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Serotonin mediates a learned increase in attraction
to high concentrations of benzaldehyde in aged
C. elegans
David Tsui1 and Derek van der Kooy
Department of Medical Genetics and Microbiology, University of Toronto, Toronto, Ontario M5S 3E1, Canada

We utilized olfactory-mediated chemotaxis in Caenorhabditis elegans to examine the effect of aging on information
processing and animal behavior. Wild-type (N2) young adults (day 4) initially approach and eventually avoid a point
source of benzaldehyde. Aged adult animals (day 7) showed a stronger initial approach and a delayed avoidance to
benzaldehyde compared with young adults. This delayed avoidance is due to an increased attraction rather than a
decreased avoidance to benzaldehyde because (1) aged odr-3 mutants that are defective in odor attraction showed no
delayed benzaldehyde avoidance, and (2) the delay in avoidance was also observed with another attractant diacetyl,
but not the repellent octanol. Interestingly, the stronger expression of attractive behavior was only observed at
benzaldehyde concentrations of 1% or higher. When worms were grown on nonbacterial growth media instead of
Escherichia coli, thus removing the contingency between odors released from the food and the food itself, the increase
in attraction to benzaldehyde disappeared. The increased attraction recovered after reinitiating the odor–food
contingency by returning animals to E. coli food or supplementing axenic media with benzaldehyde. Moreover,
serotonin-deficient mutants showed a deficit in the age-enhanced attraction. These results suggest that the increased
attraction to benzaldehyde in aged worms is (1) serotonin mediated, (2) specific to high concentration of odorants,
and (3) dependent on a learned association of odor metabolites with the presence of food. We propose that
associative learning may selectively modify pathways at or downstream from a low-affinity olfactory receptor.

Aging is a process of gradual deterioration of physiological func-
tion with increase in age. Caenorhabditis elegans exhibit func-
tional declines that are analogous to humans, such as loss of muscle
mass and function (Herndon et al. 2002; Evason et al. 2005),
making it a good model for the study of different aspects of aging
in specific tissues. Moreover, because of its powerful genetic da-
tabase and a broad range of genetic techniques, C. elegans is
widely used as the model for studying the genetics of aging.
While most studies of aging in C. elegans focus on easily observ-
able traits such as life span and lipofuscin accumulation (Boehm
and Slack 2005; Gerstbrein et al. 2005), few studies have looked
at the behavioral consequences of C. elegans aging.

One of the behavioral changes that occur with aging is a
change in sensory function. In humans, the ability to identify
smells peaks between the third and fifth decades of life and de-
clines to the end of life (Doty et al. 1984). Olfactory-mediated
chemotaxis in C. elegans requires the integration of sensory and
motor function and provides a relatively simple system to study
how aging affects olfactory-mediated behaviors. C. elegans can
detect and approach or avoid many odorants (Bargmann et al.
1993; Troemel et al. 1995). One of these odorants, benzaldehyde,
is sensed by the AWC primary chemosensory neuron (Bargmann
et al. 1993) and is attractive at low concentrations. At high benz-
aldehyde concentration, animals show a biphasic behavior in
which they initially approach the odorant and then show strong
aversion to the odorant (Nuttley et al. 2001). Two previous stud-
ies have examined the effect of age on olfactory-mediated re-
sponses. An early study showed that aged C. elegans demonstrates
reduced movement toward Escherichia coli, the worm’s food (Ho-
sono 1978). Using chemotaxis and motor locomotion assays, a

more recent study concluded that the age-associated decline in
chemotaxis results from a decline in locomotor abilities during
aging, and not sensory function deficits (Glenn et al. 2004).

We have analyzed chemotaxic behaviors at ages day 4 and
day 7 with different concentrations of odorants. While there was
no change in chemotaxis to low concentrations of odorants in
the early aging stage, a prolonged attraction to high concentra-
tions of benzaldehyde was observable in day 7 animals compared
with day 4 animals. This prolonged attraction also was evident in
response to diacetyl, but no change in octanol avoidance was
observed. These results suggest that the prolonged attraction to
high concentrations of odorants in aged animals is due to a stronger
attraction to, rather than a weaker avoidance of, the odorant.
This increased attraction was abolished by replacement of E. coli
with axenic media starting at early adult stage, but reappeared
when animals then were returned to E. coli food or when benz-
aldehyde was added to the axenic media. Finally, serotonin-
deficient mutants were defective in this increased attraction. We
therefore conclude that the increased attraction in aged C. elegans
is experience dependent, requires serotonin, and may be ac-
counted for by associative learning.

Materials and Methods

Strains and media
The wild-type Bristol N2 and CX 2205 odr-3 (n2150), GR1321
tph-1 (mg280), MT9668 mod-1 (ok103), XA406 ncs-1 (qa406), and
RB816 sra-11 (ok630) strains were obtained from the Caenorhab-
ditis Genetics Center at the University of Minnesota. UT2 lrn-2
(mm99) animals were isolated and characterized in our lab and
frozen at �80°C. Worms were well-fed and cultivated at 20°C on
normal growth medium (NGM) (50 mM NaCl, 15 g/L agar, 20 g/L
peptone, 1 mM cholesterol, 1 mM CaCl2, 1 mM MgSO4, 1 mM
KPi pH = 7.0) seeded with the OP50 E. coli strain.
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Axenic culture of C. elegans
Adult animals were washed off from a thin food lawn of E. coli,
allowed to settle and resuspended in distilled water, and repeat-
edly washed for five times to rid of residual E. coli. Animals were
then inoculated to axenic media, and moved to new media every
day. Axenic culture media (Chitwood et al. 1995) contained 3 g
of yeast extract, 3 g of soy peptone, 1 g of dextrose, 90 mL of
distilled water, and 200 µL of a cholesterol stock solution (stock
solution is 5 mg/mL in ethanol), and autoclaved for 30 min. After
cooling, hemoglobin stock solution was added to the axenic cul-
ture medium in a 1:10 (hemoglobin:media) proportion. Hemo-
globin stock solution was prepared by dissolving 5 g of hemo-
globin in 100 mL of distilled water and filtered. Ampicillin (100
µg/mL) was added to prevent any residual bacterial growth.

Chemotaxis assays
Chemotaxis assays were carried out as previously described (Nut-
tley et al. 2001). The 10-cm Petri dishes were filled with 6 mL of
agar medium (without E. coli or axenic bacteria). On one side of
the agar, a 1-µL drop of benzaldehyde (diluted in ethanol) was
presented, and 1 µL of ethanol was presented on the other side.
Prior to this test, 1 µL of 1 M NaN3 was applied to the centers of
the two test spots to immobilize the animals. The addition to
both of the odorants and vehicle sides assured that the chemo-
taxis to odorants by the animals could not be attributed to the
presence of NaN3. After 1 h, a chemotaxis index (C.I.) was cal-
culated to measure their preference to-
ward the test odorant. The C.I. is calcu-
lated as the number of animals within 2
cm of the test spot, minus the number of
animals within 2 cm of the vehicle spot,
and then divided by the total number of
animals on the plate (Fig. 1A). A positive
C.I. indicates an attraction, and a nega-
tive C.I. indicates an aversion.

Benzotaxis time-course assay
For kinetic analysis of chemotaxis and
for approaches to 100% benzaldehyde, a
modified grid was used and the NaN3

was omitted so that animals could leave
a spot after an initial approach (Nuttley
et al. 2001). This grid consisted of four
parallel lines drawn 18-mm apart to di-
vide the plate area into five sectors, sym-
metrical about the third (Fig. 1B). A total
of 2 µL of benzaldehyde was placed on
one of two small pieces of parafilm that
had been placed at opposite edges of the
agar. At the indicated time points, ani-
mals were immobilized by cooling the
plates for 2 min at �20°C, and the plates
were maintained at 4°C until counting.
The number of animals in sectors A–E,
with the test odorant being in A, were
counted, and a weighted C.I. (W.C.I.)
was calculated as ([2 � no. in A + no. in
B] � [2 � no. in E + no. in D])/(total
number of animals on the plate), yield-
ing a W.C.I. range of from +2.0 to �2.0.
The W.C.I. provides better spatial reso-
lution for the measure of worm behavior
in addition to the improved temporal
resolution in the benzotaxis assay. Those
animals that crawled up the side of the

plate were considered lost, and no attempt was made to count
these. The score for each plate of 100–300 animals is one data
point.

Locomotor assay
For kinetic analysis of locomotion, a grid with four concentric
circles was used (Fig. 1C). Animals were placed at the center of
the grid and allowed to disperse freely. At the indicated time
points, animals were immobilized by cooling the plates for 2 min
at �20°C, and the plates were maintained at 4°C until counting.
A locomotor index was calculated as (0 � no. in A + 1 � no. in
B + 2 � no. in C + 3 � no. in D)/(total number of animals on
the plate), yielding a W.C.I. range of from 0 to 3. Those animals
that crawled up the side of the plate were considered lost, and no
attempt was made to count these. The score for each plate of
100–300 animals is one data point.

Dye-filling assay
Dye-filling using DiI (Molecular Probes) was performed as de-
scribed previously (http://info.med.yale.edu/mbb/koelle/
protocols/protocol_dye_filling_sens.html).

Statistics
All C.I. and W.C.I. values are means and standard errors of the
means calculated from at least three chemotaxis test plates
(sample sizes are stated in figure captions). Two-way ANOVAs

Figure 1. (A) Schematic of the standard chemotaxis assay. Animals’ preference for different con-
centrations of benzaldehyde was tested in the absence of food. Worms were placed at the center of the
chemotaxis plate. A 1-µL drop of benzaldehyde of specific concentrations (diluted in ethanol) was
presented on one side and a 1-µL drop of ethanol was presented on the other. Animals that ap-
proached close to the odorant or ethanol spot were immobilized by NaN3. After 1 h, the chemotaxis
index (C.I.) was calculated according to the formula below the diagram. (B) Schematic of the kinetic
analysis. Kinetic analysis of chemotaxis to 100% odorants. Worms were placed at the center of the
chemotaxis plate, and a 2-µL drop of test odorant was presented in A. Different testing groups were
allowed to chemotaxis for different lengths of time, and the number of animals in each sector from A
to E was counted. A weighted C.I. (W.C.I.) was calculated according to the formula below this diagram.
(C) Schematic of the locomotion analysis. Locomotion analysis of day 4 vs. day 7 worms. Worms were
placed at the center of the agar plate (A) and allowed to roam for different lengths of time. The number
of animals in each sector from A to D was counted. A locomotor index was calculated according to the
formula below this diagram.
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were performed, followed by Bonferroni-corrected multiple com-
parisons. The level of significance for all comparisons was
P < 0.05.

Results

Aged C. elegans chemotax more to high concentrations
of benzaldehyde than young adults
In choosing the ages of C. elegans for our comparative analysis,
two issues were taken into consideration. First, we had to mini-
mize the possibility of phenotypic differences in development
that could account for any behavioral difference between the two
ages compared. When grown at 20°C, C. elegans proceed through
four larval stages. They lay their first egg ∼3 d after hatching, and
they will lay the majority of their eggs in the following 3–4 d
(Evason et al. 2005). Second, we needed to minimize the possi-
bility of locomotor deficits in aged animals. At day 7, animals
start to show loss of muscle integrity, including misshapen nu-
clei, appearances of small patches in nuclei, and patched and
wrinkled sarcomeres (Herndon et al. 2002; Glenn et al. 2004).
Spontaneous movements and pharyngeal pumping also begin to
decline at this age (Glenn et al. 2004; Chow et al. 2006). How-
ever, using a locomotor assay on a modified grid (Fig. 1C), we
found no significant difference in the rate of locomotion be-
tween day 4 and day 7 animals (Fig. 2B). There was no significant
age � time interaction (F(2,12) = 0.4, P > 0.05) nor a significant
main effect of age (F(1,12) = 0.002, P > 0.05), but a significant
main effect of time (F(2,12) = 96.15, P < 0.05) was seen. Therefore,
the analysis was done between day 4 and day 7 animals, a period

that marks approximately the beginning and end of the repro-
ductive period.

To examine whether day 4 and day 7 animals have different
chemotaxic behavior, animals were tested on standard chemo-
taxis assays (Bargmann et al. 1993) using different concentra-
tions of the odorant benzaldehyde. Briefly, benzaldehyde of
specific dilution was applied to one side of the chemotaxis
plate, and the ethanol vehicle was applied to the other side (Fig.
1A). All chemotaxis assays performed in this study were per-
formed on plain agar plates in the absence of E. coli or worm
growth medium. Animals were put in the middle of the testing
plate and allowed to roam for 1 h. Prior to the addition of odor-
ant and vehicle, NaN3 was applied to both sides of the plate
to immobilize the animals that approach close enough to the
odorant or vehicle spot. A two-factor analysis of variance
(ANOVA) revealed a significant age � concentration interaction
(F(5,24) = 20.09, P < 0.05). When tested in this assay with low
benzaldehyde concentrations (0.01%, 0.05%, 0.1%, and 1%),
no difference was observed between day 4 and day 7 animals (Fig.
2A). This is consistent with a previous study that showed no
difference in chemotaxis to 1% benzaldehyde between young
and aged adults (Glenn et al. 2004). However, when tested
with higher concentrations (10% and 100%) of benzaldehyde in
the present study, day 7 animals showed a significantly higher
chemotaxis index (C.I.) compared with day 4 animals. This
result suggests that there is a change in the chemotaxic behav-
ior as a result of a change in the initial sensitivity or in other
downstream components of the chemotaxis pathway, specifi-
cally to high concentrations of benzaldehyde.

Figure 2. (A) Chemotaxis by Caenorhabditis elegans. Chemotaxis index (C.I.) after 1 h of chemotax to 0.01%, 0.05%, 0.1%, 1%, 10%, and 100%
benzaldehyde (n = 3 plates per data point) for day 4 (�) and day 7 animals (�). A positive C.I. indicates an attraction to the odor; a negative score
indicates an aversion. (*) Significant difference in C.I. between day 4 and day 7 animals (P < 0.05, Bonferroni-corrected t-test). (B) Locomotion of day
4 vs. day 7 animals. Time course for locomotion by day 4 (�) and day 7 (�) wild-type animals. n = 6 plates per data point for all data points. (*)
Significant difference in W.C.I. between groups at the same time point (P < 0.05, Bonferroni-corrected t-test). (C) Olfactory adaptation of day 4 vs. day
7 animals. Chemotaxis index to 1% benzaldehyde for animals that received no exposure (naive; hollow bars) or were exposed to 100% benzaldehyde
(trained; gray-filled bars) for the duration (30 or 60 min) stated below each set of bars. The ages of the groups also are stated below each set of bars.
n = 9 plates per data point. (*) Significant difference in C.I. between naive and trained group (P < 0.05, Bonferroni-corrected t-test).
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Higher chemotaxis to high concentration
of benzaldehyde in aged adults is due to a prolonged
attraction to benzaldehyde and not a reduction
in the ability to discriminate between odorant
concentrations
The lack of a negative chemotaxis at high concentrations in day
7 adults suggests the possibility that there is a reduction in the
ability to discriminate between odorant concentrations in aged
animals. To test this hypothesis, we performed the olfactory ad-
aptation assay (Coburn and Bargmann 1996) on day 4 and day 7
animals. In this assay, animals were trained to 100% benzalde-
hyde in the absence of food and tested to 1% benzaldehyde. Day
7 animals showed a similar naive approach to day 4 animals (Fig.
2C). A three-way ANOVA (age � treatment � duration) revealed
a significant treatment (naive vs. trained) � duration (30 min vs.
60 min) interaction (F(1,6) = 58.12, P < 0.05). Post-hoc Bonferroni
t-tests indicated that day 7 animals showed significantly lower
chemotaxis to 1% benzaldehyde after 30 min of training to 100%
benzaldehyde off food (i.e., adaptation; P < 0.05), while day 4
animals showed an insignificant trend of adaptation (P > 0.05).
However, after 60 min of training, both day 4 and day 7 animals
showed a significant reduction in chemotaxis (P < 0.05) of simi-
lar magnitude. These results suggest that day 7 animals may
adapt to benzaldehyde at a slightly faster rate compared with day
4 animals, but the higher chemotaxis to high concentrations in
day 7 animals is not likely due to a reduction in the ability of the
aged worms to discriminate between odorant concentrations.

A previous study demonstrated that C. elegans respond to
100% benzaldehyde in a biphasic manner (Nuttley et al. 2001).
Animals initially approach the spot of benzaldehyde for about 15
min, resulting in an increasing C.I. with time. After 15 min, they
begin to show a strong avoidance to benzaldehyde, resulting in a
decreasing and then a negative C.I. To ask which part of this
curve is responsible for the higher C.I. observed in aged animals,
a kinetic analysis of chemotaxis behavior was performed on day
4 and day 7 animals. The paradigm of the kinetic analysis is
similar to the standard chemotaxis paradigm, except that NaN3

was not applied in this assay. Instead, worms were allowed to
roam freely and plates were frozen at �20°C to immobilize the
worms at specific time points during the assay. A stronger and
more prolonged attraction (hence, a delayed avoidance) was ob-
served in day 7 animals compared with day 4 animals (Fig. 3A).
There was an age � time interaction (F(5,24) = 4.57, P < 0.05).
Day 7 animals showed significantly higher weighted chemotaxis

index (W.C.I.) compared with day 4 animals at all time points.
This result suggests that day 7 animals showed a much stronger
attraction to benzaldehyde compared with day 4 animals. Behav-
iorally, on a population level, day 7 animals approached benzal-
dehyde quicker and clustered around the spot of benzaldehyde
for a longer time period. Day 4 animals also showed an initial
attraction to the spot of benzaldehyde, but they were dispersed
over a larger area and did not approach the benzaldehyde spot as
closely as the day 7 animals did.

Prolonged attraction in aged adults is due to a stronger
attraction and not a weaker avoidance
There are distinct mechanisms that mediate the attractive and
the aversive benzaldehyde chemotaxis responses (Nuttley et al.
2001); therefore, two alternative explanations exist for the pro-
longed benzaldehyde attraction. One hypothesis is that day 7
animals had a stronger attraction, and therefore they approached
quicker and stayed closer to the spot of benzaldehyde. An alter-
native hypothesis is that day 7 animals had a weaker avoidance,
and therefore were not repelled by the benzaldehyde as much as
the day 4 animals were, thus avoiding benzaldehyde much
slower than day 4 animals. To determine which hypothesis is
more plausible, a mutant strain defective in the initial attractive
behavior to benzaldehyde (Roayaie et al. 1998; Nuttley et al.
2001) was tested for any age-related difference in chemotaxis
behavior. odr-3 encodes a G-protein � subunit that is expressed in
AWA, AWB, AWC, ASH, and ADF neurons and is required for
behavioral responses known to be mediated by these sensory
neurons (Troemel et al. 1995; Roayaie et al. 1998; Fukuto et al.
2004). The odr-3(n2150) mutant is defective in attraction to benz-
aldehyde, while avoidance to benzaldehyde was comparable to
N2 both in time and in magnitude (Nuttley et al. 2001). Thus, it
was concluded that the odr-3 gene is required for the approach to
benzaldehyde, but is not necessary for the avoidance response.
Therefore, a kinetic analysis of benzaldehyde chemotaxis was
performed for day 4 and day 7 odr-3 animals.

Interestingly, the prolonged attraction to benzaldehyde
was abolished in day 7 odr-3 animals (Fig. 3B). There was no
age � time interaction (F(5,24) = 2.57, P > 0.05), but significant
main effects of age (F(1,24) = 6.21, P < 0.05) and time (F(5,24) = 62.82,
P < 0.05) were seen. To our surprise, the time-course chemotaxis
curves had reversed their pattern, such that the day 7 animals
showed a more negative W.C.I. at 30 min when compared with
day 4 animals. Thus, when the attractive phase of benzaldehyde

Figure 3. Time course for chemotaxis to 100% benzaldehyde. (A) Time course for chemotaxis behavior of wild-type N2 animals. (B) Time course for
chemotaxis behavior of odr-3(n2150), a mutant strain that is defective in the attractive response to benzaldehyde. Weighted chemotaxis index (W.C.I.)
is shown after various time points of chemotaxis to 100% benzaldehyde (n = 3 plates per data point) for day 4 (�) and day 7 (�) animals. A positive
W.C.I. indicates an attraction to the odor; a negative score indicates an aversion. (*) Significant difference in W.C.I. between day 4 and day 7 animals
(P < 0.05, Bonferroni-corrected t-test).
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chemotaxis was abolished, not only was prolonged attraction
abolished in day 7 animals, but day 7 animals also avoided the
spot of benzaldehyde quicker. However, this quicker avoidance
may be secondary to day 7 animals exposed to a higher dose of
benzaldehyde by virtue of approaching closer to the odorant
spot. This result suggests that the prolonged attraction observed
in aged wild-type animals was caused by a stronger attraction
rather than a weaker avoidance.

Young and aged adults approach low concentrations
of benzaldehyde with similar kinetics and magnitude
We reasoned that any general change in benzaldehyde sensitivity
should be most apparent when testing with low concentrations
of odorant. Although no age-dependent difference in C.I. was ob-
served for chemotaxis to low concentrations of benzaldehyde when
tested with the standard chemotaxis assay (Fig. 2A), the C.I. was
cumulative over the 1-h period due to the application of NaN3 to
capture the animals, and thus may not be sensitive enough to
reveal any minute change in chemotaxic response. We therefore
asked whether there is any difference in kinetics of approach to
low concentrations of benzaldehyde. No difference was observed
in the rate of approach to 0.1% benzaldehyde between day 4 and
day 7 animals (Fig. 4A). There was no significant age � time
interaction (F(3,16) = 2.81, P > 0.05), nor a significant main effect
of age (F(1,16) = 0.002, P > 0.05), but a significant main effect of
time (F(3,16) = 77.74, P < 0.05) was seen. However, there was a
quicker approach to 1% benzaldehyde in day 7 animals (Fig. 4B).
There was a significant age � time interaction (F(3,16) = 8.84,
P < 0.05), and the W.C.I. for day 7 animals was significantly
higher than that of the day 4 animals at the 5-min time point.

The approach to 1% benzaldehyde was analyzed in odr-3
mutant animals as well. Consistent with a previous report
(Roayaie et al. 1998), the approach to 1% benzaldehyde was sig-
nificantly reduced in odr-3 mutants (Fig. 4C). In addition, the

quicker approach to 1% benzaldehyde by wild-type day 7 ani-
mals compared with wild-type day 4 animals was abolished in
odr-3 animals. There was no significant age � time interaction
(F(3,16) = 0.62, P > 0.05) nor significant main effect of age
(F(1,16) = 0.22, P > 0.05), but a significant main effect of time
(F(3,16) = 5.07, P < 0.05) was seen. Therefore, when the attraction
was deficient with the mutation of odr-3, the enhanced attraction
to 1% benzaldehyde was no longer seen, reinforcing the hypoth-
esis that the prolonged attraction to benzaldehyde was due to a
stronger attractive mechanism. Together, these data suggest that
there is a stronger attraction in aged animals that is specific to
high concentrations of benzaldehyde (1% or higher).

Stronger benzaldehyde chemotaxis in aged adults
generalizes to attractive odorants but not aversive
odorants
To ask whether the stronger expression of the chemotaxis re-
sponse to 100% benzaldehyde in day 7 animals compared with
day 4 animals exists for other volatile odorants, kinetic analyses
of chemotaxis to diacetyl and octanol were performed. Diacetyl is
another attractive odorant for C. elegans and is sensed by the
AWA primary chemosensory neurons (Bargmann et al. 1993;
Sengupta et al. 1996). Octanol is an aversive odorant and is
sensed by the AWB primary chemosensory neurons, which me-
diate olfactory avoidance behavior in C. elegans. The response to
100% octanol in the absence of food was found to be mediated
by the AWB primary sensory neurons as well as the ASH and ADL
mechanosensory neurons (Troemel et al. 1995; Chao et al. 2004).

The paradigm used for diacetyl chemotaxis was identical to
that for benzaldehyde. A prolonged attraction to 100% diacetyl
in day 7 animals compared with day 4 animals was observed,
similar to that seen with 100% benzaldehyde (Fig. 5A). There was
a significant age � time interaction (F(4,70) = 3.09, P < 0.05). Day

7 animals showed a significantly higher
W.C.I. at 10, 30, 60, and 90 min com-
pared with day 4 animals. This result
suggests that similar to the response to
benzaldehyde, aged animals also
showed a stronger attraction to 100% di-
acetyl compared with young adults.

The kinetic analysis of chemotaxis
to octanol was performed with the same
paradigm, except that the worms were
positioned immediately beside the spot
of octanol at the beginning of the assay
because octanol only elicits an aversive
response (Troemel et al. 1995). Putting
the worms beside the spot of odorant
near one edge of the testing plate al-
lowed for a longer distance (the entire
diameter of the plate) for avoidance of
the spot of octanol, rather than half
the diameter of the plate when worms
started their chemotaxis at the center
of the plate. This should provide a better
resolution for the kinetics of octanol
avoidance. Interestingly, no difference
in rate of avoidance was observed be-
tween day 4 and day 7 animals (Fig. 5B).
There were no significant age � time in-
teraction (F(5,24) = 0.53, P > 0.05) nor sig-
nificant main effect of age (F(1,24) = 3.08,
P > 0.05), but there was a significant
main effect of time (F(5,24) = 20.41,
P < 0.05). Taken together, these data

Figure 4. Chemotaxis behavior to low concentrations of benzaldehyde. (A) Time course for ap-
proach to 0.1% benzaldehyde by day 4 and day 7 wild-type animals (n = 3 plates per data point). (B,C)
Time course for approach to 1% benzaldehyde by day 4 and day 7 (B) wild-type and (C) odr-3 (n2150)
animals (n = 3 plates per data point). (�) Day 4; (�) day 7. (*) Significant difference in W.C.I. between
day 4 and day 7 animals (P < 0.05, Bonferroni-corrected t-test).
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suggest that the stronger chemotaxis in aged worms generalizes
to odorants that have an attractive component, but not to odor-
ants that have only an aversive component.

Stronger benzaldehyde attraction by day 7 animals
is experience dependent
To test whether the age-enhanced attraction to benzaldehyde
correlates with the age of animals, 4-, 6-, and 8-d-old animals
were tested for their chemotaxis response. Indeed, stronger che-
motaxis response was observed in progressively older animals
(Fig. 6A). There was an age � time interaction (F(6,60) = 2.65,
P < 0.05). Day 6 animals showed higher C.I. compared with day
4 animals at all time points (P < 0.05), and day 8 animals showed
higher C.I. compared with day 6 animals at the 10-, 30-, and
60-min time points (P < 0.05). This suggests that the age-
enhanced attraction is indeed correlated with the animal’s
age, and that the strength of the attraction may be dependent on
length of food exposure.

Benzaldehyde and diacetyl are both biologically relevant
olfactory cues for C. elegans. Benzaldehyde is thought to be pro-
duced by bacteria (http://www.sciencedaily.com/releases/2001/
04/010405081652.htm) and has been found to be produced by
some bacteria through conversion from phenylalanine (Nierop
Groot and de Bont 1998). Diacetyl is also a bacterial fermentation
end product from a food source for C. elegans (Zhang et al. 1997).
Therefore, these volatile odorants may provide a cue for long-
range detection of bacterial lawns, and have been shown to play
a role in associative and nonassociative learning (Bernhard and
van der Kooy 2000; Nuttley et al. 2002).

We hypothesize that by virtue of living on a bacterial lawn
for three extra days compared with day 4 animals, day 7 animals
had a longer acquisition period to associate the volatile odorants
released by bacteria with the presence of the bacterial food source
itself, and therefore demonstrated increased expression of attrac-
tion. This hypothesis was tested by growing worms in axenic
growth media (Chitwood et al. 1995) instead of on E. coli. Axenic
growth media support worm growth in the absence of bacterial
food source; hence, the metabolites that are released by bacterial
food are absent in this growth condition, while worms still grow
into adults on this food. In this growth condition, the contingency
between olfactory stimuli (bacterial metabolites including benzal-
dehyde and diacetyl) and the presence of food should be removed.

To test this hypothesis, we replaced the E. coli food with
axenic media after worms were grown to adults on E. coli, and
then tested their chemotaxic response to benzaldehyde. Worms
grown on axenic media for 3 d after 4 d of growth on E. coli

(referred to as the axenic media group below) showed a weaker
attraction to benzaldehyde compared with animals grown for
7 d on E. coli (Fig. 6B). A two-way ANOVA reveals a significant
treatment � time interaction (F(6,24) = 4.07, P < 0.05) in the che-
motaxis time course. Post-hoc Bonferroni t-tests indicated that
the day 7 E. coli alone group showed significantly more attraction
to benzaldehyde than the day 4 E. coli alone group and the axenic
media group (P < 0.05). Interestingly, animals that were returned
to E. coli food source for 2 d after 4 d of E. coli growth and 1 d of
axenic media growth showed a chemotaxic behavior that was
not significantly different from animals grown on E. coli for 7 d
alone (P > 0.05) and C.I. that was significantly higher than day 4
E. coli alone animals at 30 and 60 min (P > 0.05). Most important,
a locomotor assay revealed no difference in the locomotion of all
treatment groups (Fig. 6D) (F(4,14) = 0.29, P > 0.05; P > 0.05 for all
comparisons between any two treatment groups by Bonferroni’s
multiple comparison test), suggesting that the differences in at-
traction between different groups cannot be attributed to loco-
motor differences. These data suggest that the odor–food asso-
ciation was extinguished by the loss of the odor–food contin-
gency in animals that were grown on axenic media, and is
reversible upon re-exposure to the E. coli food source. However,
animals that were returned to the E. coli food source for 1 d after
4 d of E. coli growth and 2 d of axenic media growth showed a
nonstatistically significant trend of greater attraction to benzal-
dehyde (data not shown), suggesting that the enhanced attrac-
tion correlates with the length of odor–food exposure. Thus,
these results support the idea that the increased benzaldehyde
attraction in day 7 animals is dependent on experience, specifi-
cally the contingency between odor metabolites released from
E. coli and the appetitive value of food itself. Furthermore, these
results suggest that the attraction to high concentrations of odor-
ants remains plastic during adult stage and may be modified
based on the associatively learned contingencies between sen-
sory stimuli and appetitive cues present in the environment.

Reconstitution of the benzaldehyde–food contingency
in axenic media restores age-enhanced attraction
to benzaldehyde
If the enhanced attraction is indeed due to the association be-
tween odor given off food and food itself, one should predict that
supplementing axenic media with benzaldehyde should re-
store the benzaldehyde–food contingency and hence the age-
enhanced attraction to benzaldehyde. To further test the hypoth-
esis that the aged-enhanced attraction is due to odor–food asso-
ciation, animals were given a supplement of 0.06% benzaldehyde

Figure 5. Chemotaxis behavior to other odorants. Time course for chemotaxis to (A) 100% diacetyl (n = 8 plates per data point), and (B) 100%
octanol (n = 3 plates per data point) by day 4 (�) and day 7 (�) wild-type animals. Animals were placed in the center of the plate for chemotaxis to
diacetyl and immediately beside the odorant spot for octanol at the start of the chemotaxis assay. (*) Significant difference in W.C.I. between day 4 and
day 7 animals (P < 0.05, Bonferroni-corrected t-test).
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in the media from day 4 to day 7 after grown to adults on E. coli,
and were tested for their chemotaxic behavior to benzaldehyde.
Interestingly, this treatment indeed recovered the age-enhanced
attraction to benzaldehyde (Fig. 6C). There was a significant
age � time interaction (F(6,60) = 6.11, P < 0.05). Animals that
received media treatment with a benzaldehyde supplement
between day 4 and day 7 showed significantly higher W.C.I.
(P < 0.05) at all time points compared with both day 4 animals
and animals treated with axenic media alone between day 4 and
day 7. Moreover, they showed W.C.I. that was not significantly
different from day 7 E. coli raised animals at all time points
(P > 0.05). This result further supports the hypothesis that the
age-enhanced attraction to benzaldehyde is due to the odor–food
association during the animals’ exposure to E. coli.

Serotonin is necessary for the enhanced attraction
in aged worms
Serotonin mediates many food-modulated behaviors in C. el-
egans, including pharyngeal pumping, egg laying, fat metabo-

lism, and locomotion (Sawin et al. 2000; Sze et al. 2000), suggest-
ing that serotonin functions as an important signaling molecule
for food. Serotonin also has been shown to mediate odor–food
associative learning in C. elegans (Nuttley et al. 2002; Zhang et al.
2005). We therefore tested serotonin-deficient mutants to further
examine whether the age-enhanced attraction to benzaldehyde
could be due to odor–food association. tph-1 encodes tryptophan
hydroxylase, which is the rate-limiting enzyme for serotonin
synthesis. tph-1 mutants lack the signal for food and therefore
should show a deficit in the age-enhanced attraction to benzal-
dehyde if the increased attraction is caused by the association
between odor and food. Indeed, day 7 tph-1 animals lacked the
enhanced attraction in day 7 N2 animals (Fig. 7A) and showed a
chemotaxic response that is almost identical to day 4 tph-1 ani-
mals (Fig. 7B). There was no significant age � time interaction
(F(2,30) = 0.37, P > 0.05) nor a significant main effect of age
(F(1,30) = 0.66, P > 0.05), but there was a significant maineffect of
time (F(2,30) = 95.97, P < 0.05) in the tph-1 worms. However, it is
possible that an enhanced attraction in aged tph-1animals is

Figure 6. (A) Chemotaxis behavior of progressively older animals. Time course for chemotaxis to 100% benzaldehyde by day 4 (�), day 6 (�), and
day 8 (� with dashed line) wild-type animals. n = 6 plates per data point for all data points. (B,C) Chemotaxis behavior of worms grown on axenic media.
(B) Time course for chemotaxis to 100% benzaldehyde by wild-type animals grown for (1) 4 d on E. coli (�), (2) 7 d on E. coli (�), (3) 4 d on E. coli + 3
d on axenic growth media (�), and (4) 4 d on E. coli + 1 d on axenic media + 2 d on E. coli (�). n = 3 plates per data point for all data points. (C) Time
course for chemotaxis to 100% benzaldehyde by wild-type animals grown for (1) 4 d on E. coli (�), (2) 7 d on E. coli (�), (3) 4 d on E. coli + 3 d on
axenic growth media (�), and (4) 4 d on E. coli + 3 d on axenic media with 0.06% benzaldehyde (�). n = 6 plates per data point for all data points.
(D) Locomotion of animals in different treatment groups. Locomotor index at 30 min for wild-type animals that were grown (1) 4 d on E. coli, (2) 7 d
on E. coli, (3) 4 d on E. coli + 3 d on axenic growth media, (4) 4 d on E. coli + 1 d on axenic media + 2 d on E. coli, and (4) 4 d on E. coli + 3 d on axenic
media with 0.06% benzaldehyde. n = 3 plates per treatment group.
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masked by their deficit in locomotion (Fig. 7D). Although there
was no significant strain � time interaction (F(4,18) = 1.52,
P > 0.05), a significant main effect of strain (F(2,18) = 39.25,
P > 0.05) and a significant main effect of time (F(2,18) = 44.96,
P < 0.05) were seen; tph-1 animals showed a lower locomotor
index compared to N2 at all time points (P < 0.05).

mod-1 encodes a serotonin-gated chloride channel and
mod-1 mutants are defective in food-modulated locomotor be-
havior (Ranganathan et al. 2000) and olfactory aversive learning
induced by pathogenic food (Zhang et al. 2005). However, unlike
tph-1 mutants, mod-1 mutants did not exhibit locomotor deficit
in the absence of food (Fig. 7D). The locomotor index of mod-1
animals was not significantly different from N2 at all time points
(P > 0.05). Therefore, mod-1 is a good candidate mutant to test for
the effect of loss of food signaling on the enhanced attraction to
benzaldehyde. Similar to tph-1 mutants, aged mod-1 animals
did not show enhanced attraction to benzaldehyde (Fig. 7C).
There was no significant age � time interaction (F(2,30) = 0.95,
P > 0.05) nor a significant main effect of age (F(1,30) = 3.0,
P > 0.05), but there was a significant main effect of time
(F(2,30) = 46.51, P < 0.05), and the W.C.I for day 7 mod-1 animals
was not significantly different from day 4 mod-1 animals at all
time points (P > 0.05).

Taken together, these results suggest that serotonin is nec-
essary for the age-enhanced attraction to benzaldehyde and may
act as a mediator for the food signal in the association between
food-released odor and food itself.

lrn-2 is required for the enhanced attraction in aged
worms
To further elucidate the mechanisms of this form of olfactory
learning, we tested mutants with deficits in various forms of as-
sociative learning in our age-enhancement paradigm. Because

AIY is a downstream target for the olfactory signal from AWC and
the food signal from ADF, it is plausible that these sensory signals
converge on AIY for the form of associative learning we observed.
We therefore tested the involvement of genes that are expressed
mainly in AIY neurons and are known to mediate food appetitive
learning. The neuronal-Ca2+-sensor ncs-1 is required for optimal
isothermal tracking after worms were raised at the “preferred”
temperature in the presence of food (Gomez et al. 2001). sra-11
encodes an orphan G protein–coupled seven-transmembrane re-
ceptor that belongs to a large family of putative chemoreceptor-
encoding genes, and is required for olfactory imprinting, during
which larvae C. elegans were trained to low concentrations of
odorants in the presence of food (Remy and Hobert 2005). The
enhanced attraction in aged animals was preserved in ncs-1 mu-
tants (Fig. 8A). There was a significant age � time interaction in
ncs-1 worms (F(3,16) = 57.03, P < 0.05) and N2 control worms
(F(3,16) = 3.59, P < 0.05) . Post-hoc Bonferroni t-tests showed that
day 7 animals had a higher chemotaxis index than day 4 animals
at all time points for both ncs-1 and N2 animals (P < 0.05). The
enhanced attraction in aged animals also was preserved in sra-11
mutants (Fig. 8B). There was a significant age � time interaction
in sra-11 worms (F(2,12) = 4.21, P < 0.05) and N2 control worms
(F(2,12) = 4.28, P < 0.05). Post-hoc Bonferroni t-tests showed that
day 7 animals had a higher chemotaxis index than day 4 animals
at all time points for both sra-11 and N2 animals (P < 0.05). How-
ever, a deficit is observed in lrn-2 mutants (Fig. 8C), which have
been behaviorally characterized and found to be normal in their
sensorimotor abilities and nonassociative learning ability, while
defective in both olfactory and taste associative learning (Wen
et al. 1997; Morrison et al. 1999). There was no significant
age � time interaction (F(2,12) = 1.30, P > 0.05) nor a significant
main effect of age (F(1,12) = 4.61, P > 0.05), but there was a signif-
icant main effect of time (F(2,12) = 91.97, P < 0.05) in the lrn-2

Figure 7. (A–C) Chemotaxis behavior of serotonin mutants. Time course for chemotaxis to 100% benzaldehyde by day 4 vs. day 7 animals for three
strains: (A) N2 wild-type animals, (B) tph-1 mutants, and (C) mod-1 mutants. n = 6 plates per data point for all data points. (*) Significant difference in
W.C.I. between groups at the same time point (P < 0.05, Bonferroni-corrected t-test). (D) Locomotion of serotonin mutants. Time course for locomotion
by wild-type animals (�), tph-1 mutants (�), and mod-1 mutants (� with dashed line). n = 3 plates per data point for all data points.
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worms. In contrast, there was a significant age � time interac-
tion (F(2,12) = 36.51, P < 0.05) in control N2 worms. Post-hoc
Bonferroni t-tests showed that day 7 animals had a higher che-
motaxis index than day 4 animals at all time points for N2 ani-
mals (P < 0.05), but there was no difference in chemotaxis index
between ages at all time points for lrn-2 animals (P > 0.05).

While the insulin pathway is also implicated in associative
learning (Murakami et al. 2005; Tomioka et al. 2006), it may not
be required in this form of learning, because a short-term odor–
food learning assay (1-h pairing of benzaldehyde and food) failed
to reveal any deficit in ins-1 (an antagonist for daf-2) animals
(A. Lin and D. van der Kooy, unpubl.).

Together, these results suggest that the learned age-
associated increase in benzaldehyde attraction is mediated by a
pathway involving lrn-2, but different from the pathways known
for salt–food learning (ncs-1) and olfactory imprinting (sra-11).

Discussion
One might suggest that the age-related increase in chemotaxis
toward benzaldehyde is a result of an aging-associated deficit in
avoidance behavior, since avoidance behaviors are expressed
only at high odorant concentrations, at which increased benzal-
dehyde chemotaxis is seen. However, three pieces of evidence
refute this hypothesis and suggest instead that the stronger ol-
factory attraction is due to an enhanced attractive mechanism
specifically at high odorant concentrations. First, odr-3 mutant
animals that lack the attractive mechanism, and thus only avoid
the odorant, showed no age-associated change in chemotaxis
behavior. Second, no age-associated change in chemotaxis be-
havior was observed with an odorant that only elicits an avoid-

ance response (octanol). Third, aged animals showed quicker
and greater attraction to 1% benzaldehyde, a concentration that
only elicits attraction and no avoidance. Together, these findings
suggest that an early effect of aging is an enhancement in ex-
pression of attractive behavior to high concentrations of volatile
odorants.

As with other sensory modalities, age-related changes in ol-
factory function are a result of complex interactions between
genetically predisposed and experience-dependent changes. His-
tology of human and rodent epithelia and olfactory bulb reveal
striking differences between young and old animals (Mulvaney
1971; Naessen 1971; Hinds and McNelly 1981). While changes in
the structure of the sensory apparatus with age can result in
change in olfactory function in humans and rodents, this is not
a major cause for the change in the olfactory-mediated behavior
that we observed in aged C. elegans. In advanced aged animals
(day 18), sensory dendrites of chemosensory neurons were ob-
served and cilia structures were normal (D. Hall, pers. comm.).
While it has been reported that the cuticle of the worms thickens
as age increases (Herndon et al. 2002), the passageway leading
from the surface into the amphid pocket is still open in day 18
animals (D. Hall, pers. comm.). This suggests that the thickening
does not block the channel for odorant molecules to enter and
bind to their receptors on the olfactory sensory neuron dendrites.
Indeed, we performed a DiI filling experiment and confirmed
that the route to the amphid pocket is passable for dye molecules
in both day 4 and day 7 animals (not depicted). Therefore, it is
unlikely that the quicker and prolonged attraction to benzalde-
hyde and diacetyl is due to a morphological change in the sen-
sory apparatus.

Figure 8. (A) Chemotaxis behavior ncs-1 mutants. Time course for chemotaxis to 100% benzaldehyde by day 4 vs. day 7 animals for N2 (dashed line)
and ncs-1 mutants (solid lines). n = 3 plates per data point for all data points. (B) Chemotaxis behavior sra-11 mutants. Time course for chemotaxis to
100% benzaldehyde by day 4 vs. day 7 animals for N2 (dashed line) and sra-11 mutants (solid lines). n = 3 plates per data point for all data points. (C)
Chemotaxis behavior lrn-2 mutants. Time course for chemotaxis to 100% benzaldehyde by day 4 vs. day 7 animals for N2 (dashed line) and lrn-2
mutants (solid lines). n = 3 plates per data point for all data points.

5-HT mediates benzaldehyde enhancement in worms

852www.learnmem.org Learning & Memory

 Cold Spring Harbor Laboratory Press on November 12, 2012 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


Moreover, the results further suggest that the increase in
attraction to benzaldehyde in aged animals is experience depen-
dent. Specifically, it is dependent on the exposure to sensory cues
from the bacterial food source the animals receive during their
growth. There are two possible explanations for the nature of the
experience dependence. One explanation is that the presence of
odor cues released from E. coli has reshaped the behavior of the
animals by a process known as olfactory imprinting. This is
unlikely because olfactory imprinting occurs in a critical window
that coincides with the first larval stage (Remy and Hobert 2005),
long before the adult stages that are the period of interest in the
present study. A second and more likely explanation is that by
virtue of feeding on the E. coli for three more days, the day 7
animals received longer pairing between the presence of odor-
ants (metabolites coming off from E. coli) and the presence of
appetitive food than the day 4 animals, and hence, increased
their attraction to the odorants. Indeed, worms were shown to be
able to associate an olfactory cue with the presence of food in
the adult stage (Nuttley et al. 2002). We explicitly tested this
associative learning hypothesis by removing the olfactory cues
(such as benzaldehyde and diacetyl) that predict the presence of
food starting at the adult stage, and this manipulation abolished
the increased attraction in aged animals. Worms were grown on
nonbacterial food sources that did not release the bacterial
metabolites benzaldehyde and diacetyl. Aged worms grown in
this way, in which the contingency between benzaldehyde and
appetitive food is lost, showed no greater attraction to benzalde-
hyde compared with young adult worms. While it is possible that
the lack of benzaldehyde attraction when given axenic media
from day 4 to day 7 could be partly due to extinction of food–
benzaldehyde pairing, this would require a second assumption
that there is an intrinsic, unexplained enhanced attraction in day
7 animals. Moreover, reinitiating the odor–food association by
returning worms to E. coli or supplementing the axenic media
with benzaldehyde recovered the attraction. Thus, we conclude
that longer associative learning between the presence of benzal-
dehyde (conditioned stimulus) and food (unconditioned stimu-
lus) can explain the greater benzaldehyde attraction in aged
worms. While genes that direct cell specification and cilia mor-
phology are important for shaping worm olfactory behaviors
during development (Coburn and Bargmann 1996; Roayaie et al.
1998; Lanjuin et al. 2003), the present data show that certain
olfactory-mediated behaviors remain plastic throughout the
adult stages of worm life. The worms are constantly modifying
their behaviors based on the contingencies between sensory
stimuli and appetitive cues present in the environment.

The results suggest that the increase in attraction to odor-
ants is specific only to high odorant concentrations. Previous
studies clearly suggested the presence of distinct olfactory signal-
transduction mechanisms for different odorant concentrations.
In addition to the identified high-affinity odr-10 diacetyl receptor
on AWA, there is a low-affinity diacetyl receptor on AWC that
mediates responses to high concentrations (100%) of diacetyl
and 2,3-pentanedione (Chou et al. 1996). rgs-3 mutants also
show deficits in response to only high concentrations of stimuli
such as isoamyl alcohol, another odorant sensed by AWC (Ferkey
et al. 2007). Finally, pre-exposure to butanone and food also
enhances chemotaxis to butanone at high concentrations, but
not low concentrations (Torayama et al. 2007). The present data
further supports the presence of separate high-affinity and low-
affinity chemotaxis pathways for benzaldehyde and suggests that
the low-affinity pathway may be recruited by many of the odor-
ants that worms detect. odr-3 may be the downstream G-protein
in the transduction of this low-affinity pathway, since odr-3
mutants were deficient in the enhanced attraction to high con-
centrations of benzaldehyde in day 7 worms. Alternatively, odr-3

may be the downstream signaling protein for the olfactory cue
after the association is formed, or it may play a role in the inte-
gration of sensory cues. While it is not clear what concentration
of benzaldehyde is released from E. coli, it is possible that with
3 d of exposure, animals can form an appetitive association be-
tween the presence of food in the environment and the presence
of even low concentrations of odorants. We propose that the
associative learning between benzaldehyde released from the
bacterial food source and the presence of appetitive food itself
selectively facilitates the low-affinity chemotaxic pathway
(which sense high concentrations of benzaldehyde) at or down-
stream from the olfactory receptor, but not the high-affinity che-
motaxic pathway.

One might speculate that there would be a change in olfac-
tory adaptation if there is a change in the low-affinity olfactory
receptor. Day 7 animals appear to adapt at a slightly faster rate
compared with day 4 animals, although there is no difference
in their level of adaptation after an hour of exposure (Fig. 2C).
The quicker learning may be due to an increased processing of
high-concentration odorants (animals were adapted with 100%
benzaldehyde) due to an up-regulation of the low-affinity olfac-
tory receptor or its downstream pathway as a result of selective
modification by the associative learning. However, it is not clear
whether olfactory adaptation is a phenomenon at the receptor
level. While it has been shown that the cGMP-dependent protein
kinase egl-4 in the primary sensory neuron AWC is important for
adaptation (L’Etoile et al. 2002), another study showed that the
downstream interneuron AIY controls olfactory adaptation via
the Ras–MAPK pathway (Hirotsu and Iino 2005), suggesting ol-
factory adaptation may be mediated by a mechanism down-
stream from both the olfactory receptor level and primary sen-
sory neuron. Furthermore, a longer period of adaptation (2 h)
results in a negative chemotaxis index, which suggests that ani-
mals avoid, rather than lose sensitivity to the odorant after ad-
aptation. Lastly, the presence of food or serotonin during train-
ing can block olfactory adaptation (Nuttley et al. 2002). All of
these results suggest that olfactory adaptation is likely an asso-
ciative learning phenomenon involving both primary sensory
neuron and interneuron, rather than an unconditioned learning
phenomenon. Therefore, a change at the olfactory receptor level
may not contribute to a change in olfactory adaptation.

In C. elegans, tph-1 is expressed in serotonergic neurons in-
cluding the two food sensing neurons—ADF and NSM (Sze et al.
2000), whereas mod-1 is expressed in interneurons including ma-
jor targets of the AWC neurons—AIY and AIZ (Ranganathan et
al. 2000). Both tph-1 and mod-1 were shown to mediate food-
enhanced locomotor slowing and olfactory learning (Sawin et al.
2000; Zhang et al. 2005). Our results show that mutations in
either tph-1 or mod-1 cause defects in age-enhanced attraction to
benzaldehyde, which is a form of odor–food associative learning
supported by our results, and suggest that serotonin may act on
the serotonin-gated chloride channel to mediate this form of
odor–food associative learning. Rescue experiments from previ-
ous studies show that serotonin released from different neurons
plays a more prominent function in either food-related olfactory
learning or food-modulated locomotion, depending on which
neuron it is released from (Zhang et al. 2005). Thus, in the en-
hanced attraction we observed, serotonin may function as either
a food signal or a mediator for associative learning, or both. Our
results also show that lrn-2 (Fig. 8C) is required for the age-
enhanced attraction to benzaldehyde, while ncs-1 (Fig. 8A) and
sra-11 (Fig. 8B) are not required. These results argue that path-
ways for food-associative learning are distinct for particular sen-
sory cue modalities. In this case, the pathway involved in the
learned increased attraction to an olfactory stimulus differs from
the pathway involved in temperature–food learning mediated
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by ncs-1 (Gomez et al. 2001). They also support the idea that
different genes may be involved in learning in different specific
stages of an animal’s life cycle. Specifically, the sra-11 gene (in-
volved in larval olfactory imprinting) (Remy and Hobert 2005)
is not required for the form of adult olfactory learning in our
paradigm. Altogether, these results further support our hypoth-
esis that the enhanced attraction in aged animals is learned, and
this learned increase in attraction to high concentrations of
odors is mediated by the lrn-2 pathway.

There are many tastes and smells released by bacteria, the
worm’s food. It has been found that hundreds of metabolites are
present in E. coli (Styczynski et al. 2007). However, these metabo-
lites, including benzaldehyde and diacetyl, are abundant in na-
ture. If the association between low concentrations of bacterial-
release metabolites and the presence of bacterial food also facili-
tates high-affinity attraction, then worms would approach these
chemicals from considerable distances, even if the chemicals
were not released by a food source. Hence, not only would it be
energetically costly for worms to cover long distances, but they
might also be exposed to potential predators, parasites, and toxic
environments. Thus, the facilitation of a high-affinity chemoat-
tractive pathway alone may reduce the worms’ exposure to harm-
ful stimuli and confer an evolutionary advantage over a learned
generalization to low concentrations of odorants.

In conclusion, this study provides a novel and sensitive ap-
proach for identifying early physiological changes in aging C.
elegans. It reveals that aging C. elegans develop an enhanced at-
traction to high concentrations of attractive volatile odorants
compared with young adult worms. This enhancement is not
caused by changes in locomotory rate and is specific to only high
concentrations of odorants. We suggest that in addition to the
two independent high-affinity chemoattractive mechanisms for
benzaldehyde and diacetyl, there may be a separate, single, low-
affinity chemoattractive mechanism for both. Moreover, the en-
hanced attraction to high odorant concentrations is serotonin
and experience dependent, and may be accounted for by a life-
long associative learning process that the worms experience be-
tween the odorants released by E. coli and the presence of the
appetitive E. coli food source itself.
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