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The capacity to respond to adverse conditions is key for animal survival. Research in the nematode
Caenorhabditis elegans demonstrates that retrieval of aversive memories, stored within sensory neurons,
is sufficient to induce a protective systemic stress response that improves fitness.
Does the mind have the power to control
systemic physiological processes? For
example, could enhanced conscious
awareness, through the practice of
meditation, help us to relieve pain? In
1863, geologist Sir Charles Lyell
postulated that the mind’s ability to
control body physiology, termed mind
over matter, is a bona fide function that
emerged as brains expanded in size over
evolutionary time [1]. In this issue of
Current Biology, a new study by Eliezer
and colleagues [2] suggests that even the
free-living soil nematode Caenorhabditis
elegans, with its 302-neuron nervous

system, may be endowed with the
capacity to modify its physiology merely
by recalling past experiences.
Like most animals, C. elegans must
adjust its behavior and physiology in
response to dire conditions. When food
resources are limited, protective
programs, which enhance somatic
maintenance and repress reproductive
development, are activated [3]. These
systemic stress-induced pathways are
thought to act, in part, through
transcription of genes that promote stress
resistance, fat metabolism, pathogen
protection, and entry into a protective

developmental state called dauer. Many of
these transcriptional events are mediated
by the DAF-16/FOXO forkhead
transcription factor [4], which rapidly
translocates from the cytoplasm to the
nucleus following exposure to stressful
conditions [5]. Activation of these
transcriptional programs can take
anywhere from minutes to hours. It would
therefore be advantageous for C. elegans
to have the ability to predict and prepare in
advance for impending adversity.
Associative learning is a mechanism that
could underlie such an early warning
system, predicting future events based on
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Figure 1. Evoking stressful memories allows animals to improve fitness to environmental
challenges.
(A) Starvation results in DAF-16/FOXO nuclear translocation, conferring stress resistance. (B) In well-fed
animals, DAF-16 is excluded from the nucleus, and animals are sensitive to stress. Independently,
exposure to IAA results in AWCON activation. (C) During training (left), starvation and IAA are paired.
Later exposure to IAA, even in the presence of food, results in activation of both AWC neurons, DAF-16
nuclear translocation and stress resistance.

past experiences. However, whether longlasting memories can directly affect
systemic physiological processes is not
well understood.
To study mechanisms by which
starvation-related memories are formed
and retrieved, and how these memories
might assist C. elegans in preparing for
looming environmental challenges, Eliezer
and colleagues developed and studied a
simple associative memory paradigm [2].
Animals facing starvation were
conditioned with the odorant isoamyl
alcohol (IAA), and then allowed to recover
for several hours in the presence of food
and without IAA (Figure 1). Naı̈ve
C. elegans are attracted to IAA; however,
the authors showed that pairing IAA with
starvation dramatically changes
preference to this odorant. Indeed, trained
animals learn to avoid IAA, indicating
generation of an aversive associative
memory between starvation and IAA.
Next, the authors sought to determine
whether evoking aversive memories, in
the absence of stressful insults, is
sufficient to induce a systemic stress
response. To do so, they developed an
impressive assay that allows observation
of memory retrieval by following nuclear

accumulation of GFP-tagged DAF-16 [2].
Remarkably, exposure of trained animals
to IAA, even in the presence of food, is
sufficient to induce rapid nuclear
translocation of DAF-16 (Figure 1),
followed by induction of DAF-16dependent stress-response gene
expression. Furthermore, the authors
directly demonstrated that anticipating
adverse conditions confers a survival
advantage. C. elegans are sensitive to
high temperatures, and prolonged
exposure to temperatures above 30! C
results in death [6]. Importantly, a short
exposure to IAA before such heat
treatment significantly increases survival
of odor-trained, but not mock-trained,
animals (Figure 1). Together, these
observations suggest that the mere
retrieval of a memory may directly affect
physiology, to confer a fitness advantage
in the face of harsh conditions.
DAF-16 nuclear accumulation is initially
observed in gonadal sheath cells, before
progressing to other somatic tissues. It
has been previously shown that to cope
with starvation, C. elegans enters a
protective adult reproductive diapause
(ARD) state that is reversible upon food
availability [7]. As the gonadal sheath cells
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are necessary for germ-line development
[8], it is plausible that DAF-16 nuclear
accumulation serves for ARD initiation [9].
Subsequent DAF-16 nuclear
accumulation in all other tissues is likely
required for comprehensive systemic
resistance to stress.
Eliezer and colleagues then aimed to
identify the cells comprising the
associative memory engram [10], i.e. the
set of cells that are activated during the
aversive learning paradigm and that are
used for memory formation and retrieval.
C. elegans is an attractive model to
address such questions, as all synaptic
connections between its 302 neurons are
mapped [11], allowing functional
assignment of circuits to specific
behaviors [12]. Furthermore, the
transparent cuticle allows the use of optical
tools to record or modulate neuronal
activities in intact animals. IAA is sensed by
a pair of olfactory neurons designated
AWCON and AWCOFF that are wired to
generate attractive behavior [13]. These
neurons are generally similar in shape and
activity, but exhibit differences in gene
expression that are thought to reflect
different sensitivities to odorants [13].
Remarkably, optogenetic activation of
either AWC neuron is sufficient to induce
DAF-16/FOXO nuclear accumulation in
trained animals, but not naı̈ve animals [2].
Unlike odor-responsive cells in other
animals, where individual olfactory
neurons express a single type of odorant
receptor and distinct patterns of sensory
neuron activation allow discrimination of a
vast range of odors [14], AWC neurons
express many odorant receptors and
respond to a host of odor cues [13]. Thus,
it is possible that memory of starvation–
IAA pairing could be retrieved by
exposure to a different AWC-sensed
odorant. Supporting this idea, Eliezer and
colleagues demonstrate that following
pairing of IAA with starvation, introducing
trained animals to other AWC-sensed
odorants is sufficient to evoke the stress
response [2]. This lack of discrimination
seems somewhat surprising, as it could
lead, at least in principle, to false alarms.
However, it is possible that this result
reflects an underlying logic of the
C. elegans olfactory system, in which
odors sensed by a common cell are likely
to co-exist in naturally occurring,
ecologically relevant settings. Indeed,
such a design would greatly increase the
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sensitivity of the system, as appropriate
behavioral responses (attraction or
avoidance) would be elicited by activation
of a large number of redundant odorants.
How are memory formation and
retrieval organized in AWC neurons?
Although both AWCON and AWCOFF
neurons can sense IAA [15], recording of
mock-trained animals expressing a
genetically-encoded calcium indicator,
and treated with IAA, showed enhanced
responses in AWCON compared to
AWCOFF neurons. However, in odortrained animals, the AWCOFF response
was modulated and became significantly
more sensitive to IAA [2]. Furthermore,
Eliezer and colleagues used genetic tools
for transient neuronal inhibition during
either memory-training or memoryretrieval sessions. While AWCON inhibition
during training prevents formation of
starvation-memories; its inhibition during
the subsequent challenge has no effect
on induction of the stress response.
Conversely, AWCOFF inhibition during the
challenge, but not during the training
session, completely blocks memory
retrieval and stress-response induction
[2]. Based on these observations, the
authors conclude that AWCON is the main
sensor of IAA and that its activity is
required for memory formation, while
AWCOFF is recruited following training to
store and retrieve the memory.
Although the downstream mechanisms
by which these memory engram cells
induce systemic stress responses is still
largely unclear, the authors provide
evidence that serotonin secretion from
two head neurons can mediate the rapid
systemic nuclear translocation of DAF16/FOXO [2]. Interestingly, incubation of
trained animals with exogenous serotonin
was sufficient for memory retrieval. This
suggests that cells situated downstream
of the serotonergic head neurons are
primed to sense serotonin following the
IAA-training session. It will be fascinating
to decipher how evoked memories are
spread from the nervous system to the
target tissues to generate a systemic
protective response.
In sum, Eliezer et al. show that evoking
stressful memories, stored within
individual sensory neurons, allows
animals to anticipate upcoming dire
conditions, giving animals a head start to
initiate protective responses throughout
the body that ultimately increase fitness. It

seems, therefore, that even C. elegans has
learned to control matter with its mind.
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Actin undergoes several forms of post-translational modifications that
play roles in normal physiological processes and pathological states.
A new study reveals that a complex between lysine-acetylated actin
and cyclase-associated protein inhibits the formin INF2 by enhancing
intramolecular inhibitory interactions in this protein.
Actin is the most abundant protein in the
cytoplasm of most human cells and is
implicated in essential activities, ranging
from endocytosis and exocytosis to

organelle trafficking and cell motility. The
cellular pool of actin is roughly evenly
divided between monomeric and
filamentous forms. Several factors
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