressful conditions

via insulin and GnRH signaling, respectively.

2.4 Mechanosensation attenuates DR-mediated longevity in an fino-2 dependent manner.

In order to investigate the role of texture mechanosensation on DR-mediated longevity,
we sought an experimental condition that creates a tactile environment attractive to C. elegans
like food but lacking in other sensory cues. Previous work from the Horvitz lab accomplished
this goal by using non-nutritive Sephadex beads to mimic the touch of bacterial food and study
C. elegans’ basal lawn slowing behaviors. Following this protocol from Sawin et al.?!, we
combined these non-nutritive Sephadex beads with fed and DR conditions (Fig. 2.1A-B) to
separate the effects of touch perception from other nutrient cues like smell and taste®®'. These
beads form a texture similar to a real bacterial lawn, and their average diameter of 50 pum is too
large for C. elegans to consume. Although these beads are much larger than the 2 pm diameter of
a typical E. coli cell, Sawin et al. found that worms still slowed their movement speed when
dopaminergic neurons contacted the Sephadex matrix, suggesting C. elegans sense the fake lawn

281

through surface tension or pressure on the cuticle”®'. To confirm worms are unable to eat the

beads, we put C. elegans on plates with and without GFP-coated beads of the same diameter. We
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observed no difference in fluorescence of worms on and off of these beads (SFig. 2.1A-C),
suggesting C. elegans are not consuming either the coating or the beads themselves. To ensure
that worms are not responding to any chemical tastants or odors from the Sephadex beads, we
performed a chemotaxis assay. This assay tests whether worms placed in the center of a plate
exhibit an immediate preference for or avoidance of a region of the plate containing Sephadex,
before having a chance to touch the beads. We observed no attraction to nor avoidance of the

Sephadex beads or the supernatant in which the beads were suspended (SFig. 2.1D).
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Figure 2.1 Touch blunts DR-mediated longevity through suppression of fino-2. (A) Images of C. elegans in
real and fake bacterial lawns. (B) Schematic of fed/DR +/- touch conditions. (C) Lawn occupancy on
fed/DR +/- touch conditions over time. N > 45 worms/condition. (D-E) Representative images (D) and
quantification (E) of fimmo-2p::mCherry on fed/DR +/- touch. N > 49 worms/condition. (F) Images of non-
Sephadex fake lawn materials. Arrows indicate C. elegans in the fake lawns. (G-H) Representative
Images (G) and quantification (H) of fimo-2p::mCherry on fed/DR +/- different fake lawn materials. N >
32 worms/condition. (I-J) Survival curves of WT (I) and fino-2 OE (J) animals on fed/DR +/- touch. N>
205 worms/condition. (K) Survival of WT worms after 3 hours of heat stress at 37 °C. N = 9 plates of 15-
20 worms/plate for each condition. The center line on all box plots displays the median, and the
boundaries of the box represent the interquartile range. Boxplot statistics are Wilcoxon rank sum test with
Bonferroni p-adjustment, two-sided, unpaired. (I-J) log rank test. In all panels, NS. = p > 0.05, **** =
p<.0001. All images within one figure panel were taken at the same scale, as indicated by the scale bar in
the top left image.
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Finally, to confirm that the touch of the fake lawn is attractive to C. elegans, we
measured lawn occupancy on fed and DR conditions with and without the fake lawn over a
period of 24 hours. We found that the addition of the fake lawn does not inhibit lawn occupancy
on fed conditions, but C. elegans prefer to spend time in the center region of the plate under DR
+ touch relative to DR alone (Fig. 2.1C). Worms also slow upon entering this fake lawn, much
like they do a real bacterial lawn?®!. This suggests that the fake lawn is attractive to C. elegans in

a food availability-dependent manner and meets our criterion for a tactile mimetic of food.
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Supplemental Figure 2.1 The fake lawn is not edible and does not blunt DR-mediated fino-2 induction via
chemosensation. (A) C. elegans (white arrow) among GFP-coated 20-50 pM beads. (B-C) Images (B) and
quantification (C) of WT N2 worms on a DR +/- GFP-coated beads. N > 64 worms. (D) Chemotaxis Assay of WT
N2 worms on plates with Sephadex beads or Sephadex-soaked M9 supernatant. N = 9 plates of > 40 worms/plate for
each condition. (E) Lawn occupancy on fed/DR +/- alternative fake lawns at 20 hours after being placed on
conditions. N > 45 worms/condition. (F-G) Images (F) and quantification (G) of fino-2p::mCherry on fed and DR
control conditions as well as DR + 200puL Sephadex media supernatant and DR + 200puL Sephadex beads for 24
hours. N> 71 worms. (H) Images of full, patchy, and sparse lawn configurations. (I-J) Representative images (I)
and quantification (J) of fimo-2p::mCherry on fed/DR +/- different lawn configurations. N > 99 worms/condition.
(K-L) Images (K) and quantification (L) of fino-2p::mCherry worms on fed and DR conditions +/- different
concentrations of the Sephadex fake lawn, ranging from 1x (0.03mg/mL) to 0.25x (0.0075mg/mL). N > 56 worms
per condition. The center line on all box plots displays the median, and the boundaries of the box represent the
interquartile range. Boxplot statistics are Wilcoxon rank sum test with Bonferroni p-adjustment, two-sided,
unpaired. NS. =p > 0.05, *** =p <.001. All images within one figure panel were taken at the same scale, as
indicated by the scale bar in the top left image.

Based on our previous finding that food smells can decrease DR-mediated longevity by
modulating the longevity gene fino-2'%, we next asked whether food-like touch would blunt DR-
mediated fimo-2 induction. FMO-2, a xenobiotic enzyme expressed in the intestine of C. elegans,
is an effector of DR-mediated longevity*®. FMO-2 oxygenates substrates with nucleophilic

282 Knocking out

centers, and this oxygenation alters one-carbon metabolism to extend lifespan
fmo-2 prevents DR from extending lifespan and overexpressing fimo-2 improves lifespan in fed
worms. FMOs are structurally conserved from worms to humans, and FMOs are also implicated
in DR-mediated longevity in mice''%*%3, Because fino-2 expression is induced by DR, and fino-2
is required for DR-mediated longevity*®, fino-2 induction can be used as a screening tool for the
effects various interventions may have on DR-mediated longevity in C. elegans'®®. By imaging a
single-copy integrated transcriptional fino-2 reporter under fed and DR conditions with and
without a fake lawn (Fig. 2.1D-E), we found that the fake lawn did indeed decrease fino-2
induction under DR without affecting fed worms. The data from all fmo-2p::mCherry imaging
experiments are normalized to the fed control condition. While DR consistently induces fmo-2
transcription relative to the fed condition, we observe some variability in the fold induction of

fmo-2under DR due to: 1) seasonal changes temperature and humidity; and 2) basal fimo-2

induction in fed worms is very low, meaning that slight variations in the fed control between
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experiments can lead to variation DR-mediated fimo-2 induction relative to this control. This DR-
mediated fimo-2 blunting effect was also observed in fake lawns made from a variety of other
materials, suggesting the phenotype is not specific to the Sephadex beads used to mimic food
touch (Fig. 2.1F-H).

In order to determine whether worms prefer to spend time in these materials, like they do
the Sephadex fake lawn, we conducted lawn occupancy assays on fed and DR plates +/- each
fake lawn alternative (SFig. 2.1E). We found that none of these materials decreased preference
for a fed lawn. Under DR conditions, worms occupied all alternative materials to a similar
degree as they did the Sephadex fake lawn, except for polyethylene glycol (PEG). Additionally,
we confirmed that this fino-2 blunting effect is not due to a chemosensory property of the
Sephadex beads, as worms exposed to the supernatant of beads in water did not exhibit decreased

fmo-2 induction (SFig. 2.1F-G).

Next, we asked whether the beads composing the fake lawn had to be in a thick and lawn-
like formation to suppress DR-mediated fimo-2 induction. To answer this question, we measured

fmo-2 induction on DR alone, DR with the fake lawn, DR with a sparse lawn (equal mass of
beads distributed in a thin layer), and DR with a patchy lawn (equal mass and concentration of
beads distributed in small patches) (SFig. 2.1H-J). We found that only the full fake lawn
decreased fmo-2 induction under DR, establishing that the distribution of the fake lawn is crucial
in decreasing the DR response, perhaps indicating that the mechanical cues from undergrown or
small patches of bacteria do not signal a good source of nutrition to C. elegans. Finally, we asked
whether the density of the Sephadex beads composing the fake lawn plays a role in DR-mediated
fmo-2 induction. When we measured fmo-2 induction under fed and DR conditions +/- a fake

lawn of the standard bead concentration, 0.5x the standard concentration, or 0.25x the standard
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concentration, we found that the standard concentration consistently blunted DR-mediated fino-2
induction across three replicates. The fake lawns of lower densities sometimes blunted DR-
mediated fimo-2 induction, but less consistently (SFig. 2.1K-L). Together with the sparse lawn,
these results indicate that both distribution and density of the fake lawn contribute to the textural
properties that blunt DR-mediated fimo-2 induction.

Finding that the dense fake lawn does blunt expression of the longevity effector fino-2
suggests that touch may also blunt the lifespan and stress resistance benefits of DR. After
conducting a lifespan assay on the same four conditions, we found that the fake lawn does blunt
DR-mediated longevity (Fig. 2.1I) but does not shorten fed lifespan. Moreover, this DR-blunting
effect was not observed in worms that genetically overexpress fino-2 (Fig. 2.1J), suggesting that
decreased fimo-2 induction due to mechanosensation causally suppresses DR-mediated longevity.
fmo-2 knockout worms were not examined because fimo-2 is required for DR to extend lifespan.
Dietary restriction not only extends lifespan, but also improves healthspan and stress resistance
across taxa?®?%, To examine the effects of touch on DR-mediated stress resistance, we
measured heat stress survival after 24 hours on the conditions of fed/DR +/- touch, followed by
three hours at 37 °C then 20 hours of recovery at 20 °C. In this assay, dietary restriction
improved heat stress survival compared to fed controls, and touch blunted DR-mediated stress
resistance (Fig. 2.1K). Together, these results indicate that touch partially abrogates multiple
beneficial effects of dietary restriction.

Having identified that the fake lawn blunts DR-mediated longevity in an fino-2-
dependent manner, we asked whether canonical mechanoreceptor proteins are required. C.
elegans respond to touch through >40 putative mechanoreceptor proteins distributed throughout

the body wall and nose tip®®. Both classes of C. elegans mechanoreceptor proteins—transient
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receptor potential (TRP) and degenerin/epithelial (DEG/ENaC) receptors—are also encoded in

mammals?*72%, To test whether broad inhibition of mechanosensation prevents the fake lawn

from blunting DR, we put fino-2 reporters on fed, DR, and DR + touch conditions with and

without amiloride, a DEG/ENaC inhibitor?**2%°, We found that 250 uM of amiloride consistently

blocked our phenotype (Fig. 2.2A-B), and that lower doses (10 pM and 100 pM) sometimes

blocked the effect, with lower consistency across replicates (Fig. 2.2A-B). 250 uM amiloride

also prevented touch from abrogating DR-mediated longevity (Fig. 2.2C), while 100 uM

partially blocked the phenotype and 10 uM had no effect on lifespan (SFig. 2.2C-D).
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Figure 2.2 Multiple putative mechanoreceptor proteins affect the ability of the fake lawn to blunt DR-
mediated longevity. (A-B) Representative images (A) and quantification (B) of fino-2p::mCherry on fed/DR +/-
touch, +/- 250 uM amiloride. N > 73 worms/condition. (C) Survival curve of WT animals on fed/DR +/- touch
conditions +/- 250 uM amiloride. N > 242 worms/condition. (D) Quantification of fimo-2 induction in fino-
2p::mCherry; MAHO677(sid-1; rgef-1p::sid-1) on DR + touch as a percent of DR for each putative mechanoreceptor
protein knockdown. N> 68 for DR alone and > 64 for DR + touch. (E-M) Survival curves of MAH677(sid-1; rgef-
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Ip::sid-1) on EV or (E) egas-4 (N > 176), (F) osm-9 (N > 185), (G) asic-1 (N >240), (H) tag-234 (N > 240), (I)
trpa-1 (N > 186), (J) delm-1 (N >170), (K) delm-2 (N >227), (L) del-7 (N > 185), or (M) egas-3 (N > 240)
RNAI, on fed/DR +/- touch conditions. The center line on all box plots displays the median, and the boundaries of
the box represent the interquartile range. Boxplot statistics are Wilcoxon rank sum test with Bonferroni p-
adjustment, two-sided, unpaired. In all panels, NS. =p > 0.05, * = p <0.05, ** =p < 0.01, *** = p < 0.001, **** =
p<0.0001. All images within one figure panel were taken at the same scale, as indicated by the scale bar in the top
left image.
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Supplemental Figure 2.2 250 pM amiloride has the greatest blocking effect on DR + touch. (A-B)
Representative images (A) and quantification (B) of fimo-2p::mCherry on fed/DR +/- touch, +/- 10 uM, 100 uM, or
250 uM amiloride. N > 73 worms/condition. The center line on all box plots displays the median, and the boundaries
of the box represent the interquartile range. Boxplot statistics are Wilcoxon rank sum test with Bonferroni p-
adjustment, two-sided, unpaired. (C-D) Survival curve of WT animals on fed/DR +/- touch conditions +/- 10 uM
(C) or 100 uM (D) amiloride. N> 219 (C) or n > 242 (D) worms/condition. Log-rank tests. In all panels, NS. =p >
0.05, * =p <0.05, **** = p <0.0001. All images within one figure panel were taken at the same scale, as indicated
by the scale bar in the top left image.

However, amiloride is a broad inhibitor of sodium channels and can also inhibit channels
that are not known to have a role in C. elegans mechanosensation®”'. We next sought to confirm
that the fake lawn effect is due to mechanosensation, to test if TRP channels also contribute, and
to determine whether any single putative mechanoreceptor protein is necessary. To answer these
questions, we used RNAI to knock down 50 putative C. elegans mechanoreceptors®®® with
available RNAi clones and measured fmo-2 induction on fed and DR +/- touch. Our fino-2
reporter was crossed with the neuronal-only RNAi uptake strain (MAH677, sid-1, unc-

119p::sid-1) to facilitate RN Ai uptake into neurons and prevent any potential off target effects of
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these RNAI in peripheral tissues. We found that knockdown of 25 putative mechanoreceptor
proteins prevented touch from blunting DR-mediated fmo-2 induction (Fig. 2.2D) and many
knockdowns altered baseline fino-2 induction without touch (SFig. 2.3A-C). Consequently, some
of thegenes that blocked touch blunting of DR-mediated fmo-2 induction did so by blunting
baseline DR to the level of DR + touch in our empty vector (EV) control (low-DR hits, SFig.
2.3C). Conversely, other putative mechanoreceptor proteins blocked the touch effect by raising
the DR-mediated fino-2 induction on DR + touch to the level of DR alone (high-touch hits, Fig.
2.3C). These two types of hits could represent genes that are required for basal DR-mediated
fmo-2 induction and genes that are specifically required for touch perception to lower DR-
mediated fimo-2 induction, respectively. Interestingly, many of these hits also modulate sensory
modalities other than mechanosensation. OSM-9, for example, is also important in
chemosensation and temperature sensation 2> while TRPA-1 plays a role in nociception and

temperature perception®®%32%,
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Supplemental Figure 2.3 Knocking down many mechanoreceptors alters baseline fed and DR fino-2 induction
and longevity with and without touch. (A-B) Quantification of MAH677 (sid-1; rgef-1p::sid-1); fmo-2p::mCherry
on fed (A) or DR (B) as a percentage of the EV control for each putative mechanoreceptor protein knockdown. N >
47 (A) or n > 68 (B). Bar height shows the mean of 3 biological replicates +/- SEM. Wilcoxon rank sum test with
Bonferroni p-adjustment, two-sided, unpaired. (C) Schematic summarizing the various ways a putative
mechanoreceptor protein knockdown hit could block the touch phenotype. (D) Effect of top imaging hits on DR +
touch lifespan. (E) Gene expression of putative mechanoreceptor protein hits in MAH677 (sid-1, rgef-1p::sid-1)
worms raised on RNAI targeting each gene compared to control worms raised on empty vector (EV) RNAi for two
generations. N > 300 worms per replicate, or 900 worms per condition. (F) Table of up to 10 neurons that have the
highest expression of each putative mechanoreceptor hit. Neurons common to multiple hits are colored. Expression
data from the Cengen Project?®. In all panels, NS. = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** =
p<0.0001. All images within one figure panel were taken at the same scale, as indicated by the scale bar in the top
left image.

Based on our imaging screen results, we followed up on nine putative mechanoreceptor
protein hits that 1) had the greatest effect size in restoring the induction of fino-2 in the DR +
touch condition, 2) were consistent across all biological replicates, and 3) included hits from both
the DEG/ENaC and the TRP receptor categories. After conducting lifespan assays of the

neuronal-specific RNAi uptake strain, MAH677 (sid-1; rgef-1p::sid-1) on RNA1 for these top
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hits, we found that all nine knockdowns either completely (Fig. 2.2E-J) or partially (Fig. 2.2K-
M) prevented touch from blunting DR (Cox regression for an interaction between RNA1 and
touch, SFig. 2.3D). Successful knockdown by the RNAi used in these lifespans was validated via
qPCR (SFig. 2.3E). Finding that many single putative mechanoreceptor proteins are necessary
for the fake lawn to blunt DR-mediated longevity could suggest that either 1) some of these
putative mechanoreceptor proteins are acting at downstream points in this circuit rather than
directly responding to the fake lawn, or 2) small disruptions to mechanosensory perception may
have significant effects on downstream physiology and longevity pathways. An analysis of the
expression patterns of these genes reveals a distributed expression pattern of these putative
mechanoreceptor proteins among many neurons (SFig. 2.3F). However, four candidate neurons
(IL2, NSM, PVD, and OLQ) receive input from at least three of the putative mechanoreceptor
hits, and all of these cells have established roles in nose touch (IL2, OLQ)*%?7, food sensing
(NSM)?%, or general mechanosensation (PVD)*?. Taken together, these data suggest multiple
putative mechanoreceptor protein-expressing neurons may contribute to touch modification of

DR-mediated longevity.

2.5 Signaling from dopamine and tyramine is required for touch to regulate longevity.

Upon identifying multiple putative mechanoreceptor proteins that regulate touch
attenuation of DR, we sought to determine the neural signals downstream of initial
mechanosensory perception. Identifying these signals could point to neural regulators of
longevity downstream of sensory perception. To interrogate these signals, we crossed our fimo-2
reporter with mutants deficient in the synthesis or packaging of each C. elegans

300

neurotransmitter™". We found that knocking out dopamine synthesis prevented touch attenuation

of DR-mediated fmo-2 induction (Fig. 2.3A-C). Additionally, knocking out tyramine and
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octopamine synthesis blocked the touch phenotype (Fig. 2.3A, D-E). However, knocking out
octopamine synthesis alone (Fig. 2.3A, F-G) had no effect on suppression of DR-mediated fmo-2
induction by the fake lawn, suggesting that tyramine but not octopamine is required for this
effect. Impairing the synthesis or packaging of serotonin (SFig. 2.4A-B), GABA (SFig. 2.4C-D),
glutamate (SFig. 2.4E-F), and acetylcholine (SFig. 2.4G-H) also had no effect on the ability of
touch to blunt DR. The same effects were observed in lifespan assays: blocking dopamine
synthesis (Fig. 2.3H) and blocking tyramine and octopamine synthesis (Fig. 2.31) also prevented
touch from attenuating DR-mediated longevity while blocking octopamine synthesis alone (Fig.
2.3J) did not. Notably, multiple neurotransmitter knockout strains displayed altered baseline
levels of fimo-2 induction under fed and/or DR conditions (Fig. 2.3E-F, SFig. 2.4D-H).
However, much like the putative mechanoreceptor protein knockdowns (Fig. 2.2D, SFig. 2.3A-
B), only some of the neurotransmitter knockouts that altered basal fino-2 also blocked the touch
phenotype. This once again suggests that while some hits may block the food touch effect by
preventing a normal response to DR alone, others are highly specific to the DR touch circuit

(SFig. 2.3C).
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Figure 2.3 The bioamines dopamine and tyramine modulate DR-mediated longevity downstream of touch.
(A) Diagram of dopamine, tyramine, and octopamine synthesis. (B-G) Representative images (B, D, F) and
quantification (C, E, G) of fino-2p::mCherry (WT) and fimo-2p::mCherry; cat-2(n4547) (-dopamine, B-C), fino-
2::mCherry; tdc-1(n3419) (-tyramine & octopamine, D-E), or fino-2p::mCherry; tbh-1(n3247) (-octopamine, F-G)
on fed/DR +/- touch conditions. N > 50 (C), > 54 (E), and > 54 (G) worms/condition. (H-J) Survival curves of WT
and cat-2(n4547) (-DA) (H), tdc-1(n3419) (-TA & OA) (1), or tbh-1(n3247) (-OA) (J) animals on fed/DR +/- touch
conditions. N > 160 (H), > 225 (I), > 225 (J) per condition. (K-L) Images (K) and quantification (L) of fino-
2p.::mCherry on fed/DR +/- touch with or without 100 uM thioridazine. N > 77 worms per condition. (M) Survival
curves of WT animals on fed/DR +/- touch conditions with and without 25 uM thioridazine. N > 240 worms per
condition. The center line on all box plots displays the median, and the boundaries of the box represent the
interquartile range. Boxplot statistics are Wilcoxon rank sum test with Bonferroni p-adjustment, two-sided,
unpaired. (H-J, M) Log-rank test. In all panels, NS. =p > 0.05, * = p <0.05, ** = p <0.01, *** = p <0.001, **** =
p<0.0001. All images within one figure panel were taken at the same scale, as indicated by the scale bar in the top
left image.

Interestingly, the production of both dopamine and tyramine (the invertebrate analog of
adrenaline) is regulated by food availability. Dopamine release is generally associated with
302,303 T

finding food?*!*°!, but the role of tyramine in signaling nutrient status is less clear

determine whether dopamine and tyramine act as a signal of nutrient abundance or nutrient
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scarcity in this circuit, we supplemented our fmo-2 reporters with exogenous dopamine or
tyramine on fed and DR conditions. We expect that adding a signal of nutrient abundance would
decrease fmo-2 induction under DR while adding a signal of nutrient scarcity would increase the
DR-response gene fimo-2 even under fed conditions. When we supplemented fino-2 reporters
with exogenous dopamine, we observed a dose-dependent increase in fino-2 induction under fed
conditions and a dose-dependent decrease in fino-2 induction under DR conditions. (SFig. 2.41-
J). This suggests a complex interaction between dopamine signaling and nutrient perception, and
could be consistent with a model in which dopamine release upon perception of touch leads to a
decreased DR response. Exogenous tyramine, on the other hand, dose-dependently increased
Jfmo-2 induction on fed conditions but was not additive with DR-mediated fmo-2 induction (SFig.
2.4K-L). This suggests a model in which the absence of food cues leads to tyramine release,
triggering an increased DR response and fino-2 induction. However, when worms encounter
touch under DR conditions, tyramine release is suppressed to blunt the DR response.

In our previous work on the role of olfaction in DR, we found that two small molecules that
antagonize dopamine and serotonin (thioridazine and mianserin, respectively), act as DR-
mimetics to extend lifespan !%. Consistent with our neurotransmitter screen results, we found
that thioridazine (Fig. 2.3K-M) but not mianserin (SFig. 2.4M-0) prevented the fake lawn from
blunting DR-mediated fino-2 induction (Fig. 2.3K-L, SFig. 2.4M-N) and longevity (Fig. 2.3M,
SFig. 2.40). These results indicate that DR mimetics acting downstream of food perception may
function regardless of external nutrient cues. Moreover, the ability of thioridazine but not
mianserin to block touch further supports a role for dopamine, but not serotonin, as an
intermediate signal in multiple circuits through which perception regulates DR-mediated

longevity.
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Supplemental Figure 2.4 Dopamine and tyramine signaling, but not serotonin, GABA, glutamate, or
acetylcholine signaling are required for touch to attenuate DR. (A-B) Representative images (A) and
quantification (B) of TU3311(unc-119p::sid-1); fmo-2p::mCherry on empty vector or iph-1 RNAI (serotonin KD)
on fed/DR +/- touch conditions. N > 61 worms per condition. (C-H) Representative images (C, E, G) and
quantification (D, F, H) of fino-2p::mCherry (WT) and fmo-2p::mCherry; unc-25(el56) (-GABA, C-D), fino-
2::mCherry, eat-4(ky5) (-glutamate, E-F), or fmo-2p::mCherry,; unc-17(el13) (-acetylcholine, G-H) on fed/DR +/-
touch conditions. N> 50 (D), > 75 (F), and > 53 (H) worms/condition. (I-N) Representative images (I, K, M) and
quantification (J, L, N) of fmo-2p::mCherry on DR or fed conditions with or without 0.5mM and 1mM exogenous
dopamine (I-J), tyramine (K-L), and octopamine (M-N). N> 153 (J), > 52 (L), and > 60 worms/condition. (O-P)
Representative images (O) and quantification (P) of fimo-2p::mCherry on fed/DR +/- touch conditions with or
without 100 pM mianserin. N > 91 worms per condition. (Q) Survival curves of WT animals on fed/DR +/- touch
conditions with and without 25 pM mianserin. N > 177 worms per condition. The center line on all box plots
displays the median, and the boundaries of the box represent the interquartile range. Boxplot statistics are Wilcoxon
rank sum test with Bonferroni p-adjustment, two-sided, unpaired. (Q) Log-rank test. In all panels, NS. =p > 0.05, *
=p <0.05, ** =p <0.01, *** = p <0.001, **** = p <0.0001. All images within one figure panel were taken at the
same scale, as indicated by the scale bar in the top left image.

Once we established the necessity of dopamine and tyramine, we asked which
dopaminergic and tyraminergic cells were key players in the DR touch circuit. To determine
which dopaminergic neuron(s) signal in this pathway, we rescued dopamine production in each
of the three C. elegans dopaminergic neuron classes in a dopamine deficient background strain.
Because no promoters have been identified that are expressed exclusively in each DAergic

neuron class, we rescued cat-2 expression under promoters active in a subset of neurons that
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included only one dopaminergic neuron class. This approach is limited in that ca#-2 may be
artificially expressed in some non-dopaminergic neurons, but we expect these neurons will not
produce dopamine because they lack bas-1 activity, which is necessary to convert L-DOPA to
dopamine (Fig. 2.4A). We found that rescuing dopamine production in all dopaminergic cells
and just in the CEP dopaminergic neurons restored WT-like fino-2 induction (Fig. 2.4A-B) while
rescuing dopamine in the ADE or PDE dopaminergic neurons did not (Fig. 2.4C-D). Unlike in
our imaging experiments, however, we found that rescuing dopamine production in any
dopaminergic cell type rescued the effect of touch on DR-mediated longevity (Fig. 2.4E-H).
Together, these results are consistent with a model in which a subpopulation of dopaminergic
neurons play a key role in touch modification of fino-2 induction, while neuronal specificity does
not contribute to touch modification of lifespan. Alternatively, it is possible that rescuing
dopamine synthesis in one dopaminergic neuron class could facilitate reuptake and signaling by
other dopaminergic cells. It is also notable that signaling from all three classes of dopaminergic

81 suggesting a

neurons are required for worms to slow upon encountering a bacterial lawn 2
complex interaction between the localization of dopamine signaling and various physiological

responses to food cues.
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Figure 2.4 Dopamine production from any dopaminergic neuron class and tyramine production from the uvl
neuroendocrine cells is sufficient for touch to blunt DR. (A-B) Representative images (A) and quantification (B)
of fmo-2p::mCherry (WT), fmo-2p::mCherry; cat-2(n4547) (-DA), fimo-2p::mCherry; cat-2(n4547); Ex[cat-
1p::cat-2] (full DA rescue) and fino-2p::mCherry; cat-2(n4547);Ex[swip-10p::cat-2] (CEP DA rescue) on fed/DR
+/- touch conditions. N > 51 worms per condition. (C-D) Representative images (C) and quantification (D) of fino-
2p::mCherry (WT), fmo-2p::mCherry cat-2(n4547) (-DA), fimo-2p::mCherry, cat-2(n4547),;Ex[trpa-1p::cat-2]
(ADE DA rescue) and fino-2p::mCherry; cat-2(n4547); Ex[tax-2p::cat-2] (PDE DA rescue) on fed/DR +/- touch
conditions. N > 37 worms per condition. (E-H) Survival curves of WT and cat-2(n4547),; Ex[cat-1p::cat-2] (full DA
rescue, E), cat-2(m4547),; Ex[swip-10p::cat-2] (CEP DA rescue, F), cat-2(n4547),Ex[trpa-1p::cat-2] (ADE DA
rescue, G), or cat-2(n4547),; Ex[tax-2p:.:cat-2] (PDE DA rescue, H) animals on fed/DR +/- touch conditions. N >
140 (E), > 140 (F), > 155 (G), and > 154 (H) per condition. (I-J) Representative images (I) and quantification (J) of
fmo-2p::mCherry (WT), fmo-2p::mCherry; tdc-1(n3419) (-TA & OA), fimo-2p.::mCherry; tdc-1(n3419); Ex[ocr-
4p::tde-1] (uvl TA rescue), and fimo-2p::mCherry; tdc-1(n3419); Ex[gcy-13p::tdc-1] (RIM TA rescue) on fed/DR
+/- touch conditions. N > 66 worms per condition. (K-L) Survival curves of WT and tdc-1(n3419),; Ex[ocr-4p: :tdc-
1] (uvl TA rescue, K), or tdc-1(n3419); Ex[gcy-13p::tdc-1] (RIM TA rescue, L) on fed/DR +/- touch conditions. N
> 235 worms per condition. The center line on all box plots displays the median, and the boundaries of the box
represent the interquartile range. Boxplot statistics are Wilcoxon rank sum test with Bonferroni p-adjustment, two-
sided, unpaired. (E-H, K-L) Log-rank test. In all panels, NS. =p > 0.05, * =p <0.05, ** =p <0.01, *** =p <
0.001, **** = p» <0.0001. All images within one figure panel were taken at the same scale, as indicated by the scale
bar in the top left image.

In addition to investigating key dopaminergic neurons, we also asked whether signaling
from a specific tyraminergic neuron type was sufficient to restore WT responses to DR + touch.
In C. elegans, the RIM neuron and uvl neuroendocrine cells are considered tyraminergic
because they express tdc-1 but not thh-1°743% (Fig. 2.3A). To restore tyramine synthesis in each

cell type in the tdc-1 knockout background, we created rescue constructs using the gcy-13 and
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ocr-4 promoters to drive fdc-1 expression in RIM and uvl cells, respectively. gcy-13 expression
is specific to only the RIM neuron *° while ocr-4 is expressed in the uv1 cells and the OLQ

neurons 27>307

, although OLQ cells lack #dc-1 expression required for octopamine and tyramine
production. When we tested these cell-specific tyramine rescues on fed/DR +/- touch conditions,
we found that only the uv1 cell rescue was sufficient to restore WT-like fino-2 induction in
response to DR and touch (Fig. 2.41-J). However, we once again observed that rescuing
bioamine production in either cell type was sufficient for the fake lawn to blunt DR-mediated
longevity (Fig. 2.4K-L). Given that only the uv1 rescue restored WT-like fino-2 induction and
that the uvl had a larger effect on DR + touch lifespan, we propose that the uvl cells play a
primary role in the touch circuit but that tyramine from the RIM can partially compensate for the
loss of uv1 tyramine. However, one limitation to this approach is the possibility of cell
nonautonomous effects, where rescuing tyramine synthesis in one cell type drives tyramine
reuptake and signaling in other neurons. Interestingly, RIM signaling plays a role in shortening
lifespan in response to repeated plate-tapping, suggesting tyramine signaling differs in response
to stressful verses food-like touch®®. Taken together, these data suggest a model in which
mechanosensation modulates tyramine release from the uvl neuroendocrine cells and dopamine

release from all dopaminergic neurons, which ultimately send a signal to the intestine to blunt

DR-mediated fmo-2 induction and longevity.

2.6 Insulin and GnRH neuropeptides convey touch signaling to mediate fmo-2 induction
and longevity.

While many dopamine- and tyramine-producing neurons either are primary
mechanosensory neurons or receive synaptic input from mechanosensing cells®®®, there may be
other intermediate signals acting between bioamines and intestinal suppression of fmo-2. The C.

elegans nervous system does not directly innervate peripheral tissues and worms instead secrete
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neuropeptide/neuroendocrine signals into the pseudocoelom to communicate with these
tissues®”. To examine whether neuropeptide signaling may facilitate this cell nonautonomous
touch signal, we examined the DR + touch fino-2 induction response of the dense-core vesicle
packing mutant unc-31°!°. We found that the fake lawn did not suppress DR-mediated fino-2
induction or longevity in unc-3/ mutants (Fig. 2.5A-C). We also found that knocking down the

pro-neuropeptide maturation and cleavage genes egl-3 and egl-21°%

prevented touch from
attenuating DR-mediated fimo-2 induction (SFig. 2.5A-B). Together, these results suggest a

possible role for neuropeptides in conveying mechanosensory information from the nervous

system to intestinal cells that express the DR effector protein, FMO-2.
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Figure 2.5 Insulin-, GnRH-, and NLP-family neuroendocrine signals are required for touch to blunt DR. (A-
B) Representative images (A) and quantification (B) of fino-2p::mCherry (WT) and fino-2p::mCherry; unc-
31(e169) (unc-31) on fed/DR +/- touch conditions. N > 51 worms per condition. (C) Survival curves of WT and unc-
31(e169) worms on fed/DR conditions +/- touch. N > 149 worms per condition. (D) Quantification of fino-
2p::mCherry; TU3311(unc-119p::sid-1) on DR + touch as a percent of DR for each neurosignaling knockdown that
blocked touch attenuation of DR. N > 54 for DR alone and > 56 for DR + touch. (E) Flow diagram for selecting top
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hits. (F) fmo-2 induction on DR + touch as a percent of DR alone on each of the 12 paired hits from (D). (G-L)
Survival curves of TU3311 (unc-119p.:sid-1) on EV or ins-11 (G), daf-2 (H), nip-2 (), gnrr-3 (3), nlp-10 (K), and
npr-35 (L) RNAI, on fed/DR +/- touch conditions. N > 242 (G), > 195 (H), > 242 (I), > 150 (J), > 213 (K), > 212
(L) per condition. (M) Diagram of mechanosensory modulation of aging under DR conditions. The center line on all
box plots displays the median, and the boundaries of the box represent the interquartile range. Boxplot statistics are
Wilcoxon rank sum test with Bonferroni p-adjustment, two-sided, unpaired. (G-L) Log rank test. In all panels, NS.
=p>0.05*=p<0.05, **=p <0.01, *** =p <0.001, **** = p <0.0001. All images within one figure panel were
taken at the same scale, as indicated by the scale bar in the top left image.

To identify neuropeptide candidates for this cell nonautonomous signal, we used RNAI to
knock down 287 potential neurosignaling ligands and receptors in our fino-2 reporter crossed
into the neuronal-enhanced RNA1 uptake strain, TU3311 (unc-11p::sid-1). Knockdowns
resulting in no significant difference between fimo-2 induction on DR and DR + touch were
considered hits. Based on these initial criteria, we identified 85 neurosignaling genes that
modified the effect of the fake lawn on DR-mediated fino-2 induction (hits in Fig. 2.5D, negative
data in SFig. 2.5C-D). To narrow down this set of potential hits, we eliminated RNAi where
results were not consistent across at least 2/3 of replicates. This left us with 67 consistent hits,
which we further prioritized by identifying ligand/receptor pairs in which both the ligand and a
receptor known to bind to that ligand blocked the DR-touch effect. This final criterion left us
with a set of 12 genes falling into 5 groups of ligand/receptor matches (Fig. 2.5E-F). Similarly to
our putative mechanoreceptor protein RNAIi screen, some of these hits blocked the touch
phenotype by decreasing baseline DR-mediated fino-2 induction to the level of DR + touch while
other hits increased fmo-2 induction on DR + touch to the level of baseline DR-mediated fmo-2
induction. This suggests that some neuropeptides act as a DR-inhibiting signal and are released

in response to touch whereas others act as a DR-promoting signal inhibited by touch.
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Supplemental Figure 2.5 Many neuroendocrine genes regulate DR-mediated fmo-2 induction and longevity
within and independently of the touch pathway. Representative images (A) and quantification (B) of fmo-
2p::mCherry; MAH677 on fed/DR +/- touch conditions on EV, egl-3, or egl-21/ RNAi. N> 57 worms per condition.
(C-D) Quantification of fino-2p::mCherry; TU3311(unc-119p::sid-1) on DR + touch as a percent of DR for each
neuropeptide (C) or neuropeptide receptor (D) knockdown that did not block touch attenuation of DR. This
represents the negative data from the screen hits shown in Fig. SD. N > 54 for DR alone and > 56 for DR +
touch.(E) Effect of top imaging hits on DR + touch lifespan. Log rank tests and cox regression tests with Bonferroni
adjustment for comparison across 3 biological replicates. (F-K) Survival curves of TU3311 on EV or npr-2 (F), npr-
3 (G), nip-62 (H), npr-24 (1), ins-6 (J), and fIp-21 (K) RNA1, on fed/DR +/- touch conditions. N> 176 (F), > 180
(G),>242 (H), > 215 (I), > 242 (J), > 242 (K) per condition. (L) Gene expression of neuropeptide and neuropeptide
receptor hits in TU3311 (unc-119p::sid-1) worms raised on RNAI targeting each gene compared to control worms
raised on empty vector (EV) RNAI for two generations. N > 300 worms per replicate, or 900 worms per condition.
(M) Summary of neurons and tissues that express each neuroendocrine signal hit, as well as whether these neurons
receive input from dopamine and/or tyramine. (L-M) Representative images (N) and quantification (O) of fino-
2p::mCherry (WT), and fmo-2p::mCherry, daf-16 (daf-16) on fed/DR +/- touch conditions. N > 34 worms per
condition. The center line on all box plots displays the median, and the boundaries of the box represent the
interquartile range. Boxplot statistics are Wilcoxon rank sum test with Bonferroni p-adjustment, two-sided,
unpaired. (F-K) Log rank test. In all panels, NS. =p > 0.05, * = p <0.05, ** = p <0.01, *** =p <0.001, **** =
p<0.0001. All images within one figure panel were taken at the same scale, as indicated by the scale bar in the top
left image.

When we followed up on these 12 hits with lifespan assays (all touch effects summarized
in SFig. SE), we found that 8 of the 12 RNAi imaging hits completely (Fig. 2.5G-K, SFig. 2.5F-

G) or partially (Fig. 2.5L) prevented touch from attenuating DR, while the remaining four did
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not validate (SFig. 2.5H-K). Successful knockdown of all RNA1 hits used in lifespans was
validated via qPCR (SFig. 2.5L). Of the five neuropeptide ligand/receptor families tested, both
members of a matching ligand/receptor pair blocked the DR + touch effect in the insulin family
(daf-2, ins-11), the GnRH family (n/p-2, gnrr-3), and one of the two neuropeptide-like protein
families (n/p-10 full block, npr-35 partial block). Notably, DAF-2 is the only one of these
receptors known to be expressed in the intestine (SFig. 2.5M)*!!, suggesting that ins-11/daf-2
signaling could be the cell nonautonomous signal conveying mechanosensory information to the
intestine. It is also possible that the bioamines dopamine or tyramine signal directly to the
intestine via the intestinally-expressed receptors dop-1 and #yra-3, although bioamines are less
often packaged in the dense-core vesicles thought to signal to distal tissues®!?. To further validate
the role of insulin signaling in the touch-DR pathway, we crossed our fmo-2 reporter with a
mutant of daf-16, a key transcription factor acting downstream of DAF-2. We found that, like
ins-11 and daf-2, daf-16 was required for touch to blunt fmo-2 induction under DR (SFig 2.5N-
0O). Interestingly, previous work identified a role for ins-/17 in cell nonautonomous signaling
from the intestine to the nervous system in response to pathogenic bacteria®'2.

While ins-11/daf-2 signaling is a possible candidate for communication from the nervous
system to the intestine, n/p-2/GnRH and nlp-10 signals may integrate touch information within
the nervous system and/or germline. Interestingly, n/p-2/GnRH is highly expressed in the

295

tyraminergic uvl cells””, suggesting a potential integration point between the bioamine and

neuropeptide branches of this circuit. Hypothalamic GnRH release is also a direct regulator of
reproductive hormones in mammals, and consequently is highly sensitive to nutrient

313

availability”'”. A role for GnRH signaling in aging would also be consistent with the
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reproductive/longevity tradeoff in which organisms can either conserve resources for maximum
longevity or devote resources to maximize reproduction®!*,

After identifying a role for putative mechanoreceptor proteins, the bioamines dopamine
and tyramine, and the neuropeptides/neuropeptide receptors ins-11/daf-2 and nilp-2/gnrr-3 in
touch suppression of DR-mediated longevity, we wondered whether any of these signals may
affect longevity by changing the worm’s behavior in response to the fake lawn. To answer this
question, we measured the lawn occupancy of each of our hits on fed/DR +/- fake lawn
conditions. We found that knocking down three of the nine putative mechanosensory protein hits
either completely (egas-4) or partially (delm-2, egas-3, two-way ANOVA lawn occupancy ~
RNAL1 *condition) prevented lawn occupancy of the fake lawn (SFig. 2.6A-B). This result
suggests that some putative mechanosensory protein knockdowns may block the effects of the
fake lawn on lifespan by causing a behavioral change which reduces the amount of contact
animals have with the fake lawn. However, the finding that the remaining six putative
mechanosensory protein knockdowns do not change lawn occupancy indicates that some
putative mechanoreceptor proteins affect lifespan through mechanisms that are at least partially
distinct from mechanosensory driven behaviors.

Aside from the putative mechanoreceptor protein hits, very few signals involved in touch
suppression of DR-mediated longevity had any effect on lawn occupancy behavior. Among our
bioamine signaling hits, knocking down dopamine and tyramine signaling did not change
occupancy of the fake lawn on DR conditions. However, the cat-2 and tdc-1 knockout strains did
exhibit a trend towards lower occupancy of the normal fed lawn relative to WT worms (SFig.
2.6C). Interestingly, rescuing dopamine synthesis in either the CEP or the ADE neurons

increased lawn occupancy on fed + fake lawn conditions back to the level of the WT control,
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suggesting that dopamine signaling in these neurons may contribute to behaviors driven by lawn
texture (SFig. 2.6D). However, the neuron specific rescues of tdc-1 in either RIM or uv1 cells
had no effect on lawn occupancy (SFig. 2.6E). Finally, lawn occupancy was unaffected by
blocking dense core vesicle packaging (SFig. 2.6F) or by knocking down the top neuropeptide
hits, ins-11, daf-2, nlp-2, or gnrr-3 (SFig. 2.6G). Together, these results indicate that putative
mechanoreceptor proteins and dopamine signaling may play a role in both behavioral and
longevity responses to the fake lawn, but that these circuits diverge at the level of tyramine and

neuropeptide signaling.
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Supplemental Figure 2.6 Some signals involved in touch attenuation of DR-mediated longevity also modify
lawn occupancy behavior. (A-B) Lawn occupancy of MAHG677 (sid-1; rgef-1p::sid-1) worms on fed/DR +/- touch
conditions after two generations on empty vector (EV) or egas-4, osm-9, asic-1, tag-234, trpa-1, delm-1, delm-2,
del-7, or egas-3 RNAIi. N > 45 worms/condition. (C) Lawn occupancy of WT, cat-2 (n4547), tdc-1 (n3419), and tbh-
1(n3247) worms on fed/DR +/- touch conditions. N > 45 worms/condition. (D) Lawn occupancy of WT, cat-2
(n4547); [cat-1p::CAT-2]), cat-2 (n4547), [swip-10p::CAT-2], cat-2 (n4547); [tax-2p::CAT-2], and cat-2 (n4547);
[trpa-1p::CAT-2] worms on fed/DR +/- touch conditions. N > 45 worms/condition. (E) Lawn occupancy of WT,
tdc-1(n3419); Ex[gcy-13p::tdc-1, and tdc-1(n3419); Ex[ocr-4p::tdc-1] worms on fed/DR +/- touch conditions. N >
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45 worms/condition. (F) Lawn occupancy of WT, and unc-31(el69) worms on fed/DR +/- touch conditions. N > 45
worms/condition. (G) Lawn occupancy of TU3311 (unc-119::sid-1) worms on fed/DR +/- touch conditions after
two generations on empty vector (EV) or ins-11, daf-2, nlp-2, or gnrr-3 RNAi. N > 45 worms/condition. The center
line on all box plots displays the median, and the boundaries of the box represent the interquartile range. Boxplot
statistics are Wilcoxon rank sum test with Bonferroni p-adjustment, two-sided, unpaired. In all panels, NS. = p >
0.05, **** = p <.0001.

2.7 Discussion

Taken together, our data support a model in which touch activates multiple putative
mechanoreceptor proteins that modulate signaling from dopaminergic neurons and tyraminergic
uvl cells. These bioamines then modify neuroendocrine signaling through NLP-2/GnRH, NLP-
10, and INS-11. Ultimately, this food-touch circuit decreases intestinal fimo-2 induction and
longevity under DR conditions (Fig. 2.5M). While we found that each component of this model
is required for the DR-touch circuit, the order and tissue-specificity of these signals remains
unclear. For example, it is possible that the key mechanoreceptor protein-expressing neurons
signal to downstream bioaminergic neurons, or that the dopaminergic and mechanoreceptor
protein-expressing CEP neurons fill both of these roles. This role for dopaminergic neuron(s)
like the CEP as a key mechanosensory cell and as a bioamine signaling in this pathway would be
consistent with previous work on touch-mediated behavioral circuits*'*>'6, Moreover, there could
be crosstalk between multiple putative mechanoreceptor protein-expressing within this circuit.

Another key limitation of this work is the absence of data demonstrating that the putative
mechanoreceptor proteins required for this circuit are directly activated by changes in stretch or
surface tension from encountering the fake lawn. Given that some of these genes are expressed
on non-canonical touch responsive neurons, it is possible that these proteins are modifying the
touch mediated longevity circuit through an indirect mechanism of action. Future work should
follow up on these putative mechanoreceptor proteins and the neurons they are expressed in with
measurements of neuronal activity, such as calcium imaging, to test whether these channels alter

signaling in response to physical stimuli.
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Additionally, it remains to be determined whether the bioamines dopamine and tyramine
act in series or in parallel within this pathway, and if these bioaminergic signals converge with
each other and/or additional neuropeptidergic signals on a key interneuron. More work is also
required to determine the epistasis and cell-specificity of dopaminergic and tyraminergic
signaling in this pathway. Given the unexpected result that rescuing dopamine or tyramine in any
dopaminergic or tyraminergic cell type was sufficient to rescue touch attenuation of DR-
mediated longevity, it would be beneficial to generate cell-specific dopamine and tyramine
knockouts. These strains could be used to determine if bioamine production from any single cell
type is necessary for touch suppression of DR and would not be limited by potential cell
nonautonomous effects possible in rescue strains.

Finally, INS-11/DAF-2 signaling is indicated as the neuronal to intestinal signal in our
working model, but we have not confirmed that DAF-2/DAF-16 acts in the intestine within this
pathway. Although there is much future work needed to completely understand this pathway,

these findings support a growing literature on the role of sensory perception in healthy aging.

105,140,279 95,206

Under dietary restriction conditions specifically, food-like smells and tastes
attenuate DR-mediated longevity. In this work, we identify a role for mechanosensation in DR
and connect sensory perception to known (bioamines, insulin, FMO-2) and novel (GnRH, NLP-
10) longevity-modifying signals.

The finding that touch negatively impacts DR-mediated longevity raises interesting
questions about the effects of non-nutritive food cues in humans. Humans often experience
mechanosensory food perception in the absence of nutrient intake, such as chewing gum or

consuming high volume diet foods with non-nutritive fillers. For example, 13% of packaged

foods and 35% of beverages purchased in 2012 were marketed as low calorie, low fat, or low
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sugar foods?"’. In particular, consumption of non-nutritive sweeteners is rising with greater than
30% of American adults consuming artificial sweeteners daily?®® as of 2017. This increase in
non-nutritive food cues suggests a need for studies of food perception on the health benefits of
DR in mammals.

While technically challenging, future work in this area should focus on identifying
interneurons acting downstream of multiple modes of sensory perception that modulate aging.
Currently, it remains unclear whether discrete environmental stimuli that regulate aging act
through convergent or parallel pathways to modify lifespan. Additionally, it is notable that
perception of food-like smell, taste, or touch alone is not sufficient to completely block the DR
response. This suggests that either 1) different modes of food perception are integrated under fed
conditions to completely suppress a DR response, or 2) metabolic changes that occur under
nutrient scarcity are also accounted for when determining the magnitude of the DR-response.
Examining the interplay between metabolic and sensory signals of nutrient scarcity could lead to

key insights regarding the maximum effect sensory perception can have on longevity.

2.8 Materials and Methods

2.8.1 Strains and Growth Conditions

C. elegans were maintained following standard procedures®!” in 20 °C temperature-controlled
incubators. Nematodes were fed Escherichia coli (OP50) seeded on solid nematode growth
medium (NGM) plates. For maintenance and lifespans, worms were transferred gently with a
platinum wire pick. A list of strains and RNAi conditions used in this study can be found in
Tables 2.1 and 2.2, respectively. All genotypes were confirmed using PCR and all RNA1

imaging hits were sequence-validated before use in lifespans.
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Table 2.1, RNAI

RNAI Figure Library
pezo-1 2D (mechanoreceptor screen) Vidal

tme-2 2D (mechanoreceptor screen) Vidal

mec-10 2D (mechanoreceptor screen) Ahringer
mec-4 2D (mechanoreceptor screen) Ahringer
deg-1 2D (mechanoreceptor screen) Ahringer
del-1 2D (mechanoreceptor screen) Ahringer
unc-8 2D (mechanoreceptor screen) Ahringer
unc-105 2D (mechanoreceptor screen) Ahringer
flr-1 2D (mechanoreceptor screen) Ahringer
asic-1 2D (mechanoreceptor screen) Ahringer
F26A3.6 2D (mechanoreceptor screen) Ahringer
T28F2.7 2D (mechanoreceptor screen) Ahringer
F23B2.3 2D (mechanoreceptor screen) Ahringer
C24G7.1 2D (mechanoreceptor screen) Ahringer
C24G7.2 2D (mechanoreceptor screen) Ahringer
C24G7.4 2D (mechanoreceptor screen) Ahringer
tag-324 2D (mechanoreceptor screen) Vidal

C27C12.5 2D (mechanoreceptor screen) Ahringer
T28D9.7 2D (mechanoreceptor screen) Ahringer
C18B2.6 2D (mechanoreceptor screen) Ahringer
C46A5.2 2D (mechanoreceptor screen) Ahringer
Y69H2.11 2D (mechanoreceptor screen) Ahringer
Y69H2.2 2D (mechanoreceptor screen) Ahringer
Y69H2.13 2D (mechanoreceptor screen) Ahringer
F55G1.12 2D (mechanoreceptor screen) Ahringer
T28B8.5 2D (mechanoreceptor screen) Ahringer
asic-2 2D (mechanoreceptor screen) Ahringer
tag-263 2D (mechanoreceptor screen) Ahringer
Cl1E4.4 2D (mechanoreceptor screen) Ahringer
F25D1.4 2D (mechanoreceptor screen) Ahringer
trp-1 2D (mechanoreceptor screen) Ahringer
trp-2 2D (mechanoreceptor screen) Vidal

spe-41 2D (mechanoreceptor screen) Ahringer
osm-9 2D (mechanoreceptor screen) Ahringer
ocr-1 2D (mechanoreceptor screen) Ahringer
ocr-2 2D (mechanoreceptor screen) Ahringer
ocr-4 2D (mechanoreceptor screen) Vidal

trpa-1 2D (mechanoreceptor screen) Ahringer
trpa-2 2D (mechanoreceptor screen) Ahringer
gtl-1 2D (mechanoreceptor screen) Ahringer
gtl-2 2D (mechanoreceptor screen) Ahringer
gon-2 2D (mechanoreceptor screen) Ahringer
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Y38C1AB.2/6 | 2D (mechanoreceptor screen) Vidal

lov-1 2D (mechanoreceptor screen) Ahringer
pkd-2 2D (mechanoreceptor screen) Vidal

cup-5 2D (mechanoreceptor screen) Ahringer
pqn-66 2D (mechanoreceptor screen) Ahringer
ced-11 2D (mechanoreceptor screen) Vidal

F56F11.5 2D (mechanoreceptor screen) Ahringer
WO03B1.2 2D (mechanoreceptor screen) Ahringer
T05A6.5 5D (neurosignaling screen) Ahringer
lat-1a&b 5D (neurosignaling screen) Ahringer
nlp-11 5D (neurosignaling screen) Ahringer
flp-13 5D (neurosignaling screen) Ahringer
nlp-30 5D (neurosignaling screen) Ahringer
unc-49 5D (neurosignaling screen) Ahringer
lgc-37 5D (neurosignaling screen) Ahringer
ins-37 5D (neurosignaling screen) Ahringer
ins-18 5D (neurosignaling screen) Ahringer
nlp-12 5D (neurosignaling screen) Ahringer
unc-38 5D (neurosignaling screen) Ahringer
acr-11 5D (neurosignaling screen) Ahringer
ser-3 5D (neurosignaling screen) Ahringer
ckr-1 5D (neurosignaling screen) Ahringer
nmur-4 5D (neurosignaling screen) Ahringer
cup-4 5D (neurosignaling screen) Ahringer
flp-23 5D (neurosignaling screen) Ahringer
flp-24 5D (neurosignaling screen) Ahringer
gar-2 5D (neurosignaling screen) Ahringer
npr-14 5D (neurosignaling screen) Ahringer
ins-24 5D (neurosignaling screen) Ahringer
ins-6 5D (neurosignaling screen) Ahringer
exp-1 5D (neurosignaling screen) Ahringer
glc-4 5D (neurosignaling screen) Ahringer
acr-7 5D (neurosignaling screen) Ahringer
F14D2.6 5D (neurosignaling screen) Ahringer
ins-32 5D (neurosignaling screen) Ahringer
lat-2 5D (neurosignaling screen) Ahringer
unc-13 5D (neurosignaling screen) Ahringer
acy-1 5D (neurosignaling screen) Ahringer
npr-19 5D (neurosignaling screen) Ahringer
nlp-26 5D (neurosignaling screen) Ahringer
tkr-1 5D (neurosignaling screen) Ahringer
ins-23 5D (neurosignaling screen) Ahringer
flp-4 5D (neurosignaling screen) Ahringer
nlp-5 5D (neurosignaling screen) Ahringer

93




npr-20 5D (neurosignaling screen) Ahringer
nlp-16 5D (neurosignaling screen) Ahringer
gor-1 5D (neurosignaling screen) Ahringer
npr-27 5D (neurosignaling screen) Ahringer
ins-17 5D (neurosignaling screen) Ahringer
Y54E2A.1 5D (neurosignaling screen) Ahringer
glr-4 5D (neurosignaling screen) Ahringer
T05A6.4 5D (neurosignaling screen) Ahringer
nlp-29 5D (neurosignaling screen) Ahringer
npr-15 5D (neurosignaling screen) Ahringer
ZK1307.7 5D (neurosignaling screen) Ahringer
ins-30 5D (neurosignaling screen) Ahringer
npr-29 5D (neurosignaling screen) Ahringer
npr-31 5D (neurosignaling screen) Ahringer
hpa-2 5D (neurosignaling screen) Ahringer
seb-2 5D (neurosignaling screen) Ahringer
nmr-1 5D (neurosignaling screen) Ahringer
frpr-4 5D (neurosignaling screen) Ahringer
ins-11 5D (neurosignaling screen) Ahringer
lgc-34 5D (neurosignaling screen) Ahringer
frpr-14 5D (neurosignaling screen) Ahringer
F58E1.4 5D (neurosignaling screen) Ahringer
F54G8.1 5D (neurosignaling screen) Ahringer
TI1F1.2 5D (neurosignaling screen) Ahringer
TI11F1.6 5D (neurosignaling screen) Ahringer
acy-2 5D (neurosignaling screen) Ahringer
ins-21 5D (neurosignaling screen) Ahringer
ins-22 5D (neurosignaling screen) Ahringer
C04G2.11 5D (neurosignaling screen) Ahringer
lev-1 5D (neurosignaling screen) Ahringer
dop-1 5D (neurosignaling screen) Ahringer
npr-8a&b 5D (neurosignaling screen) Ahringer
B0034.5 5D (neurosignaling screen) Ahringer
acc-3 5D (neurosignaling screen) Ahringer
F45C12.1 5D (neurosignaling screen) Ahringer
F45C12.16 5D (neurosignaling screen) Ahringer
frpr-7 5D (neurosignaling screen) Ahringer
sprr-1 5D (neurosignaling screen) Ahringer
acr-3 5D (neurosignaling screen) Ahringer
lgc-11 (acr-

22) 5D (neurosignaling screen) Ahringer
flp-5 5D (neurosignaling screen) Ahringer
nlp-7 5D (neurosignaling screen) Ahringer
gnrr-4a-c 5D (neurosignaling screen) Ahringer
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npr-6 5D (neurosignaling screen) Ahringer
egl-6a&b 5D (neurosignaling screen) Ahringer
nmur-1 5D (neurosignaling screen) Ahringer
nmur-2 5D (neurosignaling screen) Ahringer
ntr-1 5D (neurosignaling screen) Ahringer
nlp-27 5D (neurosignaling screen) Ahringer
lgc-48 5D (neurosignaling screen) Ahringer
K04F1.13 5D (neurosignaling screen) Ahringer
flp-21 5D (neurosignaling screen) Ahringer
npr-2 5D (neurosignaling screen) Ahringer
npr-3 5D (neurosignaling screen) Ahringer
flp-10 5D (neurosignaling screen) Ahringer
Y37A1B.8 5D (neurosignaling screen) Ahringer
lgc-39 5D (neurosignaling screen) Ahringer
C49A9.7 5D (neurosignaling screen) Ahringer
C50F7.1 5D (neurosignaling screen) Ahringer
ckr-2a 5D (neurosignaling screen) Ahringer
ins-35 5D (neurosignaling screen) Ahringer
acr-17 5D (neurosignaling screen) Ahringer
gar-1 (acm-1) | 5D (neurosignaling screen) Ahringer
F38A5.11 5D (neurosignaling screen) Ahringer
nlp-32 5D (neurosignaling screen) Ahringer
npr-26 5D (neurosignaling screen) Ahringer
octr-1 5D (neurosignaling screen) Ahringer
nlp-33 5D (neurosignaling screen) Ahringer
C17H11.1 5D (neurosignaling screen) Ahringer
R03G5.3 5D (neurosignaling screen) Ahringer
KO03H6.5 5D (neurosignaling screen) Ahringer
dop-4 5D (neurosignaling screen) Ahringer
nlp-3 5D (neurosignaling screen) Ahringer
H25K10.6 5D (neurosignaling screen) Ahringer
pdfr-la-c 5D (neurosignaling screen) Ahringer
tkr-3a&b 5D (neurosignaling screen) Ahringer
flp-8 5D (neurosignaling screen) Ahringer
7C482.4 5D (neurosignaling screen) Ahringer
nlp-25 5D (neurosignaling screen) Ahringer
flp-9 5D (neurosignaling screen) Ahringer
nlp-17 5D (neurosignaling screen) Ahringer
lgc-54 5D (neurosignaling screen) Ahringer
F35H10.10 5D (neurosignaling screen) Ahringer
gnrr-5 5D (neurosignaling screen) Ahringer
C24Bs5.1 5D (neurosignaling screen) Ahringer
D1014.2 5D (neurosignaling screen) Ahringer
acr-23 5D (neurosignaling screen) Ahringer
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F15E11.4 5D (neurosignaling screen) Ahringer
F15E11.5 5D (neurosignaling screen) Ahringer
F57A8.4 5D (neurosignaling screen) Ahringer
F59D6.4 5D (neurosignaling screen) Ahringer
F59D6.6 5D (neurosignaling screen) Ahringer
K12D9.12 5D (neurosignaling screen) Ahringer
ser-1 5D (neurosignaling screen) Ahringer
frpr-8 5D (neurosignaling screen) Ahringer
hpa-1 5D (neurosignaling screen) Ahringer
KO04F1.10 5D (neurosignaling screen) Ahringer
KO04F1.11 5D (neurosignaling screen) Ahringer
KO04F1.14 5D (neurosignaling screen) Ahringer
lgc-40 5D (neurosignaling screen) Ahringer
nlp-36 5D (neurosignaling screen) Ahringer
tyra-3 5D (neurosignaling screen) Ahringer
npr-9 5D (neurosignaling screen) Ahringer
gnrr-7 5D (neurosignaling screen) Ahringer
npr-4 5D (neurosignaling screen) Ahringer
npr-32 5D (neurosignaling screen) Ahringer
ins-7 5D (neurosignaling screen) Ahringer
ins-2 5D (neurosignaling screen) Ahringer
frpr-1 5D (neurosignaling screen) Ahringer
dmsr-la&b 5D (neurosignaling screen) Ahringer
F11AS5.7 5D (neurosignaling screen) Ahringer
npr-33 5D (neurosignaling screen) Ahringer
acr-2 5D (neurosignaling screen) Ahringer
nlp-14 5D (neurosignaling screen) Ahringer
npr-7 5D (neurosignaling screen) Ahringer
gnrr-2a&b 5D (neurosignaling screen) Ahringer
acc-2 5D (neurosignaling screen) Ahringer
lgc-32 5D (neurosignaling screen) Ahringer
mgl-1 5D (neurosignaling screen) Ahringer
glr-7 5D (neurosignaling screen) Ahringer
lgc-41 5D (neurosignaling screen) Ahringer
nmur-3a&b 5D (neurosignaling screen) Ahringer
gnrr-6 5D (neurosignaling screen) Ahringer
npr-25 5D (neurosignaling screen) Ahringer
frpr-5a&b 5D (neurosignaling screen) Ahringer
T01C3.5 5D (neurosignaling screen) Ahringer
T26E4.1 5D (neurosignaling screen) Ahringer
Y70C5C.3 5D (neurosignaling screen) Ahringer
ZK1037.1 5D (neurosignaling screen) Ahringer
nlp-20 5D (neurosignaling screen) Ahringer
lgc-49 5D (neurosignaling screen) Ahringer

96




C31E10.3 5D (neurosignaling screen) Ahringer
F59D12.1 5D (neurosignaling screen) Ahringer
npr-21 5D (neurosignaling screen) Ahringer
gnrr-3 5D (neurosignaling screen) Ahringer
nlp-1 5D (neurosignaling screen) Ahringer
glc-1 5D (neurosignaling screen) Ahringer
flp-12 5D (neurosignaling screen) Ahringer
gor-2 5D (neurosignaling screen) Ahringer
npr-28 5D (neurosignaling screen) Ahringer
sprr-2 5D (neurosignaling screen) Ahringer
seb-3 5D (neurosignaling screen) Ahringer
nlp-2 5D (neurosignaling screen) Ahringer
frpr-18a&b 5D (neurosignaling screen) Ahringer
Y70D2A.1 5D (neurosignaling screen) Ahringer
eat-2 5D (neurosignaling screen) Ahringer
acr-20 5D (neurosignaling screen) Ahringer
TIOE10.3 5D (neurosignaling screen) Ahringer
ins-5 5D (neurosignaling screen) Ahringer
F58E1.7 5D (neurosignaling screen) Ahringer
hlh-30 5D (neurosignaling screen) Ahringer
ins-39 5D (neurosignaling screen) Ahringer
nlp-44 5D (neurosignaling screen) Ahringer
nlp-45 5D (neurosignaling screen) Ahringer
nlp-47 5D (neurosignaling screen) Ahringer
nlp-49 5D (neurosignaling screen) Ahringer
nlp-50 5D (neurosignaling screen) Ahringer
nlp-51 5D (neurosignaling screen) Ahringer
nlp-52 5D (neurosignaling screen) Ahringer
nlp-53 5D (neurosignaling screen) Ahringer
nlp-55 5D (neurosignaling screen) Ahringer
nlp-57 5D (neurosignaling screen) Ahringer
nlp-60 5D (neurosignaling screen) Ahringer
nlp-61 5D (neurosignaling screen) Ahringer
nlp-62 5D (neurosignaling screen) Ahringer
nlp-65 5D (neurosignaling screen) Ahringer
nlp-67 5D (neurosignaling screen) Ahringer
nlp-68 5D (neurosignaling screen) Ahringer
nlp-73 5D (neurosignaling screen) Ahringer
nlp-74 5D (neurosignaling screen) Ahringer
nlp-77 5D (neurosignaling screen) Ahringer
nlp-80 5D (neurosignaling screen) Ahringer
flp-27 5D (neurosignaling screen) Ahringer
frpr-2 5D (neurosignaling screen) Ahringer
glr-3 5D (neurosignaling screen) Ahringer
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nlp-8 5D (neurosignaling screen) Ahringer
nlp-4 5D (neurosignaling screen) Ahringer
nlp-15 5D (neurosignaling screen) Ahringer
ser-5 5D (neurosignaling screen) Ahringer
flp-22 5D (neurosignaling screen) Ahringer
acr-19 5D (neurosignaling screen) Ahringer
unc-29 5D (neurosignaling screen) Ahringer
mgl-2 5D (neurosignaling screen) Ahringer
glc-2 (avm-2) | 5D (neurosignaling screen) Ahringer
avr-14 (gbr-2) | 5D (neurosignaling screen) Ahringer
acr-5 5D (neurosignaling screen) Ahringer
lgc-38 5D (neurosignaling screen) Ahringer
lgc-50 5D (neurosignaling screen) Ahringer
glr-2 5D (neurosignaling screen) Ahringer
acr-21 5D (neurosignaling screen) Ahringer
gbb-2 5D (neurosignaling screen) Ahringer
acr-14 5D (neurosignaling screen) Ahringer
flp-15 5D (neurosignaling screen) Ahringer
nlp-21 5D (neurosignaling screen) Ahringer
flp-14 5D (neurosignaling screen) Ahringer
gab-1 5D (neurosignaling screen) Ahringer
lgc-45 5D (neurosignaling screen) Ahringer
avr-15 5D (neurosignaling screen) Ahringer
ser-7 5D (neurosignaling screen) Ahringer
frpr-15 5D (neurosignaling screen) Ahringer
acr-18 5D (neurosignaling screen) Ahringer
nlp-24 5D (neurosignaling screen) Ahringer
deg-3 5D (neurosignaling screen) Ahringer
acr-4 5D (neurosignaling screen) Ahringer
lgc-44 5D (neurosignaling screen) Ahringer
frpr-3 5D (neurosignaling screen) Ahringer
glr-5 5D (neurosignaling screen) Ahringer
flp-17 5D (neurosignaling screen) Ahringer
nlp-28 5D (neurosignaling screen) Ahringer
acc-1 5D (neurosignaling screen) Ahringer
flp-1 5D (neurosignaling screen) Ahringer
nlp-31 5D (neurosignaling screen) Ahringer
npr-1 5D (neurosignaling screen) Ahringer
lgc-31 5D (neurosignaling screen) Ahringer
npr-16a&b 5D (neurosignaling screen) Ahringer
flp-7 5D (neurosignaling screen) Ahringer
glr-8 5D (neurosignaling screen) Ahringer
flp-2 5D (neurosignaling screen) Ahringer
flp-3 5D (neurosignaling screen) Ahringer
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lgc-47 5D (neurosignaling screen) Ahringer
npr-18a-g 5D (neurosignaling screen) Ahringer
npr-10a&b 5D (neurosignaling screen) Ahringer
acr-9 5D (neurosignaling screen) Ahringer
acr-12 5D (neurosignaling screen) Ahringer
nlp-6 5D (neurosignaling screen) Ahringer
npr-24 5D (neurosignaling screen) Ahringer
MO3F8.6 5D (neurosignaling screen) Ahringer
snet-1 5D (neurosignaling screen) Ahringer
nlp-13 5D (neurosignaling screen) Ahringer
nlp-9 5D (neurosignaling screen) Ahringer
acr-16 5D (neurosignaling screen) Ahringer
flp-6 5D (neurosignaling screen) Ahringer
gar-3 5D (neurosignaling screen) Ahringer
glr-1 5D (neurosignaling screen) Ahringer
nlp-42 5D (neurosignaling screen) Ahringer
nlp-10 5D (neurosignaling screen) Ahringer
nlp-40 5D (neurosignaling screen) Ahringer
nlp-18 5D (neurosignaling screen) Ahringer
npr-42 5D (neurosignaling screen) Ahringer
ins-31 a 5D (neurosignaling screen) Ahringer
acr-15 5D (neurosignaling screen) Ahringer
flp-19 5D (neurosignaling screen) Ahringer
flp-28 5D (neurosignaling screen) Ahringer
flp-20 5D (neurosignaling screen) Ahringer
npr-5 5D (neurosignaling screen) Ahringer
flp-25 5D (neurosignaling screen) Ahringer
ordered from
daf-2 5D (neurosignaling screen) BioSource
npr-35 5D (neurosignaling screen) Ahringer
npr-37 5D (neurosignaling screen) Ahringer
npr-43 5D (neurosignaling screen) Ahringer
flp-16 5D (neurosignaling screen) Ahringer
tph-1 S3A Ahringer
egl-3 S5A Vidal
egl-21 S5A Vidal
Table 2.1 RNAI used in this work.
Table 2.2, Strains

Strain Description Strain Identifier | Outcross

WT wild-type N2 >4

fmo-2p::mCherry [(pCFI30) (fmo-2p::mCherry + LZRO1 >4

H2B::GFP) + Chr-unc-119(+)] I
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fmo-2 ubiquitous

seaSi39 [(pCFJ448) (eft-3p::fmo-2 +

overexpressor H2B::GFP) + Cbr-unc-119(+)] L. KAE9 4
fmo-2p::mCherry; . .
MAHG677 neuronal only ‘7]1“71 [rgef-Ip::GFP + rgef-lp::sid- |y 7555 >4
RNAI uptake
[(pCF150) (fmo-2p::mCherry +
MAHG677 neuronal H2B::GFP) + Cbr-unc-119(+)] II; MAL677 4
only RNAi uptake sqls71 [rgef-1p::GFP + rgef-1p.:sid- -
1]
. ) [(pCF150) (fmo-2p::mCherry +
J;m(z 'jé’ g '7;"Che”’y "t R -GFP) + Chr-unc-119(+)] II; LZR206 >4
cat-2 (n4547)
. ) [(pCF150) (fmo-2p::mCherry +
f;m(o'jz b;" Cherry; tde- | 1oB--GFP) + Chr-unc-119(+)] II; LZR251 >4
" tde-1 (n3419)
. ) [(pCF150) (fmo-2p::mCherry +
f;”’;};’;;f;;)mc}’”’y P he | LB -GFP) + Chr-unc-119(+)] II: LZR252 >4
thh-1(n3247)
. ) [(pCF150) (fmo-2p::mCherry +
J;”;O(jp]' JChe”’y SN HDB::GFP) + Chr-unc-119(+)] II; CB113 >4
unc-17 (el13)
P . | [(pCF150) (fmo-2p::mCherry +
f;”;?effg '6')”’Che’"’y S U 2B :GFP) + Chr-unc-119(+)] II; CBI156 >4
unc-25(el56)
- ] [(pCF150) (fmo-2p::mCherry +
f;”(”]?y'ﬁ)p smCherry; eat- | 1o . GEP) + Chr-unc-119(+)] II; MT6308 >4
eat-4(ky5)
cat-2 (n4547) cat-2 (n4547) MT15620 >4
tdc-1 (n3419) tdc-1 (n3419) MT13113 >4
tbh-1(n3247) tbh-1(n3247) MT9455 >4
O e ADE rescue | €a1-2 (n4547); [cat-Ip::CAT-2] LZR240 | >4
cat-2(-) + CEP rescue | cat-2 (n4547); [swip-10p::CAT-2] LZR244 >4
cat-2(-) + ADE rescue | cat-2 (n4547); [tax-2p.:CAT-2] LZR237 >4
cat-2(-) + PDE rescue | cat-2 (n4547); [trpa-1p::CAT-2] LZR242 >4
fmo-2p::mCherry; cat- | [(pCF150) (fmo-2p::mCherry +
2(-) + CEP,PDE,ADE | H2B::GFP) + Chr-unc-119(+)] II; LZR213 >4
rescue cat-2 (n4547); [cat-1p.::CAT-2]
y ) [(pCF150) (fmo-2p::mCherry +
G”;‘jfpcgc;ﬁzg at- | {2B::GFP) + Chr-unc-119(+)] II; LZR210 >4
cat-2 (n4547); [swip-10p::CAT-2]
. ) [(pCF150) (fmo-2p::mCherry +
Jmo-2p-:mCherry; cat- | 11op..cpp) Y Chrunc-119(+)] II: LZR212 >4

2(-) + ADE rescue

cat-2 (n4547); [tax-2p.::CAT-2]
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fmo-2p::mCherry; cat-

[(pCF150) (fmo-2p::mCherry +

unc-119(+)] 11

H2B::GFP) + Cbr-unc-119(+)] I1I; LZR211 >4
2(-) + PDE rescue cat-2 (n4547); [trpa-1p:-CAT-2]
[(pCF150) (fmo-2p::mCherry +
TU3311; fmo- H2B::GFP) + Cbr-unc-119(+)] I1I; LZR45 4
2p::mCherry uls60 [unc-119p::YFP + unc- -
119p::sid-1]
uls60 [unc-119p::YFP + unc-
TU3311 119p:+sid-1] TU3311 >4
y ) [(pCF150) (fmo-2p::mCherry +
f;”;"(' ’55 o nghe’"’y S el | B -GFP) + Chr-unc-119(+)] II: LZR258 >4
daf-16(mu86)
tdc-1(-) + RIM rescue | tdc-1(n3419); Ex[gcy-13p::tdc-1] LZR259 >4
tdc-1(-) + uvl rescue tdc-1(n3419); Ex[ocr-4p::tdc-1] LZR260 >4
. ) [(pCF150) (fmo-2p::mCherry +
Cn;_i'fpkiﬁihfggﬁ e’dc' H2B::GFP) + Chr-unc-119(+)] II; LZR261 >4
tdc-1(m3419); Ex[gcy-13p::tdc-1]
. ) [(pCF150) (fmo-2p::mCherry +
J;”;jfpuv’fg;i’l’l ’ey stde- | B -GFP) + Chr-unc-119(+)] I LZR262 >4
tdc-1(n3419); Ex[ocr-4p::tdc-1]
unc-31 unc-31(el69) CB169 >4
unc-31(el69); [(pCF150) (fmo-
unc-31; fmo- B ..
2p-:mCherry 2p::mCherry + H2B::GFP) + Cbr- LZR263 >4

Table 2.2 Strains used in this work.

2.8.2 tdc-1 Rescue Constructs

Plasmid construction and microinjection was conducted by Suny Biotech to generate both #dc-1

rescue constructs. In designing the plasmids, we used the ocr-4 promoter to drive cDNA of

TDC-1::SL2::GFP in the uv1 neuroendocrine cells. To express cDNA of TDC-1::SL2::GFP in
the RIM neuron, we used the gcy-13 promoter. All plasmids were verified via restriction digest
and sanger sequencing, and ApE files are available upon request. Plasmids were microinjected

by Suny Biotech using the co-injection marker myo-2p::GFP and 3 transgenic lines were tested

in each experiment.

2.8.3 Fake Lawn Preparation
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G-200 Sephadex beads (Sigma G5050) were suspended S-basal buffer at a concentration of
30mg/ml and autoclaved for 45 minutes. For fed + touch plates, OP50 bacteria was grown
overnight to an optical density (ODso0) of 3.0, then pelleted at 3000 rcf for 20 minutes. The
supernatant was discarded and replaced with the Sephadex in S-basal, then the mixture was
vortexed until the pellet was dissolved. 200 pL was seeded onto the center of a 60 mm diameter
NGM plate. For DR + touch conditions, autoclaved Sephadex in S-basal was added directly to
the center of the NGM plate (overnight imaging experiments) or the autoclaved Sephadex in S-
basal was used to resuspend a pellet from a diluted concentration of bacteria (DR lifespan
experiments). For fed controls and DR lifespan controls, the bacterial pellet was resuspended in
S-basal instead of S-basal + Sephadex. For DR imaging controls, 200 pL autoclaved S-basal was

added directly to the plate.

2.8.4 RNAi Knockdown

The RNAI feeding bacteria were grown from the Ahringer and Vidal C. elegans RNA1 feeding
libraries. All RNAi plasmids used for lifespan assays were sequenced to verify the correct target
sequence. RNAi used for large screens (putative mechanoreceptor protein and neuroendocrine
signaling screens) were not sequenced initially, but any hits that moved on to the validation stage
were sequence-verified and qPCR validated. Animals in RNAi knockdown conditions were
progeny from two generations of adults on the RNAi. RNA1i bacteria was seeded on NGM plates
supplemented with 1 mM B-D-isothiogalactopyranoside (IPTG) and 25 pg/mL carbenicillin.
Previous work has found that the RNA1 feeding bacteria (HT115 strain of E. coli) can alter worm
lifespan relative to a diet of OP50°!33!°, These differences should be noted when comparing

lifespans conducted on RNA1 relative to lifespans on OP50.

2.8.5 Drug Treatments
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For all experiments with supplementation of exogenous small molecules (exogenous dopamine,
exogenous tyramine, amiloride, thioridazine, and mianserin), the small molecule was dissolved
in solid agar plates. Each compound was added to agar once it had cooled to <55 °C and before
it was poured into plates. All drugs were purchased from Sigma-Aldrich and were initially
dissolved in milliQ water at 2 mM (mianserin), or 100 mM concentration (thioridazine,

amiloride, dopamine, and tyramine), aliquoted, and stored at -20 °C.

2.8.6 Lifespan Measurements

Lifespan assays were conducted as previously described®?’ with the exception of the fake lawn
conditions (see fake lawn preparation). In short, 10-15 gravid adults were left on NGM plates for
a 3-4 hour timed egg lay and then removed. Once the progeny of these adults reached late
L4/early adult stage of development, they were transferred to NGM plates with 33 puL of 150
mM fluorodeoxyuridine (FUdR) and 100 pL of 50 mg/mL Ampicillin per 100 mL NGM. The
FUdR prevents development of progeny and the Ampicillin prevents bacterial growth. 60-80
worms were placed on each NGM + FUdR + AMP plate seeded with concentrated bacteria (5x
for OP50 fed lifespans, 0.5x OP50 (10° CFU/mL) for DR lifespans), and at least two plates per
strain per condition were used for each lifespan replicate. In all DR lifespans, OP50 in the fed
and DR conditions was resuspended in S-media to prevent bacterial growth. In the DR and DR +
touch conditions, worms were kept on 5x fed bacteria until day 2 of adulthood, when they were
transferred to fresh DR or DR + touch plates every other day for four transfers. This form of DR
is referred to as solid DR (sDR)**!. Worms on fed and fed + touch conditions were transferred to
fresh fed plates at the same time as each DR transfer. Animals were removed from the
experiment and counted as dead when they did not move in response to a gentle touch from a

platinum wire pick under a dissection microscope. Lifespans were scored at least 3 times per
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week until all animals were dead. A ‘fence’ of 75 pL of 100 mM palmitic acid (Sigma-Aldrich)
dissolved in 100% ethanol was also applied to the edge of each lifespan plate to prevent fleeing.
While FUdR can extend lifespan, FUdR was used in all lifespan plates to prevent matricide

under DR conditions’%

. NGM lifespans without FUdR were attempted to test the necessity of
FUdR for the touch phenotype, but were not successful due to excessive matricide and fleeing

under the DR conditions. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

2.8.7 RNAi Lifespans

RNAI lifespan assays were performed like other lifespans with the exception of the initial timed
egg-lay (TEL) and the food concentrations. To ensure maximum knockdown on RNA, a first
generation of worms was TEL’ed on RNAI for 3-4 hours. The progeny from this TEL were left
on RNAI1 plates to develop into gravid adults and were then used for a second TEL on the same
RNAI conditions. Progeny from the second-generation TEL were then used for the lifespan
assay. RNA1 bacteria (HT115) is AMP resistant and can grow slowly on AMP lifespan plates
during the assay. To maintain equivalent amounts of bacterial availability over the course of the
lifespan, RNA1 lifespan plates are seeded with 2x concentrated bacteria for fed conditions and

0.1x concentrated bacteria for DR conditions, from a starting optical density (ODsoo) of 3.0.

2.8.8 Slide Microscopy

Fluorescent images in this study were taken using Leica Application Suite X (LASX) software
and a Leica scope with > 15 worms per treatment at > 35x magnification. For representative
images displayed in the figures, worms were paralyzed in 0.5 M sodium azide (NaN3) and
imaged once residual liquid evaporated and the worms clumped together. For quantification of
these images and for imaging screens, the same method was used but after the residual sodium

azide had evaporated, individual worms were gently pushed apart until they were no longer
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touching one another. Fluorescent mean comparisons were then quantified using R code to
identify individual worms and measure fluorescent intensity*>*. The mean fluorescent intensity of
the background (all non-worm pixels) was subtracted from the mean fluorescence of each worm.
All outputs from this R code were manually quality controlled to eliminate any non-worm
objects that were misidentified. This code will be provided upon request to the corresponding
author. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022. The brightness of
fluorescent images of clumped worms was increased to an equal degree across all images

compared to one another in ImageJ bundled with 64-bit Java 1.8.0.

2.8.9 Lawn Occupancy Measurements

For lawn occupancy measurements, worms were grown to gravid adults, then washed off of
NGM plates in M9 and pelleted at 1,000 rcf for 1 minute. At least 10 worms per plate were then
pipetted onto the edge of a 35 mm diameter NGM plates seeded with 100 pL of fed, fed + touch,
DR, and DR + touch media (see Fake Lawn Preparation). Five 35 mm plates were used for each
condition for each replicate. Worms were left on these conditions for 24 hours, and a picture of
each plate was taken using Leica Application Suite X (LASX) software and a Leica scope at 7.3x
magnification at 1, 3, 6, and 24 hours after placement on conditions. For fed, fed + touch, and
DR + touch conditions, the Cell Counter application on Image J was used to click on and count
each worm in the lawn region and off the lawn region (FIJI Is Just ImageJ bundled with 64-bit
Java 1.8.0). For DR conditions, the average area covered by a fed lawn was calculated as a circle
with a diameter of 850 pixels. A circle of this size was drawn in ImageJ and placed in the center
of the image of the plate. Worms within the circle were counted as “on the lawn” and worms
outside of this circle, near the plate perimeter, were counted as “off the lawn”. Data were plotted

by R version 4.3.1 and Adobe Illustrator 2022.
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2.8.10 Chemotaxis Assays

For chemotaxis assays, unseeded NGM plates were separated into four quadrants using a marker
on the bottom of the plate. A circle with a 5 mm radius was drawn in the center of the plate and
within each quadrant, a dot was marked in the middle of the quadrant 5 mm from the edge of the
plate rim. 5 puL of 0.5 M sodium azide was pipetted onto each of the four dots (one per quadrant).
Two quadrants opposite from one another were designated as control quadrants, and 2 were
designated as treatment quadrants. In the treatment quadrants, 10 pL of either 0.03 g/mL
Sephadex in M9 or the supernatant of Sephadex soaked in M9 was pipetted on top of the sodium
azide. In the control quadrants, 10 pL of M9 (not soaked in Sephadex) was pipetted on top of the
sodium azide. Immediately after preparing the plates, gravid adults were washed off of NGM
plates in M9 and pelleted at 1,000 rcf for 1 minute. At least 40 worms per plate were then
pipetted onto the 5 mm radius circle in the center of each chemotaxis plate. After one hour, the
number of worms in the control and treatment quadrants were counted under a dissection
microscope. Chemotaxis Index was calculated by subtracting the number of worms on all control
quadrants from the number of worms on all treatment quadrants, then dividing that by the total

number of worms on the plate. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

2.8.11 Heat Stress Assays

Worms were synchronized from eggs and grown to gravid adults, then 25 worms were
transferred to three plates of fed/DR +/- touch conditions using a platinum wire pick. Worms
remained on these conditions for 24 hours at 20 °C and were then transferred to fed plates at 37
°C for three hours. Animals were removed from the touch conditions before heat stress exposure
because the Sephadex fake lawn could act as a thermal insulator from the heat. Worms were

allowed to recover at 20 °C after heat exposure and were then scored for heat stress survival.
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Worms that moved in response to gentle touch with a platinum wire pick were considered alive.

Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

2.8.12 Statistical Analysis

The center line on all box plots displays the median, and the boundaries of the box represent the
interquartile range. Boxplot statistics are Wilcoxon rank sum test with Bonferroni p-adjustment,
two-sided, unpaired. Comparisons between more than two conditions in imaging and lawn
occupancy experiments were done using ANOVA. For comparisons between two conditions, a
Wilcoxon rank sum test (two-sided, unpaired) was used with a Bonferroni p-adjustment to
account for three biological replicates. p values are *p < 0.05, **p <0.01, ***p< 0.001, and
***%p<0.0001. For lifespan assays, the statistical groupwise and pairwise comparisons across
survivorship curves were performed using the survfit survival analysis package in R. P values
comparing two survival curves were acquired using the log-rank analysis. P values indicating an
interaction between multiple experimental variables and across >2 survival curves were
performed using the survivalMPL package in R to perform a Cox regression analysis between
covariates of interest. Tests done with data from multiple biological variables were adjusted with
a Bonferroni p value correction. p values are *p < 0.05, **p <0.01, ***p< 0.001, and
***%p<0.0001. Exact Ns for each experiment are included in the source data files and minimum

Ns for each plot are included in the figure legends.
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Chapter 3 The Hypoxic Response Extends Lifespan through a Bioaminergic and

Peptidergic Neural Circuit.’

3.1 Foreword

After exploring the cell nonautonomous signaling mechanisms through which food-like
cues modify dietary restriction-mediated longevity in Chapter 2, Chapter 3 focuses on a different
environmental longevity intervention—hypoxia. Foundational work leading to this project was
first conducted by Dr. Scott Leiser in the lab of Dr. Matt Kaeberlein. In this study, Dr. Leiser
found that both dietary restriction and hypoxia, two previously identified longevity interventions
in C. elegans, require the intestinal enzyme FMO-2 to extend lifespan. Additionally, fimo-2
overexpression is sufficient to improve healthspan and lifespan in C. elegans under fed,
normoxic conditions. Some key elements of the cell nonautonomous hypoxia-mediated fino-2
induction pathway were also discovered in this paper, leading to a model in which hypoxia leads
to hypoxia-inducible factor 1 (HIF-1) stabilization in serotonergic neurons modifies serotonin
signaling and alters the activity of ser-7-expressing neurons to ultimately induce fmo-2 in the
intestine.

Dr. Shijiao Huang, a Research Investigator in the Leiser lab, then began a follow-up
study on the hypoxia-mediated fimo-2 induction pathway in order to identify more specific

components of this circuit. When Dr. Huang left the group to start her own laboratory, I took

3 Submitted to Current Biology with authors listed as Elizabeth S. Kitto*, Shijiao Huang*, Mira Bhandari, Cassie
Tian, Rebecca L. Cox, Safa Beydoun, Emily Wang, Danielle Shave, Hillary A. Miller, Sarah A. Easow, Ella Henry,
Megan L. Schaller, Scott F. Leiser. * indicates co-first authorship.
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over this project as co-first author. While Dr. Huang did the initial work to start this project in
the lab and designed many of the transgenic C. elegans strains used in this study, I collected
much of the data appearing in the final manuscript, put together the figures and wrote the paper.
Together, this chapter identifies neurons and neuronal signals within the hypoxia-mediated
longevity pathway, providing information that could help future investigations identify key

neural drivers of aging rate (see Chapter 6, Future Directions).

3.2 Abstract

A coordinated response to stress is crucial for promoting the short- and long-term health
of an organism. The perception of stress, frequently through the nervous system, can lead to
physiological changes that are fundamental to maintaining homeostasis. Activating the response
to low oxygen, or hypoxia, extends healthspan and lifespan in C. elegans. However, despite
some positive impacts, negative effects of the hypoxic response in specific tissues prevent
translation of their benefits in mammals. Thus, it is imperative to identify which components of
this response promote longevity. Here, we interrogate the cell nonautonomous hypoxic response
signaling pathway. We find that HIF-1-mediated signaling in ADF serotonergic neurons is both
necessary and sufficient for lifespan extension. Signaling through the serotonin receptor SER-7
in the GABAergic RIS interneurons is necessary in this process. Our findings also highlight the
involvement of additional neural signaling molecules, including the neurotransmitters tyramine
and GABA, and the neuropeptide NLP-17, in mediating longevity effects. Finally, we
demonstrate that oxygen- and carbon-dioxide-sensing neurons act downstream of HIF-1 in this
circuit. Together, these insights develop a circuit for how the hypoxic response cell
nonautonomously modulates aging and suggests valuable targets for modulating aging in

mammals.
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3.3 Introduction

The global population is aging at an unprecedented rate, posing significant challenges for
healthcare systems worldwide*?*. The increasing burden of age-related diseases such as
cardiovascular disease, diabetes, and neurodegeneration* highlights the pressing need to improve

healthspan, defined as the disease-free period of life?¢!

. Work over the past several decades has
led to a better understanding of the conserved molecular and cellular mechanisms that regulate
lifespan. One promising avenue has been the identification of environmental stressors that, when
applied in a controlled manner, activate stress-response pathways to promote longevity. These
interventions, including calorie restriction, exercise, hypoxia, heat shock, and cold exposure,
extend lifespan and healthspan!>?737278 These stress-response pathways induce hormesis, a
phenomenon in which a low dose of a stressor results in adaptive beneficial effects on cellular
function®-*°. Hormesis and the underlying stress-responses that promote longevity converge on
cellular pathways, including oxidative stress, insulin signaling, autophagy, and protein
homeostasis®?’, to promote longevity.

Multicellular organisms secrete a highly conserved set of neuromodulators including
neurotransmitter and neuropeptide signals from the central nervous system. These signals
integrate information about the organism’s external environment and internal state, and
coordinate a physiological response in peripheral tissues. Within the context of aging, bioamine
neurotransmitters contribute to the activation of many well-studied stress response mechanisms
that promote longevity. For example, serotonin signaling modulates the mitochondrial unfolded
protein response in C. elegans’, and regulates how food perception contributes to dietary
restriction-mediated longevity in worms!% and flies'!2. Dopamine also modifies the longevity

105,326

benefits of dietary restriction in invertebrates , and polymorphisms in the dopamine D4

receptor are associated with longevity in humans'®*. Finally, adrenaline and its invertebrate
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analog, tyramine, have been linked to changes in the aging rate in both nematodes
mammals®!. Hormone signals such as insulin®?*-*3, growth factors'**1®0, and GnRH>**?¢ also
contribute to longevity pathways across taxa. This growing body of work has led to great interest
in manipulating longevity-promoting neural circuits to improve health®!. While significant
research effort focuses on pathways like autophagy, insulin signaling, and proteostasis in the
context of aging, the role of hypoxia remains relatively underexplored. Currently, no longevity-
promoting agents have been reported to target the hypoxic response.

The hypoxic response is highly conserved across species®*!**, highlighting the relevance
of this pathway in other organisms, including humans. In C. elegans, activating the hypoxic
response by knocking down or mutating the E3 ubiquitin ligase von hippel-lindau-1 (VHL-1)**
protein or stabilizing the hypoxia-inducible factor-1 (HIF-1) transcription factor?”*® is sufficient
to extend lifespan. All of these interventions—environmental hypoxia, VHL-1 knockdown, and
HIF-1 stabilization—require the intestinal enzyme flavin-containing monooxygenase-2 (fino-2)
to extend lifespan in C. elegans*®. Hypoxic conditions also extend lifespan in a short-lived
progeria mouse model**, and epidemiological studies indicate a correlation between hypoxia
exposure and longevity>*®*37, However, the physiological changes induced by the hypoxic
response are broad and involve adaptations such as increased vascularization, metabolic
rewiring, and changes in cell survival pathways. In mammals, some of these same adaptations
can be detrimental, as mutations in components of the hypoxic response have been linked to
conditions like cancer and cardiovascular disease®®34!. This presents a key challenge: while
hypoxia-induced longevity in a post-mitotic invertebrate model like C. elegans is promising,
some of the mechanisms involved may not be directly translatable to mammals without causing

deleterious side effects. Therefore, a mechanistic understanding of the individual cells, neural
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circuits, and pathways that mediate the beneficial but not detrimental effects of hypoxia on aging
is essential to determine whether this circuit could be leveraged to improve human health.

Our previous work in C. elegans identified that stabilization of HIF-1 in neurons is
sufficient to extend lifespan through the serotonin receptor, SER-7. This pathway eventually
leads to the induction of fino-2, a longevity gene expressed in the intestine*®!1°. In this study, we
uncover key neural components of the hypoxic response longevity circuit. Within this circuit, we
identify individual cells, signals, and receptors necessary and/or sufficient to extend lifespan
downstream of the hypoxic response. More specifically, we find serotonin signaling in the ADF
serotonergic neurons is both necessary and sufficient to extend lifespan through the hypoxic
response. This pathway signals through the serotonin receptor SER-7 in the RIS interneuron,
which is also essential for hypoxia-mediated longevity. We further demonstrate additional
neurotransmitters (GABA and tyramine), and a neuropeptide (NLP-17) are critical for mediating
these longevity effects. Finally, we identify that oxygen sensing neurons (URX, AQR, PQR and
BAG) act downstream of neuronal HIF-1 in this circuit. Our insights into this longevity pathway
provide a mechanistic understanding of how the hypoxic response delays aging and improves

health.

3.4 Results

3.4.1 Serotonin signaling through the ADF neuron and the SER-7 receptor are necessary and
sufficient for the hypoxic response to extend lifespan.

Induction of the hypoxic response by targeted genetic manipulations can increase lifespan
in C. elegans. These manipulations include decreasing activity of the VHL-1 E3 ubiquitin ligase
that targets the transcription factor HIF-1 for degradation under hypoxia*** or by a mutation that

stabilizes HIF-1 (HIF-17%214)2748 (Fig, 3.1A). We previously found that stabilizing HIF-1 in
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serotonergic neurons is sufficient to extend lifespan*®. To determine which serotonergic neurons
initiate HIF-1-mediated longevity, we generated strains with a nondegradable HIF-1 variant
(HIF-1P6214)#8342 expressed under promoters specific to each of C. elegans’ three primary
serotonergic neuron types—the ADF, NSM, and HSN neurons***. These transgenic worms were
then crossed into the Aif-1 null background to ensure that HIF stabilization in one neuron type
could not feedback to modify HIF-1 activity in other cells. When we measured the lifespan of
each strain relative to WT and Aif-1 knockout controls, we observed that stabilizing HIF-1 in the
ADF or NSM neurons significantly extended lifespan by 26% and 23%, respectively (Fig. 3.1B-
C). HIF-1 stabilization in the HSN neurons had a smaller effect but significantly extended
lifespan by 9% (Fig. 3.1D). This result indicates that modifying signaling in any serotonergic
neuron is sufficient to induce some level of hypoxic response-mediated longevity. These data
suggest that serotonergic neurons can partially substitute for each other to promote longevity in
this pathway. In summary, the ADF and/or NSM serotonergic neurons play an essential role in

hypoxic response-mediated longevity.

113



A @ B 10 10i
PHDs/ ‘ % Zg;ﬁ: WT VS hif '1{ — WT vs. hif-1;
EEE OH C T ADF:HIF-1S: @ NSM:HIF-1S:
— @G @~ 2 b S
HIF-1 HIF-1 N 3 @
HIF-1 normoxia - 50 50
® T, ongeviy _hypoxia @ 3 ;
stabilized HIF-1 J;&T;:Z ypoxia o hif-1 3] " hif-1
\ HIF-17021A $* 1 Wt S =™ WT
etc. - h[f—", e hlf-",'.
. o[ ADF:HIF-1S ol NSM:HIF-1S87%,
vhil-1 -HRE 0 10 20 30 40 0 0 10 20 30 40 50
knockdown Days from Egg Days from Egg
1004 , 1004 100yt s
D WTvs.hirt;  E WT, Ev-vhig: e F Py ¢ WT EVLvhl: w5
= HSN:HIF-18: = — - ‘ '
2 + 9%, ¥ Z ADF tph-1KO, S NSM tph-1 KO
- = -vhl-1: e y - ’
5 (;; - ADF EV-vhi-1: NS. 5 NSM ‘- EV-vhi-1:
9 50 — 50 toh-1 KO N 50 tph-1 KO -
[ C E
g hif-1 g | dewr g | &wr
| WT $= A o
a o hif-1; — EVRNAI O | — EVRNA
o HSN:HIF-1S%3 oL Vhm1 RNA - vhi-1 RNAi
0 10 20 0 4 50 0 0 20 30 20 0 10 2 30 0
Days from Egg Days from Egg Days from Egg
G 'Y [T —, I :
WT, EV-VhI-1: *+* ’*{(AA WT, EV-vhl-1: #*+ _ =
S 75 § 75 a 5 E ®
; ADF tph-1 rescue, S = NSM tph-1 rescue, g >
5 EV-vhi-1: ** 5 A EV-vhi-1: o=
o , e. 7] A 53
2 5 g tph-1; ADF ‘e += 50! iph-1; NSMA * SN?
S tph-1 rescue 8 tph-1 rescue l ~ g
o o )
E%‘WT 825‘WT . g!61
. - [ =
— EVRNAI — EVRNAI A ==
ol vhi-1 RNAi ) . vhl-1 RNAI v ol
0 10 20 30 40 0 10 20 30 40 WT  hif-1;

Days from Egg Days from Egg ADF: HIF-1S

Figure 3.1 ADF serotonergic neurons are necessary and sufficient to extend lifespan downstream of the
hypoxic response. (A) Diagram of the conserved hypoxic response and genetic approaches to activate it, vil-/
knockdown and HIF-1 stabilization. (B-D) Survival curves of WT, hif-1(ia4) knockout, hif-1(ia4); ADF::HIF-1S
(B), hif-1(ia4); NSM::HIF-1S (C), and hif-1(ia4); HSN::HIF-1S (D) worms. N > 256 (B), N > 188 (C), and N > 188
(D) worms per condition. (E) Survival curves of WT and ADF:ph-1 knockout worms on empty vector (EV) or vil-1
RNAI. N > 143 worms per condition. (F) Survival curves of WT and NSM:#p/h-1 knockout worms on empty vector
(EV) or vhl-1 RNAI. N > 193 worms per condition. (G) Survival curves of WT and ph-1(mg280); ADF:tph-1
rescue worms on empty vector (EV) or vil-1 RNAi. N> 178 worms per condition. (H) Survival curves of WT and
tph-1(mg280); NSM:tph-1 rescue worms on empty vector (EV) or vAil-1 RNAi. N> 160 worms per condition. (I)
Gene expression of fino-2 in WT and hif-1(ia4); ADF:HIF-1S worms. Significance in panels B-H is from a log-rank
test comparing median survival. Significance in panel I is from a Student’s t-test (unpaired, two-tailed). In all panels,
three replicates were plotted together, and all statistics include a Bonferroni correction for multiple comparisons.
NS.=p > 0.05, * =p <0.05, ** = p < 0.01, *** = p <0.001, and **** = p < 0.0001.

To further test the necessity of the most impactful (for lifespan) serotonergic neurons in
hypoxia-mediated longevity, we used transgenic animals in which #ph-1, the rate-limiting
enzyme in serotonin synthesis, was knocked out exclusively in the ADF or the NSM
serotonergic neurons'%-34*, We then measured the lifespans of these strains on empty vector (EV)

and vhl-1 RNAI to determine the necessity of ADF and NSM serotonergic signaling in vhAl-1-
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mediated longevity. Successful RNAi1 knockdown was confirmed with qPCR validation (SFig.
3.1A). We found that serotonin synthesis in ADF but not NSM neurons was required for vAl-/
knockdown to extend lifespan (Fig. 3.1E-F). This indicates that while HIF stabilization in
multiple serotonergic neurons can extend lifespan, ADF serotonin signaling is required for
lifespan extension in response to vhl-1 knockdown.

To test if serotonin production in a single neuron type is sufficient for the hypoxic
response to extend lifespan, we rescued tph-1 expression in a tph-1 null background using
promoters specific to the ADF or the NSM neurons!%. The lifespans of these strains on EV or
vhi-1 RNAi were then measured. As expected and consistent with our previous publication*®, the
lifespan of the #ph-1 knockout strain was not extended by vhl-1 knockdown (SFig. 3.1B).
Consistent with the ADF neuron’s requirement for hypoxic response-mediated longevity (Fig.
3.1E-F), serotonin synthesis in the ADF neurons was sufficient for vA/-/ knockdown to extend
lifespan while NSM serotonin synthesis was not (Fig. 3.1G-H). The enzyme fino-2 is induced in
the intestine under hypoxia and is required for lifespan extension by environmental hypoxia,
HIF-1 stabilization, or vhi-1 depletion*®. To test whether ADF-specific HIF-1 stabilization also
induces fmo-2, we measured fimo-2 transcription in this strain using qPCR. We found that ADF
HIF-1 stabilization significantly induced fimo-2 expression relative to WT controls (Fig. 3.11I),
suggesting a model in which ADF signaling extends lifespan through the same mechanism as
vhl-1 knockdown and environmental hypoxia. Together, these data indicate that while HIF-1
stabilization in any serotonergic neuron is sufficient to extend lifespan, only ADF serotonin
production is necessary and sufficient for vi/-/-mediated longevity. This suggests that under
normal physiological conditions the serotonergic ADF neurons propagate a signal in response to

whole body stabilized HIF-1.
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Supplemental Figure 3.1 tph-1 is required for vil-1 mediated longevity. (A) Gene expression of vAl-/ in worms
on vil-1 RNAi compared to control worms on empty vector (EV) RNAI for two generations. N > 200 worms per
replicate, or 1200 worms per condition. The top of the bar represents the mean of the population and error bars
indicate standard error of the mean (SEM). (B) Survival curve of WT, vAl-1(okl61), tph-1(mg280), and vhli-
1(okl161); tph-1(mg280) worms. N > 338 worms per condition. Significance is from a log-rank test comparing
median survival. In all panels, NS. =p > 0.05, * = p <0.05, ** =p <0.01, *** = p <0.001, and **** = p <0.0001.
Three replicates were plotted together, and all statistics include a Bonferroni correction for multiple comparisons.

After identifying ADF neurons as the most central serotonergic neurons in hypoxic
response-mediated longevity, we next sought to determine the downstream receptor responding
to serotonin signaling from ADF neurons. C. elegans have six known serotonin receptors—SER-
1, SER-4, SER-5, SER-7, MOD-1, and LGC-50. Of these six receptors, our previous findings
showed that ser-7 expression is required for hypoxia to induce fino-2 and extend lifespan*®. SER-
7 is a G protein-coupled receptor (GPCR) with high sequence identity to the 5-HT7 receptor in
mammals®*-346, SER-7 is thought to be expressed in 27 of C. elegans’ 302 neurons*” and
contributes to many aspects of physiology such as reproduction and pharyngeal pumping>*.
Consequently, broad manipulation of SER-7 signaling is not an ideal method for exclusively
modifying aging. To identify more specific targets for lifespan extension within this pathway, we
asked whether ser-7 expression in any subset of neurons is sufficient to rescue the hypoxic

response in a ser-7 null background.

116



We created transgenic strains with ser-7 expression under the control of 11 different cell-
specific promoters in a ser-7 null background. These promoters were selected to rescue ser-7
expression in the following neuronal populations: whole-body rescue (ser-7p::ser-7), interneuron
rescue (glr-1p::ser-7), bioaminergic neuron rescue (cat-1p::ser-7), glutamatergic neuron rescue
(eat-4p::ser-7), GABAergic neuron rescue (unc-47p.:ser-7), cholinergic neuron rescue (unc-
17p::ser-7), sensory neuron rescue (osm-6p::ser-7), GABAergic motor neuron rescue (unc-
25p::ser-7), cholinergic motor neuron rescue (acr-2p::ser-7), M3 and M4 neuron rescue (ceh-
28p::ser-7), and intestinal rescue (vha-6p::ser-7) in a ser-7 null background. To measure
whether ser-7 expression restores a WT-like hypoxic response, we injected each construct into
ser-7 null worms crossed with a single-copy transcriptional reporter for fino-2 (fimo-
2p.::mCherry). Because fino-2 is induced by and required for hypoxia-mediated longevity*®, we
utilized its induction as an efficient screening tool to identify components of this longevity
pathway.

We first confirmed that ser-7 knockout attenuates vil-/-mediated fino-2 induction (Fig.
3.2A). The whole-body rescue of SER-7 expression under the endogenous ser-7 promoter
restored fino-2 induction to 91% of WT controls (Fig. 3.2A). Of the 10 cell-specific ser-7
rescues, expression in interneurons, bioaminergic neurons, glutamatergic neurons, or
GABAergic neurons fully rescued vil-I-mediated fino-2 induction to > 100% of the WT control
response (Fig. 3.2A, pink bars). ser-7 rescue in GABAergic motor neurons or in sensory neurons
showed a partial rescue (defined as a 50-99% increase from fimo-2 induction in the ser-7
knockout) (Fig. 3.2A, orange bars). In contrast, rescuing ser-7 in cholinergic motor neurons,
cholinergic neurons, M3 and M4 neurons, or in the intestine did not rescue (Fig. 3.2A, gray

bars). Taken together, 6 of the 10 cell-specific ser-7 rescues at least partially restored vAl-1-
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mediated fimo-2 induction, including some that have no known overlap in ser-7 expression
patterns. Collectively, these data suggest that serotonin receptor ser-7 expression in multiple

neurons may be sufficient to convey the hypoxic signal to the intestine and induce fmo-2.
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Figure 3.2 ser-7 expression in the GABAergic RIS neuron is required for hypoxia to extend lifespan. (A)
Quantification of fino-2p::mCherry (WT positive control), fino-2p.::mCherry, ser-7(tml325) knockout (negative
control), and fmo-2p::mCherry; ser-7(tm1325) knockouts with ser-7 rescued in the whole body (ser-7p:.:ser-7),
interneurons (glr-1p::ser-7), bioaminergic neurons (cat-1p::ser-7), glutamatergic neurons (eat-4p.:ser-7),
GABAergic neurons (unc-47p.:ser-7), GABAergic motor neurons (unc-25p::ser-7), sensory neurons (osm-6p.:ser-
7), cholinergic motor neurons (acr-2p::ser-7), cholinergic neurons (unc-17p::ser-7), M3 & M4 neurons (ceh-
28p::ser-7), and the intestine (vha-6p::ser-7) on empty vector (EV, WT control shown) or vi/-1 RNAI (all strains
shown). Bar height indicates the mean fluorescence on vAl-1 RNAI of each genotype normalized to the empty vector
control value from that genotype. The dashed line indicates the vil-1-mediated fino-2 induction of WT positive
control. N > 45 worms per condition. Error bars indicate SEM. Significance is from a two-way ANOVA (fimo-2
induction ~ genotype*RNA1) and post-hoc Tukey HSD test (unpaired, two-tailed). Stars signify results from this
post-hoc test comparing the fimo-2 induction of each strain on EV RNAI the fino-2 induction of that strain on vA/-1
RNA.I. (B) A table showing the 10 ser-7 expressing candidate neurons and their expression patterns among the ser-7
cell-specific strains that successfully rescued fimo-2 induction in Fig. 2A. Pink rows indicate rescues that full
restored vhl-1 mediated fimo-2 induction, orange rows indicate rescues that partially restored vhl-/-mediated fimo-2
induction, and gray rows signify unsuccessful rescue constructs from the data in Fig. 2A. (C) Survival curve of WT
and RIS ablation (Ex/srsx-18p.:caspase-3(p12)-nz]; Ex[srsx-18p.:cz-caspase-3 (p17)]; srsx-18p::GFP) worms on
empty vector (EV) and vhl-1 RNAi. N > 192 worms per condition. (D) Survival curve of WT and ser-7 (tm1325);
ser-7 rescue in the RIS neuron (flp-11p::ser-7) worms on EV and vhl-1 RNAi. N > 144 worms per condition.
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Significance in panels C-D is from a log-rank test comparing median survival. In all panels, NS. =p > 0.05, * =p <
0.05, ** =p <0.01, *** =p <0.001, and **** = p <(0.0001. In all panels, three replicates were plotted together, and
all statistics include a Bonferroni correction for multiple comparisons.

We compiled a table containing the top candidates for the ser-7 neuron based on which
rescue constructs restored ser-7 expression (simplified table in Fig. 3.2B, full table in SFig.
3.2A). We hypothesized that neurons present in many of the successful rescue constructs would
be most important in the hypoxia longevity circuit. Conversely, we hypothesized that candidate
neurons within rescues that did not restore a WT-like hypoxia response are less likely to be
important (Fig. 3.2B; SFig. 3.2A). We acknowledge that this analysis strategy is biased toward
neurons rescued in a greater proportion of the transgenic strains, which could lead to false
negatives. From this analysis, we identified 10 neurons that were rescued in 3-4 of the 6
successful rescue constructs (Fig. 3.2B). Five of these neurons (DVB, FLP, M1, RME LR, and
RME DV) were also present in unsuccessful rescue constructs, so they were not considered for
follow-up experiments. Of the remaining five neurons (RIS, AUA, AVC, LUA, and VD _DD),
the top candidate was the RIS neuron, because RIS was present in the highest number (4 as

shown in Fig. 3.2B) of successful rescue constructs.
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Supplemental Figure 3.2 ser-7 expression in each ser-7 expressing neuron is rescued by at least one construct,
and ser-7 is required for vhl-1-mediated longevity. (A) A table showing all ser-7 expressing candidate neurons,
and which constructs in Fig. 2A restored ser-7 expression in these neurons. Pink rows indicate rescues that fully
restored vhl-1 mediated fino-2 induction, orange rows indicate rescues that partially restored vi/-1/-mediated fimo-2
induction, and gray rows signify unsuccessful rescue constructs from the data in panel A. (B) Survival curve of WT,
and ser-7(tm1325) worms on empty vector (EV) and vil-1 RNAi. N > 259 worms per condition. Significance is
from a log-rank test comparing median survival. Cox Regression for an interaction between the effect of ser-7
(tm1325) knockout and vil-1 RNAi1 knockdown on lifespan. p = 0.003, ** NS.=p > 0.05, * =p <0.05, ¥* =p <
0.01, *** = p <0.001, and **** = p < 0.0001. Three replicates were plotted together, and all statistics include a
Bonferroni correction for multiple comparisons.
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To validate whether the RIS neuron is a key signaling cell in hypoxia-mediated longevity,
we first genetically ablated the RIS neuron to test its necessity. Our results showed that vhl-1
RNAI does not extend lifespan of RIS ablated worms, indicating that the RIS neuron is
completely required for vA/-1 knockdown to extend lifespan (Fig. 3.2C). To test the sufficiency
of RIS signaling, we next rescued ser-7 expression in the RIS neuron in the ser-7 null
background under the flp-11 promoter. fIp-11 is expressed in the RIS neuron®*” and uv1
neuroendocrine cells**® that do not endogenously express ser-7°°. We first confirmed that ser-7
knockout worms are partially required for vi/-1 RNA1 to extend lifespan (SFig. 3.2B, Cox
Regression, p = 0.003, **). Significantly, ser-7 rescue in the RIS neuron (ser-7; flp-11p::ser-T)
restores the lifespan extension by vhl-1 RNAI to the same degree as WT worms (Fig. 3.2D).
These data suggest that ser-7 expression in the RIS neuron only is sufficient for vil-/-mediated
longevity. However, one limitation of this approach is that non-physiological expression of ser-7
in the uvl cells could play a role in restoration of a WT-like hypoxic response. Together, these
data are consistent with a model where hypoxic conditions stabilize HIF-1 in the ADF neurons,

which modify serotonin signaling to the SER-7 receptor on the RIS interneuron.

3.4.2 Tyraminergic signaling from the RIM neuron and the tyramine receptor TYRA-3 are
required for vhl-1 knockdown to extend lifespan.

After identifying neuron subtypes involved in serotonin signaling downstream of the
hypoxic response, we next set out to identify whether other neurotransmitters act in the pathway.
To answer this question, we obtained mutants deficient in the production of each type of
neurotransmitter in C. elegans (Fig. 3.3A) and measured their lifespan on control and vh/-1
RNAI. Out of the six neurotransmitters we tested, blocking the production of GABA (unc-25,

Fig. 3.3B) or tyramine + octopamine (tdc-1, Fig. 3.3C) attenuated longevity on vh/-1 RNAIi. The
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requirement of GABA is consistent with our finding that ser-7 expression on the GABAergic
RIS neuron is also necessary for hypoxic response-mediated longevity (Fig. 3.2), connecting the

serotonergic and GABAergic components of this circuit.
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Figure 3.3 GABA and tyramine synthesis are required for the hypoxic response to extend lifespan. (A)
Summary table of the necessity of each C. elegans neurotransmitter for vi/-/ RNAi-mediated longevity. (B-E)
Survival curves of WT and unc-25(el56) (GABA deficiency) (B), tdc-1(n3419) (tyramine + octopamine deficiency)
(C), thh-1(n3247) (octopamine deficiency) (D), and RIC ablation (Ex/tbh-1p::caspase-3(p12)-nz]; Ex[tbh-1p:.:cz-
caspase-3 (p17)]; tbh-1p::GFP) (E) worms on empty vector (EV) and vhl-I RNAi. N> 310 (B), > 201 (C), > 258
(D), and > 258 (E) worms per condition. Significance in panels B-E is from a log-rank test comparing median
survival. NS. =p > 0.05, * = p <0.05, ** = p <0.01, *** =p <0.001, and **** = p <(0.0001. In all panels, three
replicates were plotted together, and all statistics include a Bonferroni correction for multiple comparisons.

Tyramine (analogous to mammalian adrenaline®*) is synthesized from tyrosine by
tyrosine decarboxylase (¢dc-1) and can be further converted to octopamine (analogous to
mammalian noradrenaline) by tyramine B-hydroxylase (tbh-1) in C. elegans3’. Therefore, the
tdc-1 knockout is deficient in both tyramine and octopamine synthesis (Fig. 3.3C) and the tbh-1
knockout (Fig. 3.3D) is only deficient in octopamine synthesis. Since worms lacking only
octopamine (tbh-1, Fig. 3.3D) were long-lived on vA/-1 RNAi but worms lacking both tyramine
and octopamine (¢dc-1, Fig. 3.3C) were not, we can conclude that tyramine is required for the

hypoxic response to extend lifespan. To further test whether tyramine but not octopamine is
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involved in this pathway, we generated a strain in which the primary octopamine-producing
neuron, RIC3%, is genetically ablated. We found that the RIC neuron is not required for vh/-1-
mediated longevity (Fig. 3.3E), further supporting that tyramine but not octopamine is a key
neurotransmitter in the hypoxic response longevity circuit.

In addition to octopamine (¢bh-1, SFig. 3.3C), we also observed that acetylcholine (unc-
17, SFig. 3.3A) and glutamate (eat-4, SFig. 3.3B) were not required for lifespan extension by
vhi-1 RNAI. Our lifespans of the dopamine synthesis mutant cat-2 indicated that dopamine is
inconsistently required for the hypoxic response to extend lifespan. In three biological replicates,
we observed a full requirement, partial requirement, and no requirement for dopamine synthesis
in vhl-1 RNAi-mediated longevity. When analyzed together, the net result suggests that
dopamine is partially required for vhl-/-mediated longevity (SFig. 3.3C, Cox Regression for
interaction between genotype and vhl-1 RNA1, p < 0.0001, ****)_  We did not follow up on
dopamine due to the inconsistency. Together, the results from this neurotransmitter screen
support the conclusion that in addition to serotonin, both GABA and tyramine play a role in

hypoxic response-mediated longevity.
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Supplemental Figure 3.3 Acetylcholine, glutamate, and dopamine synthesis are not fully required for vhl-1
RNAI to extend lifespan. (A-C) Survival curves of WT and unc-17(el13) (acetylcholine deficiency) (A), eat-4(ky5)
(glutamate deficiency) (B), and cat-2(n4547) (dopamine deficiency) (C) worms on empty vector (EV) and vhl-1
RNAi. N>213 (A), =274 (B), and > 270 (C) worms per condition. (C) Cox Regression for an interaction between
genotype and vil-1 RNAI, p <0.0001, ****_ Significance in all panels is from a log-rank test comparing median
survival. NS. =p > 0.05, * = p <0.05, ** = p <0.01, *** =p <0.001, and **** = p <(0.0001. In all panels, three
replicates were plotted together, and all statistics include a Bonferroni correction for multiple comparisons.
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Nematodes synthesize GABA in 26 of 302 neurons while tyramine is only synthesized in

two cells3?

. As a result, identifying highly specific components of tyraminergic signaling is
more feasible than mapping GABAergic signaling components. Therefore, we sought to
determine the tyramine-producing neuron(s) and tyramine receptor(s) that contribute to hypoxic
response-mediated longevity. In C. elegans, the two canonically tyraminergic cell types (the
RIM neuron and the uv1 neuroendocrine cells) express tdc-1 but not tbh-1°". To determine
which tyraminergic cell(s) act in the hypoxic response pathway, we expressed fdc-1 under

d*?%. We then measured

promoters specific to either RIM or uvl in a tdc-1 null backgroun
whether the lifespans of these tyramine rescue strains could be extended by vi/-1 RNAi. Our
results showed that vAl-1 RNAI extended lifespan in the RIM rescue strain (Fig. 3.4A), but not in
the uvl rescue (Fig. 3.4B). This finding demonstrates that tyramine synthesis in the RIM neuron
is sufficient for vhl-1 RNAI to extend lifespan. Notably, both tyramine rescue constructs lived

longer than WT controls (Fig. 3.4A-B). This could indicate that altering tyramine signaling

modifies lifespan both within and independently of the vA/-/-mediated longevity pathway.
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Figure 3.4 The RIM neuron and the tyramine receptor #yra-3 act in the hypoxic response-mediated longevity
pathway. (A-B) Survival curves of WT, RIM rescue (tdc-1 (n3419),; Ex[ocr-4p.::tdc-1]) (A), and uvl tdc-1 rescue
(tdc-1 (n3419); Ex[gcy-13p::tdc-1]) (B) strains on empty vector (EV) and vAil-1 RNAi. N> 126 (A) and N > 140 (B)
worms per condition. (C) Survival curves of TU3311(unc-119p::sid-1) and vhil-1(ok161); TU3311(unc-119p::sid-1)
worms on empty vector (EV) and #yra-3 RNAi. N> 215 worms per condition. Significance in all panels is from a
log-rank test comparing median survival. NS. =p > 0.05, * = p <0.05, ** =p < 0.01, *** = p <(0.001, and **** =p
< 0.0001. In all panels, three replicates were plotted together, and all statistics include a Bonferroni correction for
multiple comparisons.
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To identify the tyramine receptor(s) necessary in the hypoxic response-mediated
longevity pathway, we used RNA1 to knockdown each of C. elegans’ four known tyramine
receptors>>"3>3 (Fig. 3.4C). Since tyramine receptors are mostly expressed in neurons, and RNAi
uptake into some neurons is less efficient than other cell types, we used a strain with enhanced
neuronal RNAi uptake (TU3311, unc-119p::sid-1) crossed into vil-1 knockout worms. This
neural enhanced RNAI uptake strain was not used previously in this work for vA/-1 RNAi
experiments because vil-1 RNAi knockdown extends lifespan in WT worms*®. The generated
vhi-1; unc-119p::sid-1 strain was long-lived compared to the control strain unc-119p::sid-1 (Fig.
3.4C). Successful RNAi1 knockdown was validated via qPCR (SFig. 3.4A). Our lifespan results
show that the tyramine receptor #yra-3 was fully required for vA/-/-mediated longevity (Fig.
3.4C), but the tyramine receptors tyra-2 and ser-2 were not (SFig. 3.4B-C). Another tyramine
receptor, Igc-55, showed a partial requirement for vh/-/-mediated longevity (SFig. 3.4D).
Although there was a lifespan extension by vhl-1 on Igc-55 RNAI (SFig. 3.4D), we did observe a
significant interaction between /gc-55 knockdown and genotype on lifespan (Cox Regression, p
<0.0001, ****)_indicating a partial requirement. In summary, these data indicate that tyramine
signaling from the RIM neuron to the TYRA-3 receptor is required for hypoxic response-
mediated longevity, while the LGC-55 receptor may play a partial role. Interestingly, TYRA-3 is
highly expressed on the low oxygen/high carbon dioxide-sensing BAG neuron as well as in the

intestine?*>>*, the site of fino-2 induction during hypoxia*.
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Supplemental Figure 3.4 tyra-2 and ser-2 are not necessary for vhl-1-mediated longevity, while Igc-55 is
partially required. (A) Gene expression of tyra-3, tyra-2, ser-2, and lgc-55 in TU3311(unc-119p::sid-1) worms
raised on RNAI targeting each gene compared to control worms raised on empty vector (EV) RNAI for two
generations. N > 300 worms per replicate, or 900 worms per condition. The top of the bar represents the mean of the
population and error bars indicate standard error of the mean (SEM). (B-D) Survival curves of TU3311(unc-
119p::sid-1) and vhi-1(ok161); TU3311(unc-119p::sid-1) worms on empty vector (EV) and tyra-2 (B), ser-2 (C), or
Igc-55 (D) RNAI. Cox Regression for an interaction between /gc-55 knockdown and vhl-1 knockout on lifespan in
the TU3311background strain. p < 0.0001, ****_ N> 215 worms per condition. Significance is from a log-rank test
comparing median survival. NS. =p > 0.05, * = p <0.05, ** = p <0.01, *** = p <0.001, and **** = p <0.0001. In

all panels, three replicates were plotted together, and all statistics include a Bonferroni correction for multiple
comparisons.

3.4.3 Oxygen and carbon dioxide sensing neurons act downstream of serotonin signaling.
Given that tyra-3 is highly expressed in the canonical low-oxygen sensing neuron
BAG??, we next explored whether neurons responsible for sensing high- and low-oxygen
conditions are essential for hypoxic response-mediated longevity. C. elegans have four oxygen
sensory neurons: the URX, PQR, and AQR neurons detect high levels of oxygen®>, the BAG

neuron responds to low levels of oxygen®> and high levels of carbon dioxide*® (Fig. 3.5A). We
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hypothesized that these oxygen sensing cells may perceive hypoxic conditions and help initiate
the hypoxic response. Alternatively, these oxygen sensing neurons could modify behavior in
response to hypoxia but not play a role in longevity. We found that vA/-1 knockdown was unable
to extend lifespan when we genetically ablated the three high-oxygen sensing neurons (URX,
AQR, PQR, Fig. 3.5B). Interestingly, the low O2/high CO2 responsive BAG neurons were also
required for vAl-I-mediated longevity (Fig. 3.5C). We next crossed the URX/AQR/PQR ablation
worms or BAG ablation worms into C. elegans with HIF-1 stabilized in the ADF neurons.
Ablation of either the URX/PQR/AQR or the BAG neurons abrogated lifespan extension in the
ADF HIF-1 stabilized worms. This suggests that oxygen sensing neurons act downstream of

ADF HIF-1 stabilization in this pathway (Fig. 3.5D-E).
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Figure 3.5 High- and low-oxygen sensing neurons are important for hypoxic response-mediated longevity. (A)
Diagram of oxygen sensing neurons in C. elegans. (B) Survival curves of WT and URX/PQR/AQR ablated worms
(qals2241 [gcy-36::egl-1 + gcy-35::GFP + lin-15(+)]) on empty vector (EV) and vhl-1 RNAi. N> 279 worms per
condition. (C) Survival curves of WT and BAG ablated worms (Ex/gcy-31p::caspase-3(p12)-nz]; Ex[gcy-31p::cz-
caspase-3 (p17)]; gcy-31p::GFP) on empty vector (EV) and vAl-I RNAi. N > 188 worms per condition. (D)
Survival curves of WT, hif-1(ia4); ADF-HIF-1S, URX/PQR/AQR (qals2241 [gcy-36::egl-1 + gcy-35::GFP + lin-
15(+)]) ablation, and URX/PQR/AQR (qals2241 [gcy-36::egl-1 + gcy-35::GFP + lin-15(+)]) ablation; hif-1(ia4),
ADF-HIF-1S worms. N > 150 worms per condition. (E) Survival curves of WT, hif-1(ia4);, ADF-HIF-1S, BAG
(Ex[gcy-31p::caspase-3(p12)-nz]; Ex[gcy-31p::cz-caspase-3 (p17)]; gcy-31p::GFP) ablation, and BAG (Ex/gcy-
31p::caspase-3(pl2)-nz]; Ex[gcy-31p::cz-caspase-3 (p17)]; gcy-31p::GFP) ablation; hif-1(ia4); ADF-HIF-1S
worms. N > 186 worms per condition. Significance in all panels is from a log-rank test comparing median survival.
NS.=p >0.05, * =p <0.05, ** =p <0.01, *** =p <0.001, and **** = p <0.0001. In all panels, three replicates
were plotted together, and all statistics include a Bonferroni correction for multiple comparisons.

3.4.4 The neuropeptide NLP-17 and its receptors contribute to vhi-1-mediated longevity.
After identifying neurons, neurotransmitters, and neuroreceptors acting in the hypoxic

response longevity circuit, we wondered how this neural circuit ultimately propagates
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information about hypoxic conditions to the intestine and induces the pro-longevity gene fimo-2.
The C. elegans nervous system does not directly innervate the intestine. Instead, neurosignaling
molecules bind to receptors on peripheral tissues through packaging in dense-core vesicles and
subsequent release into and diffusion through pseudocoelomic fluid**’*3®. These dense-core
vesicles are packaged with a wide variety of neuropeptide signals, although there is also
evidence that bioaminergic neurotransmitters like serotonin, dopamine, and
adrenaline/noradrenaline can also signal through this dense-core vesicle mechanism*>%-3,

We first tested if inducing the hypoxic response through vhl-1 RNAi extends lifespan in a
mutant strain lacking the dense-core vesicle packaging gene unc-31. We observed that unc-31
was required for vil-1 knockdown to extend lifespan (Fig. 3.6A). To examine whether
neuropeptide signals carried by dense-core vesicles are involved, we knocked down two
neuropeptide processing enzymes—egl-3 and egl-213". Successful knockdown was validated
with qPCR (SFig. 3.5A). Interestingly, eg/-21 but not eg/-3 was required for vil/-I-mediated
longevity (Fig. 3.6B-C). This could be because egl-21 is the only enzyme known to perform the
carboxypeptidase E cleavage step of neuropeptide processing®®!, while there are four known

proprotein convertases with similar function to egl-330%362,
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Figure 3.6 The neuropeptide nlp-17 and its receptors npr-37 and npr-43 are required for hypoxic response-
mediated longevity. (A) Survival curves of unc-31(el69) and WT worms on empty vector (EV) and vhl-1 RNAi. N
> 242 worms per condition. (B-C) Survival curves of TU3311 (unc-119p.:sid-1) and vhi-1(ok161); TU3311 (unc-
119p::sid-1) worms on empty vector (EV) and eg/-3 (B) or egl-21 (C) RNAi. N >209 worms (B) and N > 185
worms (C) per condition. (D) Summary table of two sets of neuropeptide ligands/receptors that blunted vAl-1-
mediated lifespan. (E-G) Survival curves of TU3311 (unc-119p::sid-1) and vhi-1(ok161); TU3311 (unc-119p. :sid-
1) worms on empty vector (EV) and npr-37 (E), npr-43 (F), or nlp-17 (G) RNAi. N > 288 worms (E), N > 309
worms (F), and N > 309 worms (G) per condition. Significance in panels A-C and E-G are from log-rank test
comparing median survival. Cox Regression for a significant interaction between npr-43 knockdown and vhl-1
knockout on lifespan, p <0.01, **. Cox regression for a significant interaction between nlp-17 knockdown and vhl-1
knockout on lifespan, p < 0.05, *. NS. =p > 0.05, * = p <0.05, ** =p <0.01, *** = p <0.001, and **** =p <

0.0001. In all panels, three replicates were plotted together, and all statistics include a Bonferroni correction for
multiple comparisons.

We next tested a group of 6 genes corresponding to neuropeptide/receptor binding pairs
that blunted hypoxic response-mediated fino-2 induction (Fig. 3.6D). These genes, along with
their corresponding receptors, were targeted for RNAi and tested for lifespan in TU3311 (unc-
119p::sid-1) and TU3311 (unc-119p::sid-1); vhi-1 (okl61) strains. We found that the npr-3
receptor and it’s ligands, fIp-15 and fIp-21 were not required for vil-1-mediated longevity. (SFig.
3.5B-D). However, knocking down the neuropeptide nlp-17 partially blocked vA/-I-mediated
longevity (Fig. 3.6E, Cox regression p < 0.05). Consistently, knocking down nlp-17’s receptors
also completely (npr-37, Fig. 3.6F) or partially (npr-43, Fig. 3.6G, Cox regression p < 0.001)
blocked vhAl-1-mediated longevity. Successful knockdown of npr-37 and npr-43 was validated

with qPCR (SFig. 3.5A). The nlp-17 ligand result was validated using a genetic knockout (nlp-
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17 (0k3461)), which completely prevented vhl-1 knockdown from extending lifespan (SFig.

3.5E). Together, these data suggest a role for NLP-17 signaling in hypoxic response-mediated

longevity.
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Supplemental Figure 3.5 qPCR validation of RNAI hits from Figure 5, and neuropeptide screen hits that did
not validate. (A-B) Gene expression of (A) egl-3, egl-21, npr-37, and npr-43 in TU3311 (unc-119p::sid-1) worms
raised on RNAI targeting each gene compared to control worms raised on empty vector (EV) RNAI for two
generations. N > 300 worms per replicate, or 900 worms per condition. The top of the bar represents the mean and
error bars represent SEM. (B-D) Survival curves of TU3311 (unc-119p.:sid-1) and vhi-1(ok161); TU3311 (unc-
119p::sid-1) worms on empty vector (EV) and npr-3 (B), flp-15 (C), or flp-21 (D) RNAi. N > 191 worms (B), N >
181 worms (C), and N > 183 worms (D) per condition. (E) Survival curves of nlp-17(0k3461) on empty vector (EV)
or vhl-1 RNAi. N >275 worms per condition. Significance in panels B-E are from log-rank test comparing median
survival. NS. = p > 0.05, * =p <0.05, ** = p <0.01, *** = p <0.001, and **** = p <0.0001. In all panels, 2-3
replicates were plotted together, and all statistics include a Bonferroni correction for multiple comparisons.

Taken together, these results support a model in which HIF-1 stabilization in the ADF
serotonergic neurons leads to modified serotonin signaling from the ADF to the SER-7
expressing and GABA-producing RIS neuron (Fig. 3.7). Oxygen sensing neurons act
downstream of HIF-1 stabilization in the ADF neuron in the hypoxic response longevity circuit.
Tyramine produced by the RIM neuron and neuropeptide (NLP-17) signaling are also required

for the hypoxic response to extend lifespan, although it remains unclear whether these signals act

130



upstream, downstream, or in parallel to the serotonergic and GABAergic components in this

pathway.

hypoxia 5-HT
HIF-1

longevity
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.
-
.

Figure 3.7 Working model of the hypoxia-mediated longevity pathway.

3.5 Discussion

In this study, we interrogated a complex signaling pathway through which genetic
induction of the hypoxic response extends lifespan in C. elegans. Within this pathway, we
demonstrate that: 1) stabilization of HIF-1 in the ADF serotonergic neurons modifies signaling to
the SER-7 receptor on the GABAergic and neuropeptidergic RIS neuron (Fig. 3.1-3.2); 2)
tyraminergic signaling through the RIM neuron and the TYRA-3 receptor (Fig. 3.3-3.4) are
required for hypoxic response-mediated longevity; 3) oxygen and carbon-dioxide sensory
neurons act downstream of HIF-1 stabilization and serotonergic ADF neurons to extend lifespan
(Fig. 3.5); and 4) in addition to neurotransmitter signals, the neuropeptide NLP-17 and its
receptors NPR-37 and NPR-43 are required for the hypoxic response to extend lifespan (Fig.
3.6). Ultimately, these neural signals converge on the intestine, to activate FMO-2 and extend
lifespan (working model summarized in Fig. 3.7).

The hypoxic response is highly conserved across species, highlighting the potential

relevance of this pathway in other organisms, including humans. In nematodes, activating the
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hypoxic response promotes health and longevity. However, the physiological changes induced
by the hypoxic response are broad and involve adaptations that can drive tumorigenesis in
mammals. Therefore, a mechanistic understanding of the individual cells, signals, and circuits
that mediate the beneficial effects of hypoxia is essential. In this work, the discovery that HIF-1
stabilization in the ADF neurons extends lifespan by 26% demonstrates the potential for targeted
manipulations within this pathway to have large effects on lifespan. Additionally, our data
identify a previously unknown role for tyramine/adrenaline in the hypoxic response as well as
establish NLP-17, a neuropeptide with no previous known function, as a signal in vhl-/-mediated
longevity. This work also demonstrates that the oxygen sensing AQR, PQR, URX, and BAG
neurons act downstream of the serotonergic ADF neuron in the hypoxic response, indicating an
interaction between internal and external oxygen sensing mechanisms in longevity. Together, the
mapping of these cells, signaling molecules, and receptors in the hypoxic response lays the
foundation to discover druggable targets that selectively modulate aging in humans without
negative side effects.

Other studies in C. elegans have also identified neural networks involving the hypoxic
response. For example, previous work found a role for HIF-1 in hypoxia-mediated behaviors,

such as food-dependent hyperoxia (excessive oxygen) avoidance®®

. Hyperoxia avoidance
requires hif-1 expression both in the neurons and the tyraminergic uvl neuroendocrine cells.
Interestingly, serotonin signaling from the ADF neuron is also required for WT-like hyperoxia
avoidance®®®. While this HIF-1-mediated behavioral circuit has parallels with the HIF-1-
mediated longevity circuit interrogated in this work, these pathways do diverge: the key

tyraminergic cell type implicated in hyperoxia avoidance is the uvl gonadal neuroendocrine

cells, while the RIM tyraminergic neurons played a role in longevity (Fig. 3.4). Together, the
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partial overlap between this behavioral and longevity circuit implies that modifying neural
signaling to induce the hypoxic response and extend lifespan may also alter behavioral
phenotypes. Future research in this area should interrogate exactly where these and any other
HIF-1-mediated circuits overlap and diverge.

While this study identifies many neural signals required for vil-1 knockdown or
knockout to extend lifespan, one key limitation of this work is the potential differences between
genetic and environmental methods of inducing the hypoxic response. While vA/-1 knockdown
or knockout leads to HIF-1 stabilization by blocking its proteasomal degradation, it also results
in hydroxylated but stable HIF-1. This contrasts with environmental hypoxia, in which HIF-1
remains stable because it cannot be hydroxylated. While HIF-1 is stabilized and localized to the
nucleus in both cases, there are differences in transcriptional outcomes between stable
hydroxylated and unhydroxylated states®***%°, Additionally, we did not explore the effects of
alternative genetic activators of the hypoxic response such as PHD/EGL mutants, which may
provide further insight into how different manipulations of the hypoxic response impact
longevity.

The circuit-mapping approaches employed in this work are also impacted by limitations
in cell-specific genetic modifications and in the use of RNAi knockdown. For example, cell-
specific rescue constructs can sometimes lead to unintended rescues in other cell types due to
cell nonautonomous signaling. Because all serotonin-producing neurons also express the
serotonin reuptake transporter mod-3, serotonin produced by one cell in our rescue strains could
be taken up by other serotonin-producing neurons, leading to unintended signaling effects. This
may also be true of the uvl and RIM tyraminergic rescue strains, although little is known about

tyramine reuptake in C. elegans. Additionally, although RNA1 experiments were validated using
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sequence confirmation and qPCR, not all RNA1 hits were corroborated with genetic knockouts.
This leaves open the possibility that RNAi-induced knockdown effects differ from complete
genetic ablation, or that production of a given RNAi may modify bacterial metabolism in a way
that indirectly modifies the hypoxic response in C. elegans. Finally, while the use of RNAi
knockdown and genetic knockouts establishes the necessity of many signals within the hypoxia-
mediated longevity circuit, the exact directionality of these signals remains unclear. It is possible
that increased, decreased, or pulsatile changes in signaling through these bioamines and
neuropeptides are required for the hypoxic response to extend lifespan. Future work in this area
could use tools to measure or modify neuronal activity, such as calcium imaging or optogenetics,
to begin answering these questions.

While many individual neurosignaling components are essential for the hypoxic response
to extend lifespan, their epistasis is unclear. Future work in this area should focus on
manipulating various components of this network in a manner that we would expect to mimic
hypoxia and extend lifespan. This will allow us to narrow down which signals are necessary only
to adapt to hypoxia, and which are sufficient to extend lifespan in a normoxic environment. One
notable target for further exploration is the SER-7 expressing RIS neuron, which plays a role in

367

sleep® and stress resistance®®’. Moreover, optogenetically increasing RIS activity can extend

lifespan under normoxic conditions®®8.

While our understanding of this circuit is still incomplete, our findings point to several
promising signaling components that could be targeted for longevity interventions. Manipulating
serotonin and tyramine/adrenaline signaling pathways may offer strategies for extending

lifespan, with minimal pleiotropic effects if precisely controlled. These neural targets have great

potential for longevity therapeutics due to 1) the small number of neurons that can control aging-
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related pathways in the entire organism; 2) the availability of FDA-approved pharmaceuticals
that target individual bioaminergic transporters and receptors'®?2*23%; and 3) the high
conservation of neurotransmitter biology between invertebrates and mammals***2%3%_ Further
research into how these pathways can be modulated in a targeted manner could spur
development of interventions that promote healthy aging and delay the onset of age-related

diseases.

3.6 Methods

3.6.1 Strains and Growth Conditions

C. elegans were cultured according to established protocols*®. In brief, worms were grown at 20
°C on standard solid nematode growth media (NGM). Throughout their lifespan, the worms were
fed E. coli OP50, except during RNA interference (RNA1) experiments, where E. coli HT115
was used to deliver double-stranded RNA. Transfers of worms were carried out using a platinum
wire, unless stated otherwise. The RNAI strains employed are listed in Table 3.1, while the
strains used in the experiments are provided in Table 3.2. Genotypes were verified through PCR,
and RNA1 imaging results were confirmed by sequencing and quantitative PCR (qPCR) before

proceeding with the experiments.
3.6.2 Generating transgenic strains

3.6.2.1 Neuron-specific stabilized HIF-1 strains
We used the following promoters to drive cDNA of HIF-1 (P621A)::SL2::GFP in three
serotonergic neuronal populations: ADF neurons (srh-142p:: HIF-1 (P621A)), NSM neurons

(ceh-2p:: HIF-1 (P621A)), HSN neurons (ham-2p:: HIF-1 (P621A)). All plasmids were verified

via restriction digest and sanger sequencing, and ApE files are available upon request. Plasmids
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were microinjected to hif-1(ia4) KO strain by Suny Biotech using the co-injection marker myo-

2p::GFP and 2-3 transgenic lines were tested in each experiment.

3.6.2.2 Neuron-specific tph-1 rescues
The pKA805[srh-142p::TPH-1] and pKA807[ceh-2p::TPH-1] constructs were generously

provided by Dr. Kaveh Ashrafi. These constructs were injected at ~50 ng/uL) with fluorescent
co-injection marker myo-2p::mNeonGreen (15 ng/pL) or sur-Sp::sur-5::NLSGFP (20 ng/pL) and
junk DNA (up to 100 ng/uL) into gonads of day 1 gravid adult hermaphrodites. Standard

protocols were followed to isolate and obtain stable over-expression mutants®®.

3.6.2.3 ser-7 rescue strains

Plasmid construction and microinjection was conducted by Suny Biotech to generate all ser-7
rescue constructs. In designing the plasmids, we used the following promoters to drive cDNA of
SER-7::SL2::GFP in different neuronal populations: full rescue (ser-7p.:ser-7), interneuron
rescue (glr-1p::ser-7), bioaminergic neuron rescue (cat-1p::ser-7), glutamatergic neuron rescue
(eat-4p::ser-7), GABAergic neuron rescue (unc-47p.:ser-7), GABAergic motor neuron rescue
(unc-25p::ser-7), sensory neuron rescue (osm-6p::ser-7), cholinergic motor neuron rescue (acr-
2p::ser-7), cholinergic neuron rescue (unc-17p::ser-7), M3 & M4 neuron rescue (ceh-28p. :ser-
7), and intestinal rescue (vha-6p:.:ser-7). All plasmids were verified via restriction digest and
sanger sequencing, and ApE files are available upon request. Plasmids were microinjected by
Suny Biotech using the co-injection marker myo-2p.:GFP and 2-3 transgenic lines were tested in

each experiment.

3.6.2.4 RIS, RIC, and BAG neuronal ablation strains

For RIS neuronal ablation strains, we purchased donor plasmid mec-18p::caspase-3 (p12)::nz

[TU#813] (Plasmid #16082) and mec-18p cz::caspase-3 (p17) [TU#814] from Addgene (Plasmid
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#16083), and used Gibson cloning (NEB) to replace mec-18p with srsx-18p. Three constructs
srsx-18p::caspase-3(p12)::nz, srsx-18p::cz::caspase-3(p17), and srsx-18p::GFP were co-injected
with fluorescent co-injection marker myo-3p::GFP (20 ng/uL) into the wild-type N2 strain to
generate RIS genetic ablation strains. Similarly, for RIC ablation strain, thh-1p was constructed
into TU#813 and TU#814 to replace mec-18p. Three constructs thh-1p::caspase-3(p12)::nz, thh-
1p::cz::caspase-3(pl7), and tbh-1p::GFP were co-injected with fluorescent co-injection marker
myo-3p::GFP (20 ng/uL) into the wild-type N2 strain to generate RIC genetic ablation strains.
For BAG ablation strain, gcy-31p was constructed into TU#813 and TU#814 to replace mec-18p.
Three constructs gcy-3Ip::caspase-3(p12)::nz, gcy-31p::cz::caspase-3(p17), and gcy-3Ip::GFP
were co-injected with fluorescent co-injection marker myo-3p::GFP (20 ng/uL) into the wild-type
N2 strain to generate BAG genetic ablation strains. All plasmids were verified via restriction
digest and sanger sequencing. ApE files available upon request. Plasmid construction and

microinjection was conducted by Suny Biotech.

3.6.2.5 RIM and uvl tdc-1 rescue strains

Plasmid construction and microinjection was conducted by Suny Biotech to generate both tdc-/
rescue constructs. In designing the plasmids, we used the ocr-4 promoter to drive cDNA of
TDC-1::SL2::GFP in the uvl neuroendocrine cells. To express cDNA of TDC-1::SL2::GFP in
the RIML neuron, we used the gcy-13 promoter. All plasmids were verified via restriction digest
and sanger sequencing, and ApE files are available upon request. Plasmids were microinjected

by Suny Biotech using the co-injection marker myo-2p::GFP.

3.6.3 RNAi Knockdown
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For all RNAi knockdowns, worms were exposed to the RNAI treatment for two generations to
achieve optimal knockdown. All RNAi clones were sourced from the Vidal RNA1 library. Each

RNAI clone was sequence-verified.

3.6.4 Quantitative PCR

For RNAI validation experiments, RNA was isolated from day 1 adult worms that had been
grown on RNAL1 for two generations. For measuring fmo-2 induction in the Aif-1(ia4),
ADF::HIF-18 strain, worms were grown on OP50, synchronized, and collected at day 1 of
adulthood. RNA extraction was performed using the Direct-zol RNA Miniprep Kit (Zymo), and
cDNA synthesis was carried out with the Biorad iScript cDNA Synthesis Kit. Gene expression
was assessed using the SYBR Green quantitative RT-PCR (qRT-PCR) system (BioRad), with
mRNA levels normalized to the housekeeping genes cdc-42 and Y45FD10.4. Primers for RNAi
validation were designed to target the 3° UTR of each gene to avoid amplification of the

bacterially produced RNAi. Gene expression was quantified using standard curves.

3.6.5 Lifespan Measurements

Lifespan assays were conducted following previously described protocols*. Briefly, 10-15
gravid adults were transferred to NGM plates for a three-hour timed egg lay, after which they
were removed. Once the progeny reached day 1 of adulthood, 60-80 worms were placed on
NGM plates containing 33 puL of 150 mM fluorodeoxyuridine (FUdR) and 100 pL of 50 mg/mL
ampicillin per 100 mL of NGM. FUdR inhibits progeny development, while ampicillin prevents
bacterial contamination. NGM + FUdR + Ampicillin plates were seeded with concentrated
bacteria (5x for OP50-fed lifespan assays). At least two plates per strain and condition were used
for each lifespan replicate. Worms were considered dead when they failed to respond to a gentle

touch with a platinum wire under a dissection microscope. Lifespan data were recorded at least
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three times a week until all worms were dead. To prevent escape, a barrier of 75 pL of 100 mM
palmitic acid (Sigma-Aldrich) dissolved in 100% ethanol was applied along the edges of each
lifespan plate. Data were analyzed using R version 4.3.1 and visualized in Adobe Illustrator

2022.

3.6.6 RNAi Lifespans

RNAI lifespan assays were performed similarly to standard lifespan assays, with modifications to
the initial timed egg lay (TEL) procedure and food concentrations. To ensure maximal RNA1
knockdown, worms were first TEL’ed for 3 hours on RNAI1 plates. The progeny from this TEL
were left on RNA1 plates to develop into gravid adults and then used for a second TEL under the
same RNAIi conditions. Progeny from the second-generation TEL were then used for the lifespan
assay. RNA1 bacteria (HT115) are ampicillin-resistant and can grow slowly on AMP-containing
lifespan plates. To maintain consistent bacterial availability throughout the lifespan assay, RNAi
plates were seeded with bacteria at 2x concentration, starting from an optical density (ODesoo) of

3.0.

3.6.7 Fluorescent Slide Microscopy

Fluorescent images for this study were captured using a Leica M165F fluorescent microscope,
controlled by Leica Application Suite X (LASX) software. A minimum of 15 worms per
condition were imaged at a magnification of at least 70x. For image quantification, individual

323 was then used to

worms were carefully separated to ensure they did not touch. Custom R code
create a pixel mask of each worm from the brightfield image and measure the fluorescent
intensity of that region in the corresponding fluorescent image. The background fluorescence

was subtracted from the mean fluorescence values. Data were analyzed using R version 4.3.1 and

visualized in Adobe Illustrator 2022.
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3.6.8 Statistical Analysis

The height of all bar plots represents the mean value for each condition, with error bars
indicating the standard error of the mean (SEM). For comparisons involving more than two
conditions, one-way ANOVA followed by post-hoc Tukey HSD tests (2-tailed, unpaired) were
used to assess interactions between variables and determine statistical differences between
conditions. Significance levels are indicated as *p < 0.05, **p <0.01, ***p <0.001, and ****p <
0.0001. For lifespan assays, statistical comparisons of survivorship curves were performed using
the survfit survival analysis function in R. The log-rank test was used to compare two survival
curves. To assess interactions across multiple experimental variables and for comparisons
involving more than two survival curves, a Cox regression analysis was conducted using the
survivalMPL package in R. For experiments with multiple biological replicates, p-values were
adjusted using the Bonferroni correction. Exact sample sizes (Ns) for each experiment are
provided in the source data files, and minimum sample sizes for each plot are specified in the

figure legends.
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3.8 Supplementary Tables

RNAI Figure(s) | Library
vhi-1 1,2,3,4,5,6,7 | Vidal
tyra-3 4 Vidal
tyra-2 S4 Vidal
lgc-55 S4 Vidal
ser-2 S4 Vidal
egl-3 6 Vidal
egl-21 6 Vidal
npr-37 6 Vidal
npr-43 6 Vidal
npr-3 S5 Vidal
flp-15 S5 Vidal
flp-21 S5 Vidal
Table 3.1 RNAI used in this work.
Strain ) )
L. Strain Source Identifier Outcross
Description
WT wild-type CGC N2 >4
hif-1 . .
: >
Knockout hif-1 (ia4) CGC 7G31 >4
hif-1; . . .
hif-1 (ia4); Ex[ceh-2p::hif- .
M::HIF- h >4
NS o 1(P6214)] this paper >
hif-1; hif-1 (ia4); Ex[ham-2p. :hif- .
th >4
HSN::HIF-1S 1(P6214)] 15 papet =
if-1; f-1 (ia4); E. -142p::hif-
hif-1, hif-1 (ia4),; Ex[srh-142p::hif- this paper 4
ADF::HIF-1S 1(P6214)]
ph-1 tph-1 (mg280) CGC MT15434 >4
knockout 4 & -
ADF::tph-1 kySi56 1V, kyEx4077[srh- Cori
CX13571 >4
knockout 142::nCre] Bargmann -
NSM::tph-1 kySi56 1V; kyEx4057[ceh- Cori
>
knockout 2::nCre] Bargmann CX13572 =4
vhi-1
-1 (okl6l B5602 >4
knockout vhi-1 (0k161) CGC CB560 >
ADF tph-1 tph-1(mg280); pKA805[srh- Miller et al LZR008 4
rescue 142p::TPH-1] 2022
NSM tph-1 tph-1(mg280); pKA807[ceh- Miller et al LZR009 4
rescue 2p::TPH-1] 2022
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ser-7

-7 (tm132 DA21 >4
Knockout ser-7 (tm1325) CGC 00 >
hole bod -7 (tm1325); E - )
whole body ser-7 (tm ); Ex[ser this paper >4
ser-7 rescue 7p::ser-7]
lut tergi
SUAMANCIEIC | er 7 (1m1325); Exfeat- .
neuron ser-7 this paper >4
4p::ser-7]
rescue
holi i
chotnersic ser-7 (tm1325),; Ex[acr- )
motor neuron this paper >4
2p::ser-7]
ser-7 rescue
bi . .
VOAIREIEI® | o7 (tm1325); Ex/cat- .
neuron ser-7 this paper >4
Ip::ser-7]
rescue
Sensoty ser-7 (tm1325); Ex[osm- .
neuron ser-7 this paper >4
6p::ser-7]
rescue
holi i
choTnergle ser-7 (tm1325); Ex[unc- .
neuron ser-7 this paper >4
17p::ser-7]
rescue
interneuron ser-7 (tm1325); Ex/[glr- this paper >4
ser-7 rescue Ip::ser-7]
GABAergi
crele ser-7 (tm1325); Ex[unc- .
neuron ser-7 this paper >4
47p::ser-7]
rescue
GABAergi
CIEIC ser-7 (tm1325),; Ex[unc- .
motor neuron this paper >4
25p::ser-7]
ser-7 rescue
M3 and M4
an ser-7 (tm1325); Ex[ceh- .
neuron ser-7 this paper >4
28p::ser-7]
rescue
intestinal ser- ser-7 (tm1325); Ex[vha- this paper >4
7 rescue 6p::ser-7]
RIS neuron Ex/[srsx-18p::caspase-3(p12)- .
ablation nzJ; Ex[srsx-18p::cz-caspase-3 this paper >4
(p17)]; srsx-18p::GFP
unc-17
-17 (el l hi Bl11 >4
knockout unc-17 (el13) this paper CB113 >
unc-25 .
unc-25(el56) this paper CB156 >4

knockout




eat-4

_ i >
Knockout eat-4(ky35) this paper MT6308 >4
tdc-1
tdc-1 (n3419) CGC MT13113 >4
knockout
thh-1
tbh-1(n3247) CGC MT9455 >4
knockout
cat-2 cat-2 (nd547) CGC MT15620 >4
knockout
RIC neuron Ex[tbh-1p::caspase-3(p12)- '
ablation nzJ; Ex[tbh-1p::cz-caspase-3 this paper >4
(p17)]; tbh-1p::GFP
“1(-) + - . _ i
tdc-1(-) tdc-1(n3419); Ex[gcy Kitto et al LZR259 4
RIML rescue 13p::tdc-1] 2024
-1(-) + _ . A f .
tdc-1(-) +uvl | tdc-1(n3419); Ex[ocr-4p::tdc Kitto et al LZR260 4
rescue 1] 2024
neuronal
enhanced uls60 [unc-119p::YFP + unc-
CGC TU3311 >4
RNAI uptake 119p::sid-1] -
strain
vhi-1
knockout;
neuronal vhi-1 (ok161); uls60 [unc- )
h >4
enhanced | 119p: YFP + unc-119p::sid-1] | T PAPEr =
RNA1 uptake
strain
URX, AQR, qals2241 [gcy-36::egl-1 +
} CGC CX7102 >4
PQR ablation gcy-35::GFP + lin-15(+)]. -
Ex[gcy-31p::caspase-3(p12)-
BAG ablation | nz/; Ex[gcy-31p::cz-caspase-3 this paper >4
(p17)]; gcy-31p::GFP
URX, AQR
PE}RQ ’ gals2241 [gcy-36::egl-1 +
-35::GFP + lin-15(+)]; hif-
ablation; hif- gy , in-13(+)] ; i this paper >4
1(ia4),; Ex[srh-142p::hif-
I knockout; 1(P6214)]
ADF::HIF-1S
BAG Ex[gcy-31p::caspase-3(pl12)-
ablation: /if- nz/,; Ex[gcy-31p.:cz-caspase-3
’ (p17)]; gcy-31p::GFP; hif-1 this paper >4
1 knockout; (ia4): Ex[srh-142p::hif
ADF::HIF-18 e i A

1(P6214)]
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unc-31

-31 (el69 B1 >4
Knockout unc-31 (el69) CGC CB169 >
nlp-17

-1 1 RB24 >4
knockout nlp-17 (0k3461) CGC 98 >

Table 3.2 Strains used in this work.
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Chapter 4 Metabolic Regulation of Behavior by the Intestinal Enzyme fino-2.*

4.1 Foreword

In Chapters 2-3, we examined the cell nonautonomous signaling pathways through which
two types of environmental signals—food availability and oxygen levels—induce intestinal fimo-
2 and extend lifespan in C. elegans. Both of these environmental conditions (dietary restriction
and hypoxia) not only extend lifespan in C. elegans, but also elicit acute and chronic behavioral
changes across different species. Because fino-2 acts downstream of both pathways, and because
fmo-2 overexpression is a promising longevity intervention, we wondered whether changes in
Jfmo-2 expression could also result in altered behavior. To answer these questions, I developed a
new project in the lab looking at behavioral differences between wild type (WT), fimo-2
knockout, and fimo-2 overexpressing worms. This chapter details these behavioral changes and
seeks to determine whether the mechanisms through which fmo-2 affects behavior and lifespan
are overlapping or distinct. I planned and collected the majority of the data for this project, with
some help performing experimental replicates from many other lab members. Dr. Leiser gave
input regularly along the way, and I drafted and edited the manuscript. Overall, this work

suggests a working model for fmo-2 mediated behavioral change, but future experiments are

4 In revision at Science Advances with authors listed as Elizabeth S. Kitto, Safa Beydoun, Ella Henry, Megan L.
Schaller, Mira Bhandari, Sarah A. Easow, Angela M. Tuckowski, Marshall B. Howington, Ajay Bhat, Aditya
Sridhar, Eugene Chung, Scott F. Leiser
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needed to further validate this model and to investigate the effects of other longevity

interventions on behavior across taxa (see Chapter 6, Future Directions).

4.2 Abstract

Many elements of an organism’s behavior are completely intertwined with the health of
the animal. Over a long period of time, health status is also indicative of lifespan, with improved
health correlating with a longer life. However, the relationship between longevity and behavior
remains relatively unexplored. Here, we report that modification of a single longevity gene
downstream of dietary restriction and hypoxia, dramatically alters behavior in Caenorhabditis
elegans. We discovered that altered expression of flavin-containing monooxygenase (fimo-2)
leads to altered sensory perception and decision-making in a variety of behavioral paradigms.
Surprisingly, many of these changes are in the same direction, as both the fimo-2 knockout and
overexpressing animals explored novel environments less than WT worms. This cell non
autonomous signaling pathway is likely due to changes in tryptophan metabolism, where loss of
fmo-2 requires the tryptophan metabolite serotonin and overexpressed fino-2 requires the
tryptophan metabolite quinolinic acid. Notably, interventions that rescue exploratory behavior
also rescue some, but not all of the other behavioral, reproductive, and longevity phenotypes.
Considering that fmo-2 is a well-established responder to energy stress, these results suggest a
unique mechanism for gut metabolism to communicate positive satiety signals and negative
depressive signals to the organism by modifying an essential amino acid. They also establish a
new role for fino-2 in behavior and demonstrate the importance of examining pleiotropic effects

in promising longevity interventions.
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4.3 Introduction

Within the last 30 years, there has been a growing interest in researching environmental
and genetic factors that determine the rate of aging across taxa*’’. The ability of environmental
factors to slow aging was first reported in 1935, when McCay et al published that caloric
restriction extends lifespan in rodents®’!. In 1983, the first genetic mutants with increased

lifespan were identified by Klass er al'’

, showing it is possible to identify physiological drivers
of aging and to manipulate these pathways to extend lifespan. In the ensuing decades, many
physiological circuits that modify the aging process have been identified in multiple model

organisms. These interventions, including dietary restriction (DR)*, temperature stress>***,

21,25,26 27,28

insulin signaling , and hypoxia“"-°, share a common theme in that they activate stress
response pathways without damaging the organism. This concept of mild stressors activating
beneficial stress response pathways to improve health and longevity is known as hormesis®’.
However, the ability of a stressor to induce a beneficial hormetic effect depends on the baseline
health of the organism, the dose of the stressor, and levels of other, co-occurring environmental
stressors®,

Consequently, environmental manipulations that extend lifespan are often impractical
solutions to improving healthspan on a population-wide scale. Interventions like dietary
restriction (DR) and other stressors can have low compliance, are difficult to titrate to each
individual, and elicit broad physiological changes that affect phenotypes other than aging®*-3°,
One potential solution to these implementation problems is to activate stress-response pathways
via genetic or pharmaceutical interventions. For example, DR extends lifespan across taxa

through multiple mechanisms including decreased insulin and mammalian target of rapamycin

mTOR) signaling®’. Genetic manipulations that reduce insulin and growth hormone signaling
g g p g
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mimic DR to extend lifespan across taxa**’. Pharmaceutical interventions such as rapamycin
can also mimic DR by inhibiting mTOR signaling to improve health*'. Currently, much work is
focused on identifying pro-longevity circuits downstream of environmental interventions, with
the idea that targeted pharmaceutical manipulation of these pathways is a more practical solution
than administering stressors like DR to human patients**.

Similarly, genes acting downstream of multiple longevity interventions are of particular
interest because they could be highly specific modulators of aging and may be more likely to
extend lifespan in a diverse population. One such gene is flavin-containing monooxygenase. In
C. elegans, fmo-2 expression is required for the longevity interventions dietary restriction and
hypoxia to extend lifespan, and overexpression of fino-2 is sufficient to extend lifespan by

modifying one-carbon and tryptophan metabolism?*?

. Moreover, FMOs 1) are structurally
conserved from worms to humans, 2) are upregulated in multiple long-lived mouse
models!®-11%372 3) improve stress resistance in human cells when overexpressed’®, 4) are
induced by multiple FDA-approved pharmaceuticals, and 5) promote healthspan in C. elegans
and mammalian cell culture!®2%°, Together, these results make Fmos an important gene family
to understand for their conserved role in health and longevity.

Genetic and pharmaceutical interventions that extend lifespan through a single gene (e.g.,
Fmo) are more practical and targeted than environmental longevity interventions. However, it
remains unclear whether these strategies will also have pleiotropic effects on other areas of
physiology such as reproduction, stress resistance, and behavior. For example, many longevity
interventions decrease fertility by directing resources towards preserving somatic function over

germline health?!. Additionally, some of these interventions may extend lifespan in a highly

controlled laboratory environment but reduce an organism’s ability to withstand real-world
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stressors like pathogens?*3-233. Acute and chronic stress exposure also has profound effects on
behavior and mental state>*237. For example, attempts to restrict calories in humans can lead to
decreased cognitive performance and dysphoria®*®. Stresses induced by other longevity
interventions, like heat stress** and hypoxic stress®* are also linked to negative mental health
outcomes in people.

Many longevity interventions extend lifespan by acting on key metabolic tissues like the

213 While the role of these tissues in neurosignaling and mental state is not

liver’”! and intestine
well understood, there is growing evidence that these tissues directly and indirectly affect the
nervous system and behavior. For example, broad metabolic changes induced by a ketogenic diet
have been used since the 1920s to treat epilepsy, although the mechanism of this treatment is still
not fully understood®’?. Additionally, general metabolic dysfunction—characterized by elevated
circulating glucose and triglycerides—is also correlated with poor mental health outcomes?”>.
Lastly, a growing interest in the gut-brain axis has revealed that metabolites produced by

274-276

intestinal microbes can act as neuromodulators and alter behavior. Many canonical

neurotransmitters are also synthesized in the intestine and able to cross the blood-brain barrier?”’,
pointing to an essential role for peripheral metabolism in neuronal activity. Consequently, it is
essential to examine potential interactions between lifespan and behavior in longevity
interventions that target these metabolically active tissues.

In this work, we explore how the pro-longevity gene fmo-2 modifies C. elegans behavior,
and whether these behavioral effects are separable from fimo-2’s role in longevity. We find that
modifying fmo-2 expression leads to a variety of reproductive, sensory perception, and decision-

making-related behaviors in C. elegans. In particular, fmo-2 expression changes result in

decreased exploration of a novel environment. Our data suggest this low exploration phenotype
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results from FMO-2’s role in oxygenating tryptophan to produce N-formyl kynurenine. In fmno-2
knockout animals, the loss of this activity pushes tryptophan metabolism towards production of
the neurotransmitter serotonin. Conversely, overexpression of fimo-2 increases tryptophan flux
towards the kynurenine-derived neuromodulators quinolinic acid and kynurenic acid. In our
working model, accumulation of serotonin in the fino-2 knockout and quinolinic acid in the fino-
2 overexpressor leads to decreased exploration. This low-exploration phenotype can be rescued
genetically by blocking serotonin synthesis or quinolinic acid production in the fino-2 knockout
and overexpressor, respectively. Interestingly, the genetic interventions that rescue fimo-2
mediated behavioral effects also rescue some, but not all of the other behavioral and aging-
related phenotypes observed in these strains. Together, these results point toward a central role
for C. elegans FMO-2 and tryptophan metabolism in modifying longevity and behavior that

serves as an example for how longevity, metabolism and behavior can be intertwined.

4.4 Results

4.4.1 fmo-2 expression alters C. elegans sensory perception, foraging, and reproductive
behavior.

To investigate how the metabolic enzyme fimo-2 affects “mental state,” we measured a
panel of behaviors using strains with modified fmo-2 expression. We initially created two panels
of behavioral assays to run on wild-type (WT), fimo-2 knockout (KO) and fmo-2 overexpressing
(OE) animals at day 1 of adulthood. The first of these panels was designed to test locomotor
ability to ensure that differences in movement capacity would not interfere with measurements of
more complex behaviors tested in the second panel. In our resulting data (SFig. 4.1A), we

observed no differences in maximum speed (SFig. 4.1B), pumping (SFig. 4.1C), or thrashing
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(SFig. 4.1D) between WT, KO, and OE animals. These results support that KO and OE animals

have a similar ability to physically move in different environments during young adulthood.

A Movement Capacity Panel B %4 NS. C o 125 ___Ns.
—_ » o
. |fmo-2|fmo-2 ® ° o & 00| S
Behavior g 03 ™ = o° o
KO OE E [ [0] e
3£ [} Q 751 96
Maximum no no E<=uw o p =
Velocity | change | change [ & 3 2 Q2 5 ool |
PuMDin no o [ =8, g & °
PN change | change n T E >
Thrashing no no 0.0+ 0 = 0
change | change WT fmo-2 fmo-2 WT fmo-2 fmo-2 WT fmo-2 fmo-2
KO OE KO OE KO OE

Supplemental Figure 4.1 fino-2 knockout and overexpressing animals have normal movement capacity
during young adulthood. (A) A summary of the movement capacity of fimo-2 knockout and fino-2 overexpressing animals
relative to WT. (B) Quantification of the maximum speed of WT, fino-2 knockout, and fino-2 overexpressing worms over a 30-
minute video recording. N > 8 worms per condition. (C-D) Quantification of the pumping (C) and thrashing (D) rates of WT,
fmo-2 knockout, and fino-2 overexpressing animals. N> 10 (C) or N > 15 (D) worms per condition. In all bar plots, the top of the
bar represents the mean of the population and error bars indicate standard error of the mean (SEM). In all panels, NS. = p > 0.05.
Significance for all panels is from a one-way ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed). All panels show one
representative replicate. Raw data from all three replicates can be found in supplemental data files.

Having established no obvious differences in locomotor ability, we moved to a second
panel of behaviors designed to assess mental state, sensory perception, and foraging decisions.
Here, we observed multiple interactions between fmo-2 expression and behavior (Fig. 4.1A).
With respect to sensory perception, no changes were observed in responses to gentle touch (Fig.
4.1B) or harsh touch in either strain (Fig. 4.1C), indicating normal mechanosensation. Strikingly,
both the KO and OE exhibited greatly reduced chemotaxis responses to both an attractive
compound (diacetyl, Fig. 4.1D) and to an aversive compound (1-octanol, Fig. 4.1E).
Surprisingly, these differences were not in opposite directions, as we expected from a knockout
and overexpression model. Rather, both strains showed diminished responses to the attractive
and aversive compounds. This decreased sensitivity to chemical attractants and repellants could
indicate either a deficit in the worms’ ability to detect these compounds, or a general apathy
towards these chemicals. More broadly, these results suggest a novel role for an intestinal

metabolic enzyme in modifying behaviors governed by multiple neural circuits.

151



A Sensory Perception and Decision-Making Panel B ; . o C 3 =
Behavior fmo-2 KO[fmo-2 OE| & _ NS R4
S
Gentle Touch Response no change | no change -S g 2 NS.Q o \. o g1
Harsh Touch Response no change no change 8 g oT T '; ¥
Chemotaxis Response ! ! - & G17) L )
Pathogen Response l l g —1 . & % %
Basal Lawn Slowing Response no change no change aC) z o o — g
Enhanced Lawn Slowing Response | no change l 0] S °° O
Exploration 0 S~ 0-
= = : WT fmo-2 fmo-2 ° WT fmo-2 fmo-2
KO OE KO OE
D . Diacetyl Attraction E 1-Octanol Aversion F S ,
2] " 6 . \; 5 minutes 2 hours
210 g ° o -
= o e—— = T
2 = ® g 100
X 05 |& | =& o % - g 3
© © £ o
-— - 0
S] Eo| ﬁ 9] © %
£ o.0;- s - £ c
[0] - o) 2
= ° < 3
O 05 O
WT  fmo-2 fmo-2 oo
mo-=21mo WT fmo-2 fmo-2 w "WT fmo-2 fmo-2 WT fmo-2 fmo-2
KO OE KO OE KO OE KO OE
WT fmo-2 KO fmo-2 OE
G * NS. H worm on bacteria-  worm leaves
P T N covered plate tracks
S o - -
5 ° L 20 hours
o ° o © —_—
% 20 000 ~ - E R o,
5 °%o Sl s, [E /
o o 08 count squares
> % o o entered in 20 hrs
© 10 © [
8 & @ ° ay
@ i ] modified
ol 1 1 11 1 L 1 1 1 1 4 AVAY from
off on off on off on off on off on off on N Flavell, et al.,
food food food food food food food food food food food food 2013
fed fed fasted fasted fed fed fasted fasted fed fed fasted fasted
; [ = - -~
S o o € 10 € 10 € 10
S8 g 2 2
o9 o 5] o
= 0 > > >
K] N o 0 o 0 3 0
STos = = = >
w e 8 S 8.
— .E—w E—w E 10
g = wT = | fmo-2 KO = _|fmo-2 OE
0.0 mo- mo-
WT fmo-2 fmo-2 20 20 2 o
-20 . -10 0 10 -20 . -10 0 10 -20 . =10 0 10
KO OE Horizontal Movement (mm) Horizontal Movement (mm) Horizontal Movement (mm)
K . N L [CJquiesence M —~15 ok
T [ roaming []dwelling = NS.
o) 2 5 Q 1.00 - ; °
a5" 58 S Lo __ NS .
e c a(ﬁ 075 E 8 Oo oo °
o2 o © O N ." 8%0 he
O > O Soso o= ©© 00,
— . Y = 0 —F— © 05
o9 o > ﬂ x K
S O c® w e gﬁoo
L8 O @ozs 5
0.00 E @ c ooo
.00 oo ~0.0
WT fmo-2fmo-2 L -= 000 WT  ubiquitous intestinal neuronal

WT fmo-2 fmo-2
KO OE

KO OE

fmo-2 OE fmo-2 OE fmo-2 OE

Figure 4.1 fino-2 expression alters C. elegans sensory perception, foraging, and reproductive behavior. (A) A
summary of sensory perception and decision-making related behavioral changes in fimo-2 knockout and fino-2 overexpressing
worms, relative to WT controls. (B-C) Quantification of the gentle touch response (B) and harsh touch response (C) in WT, fimo-
2 knockout, and fino-2 overexpressing worms. N = 10 worms per condition. (D-E) Quantification of the chemotaxis response to
the attractant diacetyl (D) and the repellent 1-octanol (E) in WT, fino-2 knockout, and fino-2 overexpressing worms. N > 237
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worms per condition. (F) Quantification of the percent of WT, fino-2 knockout, and fino-2 overexpressing worms that remained
on a pathogenic lawn of Enterococcus faecalis after 5 minutes and 2 hours of exposure. N > 85 worms per condition. (G)
Quantification of the basal and enhanced slowing response in WT, fimo-2 knockout, and fmo-2 overexpressing worms. N = 10
worms per condition. (H) Diagram of the exploratory behavior assay. (I) Quantification of exploration in WT, fino-2 knockout,
and fimo-2 overexpressing worms. N > 16 worms per condition. (J) Traces of the paths WT, fino-2 knockout, and fino-2
overexpressing worms traveled over a 30-minute video. N > 10 worms per condition, and each path from a single worm was
normalized to begin at point (0,0). (K) The average speed of worms recorded for (J). (L) Quantification of the fraction of a
population of WT, fino-2 knockout, or fino-2 overexpressing worms in quiescent, roaming, and dwelling behavioral states.
Significance compares each behavioral state to the fraction of the population in that state in the WT control group. N > 52 worms
per condition. (M) Quantification of exploration of WT worms compared to ubiquitous fino-2 overexpressors (eft-3p:.fmo-2),
intestinal fmo-2 overexpressors (elt-2p::fmo-2), and neuronal fino-2 overexpressors (rab-3p:.:fmo-2). In all bar plots, the top of
the bar represents the mean of the population and error bars indicate standard error of the mean (SEM). In all panels, NS. =p >
0.05, * =p <0.05, ** = p <0.01, *** = p <0.001, and **** = p <0.0001. Significance for all panels except F and L is from a
one-way ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed). In panels F and L, a 2-way ANOVA was run (fraction of
population ~ genotype*behavioral state (L) and lawn occupancy ~ genotype*timepoint (F)). Panels B, C, G, 1, J, K, and M show
one representative replicate. Raw data from all three replicates can be found in supplemental data files. Panels D, E, F, and L plot
data from three replicates together. Statistics for these panels include a Bonferroni correction for multiple comparisons.

In addition to altered chemotaxis responses, we observed significant changes to foraging
and decision-making behaviors. To measure a type of negative environment decision-making
behavior, we performed a pathogen fleeing assay, where WT worms generally avoid a lawn of
harmful bacteria®’*. In congruence with the hypothesis that these strains are apathetic to negative
environments, both the fimo-2 knockout and overexpressor show higher occupancy than WT on a
lawn of pathogenic Enterococcus faecalis (EF) bacteria after two hours of exposure (Fig. 4.1F,
representative images SFig. 4.2A). To examine foraging behavior, we assessed both typical
foraging behavior and the starvation response in C. elegans by measuring the movement speed of
the worm upon finding food?!. The basal slowing response, which indicates the difference in
movement speed of well-fed animals before and after they encounter a bacterial lawn, was
unchanged between WT, KO, and OE animals, suggesting that they recognize food
appropriately. However, the OE animals did not display an enhanced slowing response, which
measures lawn-slowing in animals that have been fasted for 30 minutes prior to testing (Fig.
4.1G). This suggests that the OFE animals are insensitive to the behavioral effects of brief fasting,
potentially because fimo-2 overexpression is already mimicking a chronic DR state. Together,
these results indicate that changes to intestinal fmo-2 activity are sufficient to modify an

organism’s perception of and/or response to positive and negative environmental signals.
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Finally, we tested WT, KO, and OE worms on an assay of exploratory behavior’”>. This
assay encompasses movement over time as represented by the tracks left by a single worm on a
35 mm diameter plate completely covered with bacterial food. At the end of the exploration
period, the worm is removed and the plate with its tracks is overlayed with a grid of squares. The
number of squares the worm entered are counted to quantify the region of the plate explored by
the worm (Fig. 4.1H). In this exploration assay, we observed a 47% decrease in exploration in
the OE relative to WT, and an even more pronounced 62% decrease in exploration in the KO
(Fig. 4.11). To validate this low-exploration phenotype using another method, we next recorded
worm movement on 35 mm plates completely covered in a bacterial lawn and quantified mean
speed over 30 minutes. We observed that the paths taken by the fino-2 knockouts and
overexpressors as well as their mean speed correlated with the changes observed in the initial
exploration assay: both fimo-2 mutants stayed closer to their point of origin than WT worms and
displayed lower mean speed over the 30-minute period (Fig. 4.1J-K). This result, coupled with
the behavioral results discussed above, suggests that animals with modified expression of fino-2
exhibit substantial changes in response to environmental cues despite a normal ability to move.
These changes result in a decreased behavioral response regardless of the direction of fino-2 (KO
or OE), consistent with a complex mechanism of action.

In order to identify the mechanism of these behavioral changes, we chose to primarily
focus on exploratory behavior for three reasons: 1) there is a significant difference between the
phenotype of the KO and OE; 2) there is a robust change in exploration in both strains; and 3)
this behavior reflects both sensory perception of the environment and decision-making in
response to these cues. To begin interrogating how fino-2 expression modifies exploration, we

first examined the amount of time a worm spends in three distinct behavioral states: quiescence,
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roaming, and dwelling?”®

. Quiescence has been equated to a sleep-like state, where worms do not
move at all. Dwelling worms exhibit a local-search foraging pattern, where they turn frequently
and stay in one area. Roaming worms turn infrequently and explore more widely from their point
of origin. We observed decreased roaming and increased quiescence in both the KO and OE but
saw no changes in dwelling behavior. This shift from roaming to quiescence was greater in KO,
which could explain the decrease in KO exploration relative to the OE (Fig. 4.1L). These results
indicate that fmo-2 expression changes exploration by shifting behavioral state rather than
globally decreasing movement, again pointing to a more nuanced mechanism of action.

To further test the relationship between fimo-2 expression and low exploration, we
performed RNAi knockdown of fino-2 on WT, KO, and OE animals (SFig. 4.2B). fino-2 RNA1
did indeed decrease exploration in WT worms, but to a lesser extent than fully knocking out fmo-
2. Successful knockdown with fimo-2 RNAi was validated with qPCR (SFig. 4.2C). As expected,
fmo-2 RNAI had no effect on the KO. Interestingly, fmo-2 RNAI did partially rescue the low
exploration of the OE, supporting the idea that high fino-2 expression is responsible for its low-

exploration phenotype. Together, these results support a ‘goldilocks’ model for fino-2 expression

in behavior, where a limited window of expression results in normal exploration.
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Supplemental Figure 4.2 The effects of fmo-2 expression on exploratory behavior persist through mid-
adulthood and both neural and intestinal fmo-2 expression contribute to changes in exploratory behavior. (A)
Representative images of pathogenic lawn occupancy, quantified in (Fig. 1F). (B) Exploration of WT, fimo-2 knockout, and fino-2
overexpressing animals on empty vector (EV) or fino-2 RNAi. N > 16 worms per condition. (C) Gene expression of fimo-2 in
worms raised on fino-2 RNAi compared to control worms raised on empty vector (EV) RNAi for two generations. N > 200
worms per replicate, or 800 worms per condition. (D) Quantification of the exploration of WT, fmo-2 knockout, and fmo-2
overexpressing worms at days 1, 5, and 10 of adulthood. N > 21 worms per condition. (E) Exploration of WT, fino-2 knockout,
intestinal fino-2 rescue (fino-2(0k2147); elt-2p.:fmo-2), and neuronal fino-2 rescue (fimo-2(0k2147); rab-3p:.fmo-2) strains. N >
29 worms per condition. In all bar plots, the top of the bar represents the mean of the population and error bars indicate standard
error of the mean (SEM). In all panels, NS. =p > 0.05, * = p < 0.05, ** = p <0.01, *** = p <0.001, and **** = p <0.0001.
Significance for all panels is from a one-way (panel E) or two-way (panels B,C,D) ANOVA and post-hoc Tukey HSD test
(unpaired, two-tailed). All panels show one representative replicate except for panel C, which includes all replicates. Raw data
from three individual replicates for each experiment can be found in supplemental data files.

We next tested the specificity of the low exploration phenotype. To test for age-
specificity, we aged WT, KO, and OE worms to middle age and measured their exploratory
behavior. We observed a significant decrease in exploration with age in WT and OE, but not in
KO worms (SFig. 4.2D). To measure tissue-specificity, we examined the sufficiency of fmo-2
OE in individual tissues. Because fimo-2 is primarily an intestinal enzyme but behavior is
primarily governed by the nervous system, we measured the exploratory behavior of neuronal-
specific and intestinal-specific fino-2 overexpressors. We found that overexpression in either
tissue was sufficient to decrease exploratory behavior (Fig. 4.1M). Conversely, to examine the

necessity of fino-2 in each tissue for normal exploratory behavior, we re-expressed fmo-2 under a
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neuronal or an intestinal specific promoter in the fmo-2 null background. This approach led to
strains with fmo-2 expression absent only in the intestine or in the nervous system, respectively.
We observed a significant rescue of exploratory behavior in in both strains. (SFig. 4.2E).
Together, these results are consistent with a mechanism in which fmo-2 activity in either tissue
changes metabolism in a way that modifies neural signaling and, in turn, alters behavior.
Specifically, FMO-2 could either produce or limit a behavior modulating molecule, across the

lifespan, and within multiple tissues.

4.4.2 fmo-2 expression interacts with tryptophan metabolism to alter exploratory behavior.
Given that intestinal fino-2 over- and under-expression can modify both behavior and
longevity, we next sought to establish the specificity of and substrate(s) responsible for these
effects. To test for specificity, we asked whether modifying the expression of other flavin-
containing monooxygenases with similar activities could also change exploration. We tested the
behavior of fmo-1 or fmo-4 KO and OE because they are structurally the most similar to FMO-2.
Interestingly, we found that fmo-/ and fimo-4 KO and OE worms exhibited normal exploratory
behavior (Fig. 4.2B), suggesting the behavioral role is specific to FMO-2. Upon testing the three
enzymes for substrate specificity, we found that FMO-1 and FMO-4 act on many of the same
substrates as FMO-2, with the notable exception of tryptophan, which is specific to C. elegans
FMO-2 (Fig. 4.2A). These data are consistent with a model in which altered oxygenation of
tryptophan, the only identified substrate unique to FMO-2, may be responsible for the behavioral

effects of fmo-2 expression.
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Figure 4.2 fino-2 expression interacts with tryptophan metabolism to alter exploratory behavior. (A) A
summary of the enzymatic activities of C. elegans FMO-1, FMO-2, and FMO-4 on the substrates methimazole, pyruvate,
glutathione, and tryptophan. Kcat and Kim values can be found in the supplemental data files. (B) Quantification of the exploration
of fino-1 knockout (0k405), fino-1 overexpressing (eft-3p::fmo-1), fmo-4 knockout (0k294), and fimo-4 overexpressing (efi-
3p:.fimo-4) worms. N > 16 worms per condition. (C) Exploration of WT, fimo-2 knockout, and fimo-2 overexpressing worms after
supplementation from egg on plates with 0, 1, or 5 mM tryptophan in the agar. N> 18 worms per condition. (D) A diagram of
tryptophan uptake and metabolism in C. elegans. (E-G) Quantification of the exploration of WT, fimo-2 knockout, and fino-2
overexpressing worms on empty vector (EV) or aat-1 (E), aat-2 (F), and aat-3 (G) RNAi. N >29 (E), > 27 (F), > 29 (G) worms
per condition. In all bar plots, the top of the bar represents the mean of the population and error bars indicate standard error of the
mean (SEM). In all panels, NS. =p > 0.05, * = p < 0.05, ** = p <0.01, *** = p <0.001, and **** = p <0.0001. Significance for
all panels is from a one-way (panel B) or two-way (panels C,E,F,G) ANOVA and post-hoc Tukey HSD test (unpaired, two-
tailed). All panels show one representative replicate. Raw data from all three replicates can be found in supplemental data files.

Consequently, we sought to determine whether FMO-2’s activity on tryptophan or on any
other individual substrate is involved in fino-2 mediated behavioral change. To test whether the
behavioral changes of fino-2 KO and OE are specific to tryptophan and or any other known
FMO-2 substrates, we measured the effects of supplementing each established FMO-2 substrate
on exploration. We found that only tryptophan supplementation dose dependently decreased WT
exploration (Fig. 4.2C), with no significant effect from glutathione, methimazole, or pyruvate
(SFig. 4.3A-C). Notably, the reduction in exploration observed in fimo-2 KO and OE worms was
not additive with the decrease caused by exogenous tryptophan, suggesting that altered
tryptophan metabolism through fmo-2 affects exploratory behavior via the same mechanism (Fig.

4.2C). These data indicate a specific role for the highly-conserved amino acid tryptophan in fimo-
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2 mediated behavioral change.
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Supplemental Figure 4.3 Supplementation with glutathione, methimazole, and pyruvate do not modify
exploration, knocking down aat-2 and aat-3 blocks tryptophan-mediated decreases in exploration, and sams-1
does not interact with fino-2 to modify exploration. (A-C) Exploration of WT, fino-2 knockout, and fino-2
overexpressing worms after supplementation from egg with glutathione (A), methimazole (B), and pyruvate (C). N >29 (A), >
21 (B), and > 20 (C) worms per condition. (D) Exploration of WT worms raised on empty vector (EV), aat-2, and aat-3 RNAi on
0, 1, and 5 mM tryptophan from egg. N > 25 worms per condition. (E) Gene expression of aat-1, aat-2, and aat-3 in worms
raised on aat-1, aat-2, and aat-3 RNAi compared to control worms raised on empty vector (EV) RNAi for two generations. N >
200 worms per replicate, or 1200 worms per condition. (F) Exploration of WT, fimo-2 knockout, and fmo-2 overexpressing
worms on empty vector (EV) or sams-1 RNAi. N> 17 worms per condition. (G) Gene expression of sams-/ in worms raised on
sams-1 RNAi compared to control worms raised on empty vector (EV) RNAi from L3 stage. N > 200 worms per replicate, or
1200 worms per condition. In all bar plots, the top of the bar represents the mean of the population and error bars indicate
standard error of the mean (SEM). In all panels, NS. = p > 0.05, * = p <0.05, ** = p <0.01, *** = p <0.001, and **** = p <
0.0001. Significance for all panels is from a two-way ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed). All panels
except E and G show one representative replicate. Raw data from all three replicates can be found in supplemental data files.
Panels E and G shows all replicates plotted together.

To confirm that tryptophan uptake is required for exogenous tryptophan supplementation
to decrease exploration, we grew WT worms on RNA1 against the two best-validated C. elegans
tryptophan transporters (Fig. 4.2D), aat-2 and aat-3°"7>"8, We observed that worms with either
transporter knocked down were resistant to the behavioral effects of exogenous tryptophan
(SFig. 4.3D), suggesting that tryptophan uptake into cells is required for decreased exploration.
This indicates a metabolic mechanism of action, rather than behavioral change resulting from
sensory perception of amino acid(s) in the environment.

Having established that tryptophan supplementation is sufficient to decrease exploration

in WT worms, we next asked whether tryptophan was necessary for low exploration in the KO
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and OE. To reduce tryptophan uptake, we again used RNAI to knockdown AATs with high
similarity to mammalian homologues—aat-1, aat-2, and aat-33"7. We observed that knockdown
of all three AATs tested partially rescued the exploratory behavior of the OE (Fig. 4.2E-G),
while aat-2 and aat-3 knockdown partially rescued the KO (Fig. 4.2F-G). Interestingly, AAT-1
also transports the tryptophan metabolite kynurenic acid®’®, suggesting a potential role for
kynurenic acid in the decreased exploration of the fino-2 OE but not the KO. All RNAi
knockdowns were validated with qPCR for expression of the targeted gene (SFig. 4.3E). These
data indicate that tryptophan uptake is at least partially required for fino-2 expression to modify
exploration.

We next asked how fmo-2 expression interacts with tryptophan metabolism to modify
exploration. Previous work from our lab found that FMO-2 oxygenates tryptophan to form N-
formyl-kynurenine in vitro. N-formyl-kynurenine is then converted into kynurenine by formidase
(afmd-1), which also releases formate as a byproduct (Fig. 4.2D). This formate can enter the
folate cycle, potentially altering the flux of the One Carbon Metabolism (OCM) cycle and

282 To test whether fino-2 modifies behavior indirectly through this

modifying lifespan
interaction with OCM, we used RNA1 to knock down sams-1 and decrease SAM synthesis. We
observed no change in exploration after sams-1 knockdown (SFig. 4.3F-G), indicating that the
behavioral effects of fino-2 are more likely directly related to tryptophan metabolism rather than
OCM. Again, these results suggest that 1) tryptophan metabolites likely play a key role in fmo-2

mediated behavioral change, and 2) the mechanisms of fmo-2 mediated longevity and behavioral

change may be separable.

4.4.3 Knocking out fmo-2 suppresses exploratory behavior by modifying serotonin signaling.
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Having ruled out changes in OCM as a mechanism of fmo-2 mediated behavioral change,
we asked whether the accumulation or depletion of any tryptophan-derived metabolites could
lead to low exploration in these strains. Based on the role of fmo-2 in the tryptophan metabolism
pathway (Fig. 4.2D), we hypothesized that knocking out fino-2 may increase tryptophan flux
towards serotonin, which is known to decrease exploration®”°. To test whether fino-2 expression
modifies serotonin production, we crossed the KO and OE with a transcriptional reporter for tph-
1, the rate-limiting enzyme in neuronal serotonin synthesis from tryptophan®*’. We observed a
40% increase in tph-1 expression in the KO and no change in #ph-1 expression in the OE (Fig.
4.3A-B). tph-1 is expressed in two pairs of neurons in the head (ADF and NSM), and one pair of

343, When the fluorescence intensity of

neurons near the vulva (HSN) that contribute to egg laying
tph-1 was measured in individual serotonergic neurons, we again did not observe any changes in
the OE (SFig. 4.4A-C). However, the KO displayed increased tph-1 expression in the NSM but
not in the ADF or HSN neurons (SFig. 4.4D-F). Interestingly, the NSM acts as a key signal in
multiple foraging-related behavioral circuits?®!2*37°_ Serotonin production in the NSM, but not
the ADF and HSN, has also been shown to increase quiescent behavior at the expense of

380, as is observed in the fino-2 knockout worms (Fig. 4.1L). These data are

roaming behavior
consistent with higher serotonin production in the KO and no change in serotonin production in

the OE.
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Figure 4.3 Knocking out fino-2 suppresses exploratory behavior by modifying serotonin signaling. (A-B)
Representative images (A) and quantification of mean head fluorescence (B) of zdls13 (tph-1p::GFP), fmo-2(0k2147);
zlds13(tph-1p::GFP), and fino-2 overexpressor (eft-3p:.fmo-2); zdls13 (tph-1p::GFP). N > 23 worms per condition. (C)
Quantification of the immobilization of WT, fimo-2 knockout, fino-2 overexpressor, and mod-5(n3314) in 30 M serotonin in M9
buffer over a 20-minute period. N > 128 worms per genotype. (D) Exploration of WT, fino-2 knockout, and fimo-2 overexpressing
worms on 0, 2.5, 5, and 10 mM exogenous serotonin from egg. N > 18 worms per condition. (E) Exploration of WT, tph-
1(mg280), fmo-2(0k2147), and tph-1(mg280); fino-2(0k2147) worms. N > 28 worms per condition. (F) Exploration of WT, pah-
1(syb3601), fmo-2(0k2147), and pah-1(syb3601); fmo-2(0k2147) worms. N > 28 worms per condition. (G) Exploration of WT,
tph-1(mg280); pah-1(syb3601), fmo-2(0k2147), and tph-1(mg280); pah-1(syb3601); fino-2(0k2147) worms. N > 27 worms per
condition. (H) Exploration of WT, tph-1(mg280); pah-1(syb3601), fmo-2(0k2147), and tph-1(mg280); pah-1(syb3601); fino-
2(0k2147) worms on 0 or 10 mM exogenous serotonin from egg. N > 19 worms per condition. (I) Working model of the
mechanism through which fimo-2 knockout decreases exploration. In all bar plots, the top of the bar represents the mean of the
population and error bars indicate standard error of the mean (SEM). In all panels, NS. = p > 0.05, * =p < 0.05, ** = p < 0.01,
**% = p <0.001, and **** = p < (0.0001. Significance for all panels is from a one-way (panels B, C, E, F, G) or two-way (panels
D,H) ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed). All panels show one representative replicate. Raw data from
all three replicates can be found in supplemental data files.

Since increased transcription of #ph-1 does not necessarily lead to higher levels of
serotonin, we further examined whether the behavioral changes mediated by fino-2 are linked to
altered serotonin. To test the likelihood of high serotonin in the KO, we performed a serotonin
immobilization assay in which worms are placed in a high concentration (30 M) serotonin

solution. Worms with high baseline levels of extrasynaptic serotonin, like the serotonin reuptake
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transporter knockout mod-35, are immobilized faster than WT in this assay*®!. We observed that
the KO was indeed immobilized faster than WT, while immobilization of the OE did not differ
from WT (Fig. 4.3C). These results suggest the KO has elevated extrasynaptic serotonin
availability while the OE does not. Consequently, the low exploration of the OE cannot be
explained by altered serotonin availability, but the low exploration of the KO could be due to

increased serotonin signaling.
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Supplemental Figure 4.4 Knocking out fmo-2 increases #ph-1p::GFP fluorescence in the NSM neurons and
knocking down #ph-1 or pah-1 partially rescues the exploration of the fimo-2 knockout. (A-C) Quantification of the
mean fluorescence of iph-1p::GFP in a WT and fimo-2 overexpressing background in the (A) ADF, (B) NSM, and (C) HSN
neurons. N > 29 (A), > 28 (B), and > 22 (C), neurons per condition. (D-F) Quantification of the mean fluorescence of tph-
1p::GFP in a WT and fino-2 knockout background in the (D) ADF, (E) NSM, and (F) HSN neurons. N > 33 (D), > 36 (E), and >
19 (F), neurons per condition. (G) Exploration of WT, fino-2 knockout, and fino-2 overexpressing worms on empty vector (EV)
or tph-1 RNAi. N> 17 worms per condition. (H) Exploration of WT, fino-2 knockout, and fino-2 overexpressing worms on empty
vector (EV) or pah-1 RNAi. N > 24 worms per condition. (I) Gene expression of #ph-1 and pah-1 in worms raised on tph-1 and
pah-1 compared to control worms raised on empty vector (EV) RNAI for two generations. N > 200 worms per replicate, or 1200
worms per condition. In all bar plots, the top of the bar represents the mean of the population and error bars indicate standard
error of the mean (SEM). In all panels, NS. =p > 0.05, * = p <0.05, ** = p <0.01, *** = p <0.001, and **** = p <(0.0001.
Significance in panels G and H is from a one-way (panel J) or two-way (panels G, H) ANOVA and post-hoc Tukey HSD test
(unpaired, two-tailed). Significance for panels A-F is from a Wilcox test (two-tailed, unpaired). All panels show one
representative replicate panel I, which shows all replicates together. Raw data from individual three replicates can be found in
supplemental data files.

To confirm whether increased serotonin availability is sufficient to suppress exploration
and that the low exploration of the OE is not driven by flux of tryptophan away from serotonin,
we supplemented WT, KO, and OE worms with exogenous serotonin. Exogenous serotonin

decreased WT exploration, but did not alter the exploration of the KO and OE (Fig. 4.3D). These
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data suggest that high serotonin is not additive with low fmo-2 in decreasing exploration.
Additionally, the inability of serotonin supplementation to rescue the OE indicates that low
serotonin is not likely causing the OE’s behavioral change.

After finding that supplementing WT worms with exogenous serotonin is sufficient to
phenocopy the low exploration of the KO, we next sought to test the necessity of serotonin
signaling in the KO’s low exploration phenotype. To test the necessity of serotonin, we first used
RNAI to knockdown ph-1 or pah-1 expression in WT, KO, and OE animals. Like mammals, C.
elegans produce serotonin in neurons and in peripheral tissues such as the intestine. Neuronal
serotonin production requires #ph-1, while peripheral serotonin production requires pah-1%.
Blocking #ph-1 partially rescued the exploratory behavior of the KO, and we observed an
insignificant trend towards increased exploration in WT and OE worms on #ph-1 RNAi (p =0.16
and p = 0.09, respectively) (SFig. 4.4G). pah-1 knockdown had no effect on exploration in the
WT or OE animals, but also partially rescued the exploration of the KO (SFig. 4.4H). Both
RNAIi knockdowns were qPCR validated (SFig. 4.41). Together, these data indicate that
decreasing serotonin synthesis in either the nervous system or in peripheral tissues partially
reverses the effects of fimo-2 KO on exploration. This again supports a model in which global
metabolic changes driven by fmo-2 expression modify neurotransmitter production to alter
behavior.

To confirm our RNAi knockdown data, we knocked out either tph-1, pah-1, or both in the
fmo-2 KO background. Again, we observed that knocking out each gene partially rescued the
exploration of the fimo-2 KO (Fig. 4.3E-F). However, when we knocked out both #ph-1 and pah-
1 in the fimo-2 KO background, we observed a complete rescue of exploratory behavior to the

level of the pah-1; tph-1 control (Fig. 4.3G). Moreover, the exploration of fimo-2; pah-1; tph-1
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was reversed back towards baseline fino-2 knockout exploration levels by supplementation with
exogenous serotonin (Fig. 4.3H), suggesting pah-1, tph-1 knockout directly mediates KO
exploration via serotonin availability. Together, these data suggest a model in which knocking
out fimo-2 increases serotonin production in neurons and/or in the intestine, which consequently
lowers exploration (Fig. 4.31). This model reflects a novel role for Fmos in modulating a highly

conserved neurotransmitter with broad impacts on health and behavior.

4.4.4 Increased quinolinic acid lowers exploratory behavior in the fmo-2 overexpressor.

We next sought to interrogate the mechanism of tryptophan-mediated behavioral change
in the OE. Because the OE did not display decreased #ph-1 expression and was not rescued by
exogenous serotonin, we wondered whether fimo-2 OE could instead increase flux towards
kynurenine-derived metabolites that decrease exploration. To test this hypothesis, we used RNA1
to knockdown all genes involved in tryptophan-kynurenine metabolism. WT, KO, and OE
worms were grown on either empty vector (EV) or tdo-2, afmd-1, nkat-1, nkat-3, tatn-1, got-2.1,
got-2.2, kmo-1, kynu-1, haao-1, acsd-1, or umps-1 RNAI1 for two generations and then their
exploratory behavior was measured. Successful knockdown of each gene was confirmed via
qPCR (SFig. 4.5A). The first hit from this RNA1 screen was tdo-2, a gene that acts in the same
step as fmo-2 in C. elegans tryptophan metabolism (Fig. 4.2D). Interestingly, tdo-2 knockdown
did not alter WT or KO exploration but did partially rescue the OE (Fig. 4.4A). This finding is
consistent with a model in which increased TDO-2 and/or FMO-2 activity pushes tryptophan
towards the kynurenine pathway which decreases exploration. Consequently, knocking down

tdo-2 partially compensates for fmo-2 overexpression to rescue exploratory behavior.
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Figure 4.4 The kynurenine metabolites quinolinic and kynurenic acid contribute to exploratory behavior
changes in the fino-2 overexpressor. (A-D) Exploration of WT, fino-2 knockout, and fino-2 overexpressing worms on
empty vector (EV) or (A) tdo-2, (B), afimd-1, (C), kynu-1, and (D) haao-1 RNAi. N> 18 (A), > 16 (B), > 16 (C), and > 29 (D)
worms per condition. (E) Exploration of WT, afind-1(tm4547), fmo-2 overexpressor, and afind-1(tm4547), fmo-2 overexpressor
worms. N > 24 worms per condition. (F) Exploratory behavior of WT, kynu-1(tm4924), fmo-2 overexpressor, and kynu-
1(tm4924); fimo-2 overexpressor worms. N > 30 worms per condition. (G) Exploration of WT, haao-1(tm4627), fimo-2
overexpressor, and haao-1(tm4627); fino-2 overexpressor worms. N > 28 worms per condition. (H-I) The average speed (H) and
paths traveled (I) over a 30-minute video recording. N > 10 worms per condition, and each path from a single worm was
normalized to begin at point (0,0). (J) Exploration of WT, nmr-1(ak4); nmr-2(0k3324), fino-2 overexpressor, and nmr-1(ak4);
nmr-2(0k3324); fmo-2 overexpressor worms. N > 24 worms per condition. (K) Working model of how fimo-2 overexpression
decreases exploratory behavior. In all bar plots, the top of the bar represents the mean of the population and error bars indicate
standard error of the mean (SEM). In all panels, NS. = p > 0.05, * = p <0.05, ** = p < 0.01, *** = p <0.001, and **** = p <
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0.0001. Significance in panels A-H and J is from a one-way (panels E-H and J) or two-way (panels A-D) ANOVA and post-hoc
Tukey HSD test (unpaired, two-tailed). All panels show one representative replicate. Raw data from all three replicates can be
found in supplemental data files.

Downstream of fimo-2 and tdo-2 (Fig. 4.2D), we identified three knockdowns that
partially rescued the exploratory behavior of the OE: afind-1, kynu-1, and haao-1 (Fig. 4.4B-D),
while the remaining genes had no effect on behavior (SFig. 4.5B-I). Because afmd-1 knockdown
partially rescued OE exploration, it is likely that a buildup of kynurenine or kynurenine
metabolites is responsible for the fino-2 overexpressor behavior, rather than a buildup of N-
formylkynurenine, the direct product of FMO-2 oxygenating tryptophan®®. Interestingly, afind-1
knockdown also blunted exploration in WT, and had no effect on the KO (Fig. 4.4B). The
second knockdown to partially rescue OE exploration was kynu-1, suggesting that kynurenic acid
and 3-hydroxykynurenine are unlikely to be responsible for the OE’s low-exploration phenotype.
The third and final RN A1 knockdown to partially rescue the fimo-2 overexpressor was haao-1,
which converts 3-hydroxykynurenic acid to quinolinic acid (Fig. 4.4C). Quinolinic acid can then
be made into NAD+ by umps-1 or into aminomuconic semialdehyde by acsd-1. Neither umps-1
nor acsd-1 knockdown rescued the fino-2 overexpressor (SFig. 4.SH-I), indicating that
decreasing quinolinic acid synthesis is sufficient to rescue the fino-2 overexpressor. Taken
together, the RNAi knockdown screen supports a model in which fmo-2 OE increases quinolinic

acid which in turn decreases exploration.
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Supplemental Figure 4.5 Additional data from the tryptophan metabolism RNAi knockdown and knockout
screen. (A) Gene expression of tdo-2, afmd-1, kynu-1, haao-1, nkat-1, nkat-3, tatnl, got-2.1, got-2.2, kmo-1, umps-1, and acsd-1
in worms raised on each RNAi compared to control worms raised on empty vector (EV) RNAI for two generations. N > 200
worms per replicate, or 800 worms per condition. (B-I) Exploration of WT, fino-2 knockout, and fino-2 overexpressor worms on
empty vector (EV) or (B) nkat-1, (C) nkat-3, (D) tatn-1, (E) got-2.1, (F) got-2.2, (G) kmo-1, (H) umps-1, and (I) ascd-1 RNAi. N
>17 (B),>24 (C),>23 (D), >22 (E),>25 (F),> 16 (G),>27 (H), and > 23 (I) worms per condition. (J) Exploration of WT,
umps-1(zu456), fmo-2 overexpressor, and umps-1(zu456); fmo-2 overexpressor worms. N > 24 worms per condition. (K)
Exploration of WT, nkat-1(0k585), fmo-2 overexpressor, and nkat-1(0k585); fmo-2 overexpressor worms. N > 25 worms per
condition. In all bar plots, the top of the bar represents the mean of the population and error bars indicate standard error of the
mean (SEM). In all panels, NS. = p > 0.05, * = p < 0.05, ** = p <0.01, ¥*** = p <0.001, and **** = p < (0.0001. Significance in
all panels is from a one-way (panels K-J) or two-way (panels B-I) ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed).
All panels show one representative replicate panel A, which shows all replicates together. Raw data from individual three
replicates can be found in supplemental data files.

Since knockdown of afmd-1, kynu-1, and haao-1 only partially rescued the behavior of
the OE, we validated our results using genetic knockouts. We found that knocking out afimd-1
slightly decreased WT exploration, but rescued fmo-2 OE exploration to the level of afimd-1
alone (Fig. 4.4E). Knocking out either kynu-1 or haao-1 fully rescued the fino-2 OE without
affecting WT exploration (Fig. 4.4F-G). haao-1; fmo-2 OE worms also displayed similar
movement patterns and average speed to WT worms over a 30-minute video recording (Fig.
4.4H-I). The ability of these kynurenine metabolism enzyme knockouts to completely rescue the
fmo-2 OE indicates the kynurenine-derived neuromodulator quinolinic acid is required for this

strain’s low exploration.
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We also used genetic knockouts to confirm our negative data from umps-1 and nkat-1
RNAI. The fmo-2 OE was crossed into an umps-1 knockout background because NAD plays a

383384 and we wanted to test whether altered

role in energy balance and longevity pathways
energy availability might drive changes in exploration. However, crossing the OE into an umps-1
knockout strain also failed to rescue exploration (SFig. 4.5J). In fact, loss of umps-1 in WT
animals decreased exploration, further supporting a model where quinolinic acid production
suppresses exploration. Much like with the fino-2 KO, the role of fino-2 OE in regulating
neuromodulator availability implicates metabolically active tissues as important drivers of neural
signaling and behavioral state.

The haao-1 and umps-1 knockout data indicate that quinolinic acid is necessary for the
low exploration of the OE and sufficient to decrease exploration in WT. However, we were
surprised to see that blocking kynurenic acid production through knockdown of nkat-1, nkat-3,
tatn-1, got-2.1, or got-2.2 had no effect on exploratory behavior, considering that kynurenic acid
plays a role in C. elegans feeding behavior**® (SFig. 4.5B-F). To confirm this result, we also
crossed the fimo-2 OE into an nkat-1 null background. nkat-1 was chosen over the other
kynurenic acid synthesis genes because nkat-1 is expressed in the nervous system and is known
to modify other behaviors in C. elegans’’53%., Interestingly, we observed a bimodal distribution
in the exploration of the fino-2 OE; nkat-1 worms. Approximately half of these animals were not
affected by nkat-1 knockout, while the other half of the population was rescued by blocking
neuronal kynurenic acid synthesis (SFig. 4.5K). This result could suggest that the buildup of
kynurenic acid is responsible for the decreased exploration in some, but not all OE worms.

However, it is also possible that knocking down two or more of these genes simultaneously

would be required to prevent kynurenic acid buildup and rescue exploration in all OE animals.

169



Having established a role for quinolinic and kynurenic acid in the low exploration of the fmo-2
OE, we next examined the shared receptor of these two neuromodulators, glutamatergic NMDA
receptors. Quinolinic acid agonizes NMDA receptors, which can lead to excitotoxicity of NMDA
receptor-expressing neurons. In contrast, kynurenic acid is a competitive inhibitor at the
glutamatergic binding site in NMDA receptors. C. elegans only have one NMDA receptor, a
heterotetramer of the nmr-1 and nmr-2 subunits*®*”**8, Since both quinolinic acid synthesis
kynurenic acid synthesis affected exploration in fmo-2 OE animals, it is imperative to better
understand their roles. We overexpressed fimo-2 in an nmr-1; nmr-2 null background and
measured exploratory behavior. We observed that knocking out the NMDA receptor completely
rescues the exploration of fimo-2 overexpressors (Fig. 4.4J), supporting a model in which
quinolinic acid buildup drives glutamatergic neuron excitotoxicity that decreases exploration in
fmo-2 OE (Fig. 4.4K). In this scenario, blocking kynurenic acid synthesis through nkat-1
knockout could rescue some animals by either 1) leading to downregulation of the NMDA
receptor, or 2) through eliminating the effects of high kynurenic acid at other receptor types to
increase exploration via a different mechanism. These data indicate a complicated role for fino-2

expression in altering kynurenine metabolism to modify neurosignaling and behavior.

4.4.5 The mechanisms through which fmo-2 expression effects exploratory behavior, other
behaviors, and longevity are partially but not completely overlapping.

After determining that blocking serotonin production rescues KO animal exploration and
blocking quinolinic acid synthesis rescues OE animals, we wondered if these manipulations
could also rescue the other behavioral changes observed in these strains (Fig. 4.1). To answer
this question, we first measured the chemotaxis responses of fimo-2; pah-1; tph-1 and haao-1;

fmo-2 OE to attractive and repellant compounds. We found that blocking serotonin production
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decreased attraction to diacetyl (Fig. 4.5A) and reduced repulsion from 1-octanol (Fig. 4.5B)
independently of fino-2. All three strains showed a similarly reduced chemotaxis response to the
attractant diacetyl (Fig. 4.5A). However, knocking out pah-1 and tph-1 in the fimo-2 KO
background did rescue the KO response to 1-octanol to the level of the pah-1, tph-1 strain (Fig.
4.5B). We also measured the chemotaxis responses of haao-1 and haao-1; fmo-2 OE. haao-1
exhibited a decreased response to both the attractant and the repellant to a degree similar to the
fmo-2 OE. Consequently, knocking out haao-1 did not rescue the chemotaxis behavior of the OE
(Fig. 4.5C-D). These data suggest that modifying multiple points in the tryptophan metabolism
pathway, through the activity of fimo-2 or other key enzymes, is sufficient to modify behavioral

outcomes.
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Figure 4.5 The mechanisms through which fino-2 expression affects exploratory behavior, other behaviors,
and longevity are partially but not completely overlapping. (A-B) Quantification of the chemotaxis response to the
attractant diacetyl (A) and the repellent 1-octanol (B) in WT, tph-1(mg280); pah-1(syb3601), fino-2(0k2147), and tph-1(mg280),
pah-1(syb3601); fmo-2(0k2147) worms. N > 400 worms per condition. (C-D) Quantification of the chemotaxis response to the
attractant diacetyl (C) and the repellent 1-octanol (D) in WT, haao-1(tm4627), fino-2 overexpressor, and haao-1(tm4627); fino-2
overexpressor worms. N > 590 worms per condition. (E-F) Quantification of total brood size (E) and eggs laid each day of the
reproductive lifespan (F) in WT, pah-1(syb3601); tph-1(mg280), fino-2(0k2147), and pah-1(syb3601), tph-1(mg280); fmo-
2(0k2147) worms. N >7 worms per condition. (G) Quantification of the percent of WT, pah-1(syb3601); tph-1(mg280), fmo-
2(0k2147), and pah-1(syb3601); tph-1(mg280); fmo-2(0k2147) worms that remained on a pathogenic lawn of Enterococcus
faecalis after 5 minutes and 2 hours of exposure. N > 350 worms per condition. (H) Quantification of the percent of WT, haao-
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1(tm4627), fmo-2 overexpressor, and haao-1(tm4627); fimo-2 overexpressor worms that remained on a pathogenic lawn of
Enterococcus faecalis after 5 minutes and 2 hours of exposure. N > 350 worms per condition. (I) Survival curve of WT and ph-
1(mg280); pah-1(syb3601); fmo-2(0k2147) worms on empty vector (EV) or vhl-1 RNAi. N >229 worms per condition. (J)
Survival curve of WT, kynu-1(tm4924), fmo-2 overexpressor, and kynu-1(tm4924); fino-2 overexpressor worms. N > 226 worms
per condition. (K) Survival curve of WT, haao-1(tm4627), fino-2 overexpressor, and haao-1(tm4627); fimmo-2 overexpressor
worms. N > 226 worms per condition. (L) A summary of the behavioral and aging-related phenotypes that were rescued by
blocking serotonin synthesis in fino-2 knockout worms or by blocking quinolinic acid synthesis in fino-2 overexpressing animals.
In all bar plots, the top of the bar represents the mean of the population and error bars indicate standard error of the mean (SEM).
In all panels, NS. =p > 0.05, * =p <0.05, ** =p < 0.01, *** = p <0.001, and **** = p <(0.0001. Significance in panels A-F is
from a one-way ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed). Significance in panels G-H is from a two-way
ANOVA (lawn occupancy~genotype*timepoint) and post-hoc Tukey HSD test (unpaired, two-tailed). Significance in panels I-K
is from a log-rank test comparing median survival. Panels E-F show one representative replicate. Raw data from all three
replicates can be found in supplemental data files. Panels A-D and G-K plot data from three replicates together. Statistics for
these panels include a Bonferroni correction for multiple comparisons.

To further test whether tryptophan metabolism is a common mechanism of fimo-2
mediated behavioral and physiological change, we looked at reproductive egg laying behavior in
the fmo-2 KO and the fimo-2; pah-1; tph-1 strains. Previous work on the role of fino-2 in C.
elegans shows that knocking out fimo-2 decreases brood size, or reproductive capacity, while

t*8. Much like in the chemotaxis assay, pah-1; tph-1 displayed

overexpressing fimo-2 has no effec
decreased brood size relative to WT. Interestingly, knocking out #ph-1 and pah-1 in the fimo-2
KO background rescued the brood size of the KO to the level of pah-1; tph-1 (Fig. 4.5E-F).
These results indicate that the mechanism through which fimo-2 KO alters exploration and
reproduction may partially overlap. However, this was not the case for pathogen fleeing
behavior. As previously observed, both the KO and OE were less likely to flee a pathogenic lawn
of E. faecalis than WT worms. Similarly to our chemotaxis response results, the modifications to
tryptophan metabolism that rescued fimo-2 KO and OE exploration (pah-1; tph-1 knockout and
haao-1 knockout, respectively), resulted in decreased pathogen fleeing independently of fmo-2
expression. Consequently, these interventions did not rescue the pathogen response behavior of
the KO or OE (Fig. 4.5G-H). Overall, these data suggest that the kynurenine metabolic pathway
has multiple distinct mechanisms, including fmo-2 OE, where modulation of this pathway affects

behavior. However, altered serotonin signaling may contribute to both the reproduction and

exploration phenotypes of the KO.

173



To test how behavior and longevity are linked, we asked whether the mechanism of fmo-
2-mediated behavioral changes is distinct from fmo-2 mediated effects on longevity. fmo-2 is
required for hypoxia to extend lifespan in C. elegans?®. Because high serotonin drives behavioral
changes in the fino-2 knockout, we asked whether high serotonin is also the reason that fimo-2
KO is not long-lived under hypoxia. To answer this question, we examined the lifespan of pah-1;
tph-1, and fimo-2; pah-1; tph-1 on empty vector (EV) and vil-1 RNAI, a hypoxia mimetic.
Successful RNAi1 knockdown was validated with qPCR (SFig. 4.6A). We found that the
lifespans of both WT and pah-1; tph-1 worms were extended by vA/-1 RNAi (SFig. 4.6B), but
that fmo-2 KO and fmo-2; pah-1; tph-1 lifespans were no longer extended by vhl-1 RNAi (SFig.
4.6C, Fig. 4.51). This is consistent either with fino-2 acting downstream of serotonin signaling in
hypoxia-mediated longevity, or with fino-2 affecting hypoxia-mediated longevity through a
serotonin-independent mechanism. Importantly, this result also indicates that the effects of fino-2

KO on exploratory behavior and on longevity are separable.
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Supplemental Figure 4.6 vhl-1 RNAi extends lifespan in WT and pah-1; tph-1 but this effect is partially
blocked by fino-2 knockout. (A) Gene expression of vii/-1 in worms raised on vi/-1 RNAi compared to control worms raised
on empty vector (EV) RNAI for two generations. N > 200 worms per replicate, or 1200 worms per condition. (B) Survival curve
of WT and pah-1(syb3601); tph-1(mg280) worms on empty vector (EV) or vhi-1 RNAi. N >229 worms per condition. (C)
Survival curve of WT and fmo-2(0k2147) worms on empty vector (EV) or vAil-1 RNAi. N > 197 worms per condition. In all
panels, NS. =p > 0.05, * = p <0.05, ** =p <0.01, *** = p <0.001, and **** = p <0.0001. Significance in panels B-C is from a
log-rank test comparing median survival on EV to vAl-1 RNAI for each genotype. All panels plot data from three replicates
together. Statistics for these panels include a Bonferroni correction for multiple comparisons.

While fimo-2 activity is required for environmental interventions like hypoxia to extend

lifespan, overexpression of fino-2 is also sufficient to extend lifespan in C. elegans*®. To test
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whether the longevity phenotype of the fmo-2 overexpressor is separable from the low
exploration phenotype, we measured the lifespan of fmo-2 OE in the kynu-1 knockout or haao-1
knockout backgrounds. Notably, work from the Sutphin lab found that both kynu-1 and haao-1
knockouts are long-lived due to a buildup of the kynurenine-derived metabolite 3-
hydroxyanthranilic acid (3HAA), which activates the oxidative stress response*®. We find that
both kynu-1 and haao-1 extended lifespan relative to WT but were not as long-lived as the fimo-2
OE (Fig. 5I-K). Interestingly, lifespans of kynu-1; fmo-2 OE and haao-1; fmo-2 OE were not
different from kynu-1 or haao-1 alone, but shorter-lived than the fino-2 OE (Fig. 5J-K).
Consequently, rescuing the exploratory behavior of the fino-2 OE does mitigate the longevity
benefits of fimo-2 OE, but does not suppress lifespan to the level of WT worms. Together, these
findings highlight 1) the complex interplay between behavior and longevity; and 2) the essential
role of tryptophan metabolism in both the behavioral and lifespan effects of fimo-2.

Overall, these data indicate that maintaining regular flux through tryptophan
metabolism—either through the activity of FMO-2 or other key enzymes—is essential for typical
behavioral and aging-related outcomes. FMO-2 plays a critical role in this metabolic pathway, as
knocking out fmo-2 modifies exploratory behavior and brood size requiring serotonin signaling.
However, manipulations that restore some elements of WT-like behavior in the fino-2 KO, like
blocking serotonin synthesis, disrupt the balance of tryptophan metabolism in other ways,
leading to distinct behavioral effects (Fig. 4.5L). Similarly, the effects of fmo-2 OE on
exploratory behavior can be rescued by blocking quinolinic acid synthesis, but this intervention
also modifies tryptophan metabolism in a manner that has consequences on chemotaxis and
pathogen fleeing behaviors (Fig. 4.5L). Finally, many of these changes to tryptophan metabolism

through fmo-2 and other pathway components interact with longevity as well as multiple

175



behaviors. Ideally, this circuit could be manipulated in a way where healthspan and lifespan are
extended but WT-like behaviors are preserved. The closest intervention to meeting this goal may
be the long-lived haao-1; fmo-2 OE worms, which maintain some of the longevity benefits of
fmo-2 OE but display normal exploratory behavior. Together, these results provide a promising
start in optimizing metabolic pathways for both health and behavioral goals, but also highlight
the additional work needed to untangle the effects of longevity interventions on behavioral and

other physiological adaptations.

4.5 Discussion

In this work, we establish multiple behavioral changes that occur in response to modified
expression of the longevity gene fino-2 in C. elegans (Fig. 4.1). Notably, we do not observe
opposite behavioral effects of fmo-2 KO and OE, as one might expect from a knockout and
overexpression model. Taken together, our data suggest a model in which altering fmo-2
expression in either direction decreases exploratory behavior by changing flux through
tryptophan metabolism (Fig. 4.2). In the case of the fimo-2 KO, tryptophan that would normally
be oxygenated into N-formyl-kynurenine is instead diverted towards increased serotonin
synthesis. Elevated serotonin is sufficient to decrease exploration in WT worms and blocking
serotonin production is sufficient to fully rescue the exploratory behavior of the KO (Fig. 4.3). In
contrast, the OE increases flux of tryptophan towards kynurenine-derived metabolites including
the NMDA receptor agonist quinolinic acid. Blocking any gene required for quinolinic acid
synthesis and knocking out the NMDA receptor itself is sufficient to rescue exploratory behavior
in fmo-2 OE worms (Fig. 4.4). After identifying manipulations to the tryptophan metabolism
pathway that can rescue the exploratory behavior of the KO and OE, we tested whether these

manipulations also rescue other behavioral and longevity phenotypes of each strain.
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Interestingly, we found that knocking out and overexpressing fimo-2 affects multiple behaviors
and longevity through partially overlapping and partially distinct mechanisms (Fig. 4.5).
Collectively, our data indicate a broad role for C. elegans fmo-2 in multiple areas of physiology,
including behavior and longevity.

Previous work on flavin-containing monooxygenases in C. elegans and in mammalian

390,391

models has primarily focused on the role of FMOs in the immune response , endogenous

372,373,392,393

metabolism , and more recently in health and longevity*-#3%2823% However, C.

elegans fimo-2 was recently identified in a screen for genes required for aversion-resistant ethanol

395 6

seeking behavior*”°. Moreover, two environmental conditions that induce fino-2, hypoxia**® and
dietary restriction®®’ have also been found to modify behavioral responses in C. elegans. FMOs
have also been proposed to play a role in neurodegeneration in mammals®’>3%, In this work, we
identify multiple behavioral responses that require fmo-2, suggesting a broad role for FMOs in
mental state and behavior.

Notably, the behavioral effects of both knocking out and overexpressing fimo-2 interact
with tryptophan metabolism. We were initially surprised to find that knocking out fimo-2 could
be sufficient to modify serotonin synthesis, given that other enzymes such as tdo-2 can also
metabolize tryptophan into N-formyl-kynurenine. However, C. elegans tdo-2 is primarily
expressed in the hypodermis whereas fimo-2 is lowly expressed in the nervous system and highly
expressed in the intestine?””. This could suggest that tryptophan metabolism can have varied
effects on behavior in different tissues. Additionally, only about 1-2% of tryptophan is thought to

be metabolized into serotonin and other non-kynurenine metabolites**

, suggesting a small
change in tryptophan availability could lead to amplified changes in levels of trace

neuromodulators like serotonin. More work in this area is needed to understand both the tissue-
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specific effects of altered tryptophan metabolism and in understanding the movement of
tryptophan-derived metabolites between tissues.

A growing body of research has also linked dysregulated tryptophan metabolism and
elevated quinolinic acid with depression, schizophrenia, and neurodegeneration*®-4%, These
investigations of the relationship between kynurenine metabolites and mental state often focus on
the activity of indoleamine dioxygenases (IDOs) and tryptophan dioxygenases (TDOs) in this
pathway. However, the finding that fmo-2 overexpression can drive this type of dysregulated
tryptophan metabolism suggests a potentially overlooked role for FMOs in mental state. Previous
work from our lab has found that tryptophan is also an in vitro substrate of mammalian Fmo52%2,
suggesting the effects of C. elegans FMO-2 on tryptophan metabolism could be translatable to
mammalian models. Much like C. elegans fmo-2, mammalian Fmo5 is lowly expressed in brain
tissue*™ and highly expressed in the liver and intestine in mice and humans*?.

In addition to highlighting a novel role for FMOs in mental state, this work indicates the
importance of considering pleiotropic effects of potential longevity interventions. Much like fino-
2 overexpression, many other genetic and pharmaceutical longevity interventions target stress-
response pathways that coordinate broad physiological changes across multiple tissues?!*%.
While it is relatively common to measure the effects of new longevity interventions on

movement and reproductive capacity?3!:232314:407

, other more nuanced changes in behavior are not
often examined. Future work should measure the effects of promising longevity interventions on
a greater variety of behavioral assays to determine which interventions are most specific to aging
and whether additional concurrent interventions may be required to mitigate negative behavioral

effects. Overall, additional work is needed to 1) better understand the role of FMOs in mental

state, and 2) consider the behavioral effects of additional promising longevity interventions.
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4.6 Methods

4.6.1 Strains and Growth Conditions

C. elegans were cultivated using standard, previously described methods*®. Briefly, all worms
were maintained at 20 °C on solid nematode growth media (NGM). Worms were fed E. coli
OP50 throughout life, except in experiments using double stranded (ds) RNAi (£. coli HT115).
Worm transfers were conducted using a platinum wire unless otherwise specified. RNAi used are
listed in Table 4.1 and strains used are listed in Table 4.2. All genotypes were confirmed using

PCR and all RNAi imaging hits were sequence-validated and qPCR-validated before use.

4.6.2 Pumping Assays

Pumping was measured in day 2 gravid adults, as previously described*®. The number of pumps
per 30 seconds was measured in at least 10 worms under 100x magnification. Because food
availability is known to change pumping rate, only worms on the bacterial lawn were considered

in this assay. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

4.6.3 Thrashing Assays
Thrashing was measured in day 2 gravid adults, as previously described*®. Briefly,
approximately 10 worms were placed in a droplet of M9 solution. Once worms began moving at

a maximum rate, their body bends were counted for 30 seconds. Data were plotted by R version

4.3.1 and Adobe llustrator 2022.

4.6.4 30-minute Video Recordings for Speed and Movement Patterns
On day 1 of adulthood, 10-15 worms of each genotype were placed in the center of a 35 mm
petri dish that was completely covered in 350 uLL of OP50 bacteria (bacteria was grown

overnight to an optical density (ODsoo 3.0). Worms were placed above the bright light source at
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the base of the microscope used for video recording for 10 minutes to acclimate to the light, and
then 30-minute video recordings were started. Videos were taken at 3.65x magnification, and at
1 frame per second on a Leica M165F microscope using Leica Application Suite X (LASX)
software and 4x4 binning. The videos were analyzed using the wrMTrck multiple object tracker
plugin (wrMTrck_Batch v1.04) on FIJI**® (F1JI Is Just ImageJ bundled with 64-bit Java 1.8.0) to
measure average speed, maximum speed, worm area, total distance traveled, and distance from
the point of origin. Raw x and y coordinates were also exported from wrMTrck to create the
plots of worm paths over the course of the 30-minute videos. Not all worm paths lasted the full
30-minute duration of the video due to fleeing and collisions. In cases when worms fled the plate
and were no longer visible during the video, the data from that worm was included if the on-plate
duration was >10 minutes. In cases where worms collided and wrMTrck failed to correctly
determine which worm was which after the event, the data for those worms before the collision
was included if the duration was > 10 minutes. In all data analysis using wrMTrck data, we
confirmed that there was no significant difference in average path duration per condition. To
generate paths plots, the starting location of each worm was normalized to x = 0, y = 0. For each
subsequent frame, the normalized x, y coordinate was determined by calculating the change in x
and y position from the preceding to the current frame. Data were plotted by R version 4.3.1 and

Adobe Illustrator 2022.

4.6.5 Gentle Touch Response Assay

Measuring the response of different strains to a gentle touch (eyebrow hair) was performed as
previously described*®. 10 day 2 gravid adult worms were each stroked 10 times with an
eyebrow hair, and touches were alternated from head to tail. Because no differences were

observed between anterior and posterior touch response in any strain, head and tail touches were

180



combined in calculating the number of touches until a response. A response was considered a
change in movement direction away from the touched part of the worm or ceasing movement
towards the direction of the touch. The average number of touches until a response was

calculated for each worm. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

4.6.6 Harsh Touch Response Assay

Measuring the response of different strains to a harsh touch (platinum wire pick) was performed
as previously described*”. 10 day 2 gravid adult worms were each touched 10 times with a
platinum wire pick and touches were alternated from head to tail. Because no differences were
observed between anterior and posterior touch response in any strain, head and tail touches were
combined in calculating the percent of touches that elicited a response. A response was
considered a change in movement direction away from the touched part of the worm or ceasing
movement towards the direction of the touch. The percent of harsh touches that produced a
response was calculated for each worm. Data were plotted by R version 4.3.1 and Adobe

[llustrator 2022.

4.6.7 Chemotaxis Assay

For chemotaxis assays, unseeded NGM plates were separated into four quadrants using a marker
on the bottom of the plate. A circle with a 5 mm radius was drawn in the center of the plate and
within each quadrant, a dot was marked in the middle of the quadrant 5 mm from the edge of the
plate rim. 5 L. of 0.5 M sodium azide was pipetted onto each of the four dots (one per quadrant).
Two quadrants opposite from one another were designated as control quadrants, and 2 were
designated as treatment quadrants. In the treatment quadrants, 10 puL of diacetyl or 1-octanol was
pipetted on top of the sodium azide. In the control quadrants, 10 uL. of ethanol was pipetted on

top of the sodium azide. Immediately after preparing the plates, gravid adults were washed off of
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NGM plates in M9 and pelleted at 1,000 rcf for 1 minute. At least 40 worms per plate were then
pipetted onto the 5 mm radius circle in the center of each chemotaxis plate. After one hour, the
number of worms in the control and treatment quadrants were counted under a dissection
microscope. Chemotaxis Index was calculated by subtracting the number of worms on all control
quadrants from the number of worms on all treatment quadrants, then dividing that by the total
number of worms on the plate. The attractant diacetyl and the repellent 1-octanol were applied at
a dilution of 1:1000 compound to ethanol. Data were plotted by R version 4.3.1 and Adobe

Ilustrator 2022.

4.6.8 Pathogen Fleeing Assay

A flask containing 1x Brain Heart Infusion Broth (BHI, BD Difco) supplemented with 100
pug/mL Rifampicin (Thermo Scientific Chemical) was inoculated with Enterococcus faecalis
OGIRF (ATCC) and incubated for 18 hours with shaking at 37 °C. From this culture, 100 puL of
the 1x E. faecalis culture was seeded onto 35 mm BHI agar (BD Difco) plates containing
Rifampicin and a palmitic acid fence (0.5 g palmitic acid in 50 mL of 100% ethanol), followed
by incubation at 37 °C for 18 hours. The palmitic acid fence was added to prevent worms from
fleeing onto the sides of the plate and desiccating. After incubation, the plates were allowed to
cool to room temperature before adding the worms. At day 1 of adulthood, approximately 100
worms were placed in the center of freshly prepared E. faecalis lawns and incubated at 25 °C
until imaging at 5-minute, 2-hour, and 20-hour timepoints. Brightfield images were captured at
each timepoint at 0.365x magnification using a Leica fluorescent microscope. The images were
analyzed using Imagel software, where the number of worms on and off the E. faecalis lawn was
counted, and the percentage of lawn occupancy was calculated. Data were plotted by R version

4.3.1 and Adobe Illustrator 2022.
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4.6.9 Basal and Enhanced Slowing Response Assay
The basal and enhanced lawn slowing response assay was conducted as previously described by

Sawin et al?®!

. All measurements were performed on standard 60 mm diameter NGM plates,
either seeded with 200 pL E. coli OP50 in a ring on the outside of the plate, or unseeded in
control conditions. Plates were allowed to dry overnight before the assay. To measure the
locomotory rate of fed animals, well-fed gravid worms at day 1 of adulthood were transferred off
of NGM plates in M9 buffer and twice. Approximately 5 worms at a time were then pipetted into
the unseeded portion of the plate and residual buffer was absorbed with a Kimwipe. After 5
minutes of acclimatization, the body bends of each animal were recorded over 20s intervals until
all animas had entered the region containing bacteria. To measure the behavior of fasted animals,

the same procedure was followed but worms were first transferred to an NGM plate without food

for one hour. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

4.6.10 Brood Size Assay

For each replicate, 10 worms per condition from a timed egg-lay were plated individually on 35
mm NGM plates as L4s, before egg-laying began. Once egg-laying began, mothers were
transferred daily to new plates until no new eggs were laid for two days. Eggs were allowed to
grow to L3 before counting. Worms which fled up the sides of the plate and could not be
recovered during the assay were excluded from measurements of total brood size. However,
preceding days in which the worm was on the plate for a full 24 hours were included in
calculations of average eggs laid per day. Data were plotted by R version 4.3.1 and Adobe

Tllustrator 2022.

4.6.11 Exploration Assays
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Exploration assays were performed as previously described by Flavell et al*”>. Individual worms
from a timed egg lay were transferred at young adulthood to a 35 mm NGM agar plate
completely covered with E. coli OP50 (350 uL). Images were taken of each plate using an iPad
attached to a brightfield microscope. A custom ImageJ java script was used to enhance the
contrast of each image to an equal degree to improve visibility of worm tracks through the
bacteria and to overlay a grid of uniform-size across the image. The number of squares entered
by the worm tracks were counted for each worm, with the maximum number of squares possible
being 109. 20-30 worms were assayed for each condition. Worms that fled the plate during the
assay were excluded from analysis. Data were plotted by R version 4.3.1 and Adobe Illustrator

2022.

4.6.12 Exploration Assays with Metabolite/Compound Supplementation

For all supplemented compounds, the specified dose of the compound was incorporated into the
agar of 60 mm NGM plates, and worms were TEL ’ed and grown on these specialty plates from
egg. At young adulthood, worms were removed from the supplemented plates and placed on
exploration plates (described above). The exploration assay was performed as indicated, with the
exception that images were taken after three hours to reduce regression to control-like behavior
after many hours off of plates with the supplemented compound. Data were plotted by R version

4.3.1 and Adobe Illustrator 2022.

4.6.13 Behavioral State Assays

At day 1 of adulthood, 10-20 worms in each condition were transferred to a standard 60 mm
NGM plate seeded with E. coli OP50 bacteria. Animals were allowed to acclimate to the new
plate for 30 minutes, then an iPad attached to a brightfield microscope was used to record a 15-

second video of the plate. An experimenter blinded to the plate condition then scored each worm
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on the plate as roaming (moving quickly with few turns), dwelling (moving around a local area
with frequent turns), or quiescent (minimal to no movement) over the 15-second period. The
percentage of the population in each state during that period was then calculated. Data were

plotted by R version 4.3.1 and Adobe Illustrator 2022.

4.6.14 Generating tissue-specific fmo-2 overexpressors

Plasmid construction and microinjection was conducted by Suny Biotech to generate both tissue-
specific fmo-2 overexpression constructs. In designing the plasmids, we used the elt-2 promoter
to drive genomic DNA of FMO-2::SL2::GFP in the intestine. To express genomic DNA of
FMO-2::SL2::GFP in neurons, we used the rab-3 promoter. All plasmids were verified via
restriction digest and sanger sequencing, and ApE files are available upon request. Plasmids
were microinjected by Suny Biotech using the co-injection marker myo-2p::GFP and 3

transgenic lines were tested in each experiment.

4.6.15 RNAi Knockdown

For most RNAi1 knockdowns, worms were placed on the RNAI for two generations to ensure
maximal knockdown. However, sams-1 RNAI severely stunted development, so worms were
placed on sams-1 RNAI at L3 stage then assayed as gravid adults. All RNAI clones were taken
from the Vidal RNAI library. All RNAi was sequence-verified and successful knockdown was

also qPCR validated.

4.6.16 Quantitative PCR for RNAi validation
RNAI1 was isolated from day 1 adult worms that have been on the RNAi for two generations
(with the exception of sams-1, see above). A Direct-zol RNA miniprep kit (Zymo) was used for

RNA extraction, and cDNA was generated using the Biorad iScript cDNA Synthesis Kit.
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Expression levels were measured with the SYBER Green (BioRad) quantitative RT-PCR (qRT-
PCR) system, and mRNA levels were normalized to the housekeeping genes cdc-42 and
Y45FD10.4. Primers for RNA1 validation were designed to span the 3’ UTR of each transcript to
prevent amplification of the bacterially-produced RNAi. Gene expression was calculated using

standard curves.

4.6.17 Enzymatic Activity Assay

The oxygenation activity of FMO-2 was assessed using a method described previously?$241°, In
brief, the consumption of NADPH was monitored spectrophotometrically at 340 nm, using the
molar extinction coefficient of 6.22 mM™! cm™! to determine substrate oxygenation. The assay
buffer contained 25 mM sodium phosphate (pH 8.5), 0.5 mM diethylenetriaminepentaacetic acid
(DETAPAC), 0.5 mM NADPH, 0.04 uM FMO-2, and excess FAD. For tryptophan, the final
concentrations were 100, 250, 500, 750 uM, and 1, 2.5, 5, 7.5, and 10 mM. For MMI, the final
concentrations were 100, 300, and 600 uM, along with 1, 3, 5, 7, 10, and 30 mM. To assess
NADPH oxidation rates by FMO, NADPH concentrations of 10, 30, 100, 300, 500, and 700 uM,
as well as 1 and 1.5 mM, were used. All experiments were performed at 30 °C with shaking.
Kinetic parameters (e.g., kcat and Km) were determined by fitting the rate of turnover versus
substrate concentration to the Michaelis-Menten equation, using GraphPad Prism (version 9.1.0).
FMO-2 protein was purchased from GenScript, while NADPH (10107824001), FAD (F6625),
MMI, L-tryptophan (T0254), and other substrates were sourced from Sigma-Aldrich (St. Louis,
MO). DETAPAC (AC114322500) and sodium phosphate buffer (S374-500) were obtained from

Fisher (Waltham, MA).

4.6.18 Serotonin Immobilization Assay
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The serotonin immobilization assay was performed as previously described by Ranganathan et
al*®!, Briefly, 20-30 worms were washed off of standard NGM plates at day 1 of adulthood and
rinsed twice with M9 to remove any residual bacteria. Animals were then placed in 200 uL of 30
M serotonin solution (serotonin creatine sulfate salt in M9 buffer). Videos were recorded for 20
minutes after worms were placed in the serotonin solution, and an experimenter blinded to the
condition in each video scored the number of mobile and immobile worms at 1, 2, 4, 5, 7.5, 10,
12.5, 15, 17.5, and 20 minutes. Worms were considered immobile if they did not swim for 5

seconds. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

4.6.19 Lifespan Measurements

Lifespan assays were performed as previously described®. In short, 10-15 gravid adults were
transferred to NGM for a three-hour timed egg lay and then removed. Once their progeny
reached day 1 of adulthood, 60-80 worms were transferred to NGM plates with 33 uL of 150
mM fluorodeoxyuridine (FUdR) and 100 pL of 50 mg/mL Ampicillin per 100 mL NGM. The
FUdR prevents development of progeny and the Ampicillin prevents bacterial growth. NGM +
FUdR + AMP plates were seeded with concentrated bacteria (5x for OP50 fed lifespans), and at
least two plates per strain per condition were used for each lifespan replicate. Animals were
removed from the experiment and counted as dead when they did not move in response to a
gentle touch from a platinum wire pick under a dissection microscope. Lifespans were scored at
least 3 times per week until all animals were dead. A ‘fence’ of 75 puL of 100 mM palmitic acid
(Sigma-Aldrich) dissolved in 100% ethanol was also applied to the edge of each lifespan plate to

prevent fleeing. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

4.6.20 RNAi Lifespans
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RNAI lifespan assays were performed like other lifespans with the exception of the initial timed
egg-lay (TEL) and the food concentrations. To ensure maximum knockdown on RNA, a first
generation of worms was TEL’ed on RNAI1 for 3-4 hours. The progeny from this TEL were left
on RNAI plates to develop into gravid adults and were then used for a second TEL on the same
RNAI conditions. Progeny from the second-generation TEL were then used for the lifespan
assay. RNAi bacteria (HT115) is AMP resistant and can grow slowly on AMP lifespan plates
during the assay. To maintain equivalent amounts of bacterial availability over the course of the
lifespan, RNAL1 lifespan plates are seeded with 2x concentrated bacteria, from a starting optical

density (ODsoo) of 3.0.

4.6.21 Fluorescent Slide Microscopy

Fluorescent images in this study were taken using a Leica M165F fluorescent microscope
running Leica Application Suite X (LASX) software. At least 15 worms per condition were
imaged at > 70x magnification. For representative images displayed in the figures, worms were
paralyzed in 0.5 M sodium azide (NaN3) and imaged once residual liquid evaporated and the
worms clumped together. Paralyzed worms were then gently rearranged so the heads and tails
faced the same orientation. For quantification of these images, individual worms were gently
pushed apart until they were no longer touching one another. For each worm, an experimenter
blinded to the condition traced and measured the mean fluorescence of the worm’s head and the
cell body of each individual serotonergic neuron in Imagel bundled with 64-bit Java 1.8.0. The
mean fluorescent intensity of the background was subtracted from the mean fluorescence

measurements. Data were plotted by R version 4.3.1 and Adobe Illustrator 2022.

4.6.22 Statistical Analysis
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The height of all bar plots represents the mean of the condition, and error bars indicate standard
error of the mean (SEM). For all comparisons of > 2 conditions, an ANOVA and post-hoc Tukey
HSD tests (2-tailed, unpaired) were run to determine interactions between variables and derive
statistical comparisons between each condition. p values are *p < 0.05, **p <0.01, ***p< 0.001,
and ****p<(0.0001. For lifespan assays, the statistical groupwise and pairwise comparisons
across survivorship curves were performed using the survfit survival analysis package in R. P
values comparing two survival curves were acquired using the log-rank analysis. P values
indicating an interaction between multiple experimental variables and across >2 survival curves
were performed using the survivalMPL package in R to perform a Cox regression analysis
between covariates of interest. Tests done with data from multiple biological variables were
adjusted with a Bonferroni p value correction. p values are *p < 0.05, **p <0.01, ***p< 0.001,
and ****p<(0.0001. Exact Ns for each experiment are included in the source data files and

minimum Ns for each plot are included in the figure legends.

RNAi | Figure | Library
fmo-2 S2 Vidal

aat-1 2 Vidal
aat-2 2 Vidal
aat-3 2 Vidal

sams-1 S3 Vidal

tph-1 S4 Vidal
pah-1 S4 Vidal

tdo-2 4 Vidal
afmd-1 4 Vidal
kynu-1 4 Vidal
haao-1 4 Vidal
nkat-1 S5 Vidal
nkat-3 S5 Vidal
tatn-1 S5 Vidal
got-2.1 S5 Vidal
got-2.2 S5 Vidal
kmo-1 S5 Vidal
umps-1 S5 Vidal
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acsd-1 S5 Vidal
vhl-1 5 Vidal
Table 4.1 RNAI used in this work.
Str.aln. Strain Source Identi Outcross
Description fier
WT wild-type CGC N2 >4
VCI16
fmo-2 knockout fmo-2(0k2147) CGC 63 >4
fmo-2 seaSi39 [(pCFJ448) (eft-
overexpressor 3p::fmo-2 + H2B::GFP) + CGC | KAE9 >4
(ubiquitous) Cbr-unc-119(+)] 1.
Jmo-2 this
overexpressor [elt-2p::fmo-2 + H2B::GFP] SCL46 >4
: . paper
(intestinal)
fmo-2 .
[rab-3p::fmo-2 + this
OVerexpressor H2B:-GFP] paper SCLA48 >4
(neuronal)
intestine-specific | fmo-2(0k2147); [elt-2p::fmo- this 4
fmo-2 rescue 2+ H2B::GFP] paper -
neuronal-specific | fino-2(0k2147); [rab- this 4
fmo-2 rescue 3p::fmo-2 + H2B::GFP] paper -
neuronal-only sid-1(qt9); sqls71 [rgef- CGC MAHG6 4
RNAI uptake 1p::GFP + rgef-1p::sid-1] 77 -
intestinal-only sid-1(qt9); alxIs9 [vha- CGC MGHI1 ~4
RNAI uptake 6p::sid-1::SL2::GFP] 71 -
fmo-1 knockout fmo-1(0k405) CGC >4
fmo-1 e this
overexpressor [eft-Ip::fmo-1] paper =4
fmo-4 knockout Jfmo-4(0k294) CGC >4
Tucko
fmo-4 e p wski et S
overexpressor [¢ft-3p::fmo-4] al, 24
2024
mod-5 knockout mod-5(n3314) CGC M;l"297 >4
tph-l SK401
transcriptional zdls13 [tph-1p::GFP] IV. CGC 3 >4
reporter
Jmo-2 KOs tph-1-\ 13 riph-1p::GFP] 1V this
transcriptional fino-2(0k2147) aper >4
reporter pap
] zdlsi3 [tph-1p::GFP] IV.;
{r";isi r?fi’o[f :’1'] seaSi39 [(pCFJ448) (efi- this 4
reporte rp 3p::fmo-2 + H2B::GFP) + paper -
P Chr-unc-119(+)] I.
MT15
tph-1 knockout tph-1(mg280) CGC 434 >4
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PHX3

pah-1 knockout pah-1(syb3601) CGC 601 >4
pah-1; (ph-1 Zp(i’ygg”;gff‘))’ pah CGC P?;? >4
pah-1; fmo-2 pah-1(syb3601); fimo- this ~4
knockout 2(0k2147) paper -
ﬁf’o sllcﬁo 2 tph-1(mg280); fino-2(ok2147) pg;zr >4
fmo-2 KO; pah-1; | tph-1(mg280); pah- this ~4
tph-1 1(syb3601); fmo-2(0k2147) paper -
afind-1 knockout | afmd-1(tm4547) CGC OV;IM >4
kynu-1 knockout kynu-1(tm4924) CGC 0\2145 >4
haao-1 knockout | haao-1(tm4627) CGC 0\7;47 >4
afind-1(tm4547); seaSi39
afmd-1 knockout, | [(pCFJ448) (eft-3p::fino-2 + this ~4
fmo-2 OE H2B::GFP) + Cbr-unc- paper -
119(+)] L
kynu-1(tm4924); seaSi39
kynu-1 knockout; | [(pCFJ448) (eft-3p::fino-2 + this ~4
fmo-2 OE H2B::GFP) + Cbr-unc- paper -
119(+H)] L
haao-1(tm4627); seaSi39
haao-1 knockout, | [(pCFJ448) (eft-3p:.fmo-2 + this ~4
fmo-2 OE H2B::GFP) + Cbr-unc- paper -
119(+H)] L
nmr-1; nmr-2 this
Knockout nmr-1(ak4); nmr-2(0k3324) paper >4
il 2 nmr-1(ak4); nmr-2(0k3324), '
knock’out'fmo—2 seaSi39 [(pCFJ448) (eft- this ~4
OF ’ 3p::fmo-2 + H2B::GFP) + paper -
Cbr-unc-119(+)] L
GH63
umps-1 knockout | umps-1(zu456) CGC 6 >4
umps-1(zu456); seaSi39
umps-1 knockout, | [(pCFJ448) (eft-3p:.fmo-2 + this ~4
fmo-2 OE H2B::GFP) + Cbr-unc- paper -
119(+)] L
nkat-1 knockout nkat-1(0k585) CGC | RB795 >4
nkat-1(0k585); seaSi39
nkat-1 knockout, | [(pCFJ448) (eft-3p::fino-2 + this ~4
fmo-2 OE H2B::GFP) + Cbr-unc- paper -

119(+)] I

Table 4.2 C. elegans strains used in this work.
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Chapter 5 Methods for Metabolic Inactivation of E. coli and for Automated Image

Quantification in C. elegans Research.

5.1 Foreword

In addition to working on research questions related to cell nonautonomous signaling,
fmo-2, and longevity, I have also spent time optimizing methods for C. elegans research in the
lab. The first C. elegans method presented here is a technique to metabolically inactive C.
elegans’ food source, OP50 E. coli, while maintaining its nutritive value to the worm. This
method was designed and optimized by Dr. Safa Beydoun and originally published as a methods

paper in Communications Biology*!!

. However, when Dr. Beydoun was asked to make a more
detailed, video-based protocol for the Journal of Visualized Experiments (JoVE)’, I contributed
to the writing and illustrating of a new version of the manuscript that focuses on a detailed
protocol for this method. I also contributed to writing and editing the script used for a video
documenting this method, and was part of the filming process on the day the video was recorded.

The second C. elegans method included in this chapter is a method for automated
quantification of fluorescent images. While working on the role of olfaction in DR-mediated
fmo-2 induction during my first year in the lab, I performed many fluorescent imaging
experiments to measure fimo-2 induction in response to various conditions. The method the lab

was using to quantify these images at the time was to open a brightfield image of a group of

worms in ImageJ and manually trace each individual worm and measure mean pixel intensity.

5 Published in Journal of Visual Experiments (2023 Jul; doi: 10.3791/200464-v) with authors listed as Kitto, E.S.,
Beydoun, S., Wang, E., Huang, S., and Leiser, S.F.
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Then, a recording of the regions traced and measured in the brightfield image was rerun on the
corresponding fluorescent image to quantify fluorescence of each worm. This process was slow,
subject to user error, and a limiting factor in the size possible for a single fluorescent imaging
experiment. To improve this process, I implemented some small changes to the process of taking
fluorescent images and wrote the package findWormz in R to automate fluorescent image
intensity measurements in single worms. This R code was written in collaboration with Dr. John
Dean. The new automated quantification method has been widely used by others in the lab and
allowed me to conduct large imaging screens in the work presented in Chapters 2-3. A paper

explaining this image quantification method is published at microPublication Biology®.

5.2 Method to metabolically inactivate bacteria for Caenorhabditis elegans research

5.2.1 Abstract

Caenorhabditis elegans is a common model organism for research in genetics,
development, aging, metabolism, and behavior. Because C. elegans consume a diet of live
bacteria, the metabolic activity of their food source can confound experiments looking for direct
effects of various interventions on the worm. To avoid the confounding effects of bacterial
metabolism, C. elegans researchers have used multiple methods to metabolically inactivate
bacteria, including ultraviolet (UV)-irradiation, heat-killing, and antibiotics. UV treatment is
relatively low-throughput and cannot be used in liquid culture because each plate must be
examined for successful bacterial killing. A second treatment method, heat-killing, negatively
affects the texture and nutritional quality of the bacteria, leading to the developmental arrest of

C. elegans. Finally, antibiotic treatment can directly alter C. elegans physiology in addition to

¢ Published in micropublication Biology (2025 Apr; doi: 10.17912/micropub.biology.001562) with authors listed as
Kitto, E.S., Dean, J.C., and Leiser, S.F.

193



preventing bacterial growth. This manuscript describes an alternative method to metabolically
inactivate bacteria using paraformaldehyde (PFA). PFA treatment cross-links proteins within
bacterial cells to prevent metabolic activity while preserving cellular structure and nutritional
content. This method is high-throughput and can be used in liquid culture or solid plates, as
testing one plate of PFA-treated bacteria for growth validates the whole batch. Metabolic
inactivation through PFA treatment can be used to eliminate the confounding effects of bacterial
metabolism on studies of drug or metabolite supplementation, stress resistance, metabolomics,

and behavior in C. elegans.

5.2.2 Introduction
Caenorhabditis elegans was originally proposed as a model organism in 1965*'? and has
since been widely adopted in studies of genetics, development, behavior, aging, and

metabolism*!3

. Due to their large brood size and transparent cuticle, C. elegans is particularly
well-suited for high-throughput screening with fluorescent reporters*!4. Their short life cycle,
hermaphroditic reproduction, and genetic homology with humans also make C. elegans a

valuable model system for studies on development*!> and aging biology*!®

. Moreover, C. elegans
are relatively easy to maintain. Worms can be grown in liquid culture or on solid agar plates and
consume a diet of live Escherichia Coli OP50 bacteria*!®.

However, the live food source of C. elegans can confound studies of metabolism, drug
supplementation, and behavior. Because live bacteria have their own metabolism, experimental
conditions that affect the bacteria also alter the nutrients and metabolites available to the worms.
For example, differences in bacterial iron, amino acid, and folate concentrations have diverse

417

effects on C. elegans development, physiology, and lifespan™’. Many common lab practices can

elicit such changes in the nutrient composition of, and metabolites produced by OP50.
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Specifically, exposure to 5-fluoro-2’-deoxyuridine (FUdR), a compound commonly used to
prevent reproduction in C. elegans, elicits broad changes in OP50 gene expression, including
amino acid biosynthesis pathways*!®. Live bacteria can also confound studies in which C.
elegans are supplemented with small molecules because bacteria can partially or completely
metabolize the active compounds. Moreover, the effects of these small molecules on the bacteria
can, in turn, alter C. elegans physiology, as was reported with the lifespan-extending drug
metformin*!®. Finally, live bacteria can change the worm’s environment in ways that alter

420 producing exogenous neuromodulators**!, and

behavior, such as secreting attractive odorants
creating oxygen gradients in a dense lawn**,
To mitigate the confounding effects of bacterial metabolism on C. elegans research,
multiple methods for killing bacteria have been developed (Table 5.1). Three common strategies
for killing OP50 are UV-irradiation, heat-killing, and antibiotic treatment. While straightforward
and relatively low-cost, each of these methods can have undesirable effects on both bacteria and

423

C. elegans. UV-killing via a UV crosslinker** is low-throughput and the rate is limited by the

number of plates that can fit in the UV crosslinker. Moreover, the efficacy of UV-killing can
vary from plate to plate within a batch, and testing for growth on all plates can become difficult
in large experiments. Heat-killing OP50 by exposing culture to temperatures of >60 °C comes
with a separate set of challenges. High heat can damage nutrients essential for the worm and
destroy the cellular structure of bacteria, creating a softer texture that decreases the amount of

d424

time worms spend on the food™*. This method also cannot be used throughout the life cycle of

C. elegans because worm fed heat-killed bacteria from egg can arrest early in development*?*.

Antibiotic treatment is a third common method for suppressing bacterial metabolism*?*, but

antibiotics can also alter worm growth and metabolism*2S,
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One solution to eliminate the metabolic effects of live bacteria while preserving bacterial

structure and essential nutrients is to kill OP50 with paraformaldehyde (PFA)*!!. PFA is a

polymer of formaldehyde that can crosslink proteins within cells**’ to prevent bacterial

replication without destroying internal cell structures like the inner plasma membrane

428 Due to

this preservation of internal cellular structure, PFA-treated bacteria exhibit no growth or

metabolic activity but remain an edible and nutrient-rich food source for C. elegans*!.

11

Method Requu"ed Scalable? Nutritional? | Effects on Worm?
Materials
Variable effects on
Limited by: lifespan on
NGM?23:429.430
Plates that fit Variable effects on
in lifespan on
. crosslinker FUJR*0-432
Uv Crosslinker Yes
Irradiation
time per
P léte Decreased food
Ability to preference®??
check every
plate for
growth®
Developmental
arrest*?*
No: destroys Decreased food
cell wall, preference*?*
Heat >60 °C incubator Yes decreased
nutritional
value Extends lifespan on
NGMZSS
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Delays growth and

development*?®
Antibiotics

Antibiotics (kanamycin, Yes Yes ‘ ‘
carbenicillin, etc) Extends lifespan in

liquid media**
Extends lifespan on

NGM426
Small brood size
decrease**?

0.5% Small development

PFA Paraformaldehyde Yes Yes time increase**

Decreased food
preference*?

Table 5.1 Comparisons of methods to kill OP50. UV-killing, heat-killing, antibiotic-treatment, and PFA-treatment
have varied effects on the nutritional status of the bacteria and the health of worms fed treated bacteria. These
methods for replicatively inactivating E. coli also differ in their required materials and scalability.

5.2.3 Protocol

1. Bacteria inoculation

1.1. Prepare Luria Broth (LB) by dissolving 10 g tryptone, 5 g yeast extract, and 10 g sodium

chloride (NaCl) in 950 mL of distilled water.

1.2. Adjust the pH of the LB to 7.0 by adding 5M sodium hydroxide (NaOH). This should

only require about 0.2 mL of NaOH.

1.3. Autoclave the pH-adjusted LB media on a liquid cycle for 45 min at 15 psi. Allow the

solution to cool and store at room temperature.

1.4. Inoculate a single colony of bacteria in 100 mL of LB in a 500 mL Erlenmeyer flask.

Culture the bacteria overnight in a 37 °C shaker incubator.
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1.5. Depending on the health of the bacterial colony, the size of the flask and the speed that
the shaker is set to, the time that it takes for the bacteria to grow may vary. After ~14 h,
check the optical density (OD) of the bacteria at 600 nm.

1.6. Remove the bacteria from the shaker when the ODsoo is 3.0 (1 x 10° Colony Forming
Units (CFU)/mL). If the ODeoo is less than 3.0, return the flask to the shaker incubator
until the desired OD is reached.

1.7. Aliquot the bacteria in 50 mL conical tubes and store at 4 °C or proceed to the next step.

2. Working with paraformaldehyde
NOTE: The concentration of paraformaldehyde (PFA) used, and the duration of exposure may
vary somewhat depending on climate, location, and type of bacteria being treated. A good
starting point for OP50 is exposure to 0.5% PFA for 1 h, whereas 0.25% PFA for 1 h may be
sufficient for HT115.
2.1. Prepare 32% PFA stock for use. Use proper personal protective equipment (PPE) when
working with PFA. Wear gloves and eye protection.
2.2. Add PFA inside a chemical fume hood with proper ventilation. Dispose PFA containing
washes and tips in biohazard containers in the fume hood.
3. Bacterial treatment with paraformaldehyde
3.1. Once the bacteria reach an ODsoo of 3.0, use a serological pipette to transfer 50 mL into
anew 250 mL Erlenmeyer flask. Save the rest for a live control, a mock-treated control

(see step 4), or to treat as well with PFA as needed.
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3.2. Avoid pouring from one flask to another and be cautious not to splash the sides of the
new flask with bacteria. Colonies on the side of the flask may receive a lower dose of
PFA.

3.3. In the chemical hood, add 781 pL of 32% PFA to 50 mL bacteria to bring the final
concentration to 0.5%. Dispose of the tip used in a solid waste chemical hazard
container.

3.4. Cover the flask with foil and return to the 37 °C shaker incubator for 1 h. After 1 h,

remove the flask from the incubator and proceed to step 5.

. Mock-treated control

4.1. Once the bacteria reach an ODeoo of 3.0, use a serological pipette to transfer 50 mL of
the bacteria to a 50 mL conical tube.

4.2. Proceed to step 5.3 to complete the washing steps similar to the PFA-treated group.

. Washing the bacteria to remove residual PFA

5.1. In the chemical hood, use a serological pipette to transfer the treated bacteria from the
Erlenmeyer flask to a 50 mL conical tube. Using a serological pipette instead of pouring
the bacteria will prevent contamination from any bacterial colonies on the edge of the
flask that may have avoided direct treatment with PFA.

5.2. Centrifuge treated bacteria at approximately 3000 x g for 20 min. Remove the
supernatant by disposing of it in a liquid waste chemical hazard container in the

chemical hood.
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5.3. Add 25 mL of LB and vortex to resuspend the bacterial pellet. (Filling the tube fully
makes it harder to resuspend the pellet.) Repeat centrifugation and pellet resuspension
4x.

5.4. Resuspend the pellet in volumes optimal for different assays. For lifespan assays, seed
60 mm plates with 200 pL of bacteria resuspended in 10 mL of LB. Resuspending the
bacteria in 10 mL of LB results in a 5x concentration from the original 50 mL culture.

5.5. Store the bacteria at 4 °C.

Quality check of bacterial growth

6.1. After the final wash and resuspension, streak an LB plate (using a sterile pipette tip) with
the prepared bacteria. It is good practice to streak the LB used for washing and
resuspending on a separate plate as well to make sure that the LB used was not
contaminated.

6.2. Place the plates in a 37 °C incubator overnight. Check for any growth. The bacteria are
considered replicatively dead when colonies do not grow on the LB plate.

Quality check for bacterial metabolism using a respirometer

7.1. After the final wash and resuspension from step 5.4, confirm that the bacteria are

metabolically dead using available tools such as respirometers**+43

and measuring the
basal oxygen consumption rate (OCR).

7.2. Prepare M9 solution: Dissolve 3 g potassium phosphate monobasic (KH2PO4), 6 g
sodium phosphate dibasic (Na2HPO4), and 5 g sodium chloride (NaCl) in 950 mL of
distilled water. Autoclave on a liquid cycle for 45 min at 15 psi, then allow the solution

to cool to room temperature. Add 1 mL of 1 M magnesium sulfate (MgSO4) and store at

room temperature.
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7.3. Hydrate the respirometer cartridge: Add 200 pL of calibrant to all wells of a 96-well
plate. Place the cartridge in the 96-well plate and incubate overnight in a 37 °C
incubator.

7.4. Assay calibration: On the following day, place the hydrated cartridge in the machine and
begin calibration.

7.5. Assay test plate setup: Using a new 96-well plate, add 160 pL of M9 and 40 pL of the
prepped bacteria (1 x 10° CFU/mL) to test wells. Add 200 uL of M9 to the 4 corner
wells to use as blank wells. Add 160 pL of M9 and 40 pL of LB used for washing and
resuspending to use as negative controls. Add 200 pL of M9 to the rest of the wells that
will not be used.

7.6. Run the assay: Once the cartridge calibration is complete, insert the assay plate from step
7.5 into the machine for analysis. The settings include steps to mix, wait, measure and
loop. The results will be shown as oxygen consumption rate (OCR). The bacteria are

metabolically dead and ready to use when the OCR is zero.

201



Innoculate Bacteria Treat Bacteria with Paraformaldehyde (PFA)

l - @ U
— nJ# —>
iPFA TAES

Inoculate LB with

Add 32% PFA Transfer bacteria
OP50 and grow at .
o z to the desired final Mix bacteria with added PFA at 37 °C for 1 h. to 50 mL
37°Cfor~14h, X .
concentration (0.5%). conical tubes.

or until 0.D. =3.0.

Confirm Bacteria Use
Wash to Remove PFA Do Not Grow Bacteria

® Colonies Grow @ No Growth

Spin down at 3,000
RCF for 20 min.
5X — — —_
Repeat for
a total of

five washes. Streak out an LB plate with bacteria
and grow at 37 °C overnight. An Concentrate bacteria if
absence of growth indicates success. needed and seed plates.

Discard supernatant and re-
suspend pellet in 25 mL fresh LB.

Figure 5.1 Workflow for paraformaldehyde treatment. A single colony of E. coli OP50 bacteria is grown
overnight. PFA is added to a final concentration of 0.5%, and the PFA-treated culture is shaken for one hour at 37
°C. Finally, the PFA is removed by washing the culture with fresh LB five times. To confirm the treated bacteria are
replicateively inactive, streak out an LB plate of the treated bacteria and grow overnight.

5.2.4 Representative Results

A detailed workflow of the protocol is shown in Figure 5.1. A high-throughput method
was developed and optimized to consistently inactivate bacterial replication (Figure 5.2A) and
metabolism (Figure 5.2B) for metabolic and drug studies in C. elegans research using
paraformaldehyde*!!. The goal was to determine the lowest concentration of PFA needed and the
shortest amount of time required to consistently kill the bacteria without impacting various
measures of health in the worms. These values may vary from one location to another depending
on lab environment, and from one bacterial strain to another. For example, exposure of HB101
bacteria to 0.25% for 1 h is sufficient to render it metabolically inactive (Figure 5.2C), while

Enterococcus faecalis (EF) requires a 1.0% PFA concentration (Figure 5.2D) for a consistent
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effect. An approach for optimizing these concentrations for individual lab conditions was

previously established*!! and is detailed in this current work.
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Figure 5.2 Treatment of bacteria with PFA inhibits proliferation and metabolism. (A) Bacteria growth in
colony forming units (CFU) of mock-treated and 0.5% PFA-treated OP50. (B) Extracellular acidification rate
(ECAR) in mpH/min of mock-treated and 0.5% PFA-treated OP50. (C) Basal oxygen consumption rate (OCR) in
pmol/min of mock-treated, 0.25% PFA-treated, and 0.5% PFA-treated HB101. (D) Basal oxygen consumption rate
(OCR) in pmol/min of mock-treated, 0.25% PFA-treated, 0.5% PFA-treated, and 1.0% PFA-treated enterococcus
faecalis (EF). All error bars shown in figures represent the standard error of the mean (SEM); A two-tailed t-test was
used to derive p-values. **** denotes p-value < 0.0001. This figure has been modified from Beydoun ef al.*!!.

5.2.4.1 Food attraction and consumption

As bacteria grow and replicate, they release various metabolites and pheromones that are
attractive to the worms. To determine whether the worms remain attracted to the PFA-treated
OP50, plates were seeded with PFA-treated or mock-treated OP50 and the percentage of worms
present on the food lawn as compared to off the lawn was tabulated. Data show that worms are
attracted to the PFA-treated OP50, since most of the worms remain on the bacterial lawn after 1

h (Figure 5.3A), similar to what is observed with the mock-treated control (Figure 5.3B).
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However, as expected, a sensitive pairwise assay**® shows that C. elegans have a stronger
preference for the mock-treated live control (Figure 5.3C) when seeded with the PFA-treated on
the same plate. Having established that worms are attracted to PFA-killed bacteria, albeit less
than live bacteria, it was imperative to establish that they eat the PFA-killed food. To determine
whether the worms consume the PFA-treated OP50, the pumping rate of the worms on different
food types was measured. As shown in Figure 5.3D, worms on PFA-treated OP50 have a higher
pumping rate (+25%) than worms on the mock-treated control. This indicates that worms are not
purposefully slowing their rate of eating on PFA-killed food and could either indicate a higher

rate of eating or a compensatory response to a change in the ease of pumping the treated food.
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Figure 5.3 Worms attracted to PFA-treated OP50. Percent of worms attracted to (A) PFA-treated or (B) mock-
treated OP50 bacterial lawn. (C) Pairwise sensitized assay testing worm preference for mock-treated and PFA-
treated OP50. (D) Pumping rate (pumps per 30 s) of worms on PFA-treated or mock-treated OP50. A two-tailed t-
test analysis was used to derive p-values for all comparisons. All error bars shown in figures represent the standard
error of the mean (SEM); **** denotes p-value < 0.0001. Panels A-C have been modified from Beydoun et al.*!!.
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5.2.4.2 Fecundity, development, and lifespan

Changes in food conditions can have physiological effects on worms****7. To test for
broad effects, changes in the rate of development, fecundity, and lifespan were measured. PFA-
treated OP50 slightly delays development time (~4 h) of wildtype N2 worms as shown in Figure
5.4A. Monitoring the egg-laying capacity of worms grown on the different bacterial conditions
shows a slight but significant decrease in fecundity (-21%) in the worms fed PFA-treated OP50
(Figure 5.4B). For labs interested in C. elegans aging, the effect of PFA-treated OP50 on
longevity was then determined. Interestingly, the lifespan of wildtype worms fed PFA-treated
OP50 was not significantly different from the worms fed mock-treated OP50 on standard
Nematode Growth Media (NGM) plates (Figure 5.4C), however, PFA-treated OP50 increases
wildtype lifespan (+23%) when FUdR is present (Figure 5.4D). Feeding PFA-treated OP50 to a
long-lived fino-2 overexpressing (OE) strain®® does not alter its longevity compared to wildtype
worms (Figure 5.4E). UV-, heat-, and antibiotic-killed OP50 have also been shown to alter C.
elegans lifespan. Specifically, UV-treated bacteria have been reported to extend lifespan on
NGM***48 and on FudR*". However, there is conflicting data on the interaction of FudR and
UV-killed bacteria*'** that may be due to varied methods of UV-killing and validation of
metabolic inactivity in the bacteria. Additionally, heat-killed bacteria extend lifespan on

NGM*2, and antibiotics extend lifespan on NGM**° and in liquid culture**°.
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Figure 5.4 Worms grow and develop on PFA-treated OP50. (A) Development time (hours) of worms from egg-
to-egg-laying adults on mock-treated and PFA-treated OP50. (B) Average progeny (number of worms) of worms fed
mock-treated or PFA-treated OP50. (C, D) Percent alive of worms fed mock-treated or PFA-treated OP50 on (C)
NGM and (D) FUAR lifespan plates. (E) Percent alive of wildtype and fino-2 OE worms fed PFA-treated OP50. A
two-tailed t-test analysis was used to derive p-values for development and fecundity comparisons. The log-rank test
was used to derive p-values for lifespan comparisons. All error bars shown in figures represent the standard error of
the mean (SEM); * denotes p-value < 0.05, *** denotes p-value <0.001, and **** denotes p-value < 0.0001. Panels
A, B, and D have been modified from Beydoun, et al.*!!.

5.2.5 Discussion

5.2.5.1 Benefits of PFA-killing relative to other bacterial-killing methods

PFA-treatment is a high-throughput method to prevent bacterial metabolism while
maintaining a nutritious food source for C. elegans. Killing bacteria via PFA-treatment has
multiple advantages over other methods. Unlike UV-treatment, where every plate must be tested
for successful killing, a single plate from a batch of PFA-treated bacteria can be tested to validate
the batch*!'!. PFA-treatment is also very effective at eliminating bacterial metabolism (Figure
5.2B), and PFA-treated bacteria exhibit decreased metabolic activity relative to antibiotic-treated
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bacteria®™”. Another benefit of PFA-treatment is that the bacteria maintain their cellular structure
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and nutritional profile. Consequently, worms can develop on PFA-treated bacteria, whereas

feeding heat-killed bacteria from egg results in developmental arrest*! 1424,

5.2.5.2 Critical steps and troubleshooting

While PFA-treating bacteria is a relatively straightforward protocol, it is important to
validate that each batch of bacteria is replicatively and metabolically dead (steps 6 and 7) and to
ensure the washing steps after PFA-treatment are done thoroughly (step 5). If colonies do grow
in step 6, indicating the bacteria is not completely dead, it is possible to troubleshoot the
concentration of PFA and duration of PFA-treatment in step 3. When optimizing the PFA-
treatment protocol, a 0.5% concentration of PFA was ideal for successful killing OP50 with
minimal side effects. 0.25% PFA was not sufficient to metabolically kill all strains of bacteria
(Figure 5.2C-D) and increasing the concentration to 0.5% PFA did not alter developmental time,
lifespan, or food preference of worms on OP50 relative to 0.25% PFA. Also, 1 h of inoculation
with PFA was the shortest time sufficient to prevent all bacterial growth. If bacteria are not
completely killed by a 1 h inoculation with 0.5% PFA, the inoculation time and/or PFA
concentration can be increased to troubleshoot killing efficiency. A second key step in the
protocol is washing the bacteria after PFA-treatment (step 5). It is very important to complete all
five washes and to completely remove the supernatant with each wash to ensure no
formaldehyde remains in the bacteria. If worms are not growing well or not pumping on the

PFA-treated bacteria, additional washes can be performed.

5.2.5.3 Limitations of the method

While PFA-killed bacteria are ideal for eliminating the confounding effects of bacterial
metabolism (Figure 5.2B) from C. elegans studies, there are limitations to this method.

Specifically, C. elegans have slightly slower development on PFA-treated bacteria relative to
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live bacteria (Figure 5.4A)*'!. PFA-treatment also extends worm lifespan if FUdR is present
(Figure 5.4D), but not on NGM (Figure 5.4C) plates*'!. However, other methods also present
these challenges; UV-killed bacteria also alter C. elegans lifespan. The majority of reports
suggest UV-treated bacteria extend worm lifespan on NGM****38 and on FudR**°, with other
studies indicating UV-treatment does not affect lifespan*** and that there is an interaction
between UV-treatment and FudR on C. elegans lifespan®*'**°_ In addition to the lifespan effects
of PFA-treated bacteria, worms prefer to spend time on live bacteria relative to PFA-treated
bacteria (Figure 5.3C)*!! but have a higher pumping rate on the PFA-treated food (Figure

5.3D). This suggests that they may consume a similar amount of food or that PFA-treated
bacteria are easier or harder to eat. Many of these effects are also observed with other methods of
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killing bacteria , suggesting that metabolically active bacteria decrease development time,

shorten lifespan, and are more attractive to C. elegans.

5.2.5.4 Potential applications of PFA-treated bacteria

Overall, the ability to quickly and reliably kill large batches of bacteria has great potential
for eliminating the confounding effects of bacterial metabolism in C. elegans studies. This ability
is particularly useful for drug screens, supplementation experiments, toxicity assays,
metabolomics studies, and examining the effects of microbial metabolism on host behavior.
More information on the use of PFA-treated bacteria in each of these applications is below.

Drug, supplementation, and toxicity experiments: Because only one plate per batch of
PFA-treated bacteria needs to be tested for killing success, PFA-killed bacteria can be added to
liquid culture for high-throughput drug screening. PFA-treated bacteria can also be seeded onto
solid plates with small molecules or nutrients incorporated into the agar media. Solid plates

seeded with PFA-treated bacteria could also be useful for toxicity or stress-response assays.
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Unpublished data suggests PFA-treated bacteria can help distinguish between the role of
bacterial stress-response pathways and worm stress-resistance pathways in paraquat and
tunicamycin resistance. Using PFA-killed bacteria in these drug supplementation and toxicity
studies prevent bacteria from metabolizing the molecule of interest and will ensure that any
phenotypes observed results from a compound acting directly on C. elegans. Using metabolically
dead bacteria for drug and supplementation experiments also minimizes variability in dosing, as
live bacteria can metabolize different amounts of the compound of interest from experiment to
experiment.

Metabolomics studies: C. elegans metabolomics studies can also be confounded by
bacterial metabolism: observing changes in worm metabolism requires the absence of bacterial
metabolic activity**!. Even small changes to the bacterial food source can alter the worm
metabolome. For example, the metabolome of worms fed live washed bacteria differs from the

metabolome of worms fed live unwashed bacteria*'!

. Consuming PFA-treated bacteria also
changes the worm metabolome relative to consuming live food*!! but allows for comparisons
between the effects of experimental conditions on C. elegans metabolism in isolation from
bacterial metabolism.

Host-microbe behavioral studies: Finally, PFA-treated bacteria could be used to identify
interactions between the bacterial metabolism and host behavior. Metabolites secreted by both
pathogenic and non-pathogenic bacteria can be attractive or repellent to worms to affect their
foraging and feeding behavior?’>*?14?2. Moreover, bacteria can produce neuromodulators that
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drive changes in locomotion”’>. Additionally, growing C. elegans on different strains of bacteria

results in altered brood size, development time, and physiology?>®#*2. Treating these bacteria
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with PFA can help determine whether the effects of a given bacteria on C. elegans require active

bacterial metabolism.
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5.3 findWormz is a user-friendly automated fluorescence quantification method for C.

elegans research.

5.3.1 Abstract

The nematode Caenorhabditis elegans is a powerful model organism for fluorescent
imaging studies due to its simplicity, transparency, well-characterized anatomy, and ease of
genetic manipulation. However, the scale and statistical power of C. elegans imaging
experiments can be limited by the time and effort required to manually quantify fluorescence
intensity in individual worms. Recent advances in automated image analysis have used artificial
intelligence models and user-supplied training data sets to automate biological image
quantification. While these tools have the potential to significantly expedite a variety of research
applications in C. elegans and other model organisms, they can be difficult to implement and
troubleshoot, particularly for researchers with little or no computational training. Here, we
introduce a simple method to automate C. elegans fluorescence quantification that is accessible

to users able to install the free program R and edit a single line of code described here.
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5.3.2 Description

Fluorescent imaging in C. elegans has been widely used to study processes such as
neurobiology, development, aging, and stress responses******, Increasingly sophisticated image
analysis techniques have significantly improved the ability to quantify and interpret fluorescent

data in C. elegans. Open-source software like ImageJ/Fiji*** and specialized software such as the

WormToolbox component of CellProfiler*®

offer tools for segmenting worm shapes and
detecting fluorescence in specific regions of interest. Machine learning algorithms and deep
learning-based frameworks are also being developed to automate the analysis of complex
imaging applications, such as identifying cellular structures or tracking fluorescence changes
over time*’-**_ However, these tools can be difficult to implement and troubleshoot, particularly
for researchers with little or no computational training****!, An ideal user-friendly automated
image analysis tool should 1) run on freely available and robust software, 2) not require training
of an artificial intelligence model, 3) require users to edit as little code as possible, and 4) have a
small number of adjustable parameters that can be manipulated to suit a wide variety of inputs.
We developed the R-based findWormz method to meet these requirements and provide a simple
and effective automated fluorescence quantification system.

Many C. elegans researchers quantify fluorescent images manually using open-source
platforms like Imagel/F1J19%:105-248452:453 Thjs process typically involves tracing the outlines of
individual worms in a brightfield image, applying the trace pattern to corresponding fluorescent
images, and measuring the mean fluorescence intensity of each worm. A user-selected portion of
the image background is also traced and the corresponding region measured in the fluorescent

channel to subtract the images’ fluorescent background. The resulting data are then manually

formatted and transferred into data analysis software for analysis (Fig. 5.5A). This method, while
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functional and simple, requires researchers to manually draw around each individual worm in
their sample, limiting maximum potential sample size, statistical power, and experimental scope.
By contrast, the findWormz fluorescence quantification method requires slightly more upfront
time when taking fluorescent images of C. elegans but saves time by automatically identifying

and quantifying the fluorescence of each worm in each image of the experiment (Fig. 5.5B).
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Figure 5.5 The findWormz method automatically identifies and quantifies the fluorescence intensity of
individual C. elegans. (A) Schematic of a traditional workflow for manually tracing and quantifying the
fluorescence of individual C. elegans. (B) Schematic of the findWormz workflow for automated quantification of C.
elegans fluorescent microscopy images. (C) Average time in seconds/worm required for a C. elegans researcher to
separate each worm in a clump of 20 worms and to trace the outline of each worm in an image of 20 clumped
worms. (D) A diagram showing the steps findWormz implements to separate pixels containing worms from the
image background. (E) Representative brightfield (BF) and fluorescent (F1) channel images of fino-2p::mCherry
worms on four conditions with varying fluorescence. (F) Quantification of images of fino-2p.:mCherry worms on
four conditions with varying fluorescence. The same images were quantified manually (method described in panel
A) or using the findWormz method (described in panel B), and the arbitrary units from the same image analyzed by
each quantification method were scaled from 0 to 1. Dashed lines show the same individual worm quantified with
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each method. Two-way ANOVA with Tukey Post-Hoc pairwise analysis was used to derive p-values. All error bars
shown in the figures represent the standard error of the mean (SEM). NS. indicates not significant.

While the transparency of nematodes is beneficial for the ease of imaging fluorescent
markers, this transparency does make it difficult for image analysis software to distinguish
between multiple worms that are touching. Specifically, their transparency and the backlit
background of a standard brightfield microscope create very light and very dark patches within
the same worm, depending on what tissues the brightfield light passes through. Consequently,
worms do not appear as uniform grey shapes with a dark or light outline, making clumps of
touching worms difficult to accurately segment. This challenge can be overcome, but the
currently available software that can distinguish between multiple worms touching one another
requires training an Al deep learning model for each use case**®**. Consequently, the
findWormz method requires that users take images of worms that have been pushed apart and are
not touching in the input image. While this requires more time on the front-end to separate a
clump of worms, these extra 10 seconds/worm are generally worth the 60 seconds/worm saved
from eliminating the manual worm tracing step (Fig. 5.5C). After taking images of separated
worms in the brightfield and fluorescent channels, users can place these images in a folder with a
key matching file names to experimental conditions.

In order to run findWormz on these images, users will need to download and install the
free program R. Detailed instructions and links to downloading R can be found in the full
protocol in the extended data. After installing R, the user can open the worm_batch.R file, and
edit one line of code to tell the program the location of the images and program files on their
computer. This edit involves copying the file path to where their experiment is located on their
computer, and pasting this file path into line 13 of the worm_batch.R file to replace the

placeholder text labeled "filepath".
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After the file path to the C. elegans images is specified, the findWormz pipeline begins
by opening the brightfield image, enhancing the contrast, correcting for non-uniform background
lighting, and blurring the image slightly to increase color uniformity within each worm. Then,
findWormz thresholds this corrected brightfield image into a binary image and fills small holes
within larger regions of black or white to reduce noise (Fig. 5.5D, steps 1-2). Next, each object
within the binary image is scored for its “worminess”, or the perimeter of the object divided by
the 4 times the square root of the object’s area. This resulting worminess score is a scale
invariant measure reflecting how spindly or round an object is. The lowest possible worminess
score, 0.89, would represent a circle. Given their consistently long and thin shape, C. elegans
have a default worminess score between 1.5-2.1, but the upper and lower bounds of acceptable
worminess can be adjusted by the user to account for morphological differences in C. elegans
mutants. Objects that fall outside of this worminess range are removed from the analysis (Fig.
5.5D, step 3).

Finally, the remaining objects are filtered by size. Users can adjust the minimum
acceptable size range for a worm, depending on the magnification of the image (Fig. 5.5D, step
4). After this step, the pixel masks of remaining objects are applied to the corresponding
fluorescent image and measures of mean fluorescence, standard deviation of fluorescence, worm
area, and worm perimeter are recorded. A fluorescent background is also calculated for the
image by taking an average intensity measurement of the pixels not identified as worm or debris
after initial thresholding (step 2). A colored representation of each identified worm is also plotted
onto the original brightfield image, along with a worm number corresponding to each
measurement recorded in the analysis spreadsheet (Fig. 5.5D, step 5). This color-coded image is

saved for users to manually run quality control and ensure all recorded objects are, in fact,
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worms. Details about image quantification and analysis using the findWormz method, as well as
the adjustable parameters can be found in the detailed protocol included in the extended data
files. All annotated code files can also be found in the extended data files and on Github at
https://github.com/eskitto/findWormz.git.

When the findWormz method was tested against the lab “gold-standard” technique of
manually tracing worms from the same image, the results were consistent across four different
images varying in fluorescence intensity (Fig. 5.5E-F). In addition to the above tests for
accuracy, the findWormz method has been used successfully in-house for over four years by
students and scientists with varying levels of computational training. Together, these results
indicate that findWormz is an accurate, user-friendly, and efficient method for quantifying
fluorescent images in C. elegans. However, the findWormz workflow does still require some
technical knowledge. The requirement of installing and editing R code makes findWormz less
accessible than completely code-free workflows, such as Image J plug-ins. Nevertheless, running
findWormz directly on R allows the program to access 3 GB of working memory rather than the
maximum of 1.8 GB in Image J. As a result, the direct use of R prevents the program from
running out of memory when analyzing large image sets, and increases analysis speed. Future
work in this area could re-write the findWormz analysis process in Java to allow for findWormz
to run as an Image J plugin, while keeping in mind that this may restrict analysis capacity.

Together, our results indicate that the findWormz method has the potential to save C. elegans
researchers about 15 minutes of worm-tracing time per fluorescent image with a standard sample
size of 20 worms. Additionally, findWormz measures a more accurate background fluorescence
reading than manual methods by including all pixels in the image that are not covered by worms,

eggs, larva, or artifacts on the slide. Finally, this method can be run on the free coding platform
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R and only requires users to modify one line of code under standard imaging conditions. Overall,
the findWormz method presents an efficient, user-friendly alternative to manual quantification of

C. elegans fluorescence images.

5.3.3 Methods

Strains and growth conditions

Standard Caenorhabditis elegans cultivation procedures were used as previously described
(Kaeberlein et al., 2006; Smith et al., 2008). Briefly, fino-2p.:mCherry fluorescent reporter
(LZRO1) worms were maintained on solid nematode growth media (NGM) seeded with 200 puL.
live E. coli OP50 (ODeoo 3.0) throughout life and housed in a 20°C Percival incubator. All

experiments were conducted at 20°C unless stated otherwise.

Slide Microscopy

Fluorescent images in this study were taken using Leica Application Suite X (LASX version
3.7.5.24914)software and a Leica scope with >15 worms per treatment at >35x magnification.
For representative images displayed in the figures, worms were paralyzed in 0.5 M sodium azide
(NaN3) and imaged once residual liquid evaporated and the worms clumped together. For
quantification of these images and for imaging screens, the same method was used but after the
residual sodium azide had evaporated, individual worms were gently pushed apart until they
were no longer touching one another. Fluorescent mean comparisons were then quantified using
the findWormz method in R (see extended data for protocol and code) to identify individual
worms and measure fluorescent intensity. The mean fluorescent intensity of the background (all
non-worm pixels) was subtracted from the mean fluorescence of each worm. All outputs from

this R code were visually inspected and any non-worm objects that were misidentified by the
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program were removed. Data were plotted by R version 4.3.3 and Adobe Illustrator 2022. The
brightness of representative fluorescent images in each figure panel was increased to an equal

degree across all images within the panel in ImageJ bundled with 64-bit Java 1.8.0.

Statistics and reproducibility

Two-way ANOVA with Tukey Post-Hoc analysis was used to derive p-values for fluorescence

comparisons. All error bars shown in the figure represent the standard error of the mean (SEM).

Software Version Information

All R code was tested on R version 4.4.3.tar.gz, and R Studio version 2024.12.1+563. Details
about image quantification and analysis using the findWormz method, as well as the adjustable
parameters can be found in the Protocol section below. The annotated code files for worm_batch.R,

findWormz.R, and analyzeWormz.R can be found in Appendices A-C, respectively.

5.3.4 findWormz Detailed Protocol
1. Prepare your slides: Microwave a solution of 3% agarose in ddH20 until it boils.

Remove from the microwave, mix the solution a bit until bubbles dissolve, return to
microwave and bring to boiling a second time. Take a 1,000 pL pipette tip and remove
the bottom third of the tip with scissors or a razor blade. This will allow you to pipette the
viscous agarose gel solution. Set your pipette to ~500 pL, and dispense the melted agar
onto a glass slide. Take a second glass slide with two layers of tape wrapped around each
end, and gently press this taped slide over the slide with the hot agarose. Push on any

large bubbles that appear in the agar to pop them and hold until the agar becomes cool.
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Remove the slide with the tape. If you are imaging many conditions, you can prepare

multiple slides and keep them on ice until imaging.

. Put worms on the slide: fill a 10 pL pipette with ~5 pL of sodium azide solution. Make

sure to wear gloves while handling sodium azide. Apply a drop of sodium azide to the
location on the agar pad you plan to place your worms. If you are adding multiple
conditions to one slide, make sure you leave room to spread multiple clumps of worms
out, leaving enough room to take separate images of each condition. This takes at least
twice as much space as traditional imaging. Using a worm pick, grab worms from your
plate without grabbing any bacteria. Place worms in the sodium azide droplet. Continue
until you have achieved your desired sample size.

Separate your worms: The ideal time to separate your worms is after most, but not all of
the sodium azide droplet has evaporated. You want enough liquid for worms to glide
across the agar, but not too much that they do not stay in place when you remove your
pick. If needed, apply a small amount (~1-2 pL) of additional sodium azide to reach this
level of liquid. Using a traditional worm pick or an eyelash pick, gently pull the worms
apart into groups of ~10-20 worms that are not touching but are still relatively close
together (see example images, Figure 5.6). I find it easiest to align the long edge of a
pick with the worm so you do not apply too much pressure to the head or tail and damage
the worm. Some eggs and larva are OK if they get on the slide in the background, they
will be excluded from analysis. However, any eggs or larva that touch the adult worm
will be included in the quantification of that worm. Do not add a coverslip to your slide—
this will create a bubble around each worm making it impossible for the algorithm to

trace. The absence of a coverslip will not affect your fluorescence quantification but does
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cause the worms to dry out faster. Make sure you image worms within ~20 minutes of

J
\
N

separating them on the slide.

— =\

Figure 5.6 Example brightfield input image for findWormz quantification.

4. Image your worms: Once you have filled your slide, you are ready to image the worms.
For the channel in which you take the brightfield image, set the scope parameters to
enhance the contrast between the worm and the background. (i.e. darker worm and white
background is much better than gray worm and gray background). I typically set the
aperture to ~70% and the intensity to ~40% (see example image above). Set the
magnification to a level where you can see all the worms in your largest cluster.
Changing magnification between conditions can affect your measurement of fluorescent
intensity per pixel. Take images of all conditions. Note that worms touching the edge of
the image will be excluded from your analysis.

5. Naming your images: The naming scheme is critical to correctly assigning experimental
condition values to your final dataset. Each condition should receive a number, and each
image taken of worms from that condition will receive a second number. A “key” to
decode each condition will be given to the findWormz program to label your data. For
example, if I am imaging two conditions (fed and DR), my “C1”, or condition] would be

the fed worms. C2 would be DR worms. If I take two images of fed worms, I would label
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them “C1_1” and “C1_2”. It is important that the letter C is before the condition number
and an underscore separates the condition number from the image number. If you only
take one image of a certain condition, you still need to include “ 1” in the label.

. Exporting your images: Once you have taken and named all of your images, export
them all as TIF images. Do not overlay channels, export the brightfield and fluorescent
images separately.

Setup directories to run findWormz: Create a main folder in which you will have three
subfolders. The name of the subfolder can be anything you want. Add three folders
within the main folder: “R code”, “input”, and “output”. Place the three R code files
(analyzeWormz, findWormz, and worm_batch) within the R code folder. Place all
fluorescent images you exported (TIFF files from brightfield and fluorescent channels) in
the input folder. Create a csv file in which you label the information you want included
with each condition. The first column of this csv file must be called condition code, but
you can add as many additional columns as you like with info about that condition. An

example from one of my experiments is below. Name this file “conditions_map.csv”’ and

put it in the inputs folder. Leave the output folder empty.

condition_code | RNAi| condition | condition genotype
1 2

C1 EV fed none fmo2p::MC;

MAHG677

C2 EV fed OP50 fmo2p::MC;

MAHG677
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C3 EV DR none fmo2p::MC;

MAH677

C4 EV DR OP50 fmo2p::MC;

MAHG677

Table 5.2 Example input for the conditions_map file.

8. Run the code: First, install R and Rstudio if you do not already have these programs on
your computer. Links to download both are below:

e R: https://cloud.r-project.org/
e RStudio: https://rstudio.com/products/rstudio/download/

Then, open the worm_batch.R file in your R code folder. If it is your first time running the
program, highlight lines 1-10 and click control/command+enter to install the packages you
will need. These lines only need to be run once.

Then, edit line 13 of the code to specify your “working directory”, or the main folder that
contains the three subfolders specified above. This filepath must be in quotations.

Next, check the names of you brightfield and fluorescent images. Most microscope software
will export brightfield images with “ ch00” in the filename, and fluorescent images with

“ ch0x” in the filename, with x depending on the number of fluorescent channels. The
default designator for brightfield images in findWormz is “ ch00” and the default designator
for the fluorescent image is “ ch01”. However, if this is different in your files, change the
text in quotes in line 16 to include characters that are only in the brightfield image name and
not in the fluorescent image name. Do the same but select fluorescent image-specific text in

line 17. This will tell findWormz which image to use for finding worms, and which image to

analyze.
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This is the only code you will normally need to change. After doing so, select all the code in
lines 20-44 (from “setwd” to the end of the program), and run them. Worms_batch will then
populate your output folder with images of identified worms, a csv file with your
quantification, and a csv file with the parameters used on this run. Both csv files will be
timestamped with the date you ran the code.

Example output image: the first number is the assigned worm number. The number in
parentheses is the “worminess score”. This score is included to help troubleshoot false
negatives or false positives. If a non-worm object is identified, you can find the row from that

file name and worm number in the analysis output spreadsheet and manually delete it.
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Figure 5.7 Example output image from findWormz quantification.

9. Advanced options and troubleshooting: Within the worm_batch code, you can change
the inputs to line 13 (analyzeWormz) to troubleshoot or customize your output. These
optional changes are explained below. If a parameter is not listed below, I highly
recommend you do not change it.

e troubleshootMode; if you change this from “FALSE” to “TRUE”, the code will

output four images with the changes made at each step of the code’s analysis pipeline.
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This is helpful if you want to decide which other parameters to change in order
improve accuracy of worm identification.

Worminess min_thr and worminess_max_thr: these can be helpful to change if
the code 1s mistakenly identifying non-worm objects. Look through your output files
and find these objects. The second number in parentheses next to them is the
worminess, which is a measure of how spindly or round an object is. Typically, non-
worm objects will have a low worminess score below 1.35 or above 2.05. Changing
the min and max worminess threshold will adjust what objects are excluded by
changing that range. This can be helpful if you are imaging C. elegans strains with
morphological phenotypes (ie dpy).

backgroundCorrect: the background correction steps enhance image contrast and

correct for non-uniform lighting in the brightfield image background. If you do not

want these corrections to be made, set backgroundCorrect to FALSE.
showPlots: if you want to see the series of images the code produces as it is running
in Rstudio, set showPlots to TRUE. Note that this will slow down the runtime some

and will use a lot of memory.
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Chapter 6 Conclusions and Future Directions

Demographic shifts towards an increasingly aging population accentuate the need to
delay or prevent age-related diseases®*. In response, the field of biogerontology has identified a
range of environmental, genetic, and pharmaceutical interventions aimed at promoting longevity.
Many of these interventions involve exposure to mild environmental stressors that activate
stress-response pathways, which in turn can increase lifespan. As a result, there is growing
interest within both the scientific community and the public regarding how these stress-response
pathways might be targeted in humans to extend healthspan and lifespan. However, several
challenges remain in developing safe and effective anti-aging treatments. This dissertation
addresses three such challenges: 1) the impact of complex environmental signals on the efficacy
of longevity treatments; 2) the identification of highly specific targets for longevity
interventions; and 3) the effects of longevity interventions on behavior and mental state. The key
findings of this research are summarized below, along with recommendations for future studies

that could build upon the work presented in this dissertation.

6.1 Summary of Conclusions

In Chapter 1 of this dissertation, we reviewed the motivation for studying the biology of
aging, previous work on the role of cell nonautonomous signaling in aging, and obstacles facing
the implementation of environmental, genetic, and pharmaceutical anti-aging treatments. In
Chapter 2, we examined the effects of environmental food cues on one of the best-studied

longevity interventions, dietary restriction. In multicellular organisms, sensory perception
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influences a wide range of behaviors and physiological processes. For instance, the detection of
environmental stressors, such as nutrient scarcity, often triggers adaptive physiological changes
that support survival and help slow aging. However, recent research indicates that the detection
of food tastes or odors can negate some of the health benefits of dietary restriction across several
model organisms'%>112:206455 "While it is understood that sensory perception by the nervous
system can impact health and lifespan across multiple tissues, our knowledge of the specific
sensory signals and the underlying molecular pathways involved in this regulation remains
incomplete. In Chapter 2, we explored how the sense of touch interacts with nutritional
conditions to influence lifespan in C. elegans. We found that worms subjected to dietary
restriction are shorter-lived when exposed to tactile cues that resemble bacterial food or
protective soil. This touch-based modulation of dietary restriction relies on primary
mechanoreceptors, the neurotransmitters dopamine and tyramine/adrenaline, and the
neuropeptides insulin and GnRH. Ultimately, this touch-mediated pathway regulates multiple
peripheral longevity factors, including DAF-2/IGFIR and FMO-2/FMOS5. These results
demonstrate how neural sensory perception pathways may be linked to growth, aging, and
reproduction. Additionally, the observation that touch can influence longevity suggests that
physical comfort may play a significant role in health and aging.

After examining the neural circuits driving dietary restriction-mediated longevity in
Chapter 2, Chapter 3 investigates the role of cell nonautonomous signaling in a second
environmental longevity intervention. Hypoxia, or exposure to reduced oxygen levels, promotes
both healthspan and lifespan in C. elegans'**%, Interestingly, genetic manipulation that mimics
hypoxia—such as the suppression of the E3 ubiquitin ligase von Hippel-Lindau 1 (VHL-1) or the

stabilization of hypoxia-inducible factor (HIF)—is also capable of extending lifespan in
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nematodes®”*%33% However, translating these findings to mammalian systems is challenging due
to the negative consequences of activating the conserved hypoxic response, including increased
likelihood of cancer and cardiovascular disease***-**!. One way to mitigate these risks could be to
identify downstream targets within the hypoxic pathway that regulate aging without triggering
harmful components of the hypoxic response. The work presented in Chapter 3 builds on earlier
research to identify molecular mechanisms behind hypoxia-induced longevity in C. elegans, with
the aim of uncovering potential therapeutic targets for aging.

This investigation demonstrated that serotonin signaling in the ADF serotonergic neurons
is both necessary and sufficient to extend lifespan under hypoxic conditions. Furthermore,
serotonin signaling through the SER-7 receptor in RIS interneurons plays an essential role in this
process. Our results also highlight the involvement of additional neurosignaling molecules, such
as tyramine, GABA, and NLP-17, in mediating the observed longevity effects. Finally, we reveal
that oxygen- and carbon-dioxide-sensing neurons are required for HIF-1 stabilization in ADF
neurons to extend lifespan. These findings provide valuable insights into the hypoxia-mediated
longevity pathway and present potential targets for neural aging interventions in mammals. For
example, inducing hypoxic signaling in neurons could extend lifespan while minimizing
undesirable effects due to the post-mitotic status of neurons.

Together, Chapters 2-3 of this dissertation exemplify the ability of stress perception and
neuronal signaling to regulate stress-response pathways in peripheral tissues and coordinate an
integrated aging response across the organism. However, the nervous system also drives changes
in behavior to promote survival in response to acute and chronic stressors. In Chapter 4, we ask
whether the behavioral and longevity effects of stress-response pathways act through distinct

mechanisms, and whether changes in peripheral metabolism can feedback to modify neural
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signaling. To explore these questions, we analyzed the behavior of C. elegans mutants with
altered expression of the longevity-modifying gene flavin-containing monooxygenase 2 (fimo-2).

Our findings in Chapter 4 revealed that either knocking out or overexpressing fimo-2
changes worms’ sensory perception and decision-making behavior when compared to wild-type
(WT) controls. Both the knockout and overexpression of fino-2 resulted in reduced exploration of
novel environments through alterations in tryptophan metabolism. Interestingly, blocking the
synthesis of the tryptophan-derived neurotransmitter serotonin was able to restore exploratory
behavior in the fimo-2 knockout, while blocking the production of quinolinic acid, another
tryptophan metabolite, reversed the decreased exploration in fino-2 overexpressing animals.
These interventions that restored exploration also partially rescued other phenotypic traits—such
as behavioral, reproductive, and longevity-related outcomes—in both the fimo-2 knockout and
overexpressor, though not all effects of altered fino-2 expression were reversed. These findings
highlight a novel role for FMO-2 in regulating behavior and underscore the importance of
considering pleiotropic effects when evaluating potential longevity interventions.

While Chapters 2-4 make progress in understanding cell nonautonomous modification of
longevity and addressing the challenges facing implementation of longevity interventions, there
is still much work to be done. C. elegans are a valuable model system for studying aging, cell
nonautonomous signaling, and behavioral circuits: they have short lifespans, relatively simple
and homogeneous neural wiring, their transparency allows for easy fluorescent imaging, and
there are abundant tools available for genetic manipulations. Nevertheless, no model system is
perfect. Studies of metabolism and pharmaceutical interventions in worms can be complicated by
the fact that C. elegans consume a diet of live OP50 E. coli bacteria. Consequently, the effects of

bacterial metabolism can be hard to distinguish from changes in worm metabolism. Additionally,
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while fluorescent imaging studies are relatively simple in C. elegans due to their transparent
cuticle and ease of genetic modification, the scope of these studies can be limited by the time it
takes to manually quantify fluorescent images. In Chapter 5, we addressed these methodological
challenges in C. elegans research through the development of a metabolically inactive bacterial
food source and an automated system to quantify fluorescent images of C. elegans.

Together, this dissertation demonstrates how sensory perception and neural signaling
pathways can regulate aging-related processes across an organism. Through the examination of
dietary restriction, hypoxia, and fino-2 expression, we reveal the complex interactions between
environmental cues, behavioral responses, and longevity outcomes. These findings highlight the
importance of considering the integrated roles of neural circuits and peripheral tissues in aging.
Additionally, this work underscores the need for further exploration of how these pathways can

be harnessed to develop effective anti-aging interventions.

6.2 Recommendations for Future Work

6.2.1 How do multiple forms of food perception interact to modify lifespan?

Work from multiple invertebrate labs shows that the efficacy of DR in lifespan extension
is attenuated by the presence of food smells'>!2. In Chapter 2 of this work, we find that food-
like touch can also blunt DR-mediated longevity. However, smell and touch are not the only
means through which C. elegans and other organisms perceive food cues. For example, gustatory
perception (taste) and enteric perception (the detection of food inside the gastrointestinal tract)
are also critical indicators of nutrient availability**’*>°. To follow up on this work exploring food
perception in dietary restriction and aging, the field should explore two key questions: 1) do
gustatory and enteric food cues regulate aging rate, and 2) does information about different food

cues like smell and touch modify DR through parallel or converging neural circuits?
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6.2.1.1 Do gustatory and enteric food cues regulate aging rate?

Work from multiple research groups clearly shows that olfactory food perception
attenuates the longevity benefits of dietary restriction in invertebrates'%>!'?. While no lifespan
studies have been conducted to examine the effects of food smell on dietary restriction-mediated
longevity in mammals, there is some evidence that this phenomenon may be conserved. For
example, work by the Dillin lab discovered that ablating the olfactory neurons of adult mice led
to fat loss in animals on a standard chow and on a high-fat diet. Markers of metabolic health,
such as circulating insulin and performance on a glucose tolerance test also improved in the
hyposmic mice on the high fat diet*>. Importantly, in both the control and high fat diet groups,
the olfactory ablation did not decrease food consumption but did increase energy expenditure.
Interestingly, these effects required beta adrenergic receptors that respond to adrenaline and

noradrenine®?

. Given that the C. elegans food touch circuit described in Chapter 2 also requires
tyramine/adrenaline signaling for food perception to modify health, this could be a shared
mechanism of integrating environmental food cues to produce a metabolic response.

Similar to food smells, Chapter 2 of this work demonstrates that mechanosensory
perception of a food-like texture also decreases DR-mediated longevity in C. elegans. While
food touch may be more difficult to study in higher model systems, multiple groups have shown
that touch and pain circuits do play a role in aging rate. In worms, a repetitive and stressful touch
stimulus that persists over the lifespan (tapping the petri dish housing C. elegans) decreases their
lifespan under fed conditions in a tyramine-dependent manner>®. In mice, ablation of the TRPV-1
painful touch receptor extends lifespan by modifying release of the neuropeptide CGRP, which

in turn improves insulin sensitivity®!. Together, this work indicates touch and pain perception

could play an essential role in metabolic health and longevity.
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Figure 6.1 Olfaction, mechanosensation, gustation, and enteric perception contribute to food sensing across
taxa.

In addition to smell and touch, other sensory systems like gustation (taste) and enteric
perception (detection of food entering the body) are essential to perceiving nutrient availability
across taxa*®® (Figure 6.1). However, it is unclear whether the absence of these sensory food
cues is as important to DR-mediated longevity as the absence of food smell and touch. While
exploring the role of food perception in aging, I collected some preliminary data suggesting that
enteric and gustatory perception may also modify health and lifespan, but future work is needed
to confirm and follow up on these results.

With respect to enteric perception, there is relatively little known about how C. elegans
detect the presence of food in their grinder, pharynx, or intestine. However, work by the Flavell
lab did identify two acid-sensing ion channels (ASICs) that are expressed on a projection from
the serotonergic NSM neuron right next to where food enters the grinder of the worm. These
channels, DEL-3 and DEL-7, activate the food-sensing NSM neuron when the worm starts
eating, and are required for the worm to slow their speed upon entering a bacterial lawn?®.
Consequently, these channels may act like enteric food sensors, detecting when food first enters
the worm. Interestingly, food smell does not attenuate DR-mediated longevity in del-3; del-7

knockout worms'®, and del-7 is also required for food touch to blunt DR longevity (Chapter 2).

Moreover, del-3; del-7 knockouts are long-lived relative to fed worms, but are not further
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extended by dietary restriction (Figure 6.2). This suggests that enteric food perception through
activation of ASICs could contribute to DR-mediated longevity, much like olfactory and
mechanosensory food perception. While these data show the absence of enteric food cues can
extend lifespan, future work in this area should also confirm whether the perception of enteric
food cues (e.g., non-nutritive digestible materials or high-volume, low-calorie foods) are
sufficient to blunt DR-mediated longevity in WT animals. Similarly, the interactions between
other mechanisms of enteric food perception and aging should be explored both in invertebrates

and in mammalian models systems.
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Figure 6.2 del-3; del-7 knockout extends lifespan non-additively with dietary restriction. Survival curve of WT,
and del-3(0k2613); del-7(okl187) worms on fed or DR conditions. N > 65 worms per condition. NS. = p > 0.05, and
**% = p <0.001 from a log-rank test comparing median survival.

In addition to olfaction, mechanosensation, and enteric food perception, I was also
curious whether taste cues could influence dietary restriction and aging. To test the role of
gustatory perception in DR, I screened for fimo-2 induction on fed and DR conditions with and

without 17 water-soluble ‘tastes’ found in the nematode’s natural environment (summarized in
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Table 6.1). In this screen, we used DR-mediated fimo-2 induction as a short-term proxy for DR-
mediated longevity because fimo-2 is required for DR-mediated longevity, and because
overexpressing fimo-2 extends lifespan non-additively with DR**19532¢_ The taste compounds
used in this screen fall into three main categories of tastes detected by C. elegans: salts, small
molecules, and amino acids. Within each of these categories, we included compounds that are
attractive, neutral, or repellent to the worm*®!462, Because attractive smells and touches blunt
DR-mediated fmo-2 induction in C. elegans, we hypothesized that many of the attractive taste
compounds would similarly blunt DR. By contrast, we expected the neutral compounds to have
minimal effects on fmo-2 induction and the repellent compounds to potentially induce fino-2 by

mimicking pathogen exposure or other environmental stressors.

Category Valence of Compound Taste Compound(s)
attractive NaOAc, NH4Cl, NaCl
salts neutral NH4OAc, Ni(I[)OAc
repellent Cu(IT)OAc, Cd(IT)OAc, high [NaCl]
attractive cAMP, biotin
small molecules neutral low [glycerol]
repellent quinine
attractive lysine, histidine
amino acids neutral glycine
repellent NA
other repellent high [glycerol]

Table 6.1 Water-soluble taste compounds screened for effects on fino-2 induction under fed and DR
conditions.

233



Under fed conditions, we found that the addition of many water-soluble compounds
across all valence categories induced fimo-2. The average effect of attractive, neutral, and
repellent compounds was a 21%, 14%, and 52% increase in fino-2 induction, respectively
(Figure 6.3A). Under DR conditions (24 hours of fasting with or without the compound),
attractive and neutral compounds decreased DR-mediated fimo-2 induction by 20% and 19%,
respectively, while repellents increased DR-mediated fino-2 induction by 14% (Figure 6.3B).
Looking at the effect of each compound separately, we found that two of the seven attractive
compounds (low concentration sodium chloride and biotin), none of the four neutral compounds,
and three of the five repellent compounds (cadmium chloride, quinine, and copper sulfate)
induced fmo-2 induction under fed conditions (Figure 6.3C). Under DR conditions, four of the
seven attractive tastes (sodium acetate, sodium chloride, histidine, and cAMP), two of the four
neutral compounds (ammonium acetate and glycerol), and none of the repellent compounds
decreased fimo-2 induction (Figure 6.3D). Interestingly, the compound with the strongest DR-

blunting effect was the neutral salt ammonium acetate (Figure 6.3D).
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Figure 6.3 Many water-soluble taste compounds affect fino-2 induction under fed and DR conditions in C.
elegans. (A-B) Quantification of fimo-2p::mCherry on fed (A) or DR (B) +/- attractive, neutral, or repellent taste
compounds. N > 300 worms per condition. Significance is from a one-way ANOVA (fino-2 induction ~ valence)
and post-hoc Tukey HSD test (unpaired, two-tailed) with a Bonferroni p-adjustment. (C-D) Quantification of fino-
2p.::mCherry on fed (C) or DR (D) +/- each concentration of each taste compound screened. N > 75 worms per
condition. Significance is from a two-way ANOVA (fmo-2 induction ~ compound*concentration) and post-hoc
Tukey HSD test (unpaired, two-tailed) with a Bonferroni p-adjustment. In all panels, the bar height indicates mean
fluorescence normalized to the no taste control, and the error bars represent the standard error of the mean. NS. =p
>0.05, * =p <0.05, ** =p <0.01, ¥** =p <0.001, **** =p<0.0001.

While these results suggest that taste-like compounds could influence aging and
metabolism through fimo-2 induction, there are many potential confounding factors. First and
foremost, the fimo-2 inducing effects of many attractive and neutral compounds on fed conditions
suggests that the worms may either be responding to changes in the osmolarity of the media,
and/or could be inducing fino-2 as part of a response to detoxify xenobiotic metabolites?’>403463,
Some of the aversive water-soluble compounds can also induce heavy-metal stress and toxicity
at high enough concentrations, affecting stress response circuits independent of nutrient
sensing**. This interpretation is supported by the ability of repellent compounds to induce fino-2
in the DR condition, indicating at least some of the repellent fino-2 induction effect is acting
through a mechanism separable from DR. Secondly, because these water-soluble compounds are
dissolved in the agar of the plate C. elegans are grown on, it is challenging to untangle whether
these effects on fmo-2 induction are the result of gustatory perception or the result of metabolic
changes from consumption of salts and/or other nutritive small molecules and amino acids.

With these limitations in mind, we only followed up on the top hits from the taste
imaging screen with one replicate of a lifespan. In this experiment, we measured survival of WT
worms under fed and DR conditions with and without the compound with the largest decrease in
DR-mediated fimo-2 induction (ammonium acetate), and a compound that had no effect on fed or

DR-mediated fimo-2 induction (glycerol). We found that 3mM and 10mM ammonium acetate had

no effect on fed lifespan, but both concentrations blunted DR-mediated longevity (Figure 6.4A).
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Similarly, 3mM glycerol did not alter fed lifespan but partially attenuated DR lifespan. However,
10mM glycerol led to a small decrease in fed lifespan but did not alter DR lifespan in this
experiment (Figure 6.4B). Together, these data suggest that water-soluble ‘taste’ compounds
could phenocopy food smells or food touch to blunt DR. However, more replicates of this
lifespan are needed, and additional experiments will be important to disentangle the effects of

altered molarity and taste perception on lifespan.
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Figure 6.4 Ammonium acetate and glycerol can modify lifespan under fed and dietary restriction conditions.
Survival curve of WT worms on fed or DR conditions with or without ammonium acetate (A) or glycerol (B). N >

65 worms per condition. NS. =p > 0.05, * = p <0.05, ** =p <0.01, and *** =p <0.001 from a log-rank test
comparing median survival.

6.2.1.2 Can multiple forms of food perception combine to fully replicate the fed state, or is
internal detection of metabolic state also an essential component in dietary restriction?

Based on our findings that food-like smell and touch blunt DR-mediated longevity and
our results indicating enteric and gustatory perception in aging, it appears that many distinct
forms of food perception can modify aging. Together, these data lead to several interesting
questions. Do different nutrient cues modify aging through an integrated circuit, or through
distinct mechanisms? Can the detection of multiple food cues block the benefits of DR to a

greater extent than the detection of a single food cue? And, if so, is it possible to completely
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replicate the ‘fed state’ by combining many food-like cues, or does internal metabolic state also
contribute to a coordinated aging response?

Because we have partially mapped the food smell and the food touch cell nonautonomous
circuits, we can begin to examine some of these questions. For example, we know that the food
smell and food touch pathways do not completely overlap: serotonin production is required for
smell but not for touch to attenuate DR-mediated longevity!'*>*?®. However, both circuits do
require dopamine signaling, and the CEP dopaminergic neuron may play a central role in each
pathway. Consequently, it is possible that multiple nutrient signals (i.e. smell and touch) are
integrated within the nervous system before a common signal is sent to modify intestinal fimo-2
induction. To more directly answer the question of whether the smell and touch circuits modify
fmo-2 induction additively, we measured fimo-2 induction in worms on fed and DR conditions
with just food smell, just food touch, or smell and touch. We found that the combination of smell
and touch suppressed DR-mediated fimo-2 induction to a greater extent than either touch or smell
alone (Figure 6.5A). Conversely, when we performed a lifespan experiment under the same
conditions, we found that the combination of smell and touch did not attenuate DR-mediated
longevity more than either smell or touch alone (Figure 6.5B). These results could indicate that
beyond a certain threshold, further decreases in DR-mediated fmo-2 induction do not result in
further decreases in longevity. However, only one replicate of this lifespan was performed and

additional experiments will be required to draw firm conclusions.
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Figure 6.5 Food-like smell and touch additively suppress DR-mediated fino-2 induction but not lifespan. (A)
Quantification of fimo-2p::mCherry on fed or DR +/- smell, touch, or both. N > 34 worms per condition. Significance
is from a one-way ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed). (B) Survival curve of WT worms on fed or
DR +/- smell, touch, or both. N > 65 worms per condition. NS. =p > 0.05, * =p <0.05, ** = p <0.01, and *** =p
<0.001 from a log-rank test comparing median survival.

Together, these preliminary data suggest a potential role for enteric and/or gustatory
perception in dietary restriction and aging. Additionally, there may be overlap between different
food-sensing circuits, highlighting the possibility of a neural integrator of environmental food
cues. Future work in this area should investigate a variety of forms of food perception across

different model organisms, as well as examine combinatorial effects of these nutritional signals.

6.2.2 Can we use our knowledge of these neural circuits to identify a central regulator of
aging, and/or new longevity interventions?

The complex interplay between sensory perception, cell nonautonomous signaling, and
aging rate suggests a central set of neural cells and/or pathways could integrate diverse
environmental cues to modulate aging rate. Many stress-response pathways that extend lifespan

can be triggered by sensory perception of environmental stressors*-32:105128

, and similarly, the
nervous system plays a critical role in regulating lifespan by modulating longevity genes in

peripheral tissues’”788%8! (discussed in Chapter 1). As the nervous system receives sensory
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information about both the internal and external environment and is involved in modifying key
downstream metabolic signals, it is possible that specific neural circuits act as central regulators
of aging. For example, previous work in Drosophila found that the serotonin 2A receptor plays a
role in modifying lifespan downstream of a variety of environmental signals®>'4>1%? while the
mammalian hypothalamus is a potential central aging hub>*!>465-467 Djiscovering neural circuits
involved in coordinating multiple longevity-modifying pathways in peripheral tissues could

uncover powerful new targets for longevity interventions.

6.2.2.1 Tyramine/adrenaline signaling in multiple C. elegans longevity pathways

A promising approach to identifying central regulators of aging is to continue mapping
cell nonautonomous longevity pathways in invertebrate models, where neural circuits are well-
defined and easily manipulated. The most promising discoveries made in these systems should
then be tested in mammals to evaluate translatability. Based on this type of circuit-mapping work
in the literature and in this dissertation, one signal that may integrate multiple longevity
pathways in C. elegans is the neurotransmitter tyramine (Table 6.2). Tyramine is an
invertebrate-specific neurotransmitter but is thought to play a role analogous to adrenaline in
mammals®*. In the context of hormesis and longevity, tyramine acts as a signal from the nervous
system to the intestine that modifies insulin signaling in response to heat and oxidative stress*?’.
Additionally, xbp- 1s mediated longevity requires changes in neuronal tyramine signaling to
activate the ER-UPR in the intestine®'. In the work presented in this dissertation, we also found

that tyramine signaling is involved in the dietary restriction (DR) and hypoxia longevity circuits

(Chapters 2-3).
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. . | Downstream/
Upstream Tyraminergic .
. . . Peripheral
Longevity Signaling . Reference
Intervention(s) | Component(s) Longevity
Pathway(s)
heat stress, tvramine insulin Veuthey et al.,
oxidative stress Y signaling 2024
xbp-1s tyramine, Ozbey et al.,
overexpression | RIML neuron S0 2020
DR/food touch tyramine, ux_/l fmo-2, insulin
. neuroendocrine . . Chapter 2
perception signaling
cells
tyramine,
hypoxia/vhl-1 | RIML neuron,
knockdown TYRA-3 Vs Cliegiizie
receptor

Table 6.2 Tyramine signaling contributes to multiple cell nonautonomous longevity circuits. A summary of
published longevity pathways that act through tyramine signaling in C. elegans.

In Chapter 2, we demonstrated that tyramine acts within the touch perception/DR
pathway to modulate lifespan. Specifically, exogenous tyramine induces the longevity effector
fino-2, a necessary gene in DR-mediated longevity*®. Tyramine production is also required for
touch to blunt DR-mediated longevity, and restoring tyramine signaling from the uvl
neuroendocrine cells—but not from the RIML neuron—rescues a wild-type-like response.
Notably, these tyraminergic uvl cells also produce another key signal in the DR-mediated
longevity pathway, NLP-2/GnRH. Interestingly, knocking down either n/p-2 or the NLP-2

receptor, gnrr-3 blunted DR-mediated fimo-2 induction and longevity (Figure 6.6A-C),
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suggesting this could be a downstream mechanism through which tyramine modifies lifespan.
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Figure 6.6 NLP-2/GnRH is required for DR-mediated fino-2 induction and longevity in C. elegans. (A) DR-
mediated fino-2 induction in fino-2p::mCherry worms on empty vector (EV) or nlp-2 or gnrr-3 RNAI. The top of the
bar represents the mean of the population and error bars indicate standard error of the mean (SEM). Significance is
from a one-way ANOVA and post-hoc Tukey HSD test (unpaired, two-tailed). (B-C) Survival curves of TU3311
(unc-119p::sid-1) worms on fed and sDR conditions after 2 generations on empty vector (EV) or nilp-2 (B) or gnrr-3
(C) RNAL. Significance is from a log-rank test comparing median survival. Percent represents the percent decrease
in mean lifespan from DR EV to DR nlp-2 or gnrr-3 RNALI. In all panels, NS. = p > 0.05, and **** = p < 0.0001..

In all panels, three replicates were plotted together, and all statistics include a Bonferroni correction for multiple
comparisons.

In Chapter 3, we also discovered that tyramine and its receptor, tyra-3, are required for
the hypoxia memetic vhl-1 to extend lifespan. Here, the RIML neuron was integral to this
pathway rather than the uv1 cells, suggesting a more complex network of tyraminergic signaling
in lifespan regulation. Interestingly, both cell-specific tyraminergic rescue strains, which restored
tyramine synthesis in either the uvl or the RIML cell(s), were significantly long-lived under fed,

normoxic conditions (Figure 6.7). These results indicate that multiple modifications to tyramine

production can modify lifespan.
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Figure 6.7 Restoring tyramine synthesis in the uvl and the RIML neurons extends lifespan in C. elegans. (A-
C) Survival curves of WT and tdc-1(n3419) (A), uvl tdc-1 rescue (tdc-1 (n3419),; Ex[gcy-13p::tdc-1]) (B), and
RIML rescue (tdc-1 (n3419); Ex[ocr-4p::tdc-1]) worms. Significance is from a log-rank test comparing median
survival. Percent represents the percent change in mean lifespan from WT to the tdc-1 mutant strains. In all panels,
NS.=p > 0.05, ** = p <0.01, and **** = p < 0.0001. In all panels, three replicates were plotted together, and all
statistics include a Bonferroni correction for multiple comparisons.

However, it remains unclear whether tyramine acts as a pro- or anti-aging signal, or
alternatively if the effects of tyramine are context and location dependent. Given that tyramine
deficient tdc-1 knockout worms are not long-lived (Figure 6.8A), the presence of high levels of
tyramine could act as a pro-longevity signal. However, the long-lived cell-specific tyramine
rescue strains do not help us answer this question, as blocking tyramine production in a cell
where it is endogenously produced may reduce overall tyramine synthesis. Conversely, rescuing
tyramine signaling under a non-endogenous promoter within a multi-copy extrachromosomal
array could potentially increase overall tyramine levels. Moreover, tyramine can be converted
into octopamine by cells expressing thh-1, adding another layer of complexity. Future work
should measure the net levels of tyramine and octopamine in these long-lived strains, develop
more precise tyramine signaling mutants, and determine whether tyraminergic receptors in the
nervous system or peripheral tissues are necessary for the lifespan extension observed in these
rescue strains. Additionally, some FDA-approved pharmaceuticals that modify adrenaline and

69

noradrenaline signaling in mammals—such as beta blockers, bupropion*%®, and mianserin**—

may offer potential candidates for testing as longevity interventions. In fact, mianserin extends
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lifespan in C. elegans and D. melanogaster , although it is unclear whether its effects are

tyramine dependent.

6.2.2.2 RIS interneuron signaling in multiple C. elegans longevity pathways
Another potential integrator of multiple longevity pathways in C. elegans is the RIS

interneuron (Table 6.3). Previous studies show that altering RIS activity affects sleep behavior,
stress resistance, and lifespan, making it a candidate for modulating aging47-*%6-36%_ Previous
work also implicates the RIS neuron in the DR-mediated fmo-2 induction pathway examined in
Chapter 2. While RIS may not play a role in touch effects on DR lifespan, we found that
expression of the serotonin receptor SER-4 on a GABAergic interneuron is required for food
smell to blunt DR!%. Although the RIS neuron was not directly tested in this work, it is one of
the neurons with the highest expression of SER-4 and is also a GABAergic neuron®”, thereby
making RIS a likely candidate in the DR-smell circuit. Additionally, in Chapter 3, we explored
the role of RIS neurons in hypoxia-mediated longevity, where we found that serotonin signaling
via the SER-7 receptor in RIS neurons is necessary for vil-I-mediated lifespan extension.
Together, these findings suggest that RIS neurons are key recipients of serotonergic signals that

could integrate multiple longevity circuits.
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Table 6.3 RIS signaling may contribute to multiple cell nonautonomous longevity circuits. A summary of
longevity and stress-response pathways that act through RIS signaling in C. elegans.

Because the RIS neuron acts downstream of both the DR and hypoxia pathways, both of
which act in peripheral tissues through the longevity effector protein FMO-2, it is possible that
RIS activity modifies fino-2 induction to extend lifespan. However, it remains unclear whether
RIS modifies longevity exclusively through intestinal FMO-2 activity or whether other signaling
pathways are involved. Future work should confirm the necessity of RIS signaling for DR-
mediated longevity and explore whether RIS activity impacts other longevity circuits, including
those that rely on different peripheral longevity effectors. Additionally, understanding which
signaling molecules produced by RIS are critical for lifespan modulation will be crucial for

elucidating its role as a possible central regulator of aging.

6.2.3 Do other genetic and pharmaceutical longevity interventions affect behavior and could
altered behavior be used as a screening tool for pro-longevity genes?
Our finding in Chapter 4 that fino-2 expression has profound behavioral effects raises

another significant question: Do other longevity effectors, including environmental stressors or
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genetic manipulations, also influence behavior? Furthermore, could behavioral changes be used
as a tool for identifying novel longevity interventions? Answers to these questions might suggest
new avenues for research aimed at better understanding the link between longevity and behavior.
To begin exploring these questions, we conducted a small screen to assess the exploratory
behavior of several other long-lived C. elegans strains and WT worms on conditions that extend
lifespan. Preliminary data from this screen reveals that many of these longevity interventions
exhibit modified exploratory behavior, although there is no clear correlation between exploratory
behavior and lifespan (Figure 6.8). For example, the long-lived serotonin producing enzyme
mutant #ph-1 strain and treatment with the lifespan-extending drug, mianserin, display increased
exploration relative to wild-type (WT) controls. In contrast, other long-lived strains, such as
mutations in the tryptophan pathway enzymes kynu-1 and haao-1, did not show any significant
changes in exploration, while the long-lived vA/-1 knockout and xbp-1s overexpressing worms
showed decreased exploration, similarly to fino-2 overexpressing animals. Dietary restriction

also decreased exploration, as might be expected by a condition that induces fino-2 expression.
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Figure 6.8 Multiple longevity interventions alter exploratory behavior in C. elegans. Exploration of WT, kynu-
1(tm4924), haao-1(tm4627), atf-6(ok551), fino-2 overexpressor (vha-6p::fmo-2), vhi-1(okl161), xbp-1s
overexpressor (rab-3p::xbp-1s), glp-1(e2141) worms, dietary restricted WT worms, tph-1(mg280) worms, and WT
worms treated with 25mM mianserin. The top of the bar represents the mean of the population and error bars
indicate standard error of the mean (SEM). Significance is from a one-way ANOVA and post-hoc Tukey HSD test
(unpaired, two-tailed). NS. =p > 0.05, ** =p <0.01, *** = p < (0.001, and **** = p < (0.0001.
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These findings suggest that many longevity interventions, both genetic and
pharmaceutical, can modify behavior, but the relationship between behavioral changes and
lifespan extension is complex. Notably, while a substantial proportion of the lifespan-extending
treatments we tested had significant effects on exploration, no clear predictive correlation
between exploration and lifespan was observed in this preliminary screen. This highlights the
importance of further exploring how longevity interventions affect behavior, and it emphasizes
the need to investigate whether behavioral changes can reflect broader physiological shifts. For
example, we can ask whether behavioral changes are a result of feedback from peripheral
metabolic changes, like those seen with fimo-2, or if they are linked to neuroendocrine signals
produced by peripheral tissues, such as the intestine, and received by the nervous system.

There is also emerging evidence that retrograde signals from peripheral tissues to the
nervous system can play a critical role in lifespan extension. For instance, work by the Wang lab
has shown that changes to lysosome metabolism in peripheral tissues can trigger the release of
lipids that act as cell nonautonomous signals to the nervous system. This lipid-mediated
retrograde signaling then promotes longevity through the activity of neuronal NLP-11

neuropeptide signaling*”°

. These findings suggest that it is important to not only assess how
behavioral changes reflect underlying metabolic shifts but also consider retrograde cell
nonautonomous signaling as a key component of longevity. Therefore, future studies should
examine whether behavioral changes induced by longevity interventions are linked to peripheral
signals that influence the nervous system.

While C. elegans have a short lifespan that facilitates experiments using lifespan as an

output, the scale of these experiments is still limited by the 30-60 days required to conduct a

lifespan in worms. In contrast, many behavioral assays can be conducted in 1-2 days, especially
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those with a phenotype present in young adulthood. Consequently, it is worth exploring whether
behavioral changes early in life could be used as short-term indicators of lifespan. Although the
preliminary data included here indicate that many longevity interventions can modify
exploratory behavior, they also suggest that exploratory behavior alone may not be an ideal
predictor of lifespan. Future research should examine additional behavioral metrics such as
chemotaxis responses, pathogen fleeing behavior, and lawn-slowing behaviors in these and other
long-lived strains. These assays may provide a more comprehensive understanding of how
longevity pathways affect behavior and whether behavior could ultimately serve as an effective

screening tool for pro-longevity genes and interventions.

6.2.4 Can we identify commonalities between extensively mapped behavioral circuits and
newly discovered cell nonautonomous longevity pathways?

In addition to our preliminary data that multiple longevity therapies affect behavior in C.
elegans (Fig. 6.8), there is also some overlap in circuits through which longevity-promoting
environmental stressors affect aging and behavior. For example, hypoxia and dietary restriction
both induce behavioral changes that require activity of cells and signals that also play a role in

the longevity response to these stressors?8!:298:363.375.471

. Many of these behavioral stress-response
pathways downstream of DR and hypoxia are extensively mapped, allowing for comparison
between the circuits governing behavior and longevity.

Studies of behavioral adaptations to hypoxia in C. elegans have shown that the
transcription factor HIF-1 is required for food-dependent hyperoxia avoidance, a phenotype in
which wild-type animals avoid high-oxygen environments unless food is present*®*. This

behavior requires Aif-1 expression in both neurons and the tyraminergic uvl neuroendocrine cells

and also depends on serotonin signaling from the ADF neuron®%*#"!. Although this behavioral
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circuit shares features with the hypoxic response longevity pathway explored in Chapter 3, the
two diverge at several points. In hyperoxia avoidance, the uv1 cells are key, while lifespan

extension relies more on the RIM tyraminergic neurons. Additionally, the neuropeptide receptor

363,472

NPR-1, known to regulate oxygen-driven behavior , was not required for hypoxic response

mediated fimo-2 induction (Chapter 3). These distinctions suggest that activation of the hypoxic
response may modify behavior and aging through some common mechanisms, the overlap
between circuits is only partial. Further research is needed to pinpoint where these pathways
intersect and where they operate independently.

Much like the hypoxic response, dietary restriction drives behavioral changes through

circuits that overlap some with the mechanisms of DR-mediated longevity. The neuromodulators

105,112,281 7298,375,473,474’ dopamineIOS,ZS 1 ,301,326,475-477’

serotonin and

304,326,327,350,352,363

tyramine/adrenaline all contribute to both behavioral and longevity responses to

changes in nutrient availability. In addition to acting in smell attenuation of DR-mediated

105

longevity'™°, serotonin signaling from the NSM neuron facilitates a behavioral slowing response

when C. elegans encounter a food source®”®. Serotonin signaling from multiple neuron types also
signals food availability across taxa, leading to decreased foraging activity*’>#784%0 Dopamine
signaling, on the other hand, allows for reward-based learning behavior by indicating that an

outcome or environment either falls short of or exceeds expectations*’641-483 n the context of

28

DR, this signaling can facilitate behavioral changes when encountering a food source?®!, or when

476

choosing between complex environmental cues®’®. Unlike serotonin, dopamine does not

contribute to hypoxia-mediated longevity in worms (Chapter 3), but dopamine signaling is
326,484

required for both food smell and food touch to attenuate DR-mediated longevity

Tyramine/adrenaline also mediates behavioral responses to nutrient perception in invertebrates,
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304,350-352,485

such as head movements near a food source , as well as contributing to touch

attenuation of DR-mediated longevity*°.

Together, the extensive work in behavioral circuit mapping offers a wealth of information
to analyze for possible points of overlap and divergence between behavioral and longevity
pathways. Future work in this area should include a more in-depth comparison between
behavioral and longevity circuits downstream of environmental stressors. Additionally, it
remains unclear whether fino-2 overexpression alters C. elegans behavior through the same
mechanisms as the fino-2-inducing conditions dietary restriction and hypoxia. To answer this
question, some of the genetic interventions that rescue the exploratory behavior of the fimo-2

overexpressor, such as haao-1 knockout (Chapter 4), should be examined for their ability to

prevent DR- and hypoxia-mediated behavioral change.

6.2.5 Are the effects of Fmos on longevity and behavior conserved from worms to mammals?
Chapters 2 through 4 of this dissertation explore cell nonautonomous signaling pathways
that converge on the C. elegans enzyme FMO-2. A growing body of work suggests that the
functions of C. elegans FMO-2 are likely to be at least partially analogous to the functions of
Fmos play in mammals. FMOs are structurally conserved from worms to humans, upregulated in

multiple long-lived mouse models!%%-!110372

, and overexpressing multiple FMOs improves stress
resistance in human cells*’®. Several potential anti-aging pharmaceuticals induce fino-2 and
promote healthspan in C. elegans and mammalian cell culture!®>?3°, Both the longevity and
behavioral effects of C. elegans FMO-2 are thought to be linked to its role in the oxygenation of
tryptophan into N-formyl-kynurenine and, importantly, tryptophan is also a substrate of the

mammalian FMO most homologous to C. elegans FMOs—mFmo5%2. Like fino-2 in C. elegans,

mFmoS5 is expressed in tissues such as the nervous system and intestine****¢, Since tryptophan
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metabolism is highly conserved across species*®, this strengthens the potential for these findings
to extend from worms to humans.

The ultimate goal of this research on C. elegans FMO-2 is to leverage the findings to
improve human health. While there is compelling evidence regarding the conservation of FMO
functions, substrates, and tissue specificity between C. elegans and mammals, truly determining
whether these functions are conserved requires direct investigation in mammalian systems.

Previous studies on flavin-containing monooxygenases in mammalian models have primarily

72,405,463,488 90,391

focused on their role in xenobiotic metabolism? , the immune response’ and
endogenous metabolism?®’%373-3923%3 However, future work should directly test whether the
effects of Fmos on lifespan and behavior are conserved. While studying lifespan in mice can be
resource-intensive, the preliminary data from C. elegans provide a strong rationale for
investigating mFmoS5 knockout mice under both ad libitum and caloric restriction conditions to
assess the necessity of mFmo5 in dietary restriction-mediated longevity. Additionally, mFmo5
overexpression in mice should be tested to determine its potential to extend lifespan in both
males and females. Finally, behavioral assays, such as the open field test*®>%%, elevated plus
maze®!*2 tail suspension test*>***, and forced swim test*>*%, should be performed on mFmo5
knockout and overexpressing mice to evaluate whether FMOs influence behavior in mammals.
In summary, the research presented in this dissertation suggests that neural signals such
as dopamine, tyramine and RIS interneuron activity could play central roles in integrating
environmental cues to modulate aging and longevity. These findings highlight the potential of
targeting specific neural pathways to influence lifespan, emphasizing the need for further

investigation into the context-dependent effects of various neuromodulators on aging.

Additionally, while many longevity interventions modify C. elegans behavior even in young
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adulthood, the complexity of this relationship necessitates further exploration to determine
whether altered behavior can serve as a reliable screening tool for longevity interventions.
Finally, the conservation of longevity-related mechanisms between C. elegans and mammals,
particularly through the modulation of Fmos, offers a promising avenue for future research
aimed at translating these findings into human health applications. Ultimately, these studies
underscore the potential for neural and metabolic interventions to enhance healthspan and

lifespan across species.

6.2.6 Methods

The following methods were employed in the data collected in Chapter 6:

6.2.6.1 Strains and Growth Conditions

C. elegans were cultivated using standard, previously described methods*®. Briefly, all worms
were maintained at 20 °C on solid nematode growth media (NGM). Worms were fed E. coli
OP50 throughout life, except in experiments using double stranded (ds) RNAi (E. coli HT115).
Worm transfers were conducted using a platinum wire unless otherwise specified. All genotypes
were confirmed using PCR and all RNAi imaging hits were sequence-validated and qPCR-

validated before use.

6.2.6.2 Exploration Assays

Exploration assays were performed as previously described by Flavell et al*’>. Individual worms
from a timed egg lay were transferred at young adulthood to a 35 mm NGM agar plate
completely covered with E. coli OP50 (350 pL). Images were taken of each plate using an iPad
attached to a brightfield microscope. A custom ImagelJ java script was used to enhance the
contrast of each image to an equal degree to improve visibility of worm tracks through the

bacteria and to overlay a grid of uniform-size across the image. The number of squares entered
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by the worm tracks were counted for each worm, with the maximum number of squares possible
being 109. 20-30 worms were assayed for each condition. Worms that fled the plate during the
assay were excluded from analysis. Data were plotted by R version 4.3.1 and Adobe Illustrator

2022.

6.2.6.3 Fake Lawn Preparation
G-200 Sephadex beads (Sigma G5050) were suspended S-basal buffer at a concentration of

30mg/ml and autoclaved for 45 minutes. For fed + touch plates, OP50 bacteria was grown
overnight to an optical density (ODsoo) of 3.0, then pelleted at 3000 rcf for 20 minutes. The
supernatant was discarded and replaced with the Sephadex in S-basal, then the mixture was
vortexed until the pellet was dissolved. 200 uL was seeded onto the center of a 60mm diameter
NGM plate. For DR + touch conditions, autoclaved Sephadex in S-basal was added directly to
the center of the NGM plate (overnight imaging experiments) or the autoclaved Sephadex in S-
basal was used to resuspend a pellet from a diluted concentration of bacteria (DR lifespan
experiments). For fed controls and DR lifespan controls, the bacterial pellet was resuspended in
S-basal instead of S-basal + Sephadex. For DR imaging controls, 200ul autoclaved S-basal was

added directly to the plate.

6.2.6.4 Food Smell Preparation
E. coli OP50 was grown from a single colony in Luria broth for 16 hours at 37 °C. 200 pL of the

fresh bacteria was seeded onto the center of a ~30 mm diameter agar bad on the lid of a standard
60 mm diameter petri dish plate. The smell lid was allowed to dry before use.

6.2.6.5 Lifespan Measurements

d 320

Lifespan assays were conducted as previously describe with the exception of the fake lawn

conditions (see fake lawn preparation). In short, 10-15 gravid adults were left on NGM plates for
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a 3-4 hour timed egg lay and then removed. Once the progeny of these adults reached late
L4/early adult stage of development, they were transferred to NGM plates with 33uL of 150mM
fluorodeoxyuridine (FUdR) and 100uL of 50mg/mL Ampicillin per 100mL NGM. The FUdR
prevents development of progeny and the Ampicillin prevents bacterial growth. 60-80 worms
were placed on each NGM + FUdR + AMP plate seeded with concentrated bacteria (5x for OP50
fed lifespans, 0.5x OP50 (10° CFU/mL) for DR lifespans), and at least two plates per strain per
condition were used for each lifespan replicate. In all DR lifespans, OP50 in the fed and DR
conditions was resuspended in S-media to prevent bacterial growth. In the DR and DR + touch
conditions, worms were kept on 5x fed bacteria until day 2 of adulthood, when they were
transferred to fresh DR or DR + touch plates every other day for four transfers. This form of DR
is referred to as solid DR (sDR)**!. Worms on fed and fed + touch conditions were transferred to
fresh fed plates at the same time as each DR transfer. Fresh smell lids were changed out with
every transfer of the lifespan, and then twice per week after transfers were completed. Animals
were removed from the experiment and counted as dead when they did not move in response to a
gentle touch from a platinum wire pick under a dissection microscope. Lifespans were scored at
least 3 times per week until all animals were dead. A ‘fence’ of 75uLL of 100mM palmitic acid
(Sigma-Aldrich) dissolved in 100% ethanol was also applied to the edge of each lifespan plate to
prevent fleeing. While FUdR can extend lifespan, FUdR was used in all lifespan plates to
prevent matricide under DR conditions*?2. NGM lifespans without FUdR were attempted to test
the necessity of FUdR for the attractive touch phenotype, but were not successful due to
excessive matricide and fleeing under the DR conditions. Data were plotted by R version 4.3.1

and Adobe Illustrator 2022.
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6.2.6.6 Slide Microscopy

Fluorescent images in this study were taken using Leica Application Suite X (LASX) software
and a Leica scope with >15 worms per treatment at >35x magnification. For representative
images displayed in the figures, worms were paralyzed in 0.5 M sodium azide (NaN3) and
imaged once residual liquid evaporated and the worms clumped together. For quantification of
these images and for imaging screens, the same method was used but after the residual sodium
azide had evaporated, individual worms were gently pushed apart until they were no longer
touching one another. Fluorescent mean comparisons were then quantified using custom R code
to identify individual worms and measure fluorescent intensity. The mean fluorescent intensity
of the background (all non-worm pixels) was subtracted from the mean fluorescence of each
worm. All outputs from this R code were manually quality controlled to eliminate any non-worm
objects that were misidentified. This code will be provided upon request to the corresponding
author. In the taste compound imaging screen, all taste compounds were incorporated into the
agar media of the plates before they were poured. Data were plotted by R version 4.3.1 and
Adobe Illustrator 2022. The brightness of fluorescent images of clumped worms was increased to
an equal degree across all images compared to one another in ImagelJ bundled with 64-bit Java

1.8.0.
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Appendices

Appendix A: Annotated worm_batch.R Code

##set your filepath, change the text within the quotes

setwd ("C:/Users/elizb/University of Michigan Dropbox")

##load paths of the three folders within your working directory

rcode folder <- file.path(".", "R code")
image folder <- file.path(".", "input") # all the tifs are here
output folder <- file.path(".", "output") # relative to wd

conditions map filename <- file.path(image folder,

"conditions map.csv")

##load the findWormz and analyzeWormz packages
source (file.path(rcode folder, "findWormz.R"))

source (file.path (rcode folder, "analyzeWormz.R"))

#change any adjustable parameters and run the code

analyzeWormz (image folder, output folder,

conditions map filename,
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troubleshootMode = FALSE, # set to TRUE for add
#intermediate images (good for troubleshooting)
lightBackground = TRUE,

threshold = "auto",

thresholdAdjust = 1.18,

fillNumPix = 0,

cleanNumPix = 0,

keepNumPix = 2000,

Il
'_\
Ul

~

worminess min thr
worminess max thr = 2.1,

blurSigma = 2,

backgroundCorrect = TRUE,

showPlots = FALSE)
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Appendix B: Annotated findWormz.R Code

# Simple approach to image segmentation for worms when
#background is much lighter than worm tone

# in the visible light image, and no reflections or vignetting
#in the image.

# return value is a list with three objects:

# * final.worms is a list of masks of the pixels, one for

#each worm candidate

# * worm imgs a list of worm images taken along the way
#(5 total)
# * stats = dataframe of statistics with one row for each

#final.worm in the image

findWormz <- function (

filename,

lightBackground = TRUE, # dark worms on light background is
tdefault

threshold = "auto",

thresholdAdjust = 1,

fil1NumPix = 0, # would use 1-5 here if needed
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cleanNumPix = 0,

keepNumPix

worminess min thr

worminess max_ thr
blurSigma = 2
backgroundCorrect =

showPlots = TRUE

library (imager)
library(imagerExtra)

library(tibble)

700,

# would use 1-5 here if needed

= 1.35,

#area ratio where 1

= 2.05,

.0, # used by isoblur

TRUE,

library (RColorBrewer)

library(colorspace)
library(tools)

library(tiff)

extn <- str to lower(file ext(filename))

if (extn == "tif") {

im <- as.cimg(readTIFF (filename))

} else if (extn == "jpg") {

im <- load.image (filename)

# library

259

# throw away small objects

# threshold for perimeter to

square worm

# handled natively by imager



} else {

cat ("\nWarning: ", extn, "is an unknown file type,

skipping findWormz", filename, "\n\n")

return (NULL)

if (dim(im) [4] > 1) im <- grayscale(im) # dim 4 stores

#color channels, only convert to grayscale if needed

im.final <- im # will be plotted at the end (possibly with
#colored worms)
final.worms <- NULL # list of worm pixsets if any worms

#found

# small "background" correction (can create artifacts if too
#large lambda)
if (backgroundCorrect) {

im <- im %>% SPE(0.0001)

if (showPlots) im %>% plot ()

# blur image then compute thresholded pixset
px <- im %>%

isoblur (
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sigma = blurSigma

N
o°

>

o°

threshold/(
thr = threshold,

adjust = thresholdAdjust

o\°

>

o\°

)

as.pixset ()

if (lightBackground) px <- !px

# £fill then clean to fill in some holes inside worms,
#eliminate some specks
if (£illNumPix > 0 || cleanNumPix > 0) {

px <- px %>% fill (fillNumPix) %>% clean (cleanNumPix)

if (showPlots) plot (px)

# compute connected components, then discard those with too
#few pixels

candidates <- split connected(px) %>%

purrr::discard(~ sum(.) < keepNumPix)

# discard any components touching the 4 image edges
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# note: need to be careful about coordinates since image
format in imager library is 4 dimensional
touchesEdge <- function(im) {
return(any(im(1,,1,1], im[dim(im)[1],,1,1], im[,1,1,17,
im[,dim(im) [2],1,11))

}

if (length(candidates) > 0) {
if (showPlots) candidates %>% parany %>% plot () # this
#plots them all
obj.stats <- tibble(
numPix = unlist (lapply(candidates, sum)),
bndryLen = unlist (lapply(candidates, function (x)
sum (imager: :boundary (x)))),
touchesEdge = unlist(lapply(candidates, touchesEdge)),
worminess = bndryLen / 4 / sqrt(numPix), # worminess 1is
#1 for a square worm :)
include = (worminess > worminess min thr & worminess <
worminess max thr) & !touchesEdge

)

final.worms <- candidates[obj.statsS$include]

final.stats <- obj.stats %>% filter (include)

262



print (obj.stats)

if (!is.null(final.worms) && length(final.worms) > 0) {

if (showPlots) final.worms %>% parany %$>% plot ()
N <- length(final.worms)

cat ("Number of final worm candidates:",N,"\n")
colors <- col2rgb (brewer.pal (min (12, max(N,3)),

"Paired")) / 256.0 # color scheme - only has 12

# superimpose the colored final worm candidates one by
#one
for (i in 1:N) {
df <- final.worms[[i]]
df <- imager::where (df)
#df <- which(final.worms[[i]])
xbar <- round (median (dfsx))

ybar <- df %>% filter (abs(df$x - xbar) <= 1)

o\
Vv
o\

pull (y) %>% median

im.final <- im.final %>%

colorise(final.worms[[1i]], colors], 1 + (i

o°
o°

o\

>

o\

ncol (colors))], alpha = 0.6)
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draw_text (xbar, ybar, pasteO(i, "™ (",

round (final.stats[1i, "worminess"], 2), ")"), col="red",
fsize=35)

}

if (showPlots) plot(im.final)

# im below includes any background processing
#adjustments

# px includes blur/threshold/clean/fill

worm imgs <- list (im corrected = im, px all objects =

px, px all candidates = parany(candidates), px all final =

parany (final.worms), im.final im.final)

return(list (final.worms final.worms, worm imgs =
worm imgs, stats = obj.stats[obj.stats$Sinclude,]))

}
}

cat ("\nWarning: no worms found, returning NULL for ",
filename, "\n\n")

return (NULL)
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Appendix C: Annotated findWormz.R Code

analyzeWormz <- function (imageFolder, outputFolder,
conditionsMapFile,

troubleshootMode = FALSE, # if true
#additional intermediate images are saved to troubleshoot

lightBackground = TRUE,

#findWormz () parameters...

threshold = "auto",

thresholdAdjust = 1.18,

fillNumPix = 0,

cleanNumPix = 0,

keepNumPix = 2000,

worminess min thr = 1.35,
worminess max thr = 2.05,
blurSigma = 2,

backgroundCorrect = TRUE,

showPlots = FALSE) {

library (imager)

library(tibble)
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library(imagerExtra)
library(tools)
library (tiff)
library(stringr)
library (jpeqg)

library(dplyr)

# write the set of parameters in the function call for the
#record
params df <- data.frame (lapply(as.list (match.call()) [-1], eval))

timestamp <- format (Sys.time (), "$YImSATSHSMSS")
write.csv (t (params df), file = file.path(outputFolder,
pastel ("run ", timestamp, " params.csv'")))

# worm names will look like cx...x y...y chOz.tif

# where x...x, y...y, and z are digits

# x...x represents the condition

# v...y is the image number

# z is the channel (visible light = 0, fluorescent = 1)
filenames <- Sys.glob(file.path (imageFolder, "*.tif"))
filenames <- filenames[str which (filenames, "ch00")] # grab

#just the ch00 channels
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#create a dataframe with analysis output
names analysis output<- c("filename",

"worm number","condition code",

"fluo worm",

"fluo background",

"fluo adjusted",

"flu sd",

"worm size",

"worm perimeter",

"worminess")
analysis output <- data.frame (matrix(ncol =
length (names_analysis output), nrow = 0))

colnames (analysis output) <- names analysis output

#loop through each ch00 file
for (fname in filenames) {
cat ("\nAnalyzing", fname, "\n")
results <- findWormz (fname,
lightBackground,
threshold,
thresholdAdjust,
fillNumPix,

cleanNumPix,
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keepNumPix,
worminess min thr,
worminess max thr,
blurSigma,
backgroundCorrect,

showPlots)

# results list from findWormz:
# * final.worms is a list of masks of the pixels, one

#for each worm candidate

# * worm imgs a list of worm images taken along the way
#(5 total)
# * stats = dataframe of statistics with one row for

#each final.worm in the image

# only do stuff if worms are found in this image. Note that
#findWormz will issue a warning message if none found
if (!'is.null (results) && !is.null (results$final.worms) &&
length (resultsSfinal.worms) > 0) {
# this stuff is used to create various output filenames
fname dir <- dirname (fname)
fname basename <- basename (fname)
fname root <- file path sans ext (fname basename)

fname extn <- file ext (fname basename)
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# construct filename of fluorescent image data
fname data image <- pasteO(str sub(fname root, start = 1, end =
-3), "01.", fname extn) # extract all but last two characters
(which should be "00"), replace with "01"
worm data <- readTIFF(file.path(imageFolder, fname data image))
condition <- str match(fname root, " (C\\d+) ")[,2] # condition

#looks like C1234 in filename

all objects <- results$Sworm imgs$px all objects # includes all
#worm candidates (including touching edge), dust, etc
background <- !all objects
background mean <- mean (worm data[background])
#loop through the individual worms from this image, and add a
#new row to analysis output for each worm
for (i in 1l:length(results$final.worms)) {
worm <- results$final.worms[[i]]
#create a new row to add to the analysis output
tdataframe
new worm data <- data.frame (matrix(ncol =
length (names_analysis output), nrow = 0))
colnames (new _worm data) <- names analysis output

new worm data[l,] <- c(fname data image,
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i,

condition,

mean (worm data[worm]),

background mean, # background non-worm

#mask,

mean (worm data[worm]) -
background mean,

sd(worm data[worm]),

results$statsSnumPix[1i],

results$stats$SbndryLen[i],

results$statsSworminess([i])

analysis output <- rbind(analysis output, new worm data)

# save some of the images for documentation and troubleshooting
ims <- resultsS$worm imgs

# save the worm images to output (just final bw (4) and

#brightfield with color tracing (5))

if (troubleshootMode) {

start index = 1
} else {
start index = 4

}

for (i in start index:5) {
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# we save the output files as jpg, not tifs, since they

#are much smaller

imager::save.image(as.cimg(ims[[1]1]),
file.path (outputFolder, pasteO(fname root, " ", i, ".",
"jpg") ) )

}

# link condition map file (effectively add 3 columns)
conditions map <- read.csv(conditionsMapFile)
names (conditions map) [1]<-"condition code"

analysis output <- left join(analysis output, conditions map)

#save the analysis output file as a csv in your output directory
write.csv(analysis output, file = file.path (outputFolder,
pastel("run ", timestamp, " analyzed data.csv")), row.names =
FALSE)

cat ("\nDone.\n\n")
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