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Could the mere perception of food availability reverse the beneficial effects of diet re-
striction, which robustly increases lifespan and reduces aging-related disease in many
species? We had noted from previous work in Drosophila that the effects of dietary re-
striction were fast acting, completely reversible, and largely independent of the energetic
content of the food. Indeed, some characteristic of the diet seemed to be “sensed” by
the flies independent of their tendency to eat it. We quickly realized that the Drosophila
olfactory system, with its well-understood architecture and associated set of genetic
tools, was the ideal model to test our hypothesis. Subsequent work resulted in the iden-
tification of particular odorants and populations of sensory neurons with potent effects

on lifespan, obesity, and metabolism.
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In the nervous system, ancient signaling path-
ways detect, decode, and relay environmental
input to coordinate metabolism and growth.
Evolutionary biologists have long studied the
ability of environmental cues to stimulate al-
terations in life history patterns that can range
from relatively minor adjustments in the dis-
tribution of lifetime reproduction to dramatic
changesin the course of development itself. The
benefit of such plasticity is clear. Variable envi-
ronmental conditions challenge individuals to
use external information and make calculated
decisions, such as whether to wait out the bad
times or begin reproduction, to maximize re-
productive fitness.

Although sensory input can have dramatic
consequences on many aspects of development
and behavior,'"? remarkably little is known
about the mechanisms that link sensory percep-
tion with physiological decisions in general, and
with aging in particular. The most prominent
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work on aging has come from the Kenyon labo-
ratory, using the nematode worm, Caenorhabditis
elegans. Apfeld and Kenyon® have shown that
neurosensory organs in the worm can regulate
lifespan. Specifically, mutations that disrupt the
structure and/or function of sensory neurons
result in increased longevity, as does laser ab-
lation of the two amphid sheath cells, which
support the amphid neurons.”

We became interested in sensory perception
and its effects on lifespan through the study of
dietary restriction (DR). DR is a reduction in
nutrient availability that robustly ameliorates
aging-related disease in mammals and extends
lifespan in many species. This phenomenon
was first described over 70 years ago in rats,
and it has since been established as the most
powerful modulator of aging and aging-related
disease in mammals.” Over these last four score
years researchers have learned a great deal
about the impact of DR on nearly all aspects
of mouse biology, but very little is known about
the underlying molecular mechanisms that are
responsible for its effects in any species.

While a postdoctoral fellow in London
in the laboratory of Dr. Linda Partridge at
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Figure 1. Yeast odorants shorten Drosophila lifespan. (Left) Cartoon representation of the
protocol used to investigate the impact of yeast odorants on the lifespan of flies exposed
to dietary restriction (DR). (Right) Canton-S flies maintained in low-nutrient environments (5%
sugar/yeast, labeled DR) exhibited significantly shorter lifespan when presented with odorants
from live yeast (blue triangles vs. green circles). Lifespan was further shortened by yeast
consumption (blue square). (In color in Annals online.)

University College London, I used the fruit
fly, Drosophila melanogaster, as a tool to investi-
gate genetic mechanisms of DR. During this
time our lab executed large-scale biodemog-
raphy experiments and characterized the phe-
notypic consequences of diet on Drosophila ag-
ing, including the timing and dynamics of the
effect. These experiments revealed that flies
respond extraordinarily quickly to new nutri-
tional environments; age-specific mortality was
reduced by up to 95% within 48 h of expo-
sure to nutrient-restricted conditions.®” Such
sudden and rapid changes in patterns of aging
suggested the hypothesis that sensory percep-
tion, alone or in cooperation with other biolog-
ical processes, may participate in regulating this
response. Our attention was drawn to olfaction
by whole-genome expression data that com-
pared age-dependent patterns of gene expres-
sion between long-lived flies that were diet re-
stricted to fully fed control flies.® We found that
expression of genes encoding odorant-binding
proteins and mediating G protein-coupled re-
ceptor signaling was strongly affected by both
age and nutrient availability, as were a signifi-

cant number of genes identified as differentially
regulated in smell-impaired flies.’

Age- and diet-dependent changes in the ex-
pression of odorant-binding proteins led us to
ask whether the smell of excess nutrients is suf-
ficient to affect lifespan in Drosophila. To test
this hypothesis we measured the lifespans of
flies in the presence and absence of odorants
emitted from live yeast. Yeast odorants were
used because yeast availability is a major com-
ponent of the longevity response to diet in
Drosophila.'™!! Our assay for the impact of yeast
odorants on fly lifespan involved an odorant-
permeable membrane, which prevented flies
from accessing one compartment of the vial.
Live yeast paste was affixed to a tight cotton
plug and placed far behind the screen. Thus,
flies could smell and see the yeast but not con-
sume it. Similar constructions where yeast paste
was absent and where the dividing screen was
absent served as controls (Fig. 1, left). We found
that exposure to odorants from live yeast paste
was sufficient to reduce lifespan. In long-lived
flies that were subjected to DR, we observed
decreases in longevity up to 18%. Notably,
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Figure 2. Flies homozygous for a null mutation of the gene Or83b are long lived. The
Or83b? mutation was backcrossed into the w1118 background, and longevity was exam-

ined. (In color in Annals online.)

lifespan was reduced to a greater extent when
flies were allowed to consume the yeast paste,
suggesting that olfaction is not the only mech-
anism through which changes in diet impact
aging (Fig. 1, right).

Yeast odor reduced lifespan only when flies
were diet restricted. Longevity was not affected
by yeast odor when flies were well fed. These
data strongly suggest that yeast odor is not toxic
in the traditional sense and that non-nutrient-
related odorants are not the primary cause
of the effect. They also suggest that there is
some degree of overlap in the diet and odorant
longevity pathways and that nutrient-related
odors can limit the longevity extension im-
parted by DR. The beneficial effects of DR are
due, therefore, in part to reduced perception of
nutrient availability.

The idea that the common odorants are suf-
ficient to limit fly lifespan led to the predic-
tion that if the flies were isolated from these
odorants, their normal lifespan would be ex-
tended. To test this prediction we turned to a
gene that was described by the Vosshall labo-
ratory'? to be required for normal function of
the majority of fly olfactory receptors, Or83b.
Unlike conventional odorant receptor genes,
which are expressed in a restricted subset of
odorant receptor neurons, Or83b is expressed
in most olfactory neurons, both in the adult
and in the larvae.!” The function of Or83b
has been analyzed in Drosophila by mutational

analysis'?> and by RNA interference.!® As sug-
gested by its presence in most odorant receptor
neurons, reduction in Or83b activity severely
reduced odor-evoked physiological and behav-
ioral responses to a wide range of odorants, !> 13
Regardless of the precise molecular nature of fly
olfactory receptors, these data support a model
in which Or83b acts in concert with conven-
tional olfactory receptors to stimulate response
to different odorants.!*

On the basis of the general requirement
of Or83b for normal olfaction, we reasoned
that loss of function in olfactory signaling in
Or83b mutant flies may be sufficient to in-
crease longevity. Indeed, Or83b mutant flies
were strikingly long lived. In low-nutrient and
high-nutrient conditions, female Or83b mutant
flies exhibited a roughly 50% increase in me-
dian lifespan. Males were also long lived, but
the magnitude of extension was often smaller
(Fig. 2). Finally, while Or83b mutant flies have
normal size and metabolic rate, they are re-
sistant to starvation and hyperoxia, and fe-
males exhibit increased triglyceride storage.
Sensory perception, therefore, appears to be
a potent modulator of a range of physiological
characteristics.

There are at least two reasonable ex-
planations for the long-lived phenotype of
Or83b mutant flies. Or83b mutant animals
are broadly anosmic, and it is possible that
global loss of chemosensory function and a
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general lack of olfaction are required for ex-
tended longevity. Alternatively, it may be that
the longevity phenotype observed in Or83b?
mutant animals results from an inability to de-
tect a small number of specific odorants, as
identified and processed by specific odorant re-
ceptors. Using C. elegans, Alcedo and Kenyon !>
performed laser ablation of individual cells
to investigate the effects of specific sensory
neurons on worm lifespan. They found that
removal of specific gustatory and olfactory neu-
rons could increase, decrease, or have no ef-
fect on lifespan.!”® Thus, some sensory neu-
rons produce signals that antagonize long life,
while others promote it.'® If the situation is
analogous in flies, then we might expect some
of the conventional odorant receptors to pro-
mote longevity and others to limit it. We are
currently addressing this question using single-
gene knockout and overexpression. Although it
is early in the game, we have identified candi-
date populations of sensory neurons that initi-
ate longevity programs and effector pathways
in target tissues that enact them. These are the
initial steps toward our long-term goal: to eluci-
date the network that couples sensory percep-
tion to longevity—from signaling inputs and
their associated neurocircuits that detect and
decode sensory information; to endocrine cells,
hormone identity, and transport that relay that
information to target tissues; to transcriptional
complexes and gene targets that ensure cell,
tissue, and organism survival.

From worms to flies to mammals, signal-
ing networks coordinate chemosensory input to
physiological outputs. In worms and flies, these
outputs influence lifespan and disease-relevant
phenotypes, such as fat deposition and stress
resistance. In mammals, olfactory signals me-
diate developmental and behavioral changes in
response to territorial cues, dominance rela-
tionships, and mating receptivity. Might some
of these inputs also be capable of modulat-
ing aging and associated age-related disease?
By isolating important regulatory mechanisms
that link environment to lifespan in inverte-
brates, we hope to illuminate how sensory
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cues influence neuroendocrine function, lipid
metabolism, and aging. As with much of the
work in short-lived model systems, many of the
relevant genes and circuits have evolutionar-
ily conserved counterparts. Therefore, what is
learned may be applicable to understanding
human aging, as well as disease states in dia-
betes, obesity, and dementia.

Conflicts of Interest

The author declares no conflicts of interest.

References

1. Del Punta, K., T. Leinders-Zufall, I. Rodriguez, et al.
2002. Deficient pheromone responses in mice lacking
a cluster of vomeronasal receptor genes. Nature 419:
70-74.

2. Apfelbach, R., C.D. Blanchard, R,J. Blanchard,
et al. 2005. The effects of predator odors in mam-
malian prey species: a review of field and lab-
oratory studies. Neurosci. Biobehav. Rev. 29: 1123—
1144.

3. Apfeld, J. & C. Kenyon. 1999. Regulation of lifespan
by sensory perception in Caenorhabditis elegans. Nature
402: 804-809.

4. McCay, C.M., MLE. Crowell & L.A. Maynard. 1935.
The effect of retarded growth upon the length of
lifespan and upon the ultimate body size. 7. Nutr 10:
63-79.

5. Longo, VD. & C.E. Finch. 2003. Evolutionary
medicine: from dwarf model systems to healthy cen-
tenarians? Science 299: 1342-1346.

6. Mair, W., P. Goymer, S.D. Pletcher & L. Partridge.
2003. Demography of dictary restriction and death
in Drosophila. Science 301: 1731-1733.

7. Mair, W,, C.M. Sgro, A.P. Johnson, e al. 2004.
Lifespan extension by dietary restriction in female
Drosophila melanogaster is not caused by a reduction
in vitellogenesis or ovarian activity. Lixp. Gerontol. 39:
1011-1019.

8. Pletcher, S.D., S,J. Macdonald, R. Marguerie, et al.
2002. Genome-wide transcript profiles in aging and
calorically restricted Drosophila melanogaster. Curr. Biol.
12: 712-723.

9. Anholt, R.R., C.L. Dilda, S. Chang, et al. 2003.
The genetic architecture of odor-guided behavior in
Drosophila: epistasis and the transcriptome. Nat. Genet.
35: 180-184.

10. Chippindale, A.K., A. Leroi, S.B. Kim & M.R. Rose.
1993. Phenotypic plasticity and selection in Drosophila



Pletcher: Modulation of Lifespan

11.

12.

13.

life history evolution. I. Nutrition and the cost of
reproduction. J. Fvol. Biol. 6: 171-193.

Mair, W., M.D.W. Piper & L. Partridge. 2005. Calo-
ries do not explain extension of lifespan by dietary
restriction in Drosophila. PLoS Biol. 3z €223.

Larsson, M.C., A.I. Domingos, W.D. Jones, ¢t al.
2004. Or83b encodes a broadly expressed odorant
receptor essential for Drosophila olfaction. Newron 43:
703-714.

Neuhaus, E.M., G. Gisselmann, W. Zhang, et al.
2005. Odorant receptor heterodimerization in the

14.

15.

16.

697

olfactory system of Drosophila melanogaster. Nat. Neu-
rosci. 8: 15-17.

Rutzler, M. & L. Zwiebel. 2005. Molecular biology
of insect olfaction: recent progress and conceptual
models. 7. Comp. Physiol. A Neuroethol. Sens. Neural Behav.
Physwol. 191: 777-790.

Alcedo, J. & C. Kenyon. 2004. Regulation of C. elegans
longevity by specific gustatory and olfactory neurons.
Neuron 41z 45-55.

Antebi, A. 2004. Long life: a matter of taste (and
smell). Newron 41: 1-3.



