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A diacylglycerol kinase modulates long-term
thermotactic behavioral plasticity in C. elegans

David Biron'?, Mayumi Shibuyaz, Christopher Gabel!, Sara M Wasserman?, Damon A Clark!, Adam Brown??3,
Piali Sengupta? & Aravinthan D T Samuel’

A memory of prior thermal experience governs Caenorhabditis elegans thermotactic behavior. On a spatial thermal gradient,

C. elegans tracks isotherms near a remembered temperature we call the thermotactic set-point (7s). The Ts corresponds to the
previous cultivation temperature and can be reset by sustained exposure to a new temperature. The mechanisms underlying this
behavioral plasticity are unknown, partly because sensory and experience-dependent components of thermotactic behavior

have been difficult to separate. Using newly developed quantitative behavioral analyses, we demonstrate that the T5 represents
a weighted average of a worm’s temperature history. We identify the DGK-3 diacylglycerol kinase as a thermal memory molecule
that regulates the rate of Ts resetting by modulating the temperature range of synaptic output, but not temperature sensitivity,
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of the AFD thermosensory neurons. These results provide the first mechanistic insight into the basis of experience-dependent

plasticity in this complex behavior.

A major goal in neuroscience is to elucidate the molecular and neural
bases of experience-dependent adaptive behavior. Adaptive changes
in behavior have been associated with alterations in neuron and
neural circuit functions, most notably in the gill withdrawal reflex in
Aplysia'=3. Although functional changes in sensory neurons can con-
tribute to both short- and long-term behavioral plasticity in Aplysia*>,
long-term behavioral plasticity in other systems has generally been
attributed to alterations in synaptic strengths and connectivity at higher
processing centers®®, and the contribution of sensory neurons to long-
term changes in behavior remains relatively unexplored.

C. elegans shows a variety of behaviors that are modulated by
environmental conditions and previous experience’. The C. elegans
nervous system is compact, and the synaptic connectivities of all
neurons have been anatomically mapped'. Moreover, the contribu-
tions of individual molecules and neurons to specific behaviors have
been defined through genetic and laser ablation studies®. Taken
together with recent advances in the quantitative analysis of C. elegans
behavior and the development of physiological methods to analyze
neuronal activity“‘lﬁ, these features now make C. elegans an ideal
model organism in which to investigate the roles of genes, neurons and
neuronal circuits in regulating behavior and behavioral plasticity.

Thermotaxis is a particularly sophisticated, experience-dependent
behavior in C. elegans!’. The behavior of C. elegans on spatial thermal
gradients is governed by a memory of its previous cultivation tem-
perature!’. When C. elegans navigates spatial thermal gradients at
temperatures above its previous cultivation temperature, it crawls
down the gradients in what is called cryophilic movement. When

navigating within 2-3 °C of its previous cultivation temperature,
C. elegans tracks isotherms in markedly persistent periods of forward
movement!”. Thus, C. elegans effectively compares the ambient
temperature with a memory of its previous cultivation temperature
to enact different strategies to navigate thermal gradients. The
memory of cultivation temperature retains plasticity in the adult
stage, and it can be reset by cultivating adult worms at one temperature
and then shifting them to a new temperature for a sustained
period'”. The adaptability of thermotactic navigation may be a
behavioral component of heterothermal acclimation in C. elegans,
a common phenomenon in ectothermic animals, contributing to
their ability to compensate for prolonged changes in the temperatures
of their environments'8,

Genetic and physical lesions of the bilateral AFD neurons have been
shown to disrupt thermotactic behavior, including the ability to track
isotherms!>!%2%, implying that the AFD neurons are thermosensory.
Recent physiological measurements have also shown that patterns of
AFD neuronal activity are correlated with the previous cultivation
temperature?! 23, These observations indicate that the memory of
cultivation temperature may be at least partly encoded in patterns of
AFD neuronal activity21’23. However, the molecules and mechanisms
required for the storage and resetting of this memory are unknown.

Here, we use quantitative behavioral analyses to demonstrate that
the cultivation temperature memory in C. elegans represents a
weighted average of the worm’s temperature history. We find that
mutations in the dgk-3 diacylglycerol kinase gene result in defects
in resetting this form of long-term thermal memory. We show that
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DGK-3 affects the resetting of the thermal memory by altering
plasticity in the temperature range of AFD synaptic output, without
detectably affecting plasticity in the temperature range of AFD tem-
perature sensitivity. Our observations indicate that adaptive changes in
sensory neuron function mediate long-term thermotactic behavioral
plasticity in C. elegans and implicate a diacylglycerol kinase as a key
regulator of this process.

RESULTS

Temperature history is integrated to generate the T

When placed on a spatial thermal gradient, C. elegans tracks isotherms
within 2-3 °C of its previous cultivation temperature (Fig. 1)!724,
Thus, when a population of worms is placed on a steep spatial thermal
gradient and allowed to crawl freely for several minutes, isothermal
tracks emerge as persistent periods of forward movement in a direction
perpendicular to the temperature gradient (Supplementary Video 1
online). Since these isothermal tracks only emerge in the narrow band
of temperatures around the remembered cultivation temperature!?, the
cultivation temperature memory can be accurately quantified by
measuring the average temperature of isothermal tracks shown by a
population of worms in a short interval of time. We refer to this
behavioral metric of cultivation temperature memory as the thermo-
tactic set-point (Ts).

[[] Overnight at 15 °C
[ Overnight at 25 °C, 1 h at 15 °C
[l Overnight at 25 °C

a [] Overnight at 15 °C b
[E Overight at 15 °C, 1 h at 25 °C
[l Overight at 25 °C

2 £ o4
S 0.4 8 -
5 s
502 S02
g g
I [

0 0

15 20 25 15 20 25

T(°C) T(°C)

Figure 2 The Ts represents an average of a worm'’s temperature history, and
Ts resetting does not depend on the presence of bacterial food. (a,b) The
distributions of the temperatures at which wild-type worms track isotherms
after being cultivated overnight at 15 °C (plotted in both a and b to facilitate
comparison), at 25 °C (also a,b), overnight at 15 °C followed by cultivation
for 1 h at 25 °C (a), and overnight at 25 °C followed by cultivation for 1 h

at 15 °C (b). (c,d) The upshift (c) and downshift (d) of the Tg of wild-type
worms in the presence of food as measured in upshift and downshift
tracking assays, respectively (see Methods). The circles represent

Figure 1 C. elegans track isotherms around a thermotactic set point (Ts)
corresponding to their cultivation temperature. (a) Isothermal tracks made
by wild-type worms cultivated overnight at 20 °C and placed on a thermal
gradient. Snapshots of the movement of worms on the gradient were digitized
and overlaid such that their trajectories were visible. We defined isothermal
tracks, artificially colored yellow, as long vertical trajectories (see Methods).
White curved lines are trajectories that were made by worms not tracking
isotherms at any given time, typically at temperatures far from the Ts.

(b) The distributions (superimposed rather than stacked) of the temperatures
at which wild-type worms tracked isotherms after overnight cultivation at

15 °C, 20 °C and 25 °C. The center of each distribution is close to the
overnight cultivation temperature of the worms. n = 20-30 each.

We quantified the rate of T resetting by cultivating worms overnight
at 15 °C or 25 °C and shifting them to 25 °C or 15 °C, respectively, for
different periods of time (Fig. 2a-d). We found that Tg resetting
from the overnight cultivation temperature to the new temperature
followed a roughly exponential time-course with time constants
of 1.6 £ 0.2 h and 1.8 £ 0.2 h for temperature upshift and downshift
assays, respectively (Fig. 2c,d). Thus, at intermediate time points,
worms tracked isotherms near temperatures they experienced only
transiently during the equilibration of the cultivation plate to the new
temperature (Fig. 2a—d).

The thermotactic set-point in C. elegans has been suggested to
require associative learning between temperature and food-dependent
cues!”?>26, However, we found that the rate of T resetting to new
temperatures was unaffected by the absence of food at the new
temperature (Fig. 2e,f). We conclude that long-term plasticity in the
temperature range of isothermal tracking does not involve association
between temperature and food, and that the Tg reflects a simple
integration over temperature history.

The roughly exponential relaxation of the Ts to new temper-
atures implies that the dynamics of Tg resetting is approximated by
first-order kinetics:
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experimental data, and the dashed lines indicate exponential fits. (e,f) The Tg upshift (e) and downshift (f) of wild-type worms in the absence of food. Tracking
behavior weakened after 3 h of starvation and was not followed further. Dashed lines indicate the exponential fits to the wild-type behavior from (c) and (d).
At least two independent plates, 50 worms and 20 isothermal tracks were used for each data point. Error bars are 4 s.e.m. (so that they show clearly).
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Figure 3 dgk-3 mutants show altered rates of Ts resetting. (a) The Tg formed in response to cycling cultivation temperatures.
In the upper panel, solid lines depict the temperature on the cultivation plate (7) for three different temperature cycles
(10:20 min, 15:15 min and 20:10 min at 25 °C:15 °C). The lower panel shows the Tg of wild-type worms (black circles)

and dgk-3 mutants (gray circles) cultivated under each temperature cycle. (b—f) In all panels, dashed lines describe the
exponential fit in Tg upshift or downshift for wild-type worms (taken from Fig. 2c,d). Solid lines describe the exponential fits
in cases where the dynamics of Tg resetting were significantly altered (P < 0.01). At least two independent plates, 50 worms
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and 20 isothermal tracks were used for each data point. Error bars are 4 s.e.m. Single and double asterisks mark timescales

that differ from wild-type at P < 0.05 and P < 0.01, respectively. (b,c) The upshift (b) and downshift (c) of the Ts of dgk-3(gk110) mutants and of wild-type
worms exposed to 0.05 pg mi~! TPA. (d) The slower Ts upshift of dgk-3 mutants was rescued by AFD-specific expression of dgk-3. Open circles and squares
depict the Tg of two independent dgk-3(gk110) transgenic strains expressing dgk-3 under the AFD-specific tix-1 promoter. Gray squares depict the Ts of a
control dgk-3(gk110) strain transgenic for the ttx-1 promoter alone. (e,f) The Ts upshift (e) and downshift (f) of wild-type worms expressing dgk-3(-EF)

in the AFD neurons. The behaviors of two independent transgenic lines expressing dgk-3(-EF) were similar.

where T is the temperature of the environment and t,, and tg4, are the
time constants for shifting Ts when T > Ts or T < Ts, respectively.
Equation (1) implies that if the worms are cultivated in an environment
that cycles rapidly between 15 °C and 25 °C, then the T will form at an
intermediate temperature, weighted toward higher or lower tempera-
tures by the relative values of 1, and 14, as well as the relative time
intervals spent at 15 °C and 25 °C in the cycle. To test this hypothesis,
we cultivated worms overnight in a temperature cycle alternating
between fixed time intervals at 15 °C and at 25 °C, both intervals
being shorter than 1, and 14, (Fig. 3a). Indeed, we found that the
Ts formed at an intermediate temperature, although at a temper-
ature slightly higher that than that predicted by equation (1).
These results indicate that worms have distinct values of Tg at all
times, which correspond to weighted averages of their previous
cultivation temperatures.

The rate of Tg resetting is altered in dgk-3 mutants

To identify molecules that contribute to C. elegans thermotaxis, we
previously identified genes preferentially expressed in the AFD neurons
by expression profiling””. Of this set, the dgk-3 gene, encoding a
diacylglycerol (DAG) kinase (DGK), was expressed in AFD and in a
small subset of additional sensory neurons. We found that dgk-3 null
mutant worms showed thermotaxis in a superficially wild-type man-
ner; after overnight cultivation at a specific temperature, dgk-3 null
mutants tracked isotherms near that cultivation temperature and
showed cryophilic movement at higher temperatures (Fig. 3b,c and
data not shown). However, we found that dgk-3 mutants reset their Tg
at a significantly slower rate than wild-type worms when shifted from
15 °C to 25 °C (Fig. 3b), such that shortly after the shift, dgk-3 mutants
consistently tracked isotherms at lower temperatures than did wild-
type worms. This defect was rescued by expressing a dgk-3 cDNA
specifically in the AFD neurons, indicating that DGK-3 acts in the AFD
neurons to modulate the dynamics of T resetting (Fig. 3d). When we
shifted dgk-3 null mutants from 25 °C to 15 °C, dgk-3 mutants again
tracked isotherms at slightly lower temperatures than those tracked by
wild-type worms shortly after the shift, although the difference in the
overall time course of Tg resetting was less marked (Fig. 3c). Therefore,
after sustained exposure to new temperatures, dgk-3 mutants showed
defects specifically in the dynamics of T resetting, although eventually

these worms showed the same Tg as wild-type worms. As expected
based on the experimentally measured 1, and 14, time constants of
dgk-3 mutants, dgk-3 null mutants formed their T at lower tempera-
tures than did wild-type worms when cultivated with cycling tempera-
tures (Fig. 3a).

dgk-3 encodes the C. elegans ortholog of the mammalian DGK-f3
enzyme, and it has previously been implicated in the regulation of
olfactory adaptation behaviors?®. Members of the DGK-o, DGK-f and
DGK-y kinase families contain two calcium-binding EF-hand motifs
(Supplementary Fig. 1 online), which can be autoinhibitory in the
absence of calcium?®=!, Deletion of the EF-hand motifs has been shown
to increase the enzymatic functions of DGK-a (refs. 32,33). To deter-
mine the effects of a similar deletion on the functions of DGK-3, we
expressed a dgk-3 cDNA lacking the EF hands (DGK-3(-EF)) in the AFD
neurons of wild-type worms. The thermotactic behavior of the trans-
genic worms was superficially normal, but they showed slightly faster
resetting of Ts when shifted from 15 °C to 25 °C and significantly slower
resetting of Ts when shifted from 25 °C to 15 °C (Fig. 3ef). Thus, in
contrast to worms carrying dgk-3 null mutations, which track isotherms
at temperatures lower than wild-type during resetting Ts to new
temperatures, worms expressing dgk-3(-EF) track isotherms at tem-
peratures higher than wild-type during resetting to new temperatures.

DGKs contribute to intracellular biochemical signaling pathways
by lowering the levels of the phospholipid second messenger DAG via
phosphorylation and conversion of DAG to phosphatidic acid®*.
We speculated that the reduced rate of Tg resetting toward higher
temperatures in the dgk-3 null mutants might be due to higher
concentrations of DAG. Indeed, we found that adding the DAG analog
12-O-tetradecanoylphorbol-13-acetate (TPA) to wild-type worms that
were shifted from 15 °C to 25 °C or from 25 °C to 15 °C phenocopied
the effects of the dgk-3 mutation, causing the worms to consistently
track isotherms at lower temperatures during the time-course of Tg
resetting (Fig. 3b,c). Taken together, these results indicate that levels of
DGK-3 enzymatic activity, and in particular the levels of DAG in the
AFD neurons, affect the rates of thermal memory resetting. We explored
the possibility that DGK-3 activity is regulated by temperature-depen-
dent transcription of the dgk-3 gene by quantifying GFP fluorescence in
the AFD and AWC neurons of transgenic worms expressing a dgk-3::¢fp
fusion gene. However, GFP fluorescence was not significantly altered in
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Figure 4 Mutations in dgk-3 alter the operating range of the AFD neurons upon sustained 22
exposure to new temperatures. (a) The temperature above which calcium dynamics were
observed in the soma of the AFD or axons of the AlY neurons expressing cameleon, quantified
using a temperature stimulus composed of sine-wave oscillation added to a linear ramp (upper
trace). The changes in the YFP/CFP fluorescence ratio (lower traces) indicate intracellular
calcium dynamics. In these traces, dashed lines illustrate the lowest temperature at which
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calcium dynamics phase-locked to the temperature stimulus in the AFD neuron (T*arp) and the

AIlY neuron (T*ry). (b—g) The time course of T*app and T*yy resetting, quantified in upshift

and downshift experiments. Each data point represents an average of n = 6-11 worms, and the error bars are 4 s.e.m. In each panel, dashed lines represent
exponential fits to wild-type data. Double asterisks indicate timescales that differ from wild-type at P < 0.01, with solid lines representing the exponential fits
to these mutant data. (b,c) The T*arp upshift and downshift of dgk-3 null mutant worms are unaffected. (d) The Ty upshift of dgk-3 null mutants is slow
and is rescued by cell-specific expression of dgk-3. (e) The T*a)y downshift of dgk-3 null mutants is unaffected. (f) The T*xy upshift of tix-1p::dgk-3(-EF)-
expressing worms is unaffected. (g) The T*ay downshift of ttx-1p::dgk-3(-EF)—expressing worms is slow. The T*yy downshift of control worms transgenic

for the coinjection marker and the empty expression vector alone is unaffected (data not shown).

either neuron type in worms cultivated at 15 °C or 25 °C (data not
shown). Therefore, DGK-3 enzymatic activity in the AFD neuron may
be directly regulated by thermosensory signal transduction pathways.

DGK-3 regulates plasticity in AFD synaptic output

The defect in behavioral plasticity observed in dgk-3 mutants might be
a consequence of defects at one or more levels of AFD neuronal
function, including temperature detection or synaptic output. Stimu-
lation of the AFD neurons by temperature inputs can be monitored
by imaging intracellular calcium concentrations in AFD using the
calcium-binding fluorescent protein cameleon expressed under an
AFD-specific promoter®. Recently, we and others showed that intra-
cellular calcium dynamics in AFD are sensitive to temperature changes
only at temperatures above a certain lower bound (T*;pp)2b?2. At
temperatures above T*sgp, AFD calcium dynamics phase-lock to an
oscillatory temperature input. At temperatures below T*,pp, temporal
changes in temperature do not evoke intracellular calcium dynamics in
AFD (Fig. 4a). In addition, we showed that T*,gp for wild-type worms
was approximately 15 °C, 17 °C and 21 °C for worms cultivated
overnight at 15 °C, 20 °C and 25 °C, respectively?2. We also showed that
both calcium dynamics and T*app could be measured at the sensory
endings of the AFD neurons??, indicating that AFD neuronal plasticity
may be partly reflected in thermoreceptor sensitivity. Thus, long-term
changes in the behavioral metric Tg parallel long-term changes in the
physiological metric T*pp, although the precise correspondence
between AFD activity and isothermal tracking behavior has not yet
been firmly established.

To measure the dynamics of T*app resetting, and to determine
whether these dynamics were altered in dgk-3 mutants, we cultivated
wild-type worms and dgk-3 null mutants expressing cameleon in their
AFD neurons and performed temperature upshift and downshift
assays. The dynamics in T*gp were measured by subjecting individual
worms to a temperature stimulus composed of a rapid sinusoidal
oscillation added to a positive linear ramp, and recording the lowest
temperature that evoked calcium dynamics (Fig. 4a). We observed
gradual upward and downward shifts in T*zpp after temperature

upshifts and downshifts that were similar to the gradual shifts in
Ts that we measured in behavioral experiments (Fig. 4b,c). However,
the dynamics of T*jpp resetting were unaltered in dgk-3 mutants
(Fig. 4b,c), indicating that DGK-3 may not directly affect plasticity in
the temperature range of AFD thermoreceptor sensitivity.

In our earlier study, we also demonstrated that calcium dynamics in
the processes of the ATY neurons, the postsynaptic partners of AFD, are
driven by synaptic output of AFD during an oscillating temperature
input??. Similarly to the observed calcium dynamics in the AFD
neurons, at temperatures above a certain lower bound (T*,1y), calcium
dynamics in the ATY process phaselocked to the oscillatory component
of a temperature input (Fig. 4a). The T*,1y for wild-type worms was
approximately 15 °C, 17 °C and 21 °C for worms cultivated overnight
at 15 °C, 20 °C and 25 °C, respectively?2. Thus, long-term changes in
T*ry also parallel long-term changes in thermotactic behavior. Next,
we quantified the dynamics of T*41y resetting in wild-type worms and
dgk-3 null mutants after temperature upshifts and downshifts. Simi-
larly to T*sgp, T*ary reset with an exponential time course paralleling
the observed behavioral plasticity (Fig. 4d,e). Notably, the rate of T* 1y
resetting toward higher temperatures of dgk-3 null mutants was
significantly slower than that of wild-type worms, whereas the rate of

*ary resetting toward lower temperatures appeared to be unaltered
(Fig. 4d,e). Thus, the dgk-3 null mutation has similar effects on
the plasticity of both the temperature range of AFD synaptic output
and the isothermal tracking behavior. We verified that AFD-specific
expression of dgk-3 rescued the effect on T*apy resetting (Fig. 4d).
Finally, we quantified the rate of T*,1y resetting in worms overexpres-
sing dgk-3(-EF) in the AFD neurons: we found that these
strains showed slowed rates of T*,1y resetting toward lower tempera-
tures (Fig. 4f,g), in parallel to their slowed rates of T resetting toward
lower temperatures in behavioral assays (Fig. 3ef).

DISCUSSION

Thermotaxis in C. elegans is an attractive model system for studying
long-term plasticity at the molecular, neuronal and behavioral levels.
The thermotactic behaviors of C. elegans are remarkably sophisticated,
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involving both a cryophilic mode of behavior that enables the worm to
crawl down thermal gradients when navigating at temperatures above
the Ts and an isothermal tracking mode of behavior that is shown near
the Ts!. To rigorously analyze the mechanisms that mediate plasticity
in C. elegans thermotaxis, it is necessary to implement assays that
identify and quantitatively compare each component of thermosensory
response and neuronal and behavioral plasticity. Here, we focused our
attention on the worm’s ability to reset the long-term thermal memory
that determines the temperature range of its isothermal tracking
behavior after sustained exposure to new temperatures. Measurement
of the average temperatures of isothermal tracking affords a simple,
robust and quantitative metric of behavioral plasticity, which may be
attributed to plasticity in the temperature range of AFD temperature
sensitivity, synaptic output or both. Although the molecules that
mediate thermoreception in C. elegans remain to be identified, we
have demonstrated that the DGK-3 diacylglycerol kinase acts in the
AFD neurons to contribute to long-term plasticity by altering the
temperature range of AFD synaptic output.

At temperatures above the lower bound T*app, thermoreceptor
activity in the AFD neurons appears to trigger an increase in intra-
cellular calcium concentrations. The tax-2— and tax-4—encoded cyclic
nucleotide—gated channels have been implicated in AFD thermosensa-
tion?13%37, indicating that calcium influx through these channels may
have a role in regulating AFD calcium dynamics. At temperatures above
the lower bound T* 1y, thermoreceptor activity in AFD drives synaptic
output to the AIY interneuron. The simplest interpretation of our
observations is that plasticity in the behavioral metric T is related to
plasticity in the physiological metrics T*spp and T*ary. Our results
indicate that DGK-3 may affect T*,1y resetting without necessarily
altering T*pp, indicating that DGK-3 acts downstream of or in parallel
to the calcium dynamics that we detected in AFD, and that multiple
mechanisms within AFD contribute to AFD neuronal plasticity.
DGKs have important roles in cellular signaling by lowering levels of
DAG, a phospholipid second messenger that is produced in response to
extracellular signals34. In other systems, DAG has been shown to have
multiple roles, including triggering downstream signaling cascades,
activating protein kinase C and enhancing synaptic transmission
through the synaptic vesicle priming protein UNC-13, as well
as directly gating transient receptor potential (TRP) channels*®2. In
Drosophila photoreceptor cells and in C. elegans olfactory neurons, loss
of DGK function has been shown to cause defects in signal termination
and in adaptation to sensory stimuli?®43,

Based on prior descriptions of DGK function and our observations,
we propose a simple model for AFD-mediated plasticity in
thermotactic behavior. We suggest that the temperature range of
AFD neuronal function, defined as activation of both thermosensory
and synaptic output properties, has a key role in regulating the
temperature range of isothermal tracking. At temperatures above
T* App» increases in temperature drive increases in intracellular calcium
concentration in AFD, activating DGK-3 and lowering intracellular
levels of DAG, which in turn affects the threshold of triggering AFD
synaptic output measured as T*41y. Increased levels of DAG, as in dgk-3
null mutants, or addition of TPA to wild-type worms, may lower the
threshold for triggering AFD synaptic output, resulting in lower
temperatures for T*4ry and for isothermal tracking. Conversely, in
dgk-3(—EF)—expressing worms, the lowered levels of DAG may increase
the threshold for AFD synaptic output, resulting in higher tempera-
tures for Ty and for isothermal tracking. Although we have not yet
identified the cellular target of DAG in AFD, these results implicate
the AFD sensory neurons as a locus of long-term plasticity in regulating
C. elegans isothermal tracking behavior.

ARTICLES

We note that there is unlikely to be a simple one-to-one correspon-
dence between AFD activity and isothermal tracking behavior. The
operating range of the AFD neuron—quantified by the range of
temperatures in which temperature dynamics evoke calcium transients
in AFD and AIY—spans the temperature range both of isothermal
tracking and of cryophilic movement. Whereas our physiological
metrics T¥app and T*apy appear to be near the lowest temperatures
at which an individual worm may track isotherms, our behavioral
metric Ts quantifies the middle of the temperature range of isothermal
tracking behavior. Moreover, although AFD is so far the only sensory
neuron to be linked to thermotaxis, other sensory neurons may also
have roles in isothermal tracking behavior as well as in long-term
behavioral plasticity.

Ectotherms have a diverse repertoire of responses to prolonged
changes in ambient temperature, including behavioral, structural,
physiological and biochemical adaptations. In particular, remodeling
of membrane lipids has a critical role in the acclimation of ectotherms
to varying temperatures, allowing cell membranes to maintain a
relatively constant physical state across broad temperature ranges**,
Here, we have shown that DGK-3 regulates adaptation in C. elegans
thermotactic behavior by regulating the temperature range of AFD
synaptic output via modulation of levels of the DAG lipid second
messenger. These observations raise the possibility that physiological
mechanisms such as changes in membrane lipid composition may
underlie additional aspects of thermal acclimation in the AFD and
other neurons, thereby allowing thermotactic behavioral adaptation.

Other signal transduction molecules have been reported to affect
thermotactic behavior in C. elegans, but with less certainty in their
neuronal correlates. Mutations in a number of genes, including dgk-1,
encoding DGK-a. (refs. 46,47); gcy-8, -18 and -23, encoding guanylyl
cyclases48; tax-6, encoding a calcineurin subunit*’; and ttx-4, encoding
novel protein kinase C (ref. 46), have been reported to result in altered
thermosensory behaviors, but the neural mechanisms giving rise to the
observed behavioral defects have not been defined. Overexpression of
the N'CS-1 neuronal calcium sensor in the AIY neurons was shown to
affect the rate at which C. elegans resets its thermotactic preference, but
the role of the endogenous gene is unclear®’. The characterization of
the role of DGK-3 in long-term plasticity allows us to begin to dissect
the pathways that give rise to adaptive behavior in C. elegans.

METHODS

Strains. The dgk-3(gk110) strain was outcrossed five times before analysis. A
strain expressing cameleon (YC2.12) in the AFD neurons under the nhr-38
promoter?! was a gift (see Acknowledgments). We generated transgenic strains
using wunc-122:rfp as the coinjection marker. We injected expression
constructs at concentrations of 30-50 ng pl~!. In all applicable cases, expression
from the same extrachromosomal array was examined in wild-type and
dgk-3(gk110) worms.

Molecular biology. We obtained the dgk-3 cDNA from Open BioSystems, and
corrected PCR-induced mutations present in the open reading frame by site-
directed mutagenesis. ttx-1p::dgk-3 was generated by cloning the dgk-3 cDNA
downstream of the ttx-1 promoter in a C. elegans expression vector. Cameleon
was expressed in the AIY interneurons by cloning YC2.12 sequences down-
stream of the #£x-3 promoter in a C. elegans expression vector. The dgk-3(—EF)
cDNA, encoding DGK-3174 547, was generated by amplification and expressed
under the ##x-1 promoter. We confirmed all constructs by sequencing.

Tracking assays. We cultivated young adults overnight at 15°C or 25°C and
then transferred them as young adults to 25°C or 15°C, respectively, for fixed
intervals of time. We then transferred them within 7-10 min onto a 9-cm-
diameter plate without bacterial food. The temperatures at the edges of the agar
surface of an identical plate on a steep spatial thermal gradient were measured
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before each assay. We placed the plate containing the worms on the gradient
and left it to equilibrate for 5 min, and then recorded the worm movements for
an additional 25 min. The horizontal positions of isothermal tracks were scored
manually for each 5-min segment of the 25-min movie.

We defined isothermal tracks as straight vertical trajectories that were
significantly longer (typically longer than 2 ¢cm) than the persistent vertical
distance traversed by worms at temperatures far from the Ts. The T for each
set of conditions was measured as an average of tracking temperatures from at
least two independent plates. In order to achieve rapid temperature cycles in
the cycling cultivation temperature assay, we cultivated the worms on a thin
agar layer (5 ml agar on a 9-cm-diameter plate) that was placed on an
electronically temperature-controlled brass surface. We used glycerol to achieve
a good thermal contact between the plate and the surface, and measured the
temperature on the plate for several cycles before the overnight cultivation of
the worms.

Calcium imaging. We glued a single young adult worm to a thin agar pad with
cyanoacrylate glue (Abbott Laboratories) and monitored its temperature with a
200-pm thermocouple (Physitemp) that was placed within 1-3 mm of the worm
on the agar surface. We placed a coverslip over the worm and the thermocouple,
and then placed the agar pad on a temperature control apparatus. We imaged
calcium dynamics in a single neuron within 7-10 min of removing the worm
from the incubator, allowing one measurement per worm. We did not observe
any differences in calcium dynamics between the AFDL and AFDR neurons.
Consequently, we typically focused on the neuron closest to the objective. The
fluorescence of cameleon expressed in the AFD and AIY neurons was imaged
using a Nikon x40 air objective (0.95 numerical aperture) and a Photometrics
CoolSNAP camera. The yellow and cyan emissions of cameleon were split onto a
single CCD chip. Exposure times ranged from 250 to 600 ms at a 1 Hz frame
rate. We carried out image processing and analysis using MATLAB (Mathworks).

Note: Supplementary information is available on the Nature Neuroscience website.
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