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Abstract

An organism'’s ability to perceive and respond to changesin its environment is crucial for its
health and survival. Here we reveal how the most well-studied longevity intervention, dietary
restriction (DR), actsin-part through a cell non-autonomous signaling pathway that isinhibited
by the perception of attractive smells. Using an intestinal reporter for akey gene induced by DR
but suppressed by attractive smells, we identify three compounds that block food perception in
C. elegans, thereby increasing longevity as DR mimetics. These compounds clearly implicate
serotonin and dopamine in limiting lifespan in response to food perception. We further identify
an enteric neuron in this pathway that signals through the serotonin receptor 5-HT1A/ser-4 and
dopamine receptor DRD2/dop-3. Aspects of this pathway are conserved in D. melanogaster and
mammalian cells. Thus, blocking food perception through antagonism of serotonin or dopamine

receptors is a plausible approach to mimic the benefits of dietary restriction.

Main

Rapid advances in aging research have identified several conserved signaling pathways that
influence aging in organisms across taxa’. Recent work shows that many of these “longevity
pathways’ act through cell non-autonomous signaling mechanisms® 2. These pathways utilize
sensory cells—frequently neurons—to signal to peripheral tissues and promote survival during
the presence of external stress. Importantly, this neuronal activation of stress response pathways,
through either genetic modification or exposure to environmental stress, is often sufficient to
improve health and longevity. Despite mounting evidence that neuronal signaling can influence
multiple longevity pathways, less is known about which specific cells and molecules propagate

these signals.
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Biogenic amines are among the most well-studied and conserved neuronal signaling
molecules*®. Specifically, serotonin and dopamine play well-defined rolesin behavior and
physiology. However, their rolein aging isless well understood. Several recent studies implicate
serotonin, but not dopamine, as an important signal in multiple C. elegans longevity pathways
including the response to heat shock and hypoxia® ’. Dopaminergic signaling is associated with
physical activity in humans and loss of this signaling decreases lifespan in mice® and blocks
lifespan extension in nematodes’. Serotonin and dopamine levels both decrease with age across
species'® ', consistent with these signaling pathways promoting healthy aging. Despite rigorous
study and clinical use of drugs that modify serotonin and dopamine signaling, our understanding
of their complex actions and potential interaction isfar from complete.

Dietary restriction (DR) isthe most well-studied and consistent intervention known to
improve health and longevity in organisms ranging from single-celled yeast to primates™. DR
leads to improved cell survival and stress resistance, complex intracellular signaling events,
metabolic changes, and increased activity in multiple organisms. Nematode flavin-containing
monooxygenase-2 (fmo-2) is necessary and sufficient to increase health and longevity
downstream of DR. FM Os are highly conserved proteinsthat are also induced in multiple
mammalian models with increased lifespan™ **. Having previously identified arole for fmo-2in
aging, we wondered whether DR cell non-autonomously regulates fmo-2 induction and whether
perception of food through biogenic amines could be involved in the subsequent signaling

pathway.
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Results

Attractant food perception r epresses fmo-2 to limit longevity.

We developed an integrated single-copy mCherry reporter driven by the fmo-2 promoter to
measure fmo-2 induction. The reporter is primarily expressed in the intestine and responds to
stimuli previously reported to induce fmo-2, including DR. As an intestinal protein™, we
expected that fmo-2 would likely be induced cell autonomously by the change in nutrient intake
under DR. To test this hypothesis, we asked whether the perception of food smell by wormsin
the absence of eating can abrogate the induction of fmo-2. Using a“sandwich plate” assay as
described in Figure 1A, we were surprised to find a significant reduction in fmo-2 induction
when worms could smell but not eat food (Figure 1B-C). Thisreduction is consistent with a
model in which increased fmo-2 mediates the increase in longevity from DR, as food smell
completely abrogates this lifespan extension (Figure 1D, lifespan statistics in Table S1)™°. We
also find that active bacterial metabolism is required to abrogate fmo-2 induction, as the “smell”
of bacteria metabolically killed with 0.5% paraformal dehyde does not prevent DR from inducing
fmo-2 expression (Figure S1A-B). Since intestinal cells are not known to perceive externa
environmental cues such as smell, these results suggest that fmo-2 expression is suppressed when

food is present through cell non-autonomous signaling.

We next wondered what types of odorant compounds worms sense in this pathway. Bacteria are
known to secrete hundreds of volatile compounds that are classified in three categories based on
how they promote chemotaxis: attractants, repellants, and neutral compounds'”™°. We tested
whether exposure to any volatile compound secreted from bacteria is sufficient to block the

lifespan-promoting effects of DR or whether compounds identified as attractants and repellants
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oppositely regulate fmo-2 induction. Using compounds derived from studies of the E. coli strain
HB101 in arange of concentrations (Table S2), we find that attractants are more likely to
suppress DR-mediated induction of fmo-2 (Figur e 1E-F) whereas neutral and repellant
compounds can induce fmo-2 under fed conditions (Figure S1C-H). We also find that many
compounds suppress fmo-2 expression, consi stent with the hypothesis that this pathway is not
acting through a single receptor (Figure 1G, all results in Figure S2A-Z). These results support a
model in which perception of attractive smells secreted by E. coli abrogates the induction of the
pro-longevity gene fmo-2. Thisis consistent with these smells preventing the lifespan-promoting
effects of DR, possibly through a neural response to external stimuli that leadsto physiological

changes in peripheral tissues.
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Figure 1. Attractive food smell blocks dietary restriction-mediated fmo-2 induction and longevity. Diagram of
“smell plates’ (A). Images (B) and quantification (C) of individual fmo-2p::mCherry worms on fed (pink), DR (blue) and
DR + food smell (OP50) (purple). Survival curves (D) of N2 (WT) animals fed (pink) or DR (blue) under normal
conditions (solid lines) or subjected to the smell of bacteria (dotted lines). Images (E) and quantification (F) of individual
fmo-2p::mCherry worms on DR plates exposed to food smell (HB101) (pink) or attractive (2-butanone in blue), neutral
(ethyl acetate in purple), or repellant (1-nonanol in orange) odorants. (G) Summary of the effects of 26 odorants on fmo-2
induction during DR. *** denotes P<.001, **** denotes P<.0001 when compared to fed (Tukey’'s HSD) ### denotes P <

0.001 when compared to neutrals (ANOVA).
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107  Serotonin and dopamine antagonists induce fmo-2 to mimic DR longevity.

108  Biogenic amines can regulate pro-longevity pathways and are involved in behavioral changesin
109  responseto food® " ?>%, We next asked whether neurotransmitters are involved in the fmo-2-
110 mediated food perception pathway. Using a targeted approach focusing on neurotransmitters and
111 their antagonists, we tested for compounds sufficient to prevent the abrogation of fmo-2

112  induction in the presence of food smell (Figure S3A-D). The biogenic amine neurotransmitter
113  antagonists mianserin (for serotonin) and thioridazine and trifluoperazine (for dopamine)

114  consistently and significantly restore fmo-2 induction to DR levels in the presence of food smell
115 (Figure 2A-C, Figure S3E-F). Mianserin is atetracycline serotonin antagonist that is thought to
116  competitively bind to specific serotonergic G protein-coupled receptors (GPCRs)?® while

117  thioridazine and trifluoperazine’s mechanism of action involves blocking dopamine receptors™.
118  Importantly, while each compound induces fmo-2 to a different extent (Figure 2D, Figure

119  S3Gand S3l), when combined with DR, no antagonist further induced fmo-2, suggesting they act
120 inthe same pathway (Figure 2E, Figure S3H-I). Diphenyleneiodonium chloride (DPI), an

121  inhibitor of NADPH oxidase, acts as a positive control, and further induces fmo-2 when

122  combined with DR (Figur e 2E). Because thioridazine and trifluoperazine act through similar
123 mechanisms and the effects of thioridazine were more consistent in our studies, we focused

124 further experiments on dopamine antagonism through thioridazine. Together, these results

125  support antagonism of serotonin or dopamine as partial mimetics of DR in their induction of
126  fmo-2.

127

128 To validate that the induction of fmo-2 through biogenic amine antagonism is beneficial for

129 longevity, we next asked whether these compounds extend lifespan. We find that both mianserin
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130  and thioridazine extend lifespan on agar plates in a dose-dependent manner (Figur e 2F-G)%.
131  Since we identified mianserin and thioridazine through their induction of fmo-2, and previously
132  found that fmo-2 is necessary for DR-mediated lifespan extension, we next asked whether fmo-2
133  was necessary for the beneficial longevity effects of mianserin or thioridazine. Our results show
134  that the fmo-2 loss of function completely blocks the lifespan effect of mianserin (Figure 2H)
135 andthioridazine (Figure 21). Importantly, we also see that mianserin treatment combined with
136 DR doesnot further extend lifespan (Figure S3J). These results are consistent with these

137  compounds mimicking some aspects of DR-signaling, recapitulating part of the DR lifespan

138 extension effect. Collectively, this supports a model where DR induces fmo-2 because of

139  decreased biogenic amine signaling and establishes neuromodulators as a useful tool to decipher

140 wherein the signaling pathway a cell, signal, or receptor plays arole in DR-mediated longevity.
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Figure 2. Serotonin and dopamine antagonistsinduce fmo-2 and extend lifespan. Images (A) and quantification of
fmo-2p::mCherry exposed 100uM of mianserin (B) or thioridazine (C) (blue) in combination with DR (orange) and food
smell (pink) compared to DR alone (purple). Quantification (D) of fmo-2p::mCherry exposed to water (pink), DR (blue),
100uM mianserin (purple), thioridazine (orange), or trifluoperazine (yellow). Quantification (E) of fmo-2p::mCherry
exposed to water (pink) or DR (blue) in combination with 500uM DPI (purple), 200uM mianserin (orange), 100uM
thioridazine (yellow), or 100uM trifluoperazine (dark purple). Survival curves (F) of N2 (WT) animals treated with OuM
(water; pink), 10uM (blue), 25uM (purple), 50uM (orange), or 100uM (yellow) mianserin. Survival curves (G) of WT
animals treated with OuM (water; pink), 10uM (blue), 25uM (purple), 50uM (orange), or 100uM (yellow) thioridazine.
Survival curves (H) of WT animals (pink) and fmo-2 KO animals (blue) on water (solid lines) or 50uM mianserin (dotted
lines). Survival curves (I) of WT animals (pink) and fmo-2 KO animals (blue) on water (solid lines) or 25uM thioridazine
(dotted lines). *** denotes P<.001, **** denotes P<.0001 when compared to fed (Tukey’s HSD). #### denotes P<.0001

when compared to DR (Tukey’s HSD).
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154 DR signaling actsthrough a pair of enteric neurons.

155  OQur initial results establish that antagonizing serotonin and dopamine signaling leads to

156 induction of the longevity promoting fmo-2 gene and rescue of the negative effects of food smell.
157  Based onthis, we hypothesized that the relative lack of food smell during DR leads to increased
158 longevity through induction of intestinal fmo-2. Using this framework, we next sought to better
159  understand how the sensing of bacteria (or lack thereof) is communicated to intestinal cells

160 during DR. Our results, knocking down the synaptic vesicle exocytosis gene unc-13, support
161 short-range neurotransmitters as necessary for fmo-2 induction (Figure S4A-B).

162

163 In C. elegans, perception of the external environment is largely regulated by a specialized organ
164  known asthe amphid. Since a previous report using a solid-liquid DR approach suggested a

165 pathway originating in the ASI amphid neurons, we first asked whether these cells are required
166  to modulate fmo-2 activity during DR?. We find that not only are the ASI neurons (as measured
167 by daf-3 and daf-7 RNAI) dispensable for food perception-mediated reduction in fmo-2

168  expression (Figure SAC-D), but proper formation of the amphid (daf-6) is also not required

169  (Figure SAE-F). Thisresult is consistent with a non-canonical sensory neuron playing arolein
170  food perception-mediated fmo-2 suppression.

171

172  To better map this pathway, we next asked whether the biogenic amine serotonin isinvolved in
173 the DR-mediated longevity pathway, and if so, where. We tested whether knocking out serotonin
174  signaling would mimic the effects of DR. We subjected animals lacking tph-1, the rate-limiting
175 enzyme necessary to produce serotonin, to DR and mianserin. tph-1 animals are long-lived

176  compared to wild-type”’ and not further extended by our DR protocol (Figure 3A) or mianserin

10
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177  treatment (Figure S5A). These data are supported by the abatement of fmo-2 induction on DR
178  (Figure 3B-C) and mianserin (Figure S5B-C) when animals are subjected to tph-1(RNAI). As
179  post-mitotic animals, C. elegans have a finite number of neurons with discrete connectivity and
180  functions. Three neuronal pairs normally express tph-1%. The hermaphrodite specific motor

181  neurons (HSN) are located along the ventral tail and regulate egg-laying® whereas two head
182  neuron pairs, the amphid neurons with dual sensory endings (ADF) and the neurosecretory motor
183  (NSM) neurons, are involved in modifying behavioral states”® ** 3. To investigate the potential
184  role of these neuron pairs, we utilized tph-1 cell-specific knockout and rescue strains and found
185 that tph-1 expression in NSM, but not the ADF, neurons (Figure S5D-E) is necessary (Figure
186  SHF) and sufficient (Figure 3D) to promote DR-mediated longevity. These results implicate the
187 NSM neurons as two of the primary neurons involved in reversing the effects of DR under food
188  smdll.

189

190 Recent research posits that NSM neurons function similar to enteric neurons with neural

191 projectionsthat directly communicate with the pharynx through a pair of acid-sensing ion

192 channels (ASICs), DEL-3 and DEL-7. Signaling through these channels informs the worm to
193  slow locomotion upon contact with food®. These data led us to wonder whether the longevity
194  effects of DR also require the ASICs channels to extend lifespan. We find that del-7 mutants
195 look phenotypically wild typein their induction of fmo-2 and lifespan extension, in either DR or
196 DR + food smell (Figure S6A-C). Interestingly, del-3 mutant worms show abrogated induction
197  of fmo-2 under DR, and did not diminish fmo-2 induction in response to the smell of food

198 (Figure 3E-F). These del-3 mutant animals still exhibit lifespan extension under DR, despite the

199  decreased induction of fmo-2, which is not abrogated by the smell of food (Figure 3G).

11
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200 Together, these data support a model whereby the enteric NSM neurons release serotonin in
201 responseto food perception and the lack of this release extends longevity. In addition, the ASIC
202 DEL-3playsaroleinthe NSM to both behaviorally* and physiologically respond to food

203  perception sgnals.

12


https://doi.org/10.1101/2021.03.23.436516

204
205

206
207
208
209
210
211
212

213

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.23.436516; this version posted March 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A B C =
F NS
100 ~ vector tph-1 3
o ~> 1 NS
) @
= 2 o
75 Fed £ 9
e o
2 g, %
< e
5 50 5 . 0
5 ~s—control [
o o 3| o °
5 25 fed DR 2
& toh-t |~ PR LA e T
0 + smell [
0 10 20 30 40 D = \,o @
Days from Egg vector tph-1
E

control del

-3 F
fed DR

o a NN W
k=]

Relative Fluorescence (AU)

S o o o

= &

R

R
&
L)
*

S i

—can—

Ny > Ry
@ & &
\°° »"é\ O@ xgé‘ \“b x(oé\ OqL

control del-3

-
=]
o

~
o
1

N
(4]
L

Percent Alive (%)
w
o

o

-
(=3
o

N

Percent Alive (%)
o
w

~
(3

o
L

o

S

\

=a=control
tph-1(-)
+DR
tph-1 (+) in NSM
neurons

+DR

10 20 30

0 40
Days from Egg

N\

£

\

—e—control

fed
del-3 [
+ smell \\ -

0 10 20 30 40
Days from Egg

+ smell
DR

Figure 3. Food signals emanate from the NSM neurons. Survival curves (A) of WT animals (black)

and tph-1 KO animals on fed (pink) and DR (purple) conditions exposed to food smell (dotted lines).

Images (B) and quantification (C) of fmo-2p::mCherry exposed to tph-1 RNAi on fed (blue) or DR (pink).

Survival curves (D) comparing contral (black), tph-1 KO (pink), and tph-1 NSM-specific rescue (purple)

animalson fed (solid line) and DR (dotted lines). Images (E) and quantification (F) of fmo-2p::mCherry

inaWT (control) and del-3 background on fed (blue) and DR (pink) exposed to food smell (purple and

orange, respectively). Survival curves of conditions comparing WT (black) to del-3 (G) on fed (pink) and

DR (purple) conditions in combination with food smell (dotted lines). **** denotes P<.0001 when

compared to vector RNAI fed (Tukey’'s HSD).
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214 Mianserin mimics DR by antagonizing the 5-HT 1A receptor SER-4.

215  Prior reports suggest that serotonin receptor orthologs ser-1 and ser-4 are necessary for the

216  lifespan benefits of mianserin in C. elegans®, and we hypothesized that a subset of the serotonin
217  receptor orthologs will also be necessary for mianserin and DR-mediated fmo-2 induction. After
218 two generations of RNAI treatment, ser-1 and ser-4 were the only two receptors that proved

219  necessary for fmo-2 induction on mianserin (Figure 4A, Figure S7A-C) whereas ser-4

220  knockdown most robustly abrogated DR-mediated fmo-2 induction (Figure S7D-E). Further, we
221  seethat ser-4(RNAI) dlightly but significantly increases lifespan and prevents DR from extending
222  lifespan (Figure 4B), supporting the hypothesis that mianserin acts as a DR mimetic by

223  antagonizing serotonin signaling that occurs during feeding. Finally, to investigate whether this
224  effect ismediated by neuronal signaling or intestinal SER-4 expression, we rescued ser-4

225  knockout animals with tissue-specific promoters and found that only neuronal unc-119p::ser-4is
226  sufficient to rescue full induction of fmo-2 under DR (Figure 4C-D). Thisis cons stent with

227  serotonergic signaling within the nervous system, and not directly to the intestine, regulating the
228  responseto food and food smell.

229

230 Thioridazineinducesfmo-2 and extends lifespan through Dopamine r eceptor DOP-

231 3/DRD2.

232  Thioridazineisacompound that antagonizes dopamine receptor D2 (DRD2) in mammals®, and
233  induces fmo-2 and mimics DR to increase longevity in nematodes (Figur e 2). Based on itsrole
234 in mammals, we tested whether nematode DRDZ2 isinvolved in DR and mianserin-related fmo-2
235 induction and longevity. When the DRD2 ortholog dop-3 is knocked down by RNAI, fmo-2

236 induction isnot affected in fed conditions but itsinduction by DR isdiminished, whileits

14


https://doi.org/10.1101/2021.03.23.436516

bioRxiv preprint doi: https://doi.org/10.1101/2021.03.23.436516; this version posted March 23, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

237 induction by thioridazine is completely abrogated (Figure 4E, Figure S8A). Thisresultis

238 consistent with dop-3 being required for dopaminergic induction of fmo-2. To demonstrate the
239  epistasis of DOP-3 and SER-4 in the signaling pathway, we combined ser-4 RNAI with

240  mianserin and thioridazine treatment. The results show that ser-4 depletion blocks fmo-2

241  induction by thioridazine as well as suppresses fmo-2 induction by mianserin, as expected

242  (Figure4A). Smilarly, depletion of dop-3 blocks both mianserin and thioridazine from inducing
243  fmo-2 (Figure 4E). These results support a model where both serotonin and dopamine signaling
244  are epistatic to each other and are each required for full induction of fmo-2 under DR.

245  Interestingly, when ser-4 or dop-3 receptors are completely absent, via null mutation, the mutant
246  animals show dysregulation of fmo-2 induction, suggesting that the lack of biogenic amine

247  signaling increases variability in responding to environmental changes (Figure S7F-G, S8B-D).
248  Totest whether DOP-3/DRD2 is necessary for lifespan extension by DR and mianserin, we

249  depleted dop-3 with RNAI under DR and found that dop-3 depletion increases lifespan but is not
250 further extended by DR (Figure 4F). Together, these results suggest that dopamine and serotonin

251 signaling interactively induce fmo-2 and extend lifespan under DR.
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253  Figure4. 5-HT1A receptor ser-4 and DRD2 receptor dop-3 act downstream of food per ception.
254  Quantification (A) of individual fmo-2p::mCherry worms on fed (pink), and DR (blue) treated with

255  100uM mianserin (purple), 100 uM thioridazine (orange), or combined (orange) worms fed vector or ser-
256 4 RNAI. Survival curves (B) of WT animals on vector RNAI in pink and ser-4 RNAI in purple on fed
257  (solid lines) or DR (dotted lines) conditions. Images (C) and quantification (D) of fmo-2p::mCherry or
258  ser-4 with tissue-specific rescues added back on fed (pink) and DR (blue). Quantification (E) of

259  individual fmo-2p::mCherry worms on fed (pink), and DR (blue) treated with 100uM mianserin (purple),
260 100 uM thioridazine (orange), or combined (orange) worms fed vector or dop-3 RNAI. Survival curves
261  (F) of WT animals on vector RNA.I in pink and dop-3 RNAI in purple on fed (solid lines) or DR (dotted
262  lines) conditions. **** denotes P<.0001 when compared to vector RNAI fed (Tukey’s HSD). # denotes

263  P<.05, #### denotes P<.0001 when compared to ser-4/dop-3 RNAI fed (Tukey's HSD).
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264 Mianserin induces FM Os and promotes stressresistance in mammalian cells.

265 Having identified serotonin and dopamine antagonism upstream of fmo-2 induction under DR,
266  we were curious whether these relationships might be conserved. In mammals, previous studies
267  show interventions that increase longevity often both induced Fmo genes and increased stress

268  resistance™

. Thus we tested whether mianserin and thioridazine are sufficient to induce

269  mammalian Fmo genes and whether this induction could confer stress resistance, as a surrogate
270  for longevity®. Our results, using human liver (HepG2) cells, show that while thioridazine did
271 not lead to any changes (Figure S9A), perhaps due to lack of DRD2 receptor expression,

272  mianserin treatment at 2uM increased protein levels of mammalian FMO2 (Figur e 5A-B) and
273 FMOL (Figure SOB-C), while 0.1uM mianserin increased protein levels of FMO4 (Figure S9B
274  and SOD). FMO3 and FMO5 protein levels are not changed upon mianserin treatment (Figure
275  S9B and SOE-F). Since stress resistance is often correlated with increased lifespan both within
276  and between species, and fmo-2 increases stress resistance in C. elegans, we next examined
277  whether mianserin also promotes stress resistance™. We treated cells with paraguat, an inducer
278  of mitochondrial oxidative stress through increased production of the reactive oxygen species
279  (ROS) superoxide, and find that 2 UM mianserin, the dose that showed maximal induction of
280 FMOs, dightly but significantly improves the survival of HepG2 cells under an increasing dose
281  of paraquat (Figure S9G). These data support serotonin antagonism as a conserved mechanism to

282  induce Fmo expression and improve stress resistance.

283
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284 Mianserin extends D. melanogaster lifespan similar to C. elegans.

285  Since mianserin induces mammalian Fmos and promotes survival under paraguat stress, we

286  tested whether it also affectslifespan in evolutionarily distant species. Similar to datain worms,
287  recent datain the vinegar fly D. melanogaster show that altered serotonin signaling can change
288 their ahility to assess caloric quality and modulate lifespan®. As we found a narrow range of
289  effective doses in worms (Figure 2F), we tested a slightly higher dose of mianserin in vinegar
290 flies(2 mM) for its effect on Fmo2 induction. The resulting data show that both mianserin and
291 fasting (DR) increase expression of fly fmo-2 expression (Figur e 5C), but not fmo-1 (Figure
292  S10A). We then asked whether mianserin could also extend lifespan in flies. Using several

293  concentrations, we find a positive correlation between mianserin dosage and increased lifespan
294  until reaching a detrimental level of serotonin antagonism (Figure 5D, Figure S10B-D). We also
295  find acomparable dose response among male and female flies. We note that mianserin treatment
296  does not significantly alter food consumption (Figure S10E-F), as measured by the Fly Liquid-
297  Food Interaction Counter (FLIC) assay*®. Together, these results are consistent with conserved

298 induction of fmos by mianserin and DR, in addition to conserved lifespan extension.
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299
300 Figureb5. Serotonin antagonist mianserin induces FM O and impr oves health in Drosophila and

301 mammalian cells. Western blot image (A) and quantification (B) of FMOL in whole cell lysates from
302 HepG2 cellstreated with 0.1 uM, 0.5 uM, 1 uM, 2 uM, or 5 UM mianserin. Fmo-2 mRNA levels (C)
303  after eight hours of 2mM mianserin (blue) or starvation (orange) compared to water controls (pink and
304  purple, respectively). Surviva curves of male flies treated with water (solid line) or 50uM (dotted line)
305 mianserin (D). Panels E and F depict the “on/off” state worm’s toggle between when perceiving food.

306  * denotes P<.05, ** denotes P<.01 when compared to control or fed (student’s t-test).
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307 Discussion

308 Our experimental datain C. elegans support a model where the lack of an attractive (food) smell
309 leadsto aloss of serotonin release from the enteric NSM neurons and lack of serotonin binding
310 tothe SER-4/5-HT1A receptor. Thisin turn or in combination with other cuesleadsto a

311 reduction in dopamine signaling to downstream DOP-3/DRD2 receptors. It is notable that both
312 SER-4 and DOP-3 receptors are known to dampen adenylyl cyclase activity when bound, thus
313 thelack of signal will increase the probability of excitement of the cell expressing these

314  receptors. We hypothesize worms toggle their serotonin and dopamine neural activity “on” or
315 *“off” depending on the presence or absence of food, respectively (Figure 5E-F). Based on our
316  ahility to rescue DR benefits when food is perceived, we hypothesize that the perception of food
317 during DR prevents the benefits of DR, rather than shortening lifespan through an independent
318 pathway (Figure S10G). Critically, these data highlight that understanding how the nervous

319 system evaluates and appropriately integrates large amounts of external stimuli, like the

320 availahility of food, allows us to target the decision-making processes to mimic pro-longevity
321  pathways.

322

323 Itisintriguing that dopamine and serotonin signaling interactively induce fmo-2 and extend

324  lifespan in acommon pathway induced by dietary restriction. In nematodes, slowing locomotion
325 inthe presence of food isthought to be distinctly regulated by pharyngeal mechanosensation
326  leading to dopamine release while dwelling behavior is potentiated by serotonin®. Significant
327 scientific effort has identified much of the specific circuitry these neurotransmitters use to

328  promote changes in chemotaxis and egg-laying®™ 3 % The results suggest worms can interpret

329  andimplement adiverse set of responses to their changing environment. In mammals, SER-4/5-
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330 HT1A receptor activation increases dopamine release throughout the brain* *2. Similarly, recent
331  work shows release of serotonin and dopamine in the human brain influence non-reward-based
332  aspects of cognition and behavior like decision making™. These findings support a conserved
333  link between these two neurotransmitters in regulating complex phenotypes like aging.

334

335 Itisasointriguing that one of these drugs, mianserin, successfully induces Fmo genes in both
336 mammalsand flies, and leads to increased stress resistance and lifespan, respectively. Since

337  mianserin treatment extends fly lifespan we suspect it acts through a similar mechanism,

338  serotonin antagonism, to mimic DR. This hypothesisis bolstered by fmo-2 induction under acute
339 mianserin exposure and fasting, analogous to what we see in C. elegans. It is not known whether
340 FMOsor 5-HT1A receptors are necessary for mianserin or DR-mediated longevity in flies, but
341 5-HT2A receptors are necessary for proper food valuation® suggesting that altering serotonin
342  signaling may prove fruitful in future studies. In cells, the induction of Fmos by mianserin must
343  bedirect, suggesting that either serotonergic signaling is more direct in mammalian systems, or
344  morelikely, there are other nuances in this signaling in mammals we do not yet understand.

345 Mammalsand C. elegans share a single common ancestral Fmo™ and mammalian Fmos share
346  similar homology to C. elegans fmo-2, with Fmo5 having the highest % identity. It is notable that
347 5-HT1A expression isdetected in hepatocytes (The Human Protein Atlas), supporting a similar
348 mechanism in these cells and suggesting that FM Os can be induced by serotonin antagonism
349  bothdirectly and indirectly. It will be interesting to investigate whether mianserin is beneficial
350 for health and longevity in mammals. To achieve this goal, it isimperative that we understand
351 the causative changes of pro-longevity drugs, such as atypical serotonin antagonists that are

352  known to have pleotropic effects in humans. In addition to providing the potential for long-term
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353 health benefits, this knowledge will benefit our understanding of serotonin and dopamine
354  signaling networks that affect numerous human processes and diseases outside of aging.

355
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