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In Brief

Neural plasticity, the ability of neurons to
change their cellular properties in
response to past experiences, underpins
memory. Hawk et al. show that in

C. elegans a single-cell logic system can
both represent sensory stimuli and guide
memory-based behavioral preference.
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SUMMARY

Neural plasticity, the ability of neurons to change their
properties in response to experiences, underpins the
nervous system’s capacity to form memories and
actuate behaviors. How different plasticity mecha-
nisms act together in vivo and at a cellular level to
transform sensory information into behavior is not
well understood. We show that in Caenorhabditis ele-
gans two plasticity mechanisms—sensory adaptation
and presynaptic plasticity—act within a single cell to
encode thermosensory information and actuate a
temperature preference memory. Sensory adaptation
adjusts the temperature range of the sensory neuron
(called AFD) to optimize detection of temperature fluc-
tuations associated with migration. Presynaptic plas-
ticity in AFD is regulated by the conserved kinase
nPKCe and transforms thermosensory information
into a behavioral preference. Bypassing AFD presyn-
aptic plasticity predictably changes learned behav-
ioral preferences without affecting sensory responses.
Our findings indicate that two distinct neuroplasticity
mechanisms function together through a single-cell
logic system to enact thermotactic behavior.

INTRODUCTION

When an animal experiences a favorable condition, it can form a
memory that guides its future behavior. The subsequent perfor-
mance of these learned behavioral preferences requires the an-
imal to navigate sensory-rich environments, extract behaviorally
relevant information, and differentially act based on its previous
experience. While it is widely accepted that plasticity mecha-
nisms underpin experience-driven behaviors, how different plas-

ticity mechanisms act in vivo and within single cells to facilitate
recall and actuation of learned behavioral preferences is not
well understood (Basu and Siegelbaum, 2015; Davis, 2011;
Gjorgjieva et al., 2016; Mayford et al., 2012).

The nematode C. elegans does not have an innate preferred
temperature. Instead, C. elegans cultivated at a given tempera-
ture will remember this temperature (Tc) and migrate toward it
when on a thermal gradient (Hedgecock and Russell, 1975).
This memory can be trained to a new temperature within 4 hr
(Biron et al., 2006; Chi et al., 2007; Hedgecock and Russell,
1975; Mohri et al., 2005; Ramot et al., 2008b) (Figures 1B-1D).
Neurons specifically required for thermotaxis behavior have
been identified by neuronal ablation studies (Beverly et al.,
2011; Biron et al., 2008; Kuhara et al., 2008; Mori and Ohshima,
1995), and their connectivity is known (White et al., 1986). From
this work, we understand that temperature preference depends
on a thermosensory neuron called AFD, which has specialized
molecular pathways that allow it to respond to temperature
changes smaller than 0.1°C (Clark et al., 2006; Kimura et al.,
2004; Mori and Ohshima, 1995; Ramot et al., 2008a). AFD re-
sponses are observed only near an adaptable sensory threshold
that correlates, on long timescales, with the cultivation tempera-
ture memory. These observations led to the hypothesis that the
AFD thermosensory threshold represents the memory for the
preferred temperature (Aoki and Mori, 2015; Biron et al., 2006;
Garrity et al., 2010; Kimura et al., 2004; Luo et al., 2014; Yu
et al., 2014). AFD has also been observed to adapt its thermo-
sensory threshold on short timescales (Ramot et al., 2008a; Yu
et al., 2014), but the behavioral repercussions of this more rapid
adaptation have not been examined. Thus, the role of the adapt-
able AFD sensory threshold in the actuation of the cultivation
temperature memory is not well understood.

RESULTS

To better understand AFD sensory responses in relationship to
thermotaxis behavior, we developed a custom thermoelectric
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Figure 1. AFD Thermosensory Threshold Adapts within Minutes and Does Not Represent the Temperature Preference Memory
(A) Schematic illustration of the experimental paradigms. Animals cultivated for 4 hr either at 15°C, 20°C, or 25°C (“Training”) were then held at specified
temperatures (“Holding Temperature,” Ty) for 30 min prior to being tested in behavioral assays (“Thermotaxis”) or calcium imaging in specific neurons (“Ca++
imaging”). The response of a single AFD neuron (green trace) is illustrated as a change in fluorescence (AF/F) over time when applying a linear thermal ramp
(thick black diagonal line) from 18°C to 22°C.

(legend continued on next page)
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control system (STAR Methods; Figure S1A) that can rapidly
(~1°C/s) and precisely (= 0.02°C) control temperature while we
image calcium dynamics using GCaMP6 (Chen et al., 2013) in
individual neurons of live animals. Implementing similar condi-
tions to those used in published studies, we reproduced the
observation that sensory thresholds in AFD correlate with the
cultivation temperature memory when tested immediately after
training (Figures 1E and S1B-S1E). To examine whether the
AFD response threshold persists long enough to store behavioral
memory, animals trained at 15°C, 20°C, or 25°C (T¢) were subse-
quently held for 30 min at 20°C (T) (Figure 1A). We observed that
when the cultivation temperature memory (T¢) differed from just-
experienced holding temperatures (Tw), AFD sensory threshold
responses adapted to the new holding temperature (Figure 1l),
although animals still performed according to the cultivation
temperature memory (Figures 1F-1H). Thus, experience on a
short timescale, represented by Ty, controls the threshold of
AFD sensory responses, whereas the behavioral preference is
regulated on a longer timescale of hours to set the cultivation
temperature memory, Tc. While our findings are consistent
with reports that behavioral memory persists for hours (Biron
etal., 2006; Chi et al., 2007; Hedgecock and Russell, 1975; Mohri
etal., 2005; Ramot et al., 2008b) and that AFD adaptation occurs
in minutes (Ramot et al., 2008a; Yu et al., 2014), our findings
are inconsistent with the hypothesis that the cultivation temper-
ature memory resides in the AFD thermosensory thresholds.
Instead, our findings suggest that the sensory threshold in AFD
represents the holding temperature the animal has recently
experienced.

How fast are AFD sensory thresholds adapting to newly
experienced temperatures? We observed that AFD adapted
to the holding temperature within minutes (Figures 1J and
S2U-S2W), consistent with previous reports (Ramot et al,
2008a; Yu et al., 2014). AFD adaptation kinetics were mostly
(>90%) complete within 2 min to increasing temperatures,
and within 30 min to decreasing temperatures (Figure 1J). An-
alyses of AFD thermosensory response kinetics with distinct
thermal stimuli (Figures S2A-S2L) and differing holding temper-
atures (Figures S2M-S2T) further demonstrate that AFD re-
sponds to increases in temperature above the just-experienced
ambient temperature (i.e., the holding temperature) without
reference to the absolute temperature or the behaviorally
preferred temperature (i.e., the cultivation temperature).
Because increased calcium buffering can slow the rate of

AFD adaptation (Ramot et al., 2008a) and genetically encoded
calcium indicators can act as calcium buffers (Miyawaki et al.,
1999), it is possible that the true rate of adaptation is even
faster than that observed in this study or previous work (Ramot
et al., 2008a; Yu et al., 2014). Consistent with a role of AFD sen-
sory response supporting migration rather than storing prefer-
ence, kinematic analyses of thermotaxis behavior indicate
that animals continue to migrate toward their preferred cultiva-
tion temperature (Tc) well after the AFD responses have adapt-
ed to Ty (Figures 1J and 1K), underscoring that the sensory
threshold responses of AFD are separable from the cultivation
temperature memory.

If the sensory thresholds in AFD are not the cultivation temper-
ature memory, what do these sensory responses represent? Our
findings indicate that the AFD thermosensory neuron detects
temperature fluctuations from the recently experienced ambient
temperature (Figures 1 and S2). The fast kinetics of adaptation
allows AFD to maintain sensitivity to temperature changes while
migrating in a gradient. This interpretation of the AFD thermosen-
sory responses is consistent with observed kinetics of adap-
tation in calcium imaging (Yu et al., 2014) (Figures 1J and
S2U-S2W) and electrophysiological studies (Ramot et al.,
2008a) performed in AFD.

We also note that this interpretation of AFD function, and the
kinetics of AFD adaptation, helps explain and unify previous
observations in the field. For example, when animals are first
placed at 20°C in a temperature gradient, a consistent delay of
at least 15 min prior to thermotaxis performance is observed
for animals trained at 23°C (Tg), but is not also observed for an-
imals trained at 17°C (T¢) (Ito et al., 2006) (Figure 1K). Our model
predicts this asymmetric delay in the initiation of thermotaxis
behavior based solely on the asymmetric kinetics of AFD adap-
tation (Figure 1J). The AFD adaptation kinetics also allowed us to
predict and model AFD thresholds during behavioral perfor-
mance (Figure S2X, dashed lines), highlighting that adaptation
occurs prior to movement of the animals in the thermotaxis gra-
dients (Figure S2X, solid lines). Together, our findings indicate
that fast sensory adaptation allows AFD to remain sensitive to
local temperature variations. By encoding thermosensory infor-
mation as changes in temperature (Clark et al., 2006; Kimura
et al., 2004) and by quickly adapting its sensory thresholds (Ra-
mot et al., 2008a; Yu et al., 2014), AFD serves as an adaptable
“compass,” indicating to the animal its bearing as it navigates
temperature gradients.

(B-E) Worms trained at 15°C, 20°C, or 25°C were examined for thermotaxis behavior (B-D) and calcium imaging in AFD (E). The mean AFD response threshold for
Tc=15°Cwas 16.9°C + 0.5°C (blue trace), Tc =20°C was 19.9°C + 0.5°C (black trace), and T¢ = 25°C was 23.9°C + 0.4°C (red trace). Note that when T, = T, AFD
response threshold (Ts) correlates with the T¢, consistent with previous reports (Clark et al., 2006; Kimura et al., 2004; Ramot et al., 2008a). Traces for individual
animals in Figures S1C-S1E.

(F-1) As in (B)—(E), but animals were held at T,; = 20°C for 30 min prior to thermotaxis behavior (F-H) or calcium imaging (I). Note that, regardless of Ty, animals
retain the cultivation temperature memory and perform the thermotaxis behavior (F-H, consistent with Hedgecock and Russell, 1975). In contrast, the AFD
response threshold (Ts) adapts to the holding temperature (Ty), and all animals, regardless of cultivation temperature memory, respond near Ty = 20°C (I)
(Ts =19.4°C + 0.1°C for T¢ = 15°C, 19.8°C + 0.2°C for T¢ = 20°C, and 19.9°C + 0.3°C for T = 25°C). Traces for individual animals are in Figures S1F-S1H.
(J) AFD adaption kinetics were assessed in a training paradigm as described in (A), but with varying amounts of time held at T,. The threshold Ts is plotted for each
duration of holding at Ty. The time course of adaptation in AFD for cooling temperatures (T = 20°C and T = 25°C, tau = 14 min) is slower than that observed for
warming temperatures (T =20°C and T = 15°C, tau = 45 s). Yet note that by 30 min (black arrow), sensory threshold responses in AFD have adapted to very near
Tw regardless of T¢. See also Figure S2.

(K) Behavioral kinematics showing migration of animals over time illustrate that migration onset correlates well with AFD adaptation kinetics, with peak migration
occurring around 30 min after worms were placed at 20°C (black vertical arrow). See also Figure S2X. Error bars denote SEM.
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Figure 2. Postsynaptic Response in AlY Correlates with the Cultivation Temperature Memory

(A) lllustration of the experimental paradigm, shown in AFD for a single condition (T¢ = 20°C; for heatmaps of other conditions, please see Figure S4). The average
GCaMP signal is represented in the top panel, stimulus protocol in the middle panel, and individual responses in the bottom panel, with each row representing a
single worm. Total number of worms tested is represented to the left of the calcium traces (under “individual animals™), and percentage change AF/F is rep-
resented in the color bar to the right.

(B-D) Comparison of calcium dynamics of AFD neurons of animals trained at Tc = 15°C (blue), T¢ = 20°C (gray), or T¢ = 25°C (red) then tested at T; = 20°C. Under
all training conditions, the AFD of nearly every animal tested had detectable responses to the warming stimulus, with no significant effect of training condition
(n = 28, 21, and 28, respectively) (B). Response amplitudes were similar among groups with no significant effect of training condition (C). In each case, the
threshold for AFD thermal response was near the testing temperature, Ty, rather than the training temperature T (D).

(E and F) AlY imaging reveals an AFD-dependent thermally evoked response near the threshold for AFD, consistent with previous studies (Clark et al., 2006).
Calcium dynamics of single AlY neurons in wild-type (E) or AFD-ablated (F) animals; see also Figure S3.

(G-J) Animals trained as in (A)-(D) at Tc = 15°C (blue), Tc =20°C (gray), or T = 25°C (red) then tested at T,y = 20°C, but with calcium imaging performed in AlY (the
AFD postsynaptic partner). Note that while AFD responds robustly in all conditions (B and C), the AlY response frequency (H) and amplitude (1) vary significantly
depending on the cultivation temperature memory. Like AFD, responses are observed near the testing temperature, Ts (we note additional AFD-independent
response were also seen, and account for the increase in variability in J as compared to D; see also Figure S3).

(K'and L) AlY response properties change with kinetics that mirrors those of behavioral memory. After initial training at Tc = 15°C (blue) or Tc = 25°C (red), animals
were retrained for varying amounts of time at 25°C or 15°C, respectively. Vertical bars represent SEM with n = 12-13 animals per time point for initial Tc = 25°C in
red and n = 13-24 animals per time point for initial Tc = 15°C in blue. Solid thick lines represent exponential fits for response penetrance (K) (red, R? = 0.79; blue,
R? =0.76) and response amplitude (L) (red, R? = 0.98; blue, R? = 0.67). We note that a sigmoidal curve fit, particularly for shifts from T = 15°C (in blue), could also fit
the data. But importantly, our findings indicate that the adaptability of response penetrance and amplitude in AlY follows a time course similar to that seen for the
timing of behavioral retraining. Consistent with (G)—(J), both the AlY response penetrance (K) and amplitude (L) correlate with the initial behavioral preference.
These features are also stable for 30 min, and then gradually reverse after 1 hr with complete reversion seen by 4 hr of retraining. Our observations closely match
previous reports of the time course for retraining of the behavioral memory (Hedgecock and Russell, 1975). *p < 0.05 by Mann-Whitney-Wilcoxon test for
continuous amplitude data and by Fisher’s exact test for penetrance data. Error bars denote SEM.

Next, we examined how AFD transfers thermal information
onto its only chemical postsynaptic partner, AlY (White et al.,
1986). We observed various temperature-dependent dynamics
in AlY, some which were independent of thermosensory neuron
AFD (Figure S3). This indicates that not all temperature re-
sponses in AlY are AFD dependent and that other, AFD-indepen-
dent mechanisms of temperature sensation exist and converge
at AlY, consistent with Beverly et al. (2011), Biron et al. (2008),
and Kuhara et al. (2008) (see also AWC-dependent responses
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in Figure S3I). Importantly, our analyses revealed one thermally
evoked positive calcium transient that was dependent on AFD:
a response to warming near holding temperature (Clark et al.,
2006) (Figures 2E, 2F, and S3). Consistent with this dependence,
we observed that this AlY response to warming is similar in terms
of timing to the responses seen in AFD (Figures 2A and 2G).
However, the frequency of animals displaying responses in AlY
is lower than the frequency of animals displaying responses in
AFD (Figure 2A versus Figure 2G).
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To better understand the relationship between the responses
in AFD and the responses in AlY, we examined animals express-
ing GCaMP®6 in AFD or AlY at varying cultivation temperatures
(Figures 2, S4A-S4F, and S40). We observed that while warming
above the holding temperature (20°C for Figure 2) reliably elicits
responses in AFD regardless of T¢ experience, the frequency of
warming responses in AlY depends not on absolute temperature
preferences, but on the relationship between T, and T¢ (Fig-
ure 2B versus Figures 2H, S4A-S4F, and S40). For example,
when Ty = Tg, response frequency in AlY is ~50%, irrespective
of the absolute values of the temperatures (Figures 2H and S40).
Similarly, in conditions in which Ty > T, regardless of what those
absolute temperature values are, wild-type animals perform
negative thermotaxis (i.e., move toward colder temperatures)
and AlY responses are infrequent (Figure 2H; 27/75 animals,
~36%). In conditions in which Ty < T¢, wild-type animals
perform positive thermotaxis (i.e., move toward warmer
temperatures) and AlY responses were frequent (Figure 2H;
44/65, ~68%). To examine whether the observed changes in
AlY response frequency follow a time course similar to the
change in behavioral memory, we re-trained animals from
Th > Tg to Ty < T (and vice versa) with variable durations of
re-training (Figures 2K and 2L). We found that the kinetics of
AlY re-training was similar to the observed time course for
behavioral memory retraining (Hedgecock and Russell, 1975;
Figures 2K and 2L). Our findings indicate that cultivation temper-
ature experience affects AlY responses to AFD signaling in a way
that correlates with the temperature preference of the animal.

To understand how temperature preference is represented in
AlY responses, we examined mutants that affect temperature
preference behaviors. Mutations that impair PKC-1 function do
not affect AFD sensory responses (Luo et al., 2014) (Figures
3D-3G and S4G-S4N), yet they produce robust thermotaxis
behavioral defects (Okochi et al., 2005) (Figures 3A-3C). pkc-1
loss-of-function mutants perform experience-independent pos-
itive thermotaxis, while expression of a constitutively active
form of PKC-1 cell specifically in AFD (pAFD::caPKC-1) pro-
duces experience-independent negative thermotaxis (Figures
3A-3C). Defects observed with pkc-1 loss of function can be
rescued by expression of wild-type PKC-1 in AFD alone (Okochi
et al.,, 2005). Thus, both positive and negative thermotaxis
behaviors are dependent on PKC-1 activity specifically in AFD.

When we examined temperature-dependent calcium re-
sponses in AlY in these genetic backgrounds, we observed
that in worms expressing pAFD::caPKC-1, which perform expe-
rience-independent negative thermotaxis (Figure 3A), the fre-
quency of the warming-evoked response in AlY is diminished
as compared to wild-type in similar conditions (Figures 3lI,
S4H, and S4J). This genetic manipulation phenocopies the
change in AlY calcium responses observed for wild-type animals
trained to perform negative thermotaxis (Figure S4H versus Fig-
ure S4B). Conversely, in the pkc-1 loss-of-function mutants,
which perform experience-independent positive thermotaxis
(Figure 3C), warming response frequency in AlY increases rela-
tive to pAFD::caPKC-1 and wild-type worms in similar conditions
(Figures 3l, S4H, S4J, and S4L), but phenocopies wild-type ani-
mals trained to perform positive thermotaxis (Figure S4F). Our
findings indicate that AlY thermal responses in pkc-1 gain-of-

function and loss-of-function mutant animals phenocopy those
seen for wild-type animals trained to perform negative or positive
thermotaxis, respectively. Our data suggest that AlY response
fidelity within a population is predictive of the temperature pref-
erence behavior. Our findings are consistent with previous
studies that indicated that AFD synaptic output can be modu-
lated independently of AFD sensory adaptation (Biron et al.,
2006), and indicate that PKC-1 activity in AFD governs thermo-
taxis behavior not by modulating AFD sensory responses, but
by altering AFD to AlY communication.

To understand how AFD to AlY communication could be
modulated to encode a temperature preference, we performed
whole-cell patch-clamp electrophysiology on AlYs of wild-type,
pkc-1 gain-of-function, and loss-of-function mutant animals
cultivated at 20°C (Figure 4). C. elegans interneurons have high
membrane resistances (AlY resistance is 4-8 GQ; Narayan
et al., 2011); therefore, small spontaneous postsynaptic currents
(sPSCs) are predicted to have substantial implications for mem-
brane potential. To reliably detect these small sPSCs in AlY while
manipulating temperature, we adapted an electrophysiological
protocol previously used to measure temperature responses in
AFD (Ramot et al., 2008a) and used a high-chloride pipette
recording solution (STAR Methods). Our recording conditions
do not differentiate excitatory versus inhibitory inputs, but pro-
vide stable and sensitive detection of small sPSCs.

We subjected animals to sequential warming and cooling ther-
mal ramps (which depolarize and hyperpolarize AFD, respec-
tively; Ramot et al., 2008a) from a holding temperature similar
to the cultivation temperature (20°C). We predicted that the fre-
quency of sPSCs in AlY would be increased during the warming
ramp due to membrane depolarization-induced neurotrans-
mitter release from AFD. Indeed, in both wild-type and PKC-1
gain-of-function animals, AlY often displayed an increase in
sPSC frequency near the AFD threshold temperature (20°C)
during the warming ramp (Figure 4A, black arrowhead). The fre-
quency of sPSCs during the warming ramp in AFD-specific
PKC-1 gain-of-function animals was significantly higher (55.4 +
17.3 events/min, n = 8) than that in pkc-1 loss-of-function ani-
mals (10.9 + 4.4 events/min, n = 10), with intermediate frequency
in wild-type animals (21.7 + 5.6 events/min, n = 13) (Figure 4B).
Neither the averaged shape nor the mean amplitude of sPSCs
during the warming ramp was different between the genotypes
(Figure 4C; gain of function, 3.10 = 0.24 pA; wild-type, 2.71 +
0.18 pA; loss of function, 3.01 + 0.40 pA). In contrast, cooling
did not produce a clear temperature-locked pattern of activity
in any of the examined genotypes (Figure 4D). Furthermore, there
were no significant effects of pkc-1 genotype on sPSC rate dur-
ing the cooling stimulus (Figure 4E; gain of function, 11.3 + 3.7
events/min, n = 8; wild-type, 10.5 = 2.5 events/min, n = 13;
loss of function, 12 = 5.7 events/min, n = 10). Because differ-
ences in baseline sPSC frequency among worms within each
group may overshadow the effect of warming, we also calcu-
lated the difference between sPSC frequency during warming
and cooling periods in each animal and compared these
normalized sPSC rates among the three genotypes. This
analysis revealed statistically significant differences among
all three genotypes with the rate of sPSCs proportional to
the expected activity of PKC-1 (Figure 4F; gain-of-function
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Figure 3. PKC-1 Acts in AFD to Control AlY Response Probability and Tc Memory

(A-C) PKC-1 in AFD affects temperature preference regardless of previous experience. Expression of a constitutively active form of PKC-1 in the sensory neuron
AFD (AFD::caPKC-1 GOF) produces worms that perform experience-independent negative thermotaxis (A), while worms with a loss-of-function mutation in
PKC-1 (PKC-1 LOF) perform positive thermotaxis (C), regardless of T experience (Okochi et al., 2005). Wild-type worms trained at T = 20°C show little bias
when placed at the training temperature (B).

(D-G) Comparison of calcium dynamics of AFD neurons in animals expressing PKC-1 gain of function specifically in AFD (GOF, light gray), wild-type for PKC-1
(WT, gray), or PKC-1 loss of function mutants (LOF, black), each with Tc = Ty = 20°C. AFD responses are shown for a single condition, PKC-1 LOF (D), to illustrate
the experimental data (similar to Figure 2; for heatmaps of other conditions, please see Figure S4). For each of the PKC-1 conditions, every animal tested had
detectable responses to the warming stimulus and there was no significant effect of genotype on amplitude (n = 10, 11, and 15, respectively) (E and F). In each
case, the threshold for AFD thermal response was near the testing temperature, T (G).

(H-K) As in (D)—(G), but in AlY (the AFD postsynaptic partner). Note that while responses in AFD are not affected by PKC-1 genetic manipulations (as shown in
E and F and consistent with earlier observations; Luo et al., 2014), AlY response frequency (I) and amplitude (J) vary depending on PKC-1 state within AFD. Also,
note that these changes phenocopy AlY responses in animals trained to perform negative or positive thermotaxis, respectively (Figures 2H-2J and S4). *p < 0.05
by Mann-Whitney-Wilcoxon test for continuous amplitude data and by Fisher’s exact test for penetrance data. Error bars denote SEM.
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trace (reference bar to right of trace, identical
between samples; STAR Methods). The upward
temperature shift, a stimulus that evokes cal-
cium transients (e.g., Figure S2) and depolari-
zation (Ramot et al., 2008a) in AFD, is shaded in
red and labeled as “Warming.” Arrowheads
indicate 20°C in the temperature ramp. Please
note burst of spontaneous postsynaptic cur-
rents (sPSCs) following the arrowheads during
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(B) Statistical comparisons of the rate of
sPSCs in AlY during this warming stimulus
in AFD-specific PKC-1 gain-of-function animals,
wild-type, and pkc-1 loss-of-function mutant
animals.

(C) Averaged sPSCs from the different genotypes
(top traces for indicated genotypes) and quantifi-
cation of mean sPSC amplitude (bottom graph)
between genotypes.

(D) After the upward thermal ramp, animals
were subjected to a downward thermal ramp, a
stimulus that produces calcium decrement (e.g.,
Figure S2) and hyperpolarization (Ramot et al.,
2008a) in AFD, shaded in blue and labeled

WT

as “Cooling.” Genotype order as in (A)
and arrowheads indicate 20°C in the tempera-
ture ramp.

(E) Statistical comparisons of sPSC rate during
downward thermal ramp.

(F) Comparison of sPSC frequency differences

LOF

(frequency during warming minus frequency during cooling) across the genotypes. Note that the normalized sPSC rate (STAR Methods) reveals a
significant difference between the three genotypes. *p < 0.05 by Mann-Whitney-Wilcoxon test. Error bars denote SEM.

cooling, +44.1 + 14.2 events/min; wild-type cooling, +10.5 + 3.7
events/min; loss-of-function cooling, —1.1 + 3.1 events/min).

Previous studies have indicated that PKC-1 facilitates presyn-
aptic release in C. elegans neurons (Sieburth et al., 2007; Venti-
miglia and Bargmann, 2017) and its mammalian homolog nPKCe
has been implicated in presynaptic plasticity in mammalian hip-
pocampal neurons (Son et al., 1996; Zisopoulou et al., 2013). Our
electrophysiological results are consistent with these studies
and indicate that PKC-1 activity within AFD facilitates neuro-
transmitter release onto AlY to alter its thermal responses.
Importantly, our findings indicate that PKC-1 regulates thermal
preference by modulating presynaptic plasticity at the AFD to
AlY synapse.

Our findings also support a model in which a synaptic gate
from AFD to AlY determines the temperature preference and in-
structs whether worms move up or down the gradient toward

their previously learned preferred temperature. AFD responses
to temperature do not vary based on the temperature preference
of the animal. But in animals that prefer warmer temperatures
(or in animals lacking PKC-1), when AFD responds to increases
in temperature there is a higher probability that those responses
will be transduced to AlY. That increased probability of re-
sponses in AlY instructs positive thermotaxis. Conversely, in an-
imals that prefer colder temperatures (or in animals with a PKC-1
gain-of-function in AFD), while AFD responds similarly to animals
reared at warmer temperatures, there is a lower probability that
those responses will be transduced to AlY. This “closed” synap-
tic gate is necessary to permit negative thermotaxis. Because we
did not observe an impact of training temperature on calcium
response amplitude in the presynaptic region (Figure S1B), we
suspect that the mechanism controlling synaptic output is down-
stream of axonal calcium influx. Our results and model are also
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consistent with the long-known effect of AlY inactivation on ther-
motaxis, which results in constitutively negative thermotaxis
regardless of previous experience (Biron et al., 2006; Hobert
et al.,, 1997; Kuhara et al., 2011; Luo et al., 2014; Mori and
Ohshima, 1995).

If our core behavioral model is correct, and expression of
the cultivation temperature memory depends on regulation of
synaptic communication between AFD and AlY, then directly
coupling AlY activity to AFD would make animals perform posi-
tive thermotaxis regardless of previous experience. To test this
prediction, we heterologously expressed the mammalian gap
junction protein connexin 36 (CX36) (Rabinowitch et al., 2014).
Invertebrate organisms do not endogenously express connex-
ins, and mammalian connexins do not interact with endogenous
invertebrate innexins to form synthetic gap junctions (Epstein
and Gilula, 1977; Rabinowitch et al., 2014; STAR Methods).
Consistent with this, expression of CX36 in either AFD or in AlY
alone did not impact thermotaxis behavior (Figures S5A and
S5B). Expression of CX36 in both AlY and AFD, however, should
result in an ectopic gap junction between both neurons. Indeed,
simultaneous expression of CX36 in AFD and AlY (AFD/
AlY::CX836) changed the thermal response profile of AlY to match
that of AFD (Figures S5I-S5K). Our findings suggest that simulta-
neous expression of CX36 in AFD and AlY results in a synthetic
gap junction that electrically couples the responses of these
two neurons.

We observed that expression of connexin channels in both
AFD and AlY enhanced AFD-elicited AlY responses (Figures
5A and 5B) without altering AFD thermosensory response
threshold, frequency, or kinetics (Figures S5C-S5E and S5H-
S5K). Specifically, we observed that animals trained to perform
negative thermotaxis (T > T¢) displayed enhanced thermosen-
sory response frequency in AlY when expressing the synthetic
AFD:AIY gap junction (Figures 5A and 5B). Consistent with the
model in which AFD to AIY connectivity drives behavioral
outcome, these animals with the synthetic electrical synapses
perform positive thermotaxis (Figure 5D) despite an experience
history (T > T¢) that promotes negative thermotaxis (Figure 5C).
These findings indicate that the synthetic electrical synapse by-
passes endogenous plasticity of the AFD-AIY chemical synapse
to recode the behavioral preference.

We then examined whether the synthetic gap junction could
bypass regulation of AFD-AIY plasticity by PKC-1. Consistent
with our model, we observed that attenuation of AlY responses
seen in the pAFD::caPKC-1 animals (Figure 5E) is suppressed
by expression of the synthetic AFD:AlY gap junction (Figure 5F).
Moreover, the synthetic AFD:AIY gap junction was sufficient to
convert negative thermotaxis observed in pAFD::caPKC-1 mu-
tants (Figure 5G) into positive thermotaxis (Figure 5H). Our find-
ings indicate that modulation of the AFD:AIY synapse governs
expression of the cultivation temperature memory.

DISCUSSION
The present work reconciles the observed fast timescale of
AFD sensory adaptation with the hours-long behavioral mem-

ory and suggests that sensory adaptation and presynaptic
plasticity, two distinct plasticity modules, act cell autonomously
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in AFD to actuate thermotaxis behavior. Our findings are also
consistent with recent studies on AFD responses in freely mov-
ing animals, which demonstrate that AFD activities contain
enough information to represent the thermal environment (Tsu-
kada et al., 2016). Our findings extend those observations and
demonstrate that AFD sensory responses are not dependent
on the cultivation temperature memory, nor do they represent
absolute temperatures (Clark et al., 2006; Kimura et al., 2004;
Ramot et al., 2008a). Instead, AFD responds to changes
from the current temperature. We propose that AFD sensory
responses act, metaphorically speaking, as an “adaptable
compass,” making themselves most sensitive to the local
temperature environment to detect gradients. Together with
electrophysiological studies (Ramot et al., 2008a), our findings
suggest that warming and cooling might activate and inactivate
AFD, respectively, allowing the temperature-evoked pattern of
AFD activity to encode the direction of a worm’s movement
in a temperature gradient.

The fast kinetics of AFD sensory adaption is likely to be impor-
tant for maintaining perceptual constancy in a dynamic and sen-
sory-rich environment. One of the better understood sensory
adaptation systems is the vertebrate photoreceptor, which
acts as a contrast detector over wide dynamic ranges of illumi-
nation (Fain et al., 2001). Sensory adaptability in photoreceptor
cells depends on a conserved mechanism that includes guany-
late cyclases (GCs), GC activating protein (GCAP), and cGMP
(Fesenko et al., 1985; Yau and Nakatani, 1985). Interestingly,
molecular genetic studies in AFD have identified a cGMP-depen-
dent mechanism as necessary for temperature sensing (Inada
et al., 2006; Komatsu et al., 1996; Ramot et al., 2008a; Wang
et al., 2013), and recent studies in vertebrates and C. elegans
suggest that GCs respond to temperature (Chao et al., 2015;
Takeishi et al., 2016). Our findings extend these studies, now
demonstrating that sensory adaptation in AFD is important for
thermotaxis behavior by enabling the animal to maintain contrast
sensitivity and perceptual constancy over wide environmental
variation.

Modulation of temperature preference is actuated by PKC-1,
which is required cell autonomously in the presynaptic AFD
neuron. In other C. elegans neurons, PKC-1 facilitates presynap-
tic release (Sieburth et al., 2007; Ventimiglia and Bargmann,
2017). The vertebrate homolog of PKC-1, called nPKCe, is a
conserved molecule that has been implicated in presynaptic
plasticity in the mammalian hippocampus and in memory (Son
et al., 1996; Zisopoulou et al., 2013). Consistent with PKC-1
modulating presynaptic plasticity in AFD to instruct temperature
preference, we find from our electrophysiological studies that
PKC-1 facilitates neurotransmission. PKC-1 is modulated by
DAG, and a DAG regulator dgk-3 has been shown to act cell
autonomously in AFD to control temperature preference and
alter AlY threshold adaptation parameters without affecting
AFD thermosensory responses (Biron et al., 2006). Based on
our studies and published findings, we propose that an
nPKCe-dependent presynaptic plasticity mechanism acts in
AFD to actuate the temperature preference memory through
the control of an AFD to AlY synaptic gate, where the flow of a
positively coupled AFD to AlY signal is throttled to control direc-
tion of travel on a thermal gradient.
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Figure 5. AFD to AlY Connectivity Actuates the Thermal Preference Behavior

(A) Wild-type animals tested after adaptation above cultivation temperature (Tc = 15°C < Ty = 20°C) have weak and infrequent AlY responses near Ty
(9/46 response penetrance, Tg = 19.0°C = 0.7°C).

(B) Under the same training conditions, ectopic expression of the gap junction protein CX36 in AFD and AlY (AFD/AIY::CX36) produces responses in AlY that
mirror AFD responses (38/38 response penetrance, Ts = 19.0°C + 0.2°C), suggesting this manipulation creates a strong positive coupling between AFD and AlY
(see response kinetic analysis and quantification in Figure S5).

(C) Worms cultivated at T¢ = 15°C perform negative thermotaxis on a thermal gradient centered at 20°C.

(D) Expression of the gap junction protein CX36 in both AFD and AlY produces worms that perform positive thermotaxis under the same conditions.

(E) Expression of a constitutively active form of PKC-1 in AFD reduces AlY response frequency when Tg = Ty = 20°C (13/37 response penetrance,
Ts =19.2°C + 0.5°C).

(F) AFD/AIY::CX36 increases AlY response frequency even in the presence of the AFD::caPKC-1 transgene (24/36 response penetrance, Tg = 19.3°C + 0.2°C).
Because of genetic linkage between the AFD::caPKC-1 transgene and the AFD::CX36 transgene, experiments in (F) and (H) were performed with unstable
extrachromosomal lines as described in the STAR Methods (unlike experiments in B and D, which were performed with integrated CX36 transgenes).

(G and H) In contrast to worms expressing constitutively active PKC-1 in AFD, which perform negative thermotaxis when T =20°C (G), expression of CX36 in AFD
and AlY suppresses the phenotype of AFD::caPKC-1 animals and results in positive thermotaxis (H). For all experiments with CX36, see Figure S5 for corre-
sponding controls of expression of hemichannels and AFD thermosensory responses. Error bars denote SEM.
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The neurotransmitter logic of AFD is likely important in regu-
lating AlY responses and expression of the temperature prefer-
ence. While the neurotransmitter logic between AFD and AlY,
and how it contributes to thermotaxis behavior, is not fully under-
stood, there is evidence that AFD can transmit excitatory (Clark
et al., 2006; Narayan et al., 2011) and inhibitory (Ohnishi et al.,
2011) signals onto AlY. Our electrophysiological data indicate
that PKC-1 facilitates neurotransmission, while our calcium im-
aging data indicate that PKC-1 silences AlY. Our studies are
consistent with the model that AFD has both excitatory and
inhibitory mechanisms of neurotransmission onto AlY, and sug-
gest that the balance between these AFD-derived excitatory and
inhibitory signals (Kuhara et al., 2011), likely regulated by PKC-1-
mediated presynaptic plasticity, contributes to the direction of
migration in thermotaxis behavior.

The state of the AFD-AIY synaptic gate encodes whether AFD-
derived thermosensory information will be interpreted as attrac-
tive or repulsive. On temperature gradients, AFD responds to
increases in temperature regardless of the cultivation tempera-
ture memory. Positive thermotaxis occurs when these AFD
responses are transmitted onto AlY, while negative thermotaxis
occurs when these AFD responses fail to activate AlY. While we
do not yet understand the downstream circuits differentially acti-
vated by AlY to instruct goal-oriented locomotion, our model rec-
onciles with the known role of AlY in suppressing turns during
C. elegans locomotion (Gray et al., 2005; Kocabas et al., 2012;
Li et al., 2014). For instance, the dynamic coupling of a warming
signal to AlY would be expected to yield positive thermotaxis by
suppressing turns selectively when the animal is migrating up a
gradient. Inthis way, the integration of two plasticity mechanisms
in AFD and selective activation of AlY based on previous experi-
ence could instruct movement toward a preferred temperature.

In this study, we have examined orthothermal thermotaxis
(movement up or down the gradient), which, under physiological
conditions, brings the animal to the proximity of its preferred
temperature. It has been reported (and we also observe) that
upon reaching a preferred temperature, animals switch from
orthothermal movement to isothermal tracking (moving within
0.1°C of their preferred temperature) (Hedgecock and Russell,
1975; Luo et al., 2006; Ryu and Samuel, 2002). Interestingly, in
the pkc-1 mutants or the AFD/AIY::CX36 coupled strain, animals
never reach a “preferred” temperature or perform isothermal
behavior. Instead, we observe a persistent and abnormal drive
in a particular direction on the gradient. Our findings are consis-
tent with previous studies that demonstrate that isothermal and
orthothermal movement are two distinct and genetically sepa-
rable behaviors (Colosimo et al., 2004; Ryu and Samuel, 2002),
and suggest that mechanisms modulated by PKC-1 encode
for direction of migration rather than “storing” the memory for
a preferred temperature.

Actuation of a learned preference behavior requires percep-
tual constancy during navigation of the sensory-rich environ-
ments and the flexibility to differentially respond to sensory
stimuli based on previous experiences. In this work, we have
found that a two-component system in a single sensory neuron
is capable of encoding sensory-rich information, maintaining
perceptual constancy, and flexibly assigning value based on
memory. Bipartite plasticity through adaptation and synaptic
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mechanisms has been observed in at least one other
C. elegans sensory neuron (Cho et al., 2016) and in Drosophila,
where starvation produces complementary presynaptic facilita-
tion and inhibition of sensory transmission to drive appetitive
behavior (Ko et al., 2015; Root et al., 2011). Together, these find-
ings suggest that the logical architecture composed of a direc-
tional sensory signal, integrated with a preference signal at
the synapse, may be a common feature within sensory physi-
ology. Therefore, integration of plasticity modules, in the case
of C. elegans thermotaxis within a single neuron, can coopera-
tively transform sensory information into a behavioral decision
to actuate learned behavioral preference.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental Models: Organisms/Strains

C. elegans: Strain GN71: pkc-1(pg5) V Luo et al., 2014 N/A

C. elegans: Strain IK105: pkc-1(nj1) V Caenorhabditis WB strain: IK105; WormBase:
Genetics Center WBvar00091271

C. elegans: Strain DCR3558 olals23 [Pgcy-8::caPKC-1; This paper N/A

Pgcy-8::tagRFP; Punc-122::dsRed]

C. elegans: Strain DCR3055 wyls629 [Pgcy-8::GCaMP6s; This paper N/A

Pgcy-8::mCherry; Punc-122::GFP]

C. elegans: Strain DCR3245 pkc-1(pg5); wyls629 [Pgcy-8:: This paper N/A

GCaMPe6s; Pgcy-8::mCherry; Punc-122::GFP]

C. elegans: Strain DCR5099 olals23 [Pgcy-8::caPKC-1; This paper N/A

Pgcy-8::tagRFP; Punc-122::dsRed]; wyls629 [Pgcy-8::

GCaMPé6s; Pgcy-8::mCherry; Punc-122::GFP]

C. elegans: Strain DCR3056 olals17 [Pmod-1::GCaMP6s; This paper N/A

Pttx-3::mCherry; Punc-122::dsRed]

C. elegans: Strain DCR3203 pkc-1(pg5); olals17 [Pmod-1:: This paper N/A

GCaMPé6s; Pttx-3::mCherry; Punc-122::dsRed],

C. elegans: Strain DCR3572 olals23 [Pgcy-8::caPKC-1; This paper N/A

Pgcy-8::tagRFP; Punc-122::dsRedj; olals17 [Pmod-1::

GCaMPe6s; Pttx-3::mCherry; Punc-122::dsRed]

C. elegans: Strain DCR3576 oyls85 [Pceh-36::caspase-3(p12)::nz; This paper N/A
Pceh-36::cz::caspase-3(p17); Pstrx-1::GFP; Punc-122::dsRed];

olals17 [Pmod-1::GCaMP6s; Pttx-3::mCherry; Punc-122::dsRed]

C. elegans: Strain DCR3670 olals17 [Pmod-1::GCaMP6s; This paper N/A
Pttx-3::mCherry; Punc-122::dsRed]; olals23 [Pgcy-8::caPKC-1;

Pgcy-8::tagRFP; Punc-122::dsRed]; olaEx2125 [Pgcy-8::

caspase-3(p12)::nz; Pgcy-8::cz::caspase-3(p17); Pgcy-8::

tagRFP; Pmyo-3::mCherry]

C. elegans: Strain DCR5586 olals70 [Pgcy-8::CX36::mCherry; This paper N/A
Pelt-7::GFP::NLS]

C. elegans: Strain DCR5639 olals72 [Pttx-3::s/2::CX36::mCherry; This paper N/A
Pelt-7::mCherry::NLS]

C. elegans: Strain DCR57983 olals17 [Pmod-1::GCaMP6s; This paper N/A

Pttx-3::mCherry; Punc-122::dsRed]; olals70 [Pgcy-8::CX36::
mCherry; Pelt-7::GFP::NLS]; olals72 [Pttx-3::s12::CX36::mCherry;
Pelt-7::mCherry::NLS]
C. elegans: Strain DCR5792 wyls629 [Pgcy-8::GCaMP6s; This paper N/A
Pgcy-8::mCherry; Punc-122::GFPJ; olals70 [Pgcy-8::CX36::
mCherry; Pelt-7::GFP::NLS]; olals72 [Pttx-3::sl2::CX36::mCherry;
Pelt-7::mCherry::NLS]
C. elegans: Strain DCR5789 olals17 [Pmod-1::GCaMP6s; This paper N/A
Pttx-3::mCherry; Punc-122::dsRed]; olals70 [Pgcy-8::CX36::
mCherry; Pelt-7::GFP::NLS]
C. elegans: Strain DCR5790 olals17 [Pmod-1::GCaMP6s; This paper N/A
Pttx-3::mCherry; Punc-122::dsRed]; olals72 [Pttx-3::
sI2::CX836::mCherry; Pelt-7::mCherry::NLS]
C. elegans: Strain DCR5404 olals17 [Pmod-1::GCaMP6s; This paper N/A
Pttx-3::mCherry; Punc-122::dsRed]; olals23 [Pgcy-8::
caPKC-1; Pgcy-8::tagRFP; Punc-122::dsRed]; olaEx3219
[Pgcy-8::CX36::mCherry; Pttx-3::sl2::CX36::mCherry;
Pmyo-3::mCherry]
(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
C. elegans: Strain DCR5380 olals17 [Pmod-1::GCaMP6s; This paper N/A
Pttx-3::mCherry; Punc-122::dsRed]; olaEx3219

[Pgcy-8::CX36::mCherry; Pttx-3::s/2::CX36::mCherry;

Pmyo-3::mCherry]

Oligonucleotides

Genotyping primer: pkc1-nj1-f: att cca aaa tct gcc aaa cg This paper N/A
Genotyping primer: pkc1-nj1-r: cta aaa acc gac acc ctt gg This paper N/A
Genotyping primer: pkc1-pg5_F2: agctggcacaacttggactt This paper N/A
Genotyping primer: pkc1-pg5_R2: cgaatgctgaaaaacccaaa This paper N/A
Cloning primer F57F5.5b Forward: GGGGACAAGTTTGT This paper N/A
ACAAAAAAGCAGGCTAA ATGAGTTTTGATTGTTTGGT

ATACGATG

Cloning primer F57F5.5b Reverse: GGGGACCACTTTGT This paper N/A
ACAAGAAAGCTGGGTC GTAGGTAAAATGCGGATTG

ATAAATG

Recombinant DNA

Plasmid: DACR1040 Pgcy-8::GCaMP6s This paper N/A
Plasmid: DACR1193 Pgcy-8::caspase-3(p12)::nz Luo et al., 2014 N/A
Plasmid: DACR1194 Pgcy-8::caspase-3(p17) Luo et al., 2014 N/A
Plasmid: DACR1286 Pmod-1::GCaMP6s This paper N/A
Plasmid: DACR2397 Pttx-3::s12::CX36::mCherry This paper N/A
Plasmid: DACR2398 Pgcy-8::CX36::mCherry This paper N/A
Plasmid: DACR2549 Pgcy-8::caPKC-1 This paper N/A
Software and Algorithms

MagatAnalyzer Gershow et al., 2012 N/A
LabView 2011 National Instruments N/A
Metamorph Molecular Devices N/A
ClampEx 10 Molecular Devices N/A
ClampFit 10.7 Molecular Devices N/A
MATLAB R2016a MathWorks N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Daniel
Colén-Ramos (daniel.colon-ramos@yale.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Worms were cultivated at 20°C on nematode growth medium seeded with a lawn of Escherichia coli strain OP50 using standard
methods (Brenner, 1974). Young adult hermaphrodites were used for all experiments. The strains used in this study are listed in
the Key Resources Table.

METHOD DETAILS

Thermotaxis Behavioral Assay

Animals were reared at 20°C for all experiments with shifts to the training temperature 4 hour prior testing. High-throughput behav-
ioral analyses were performed as described (Luo et al., 2014). Briefly, synchronized young adult populations were washed in M9
(Stiernagle, 2006), then transferred by pipette to the 20°C isotherm of the behavioral test plate (22-cm x 22-cm agar plates with
18°C to 22°C thermal gradient). Migration was monitored for > 30 min at 2fps using a MightEx camera (BCE-B050-U). Trajectories
were analyzed using an adaptation of the MagatAnalyzer software package as previously described (Gershow et al., 2012; Luo
et al., 2014).
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Molecular Biology and transgenic lines

Gateway recombination (Invitrogen) was used to generate C. elegans expression plasmids for caPKC-1, GCaMP6, caspases and
CX36. For PCR-based cloning and subcloning of components into the Gateway system, either Phusion or Q5 High-Fidelity DNA-po-
lymerase (NEB) was used for amplification. All components were sequenced within the respective Gateway entry vector prior to
combining components into expression plasmids via a four-component Gateway system (Merritt and Seydoux, 2010). For produc-
tion of the caPKC-1 transgene, wild-type pkc-1 cDNA was isolated from a mixed stage C. elegans cDNA library using primers
amplifying transcript F57F5.5b and overhangs that allowed subsequent recombination into the vector pDONR221 (Invitrogen).
The pseudosubstrate domain mutation (A160E) (Okochi et al., 2005) was introduced using QuikChange mutagenesis (Stratagene).
GCaMP6s, cz::caspase-3(p17), caspase-3(p12)::nz, and CX36 were introduced into pPDONR221 using a similar PCR-based strategy
from plasmid sources (Chelur and Chalfie, 2007; Chen et al., 2013; Rabinowitch et al., 2014). Cell-specific promoters were introduced
using the pENTR 5'-TOPO vector (Invitrogen) after amplification from genomic DNA or precursor plasmids. Transgenic lines were
created by microinjection into the distal gonad syncytium (Mello and Fire, 1995) and selected based on expression of one or
more co-injection markers: Punc-122::GFP, Punc-122::dsRed, Pelt-7::GFP::NLS, Pelt-7::mCherry::NLS, or Pmyo-3::mCherry. In
those cases where extrachromosomal arrays were integrated, incorporation into the genome was induced with trimethylpsoralen
(TMP) activated by UV using standard procedures followed by outcross. All integrated lines were outcrossed at least four times
before testing.

Calcium Imaging

For imaging, worms were mounted on a thin pad of 5% agarose in M9 buffer between two standard microscope coverslips. Worms
were immobilized with 7.5-10mM levamisol (Sigma). All solutions were pre-equilibrated to the holding temperature prior to sample
preparation. Prepared coverslip assemblies were placed at Ty on the peltier surface of the thermoelectric control system as illus-
trated in Figure S1A. A thermal probe (SRTD-2, Omega) mounted onto the surface of the peltier was used for feedback control
via a commercially available proportional-integral-derivative (PID) controller (FTC200, Accuthermo). Target temperatures were sup-
plied to the PID controller by a custom computer interface written in LabView (National Instruments), which subsequently gated cur-
rent flow from a 12V power supply to the peltier via an H-bridge amplifier (FTX700D, Accuthermo). Excess heat was removed from the
peltier with a water cooling system. Precise temperature control was initially confirmed with an independent T-type thermal probe
(IT-24P, Physitemp) attached to a hand-held thermometer (HH66U, Omega) and routinely compared to incubator temperatures
with an infrared temperature probe (Actron). After mounting worms and placing them on the thermal control stage, fluorescence
time-lapse imaging was begun immediately prior to implementing the temperature protocol in LabView, and temperature readings
were recorded continuously while imaging. Fluorescence time-lapse imaging (250ms exposure) was performed using a Leica
DM5500 microscope with a 10X/0.40 HC PL APO air objective. A Photometrics Dual-View 2 (DV2) optical splitter was used to simul-
taneously project distinct green and red fluorescence images onto the two halves of a Hamamatsu ORCA-Flash4.0 LT camera. Image
acquisition, segmentation into regions of interest, and color alignment were performed in MetaMorph (Molecular Devices). Down-
stream data processing was performed using custom scripts written in MATLAB (MathWorks), including alignment of fluorescence
intensity values to the temperature stimulus, ratiometric signal analyses, calcium response detection, and initial figure production.
Temperature readings were assigned to image frames in MATLAB based on CPU timestamps on images and temperature readings.
We employed best practices in acquisition and analyses of calcium imaging data in live animals, including the use of stably integrated
transgenic lines with wild-type thermotaxis behaviors, robust analyses of large number of animals and blind scoring of phenotypes
(Broussard et al., 2014; Chen et al., 2013; Tian et al., 2012). Our calcium imaging strain and microscope optical design allow ratio-
metric analyses comparing GCaMP6 green fluorescence to signal from a calcium-independent red fluorophore, mCherry or tagRFP.
Comparing our analysis using ratiometric normalization with analysis using the green channel alone, we observed indistinguishable
patterns of activity. Because of this observation and because some subsequently used markers (e.g., Pmyo-3::mCherry strains) pro-
duce additional red fluorescent signal in the head that can alter ratio baselines, we report fluorescence for the green channel alone.
Our initial analysis of AFD response to changes from the holding temperature (Figures S2A-S2L) showed us that AFD adapts rapidly,
an effect that we confirmed with detail kinetic analysis of AFD adaptation rate (Figure 1J). Because of these rapid adaptation kinetics,
we minimized the total duration of our stimulus protocols to reduce the impact of adaptation on AFD threshold measurements. Also,
we observed that ramping rate did not impact calcium dynamics (Figures S2B, S2F, and S2J). The lack of relationship between AFD
calcium rise and ramp rate in our study suggests that the impact of thermal gradient steepness on behavioral performance (Beverly
et al., 2011; Ramot et al., 2008b) may be a consequence of other circuit inputs. For these reasons, we used a rapid ramping rate
(1°C/10sec) to assess AFD response threshold accurately. Response thresholds were determined with both computer-assisted
response selection by a blind human observer and an automated script utilizing signal intensity and its derivative; these two methods
showed high concordance. These methods determined the AFD and AlY response threshold as the initial rise of the calcium response
for all experiments. Heatmap scaling, response graphing, and response detection thresholds were performed with the same consis-
tent settings within each experiment. Heatmaps were displayed using the MATLAB ‘imagesc’ function, which scales data to the full
color range available. The same scaling was applied to all comparable data within a figure. Unless otherwise specified, the scaling
was based upon the highest intensity dataset to minimize saturation. For analyses of AFD calcium signals, we selected four regions of
interest: sensory ending, soma, axon, and a control region outside of AFD. We observed similar response profiles for all three regions
within AFD, consistent with previous reports (Clark et al., 2006) and quantified in Figure S1B. Because the sensory ending is isolated
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from other sources of fluorescence (such as autofluorescence) and is the identified origin of thermosensory signals (Clark et al.,
2006), the reported responses in our manuscript are at the sensory endings. Comparisons of signals in the axon and sensory ending
of AFD show high concordance with no differential impact of training condition (Figure S1). For analyses of AlY, we divided the neuron
into four previously defined and morphologically distinct regions based on EM reconstruction micrographs (White et al., 1986), as
described (Colon-Ramos et al., 2007): 1) soma; 2) an asynaptic zone proximal to the soma (Zone 1); 3) a synapse-rich ~5uM long
region in which the neurite turns dorsally from the anterior ventral nerve cord into the nerve ring (Zone 2); and 4) a distal segment within
the nerve ring with sparse presynaptic distribution (Zone 3). In our analyses, we quantified signal intensity in the AlY soma and syn-
aptic Zone 2 and Zone 3 regions. AlY is a unipolar neuron with both inputs, including those from AFD, in zone 2 and outputs to post-
synaptic partners. We also quantified a reference region outside of AlY. Consistent with previous reports (Clark et al., 2006), we
observed clear and qualitatively similar responses to thermal stimuli in the synaptic Zone 2 and Zone 3 regions. Although calcium
responses were sometimes observed in the AlY soma, we could not correlate these soma responses to the thermal stimuli.

Electrophysiology

All electrophysiological experiments were performed with young adult hermaphrodites. An animal was immobilized on a glass cover-
slip by applying Vetbond Tissue Adhesive (3M Company, St Paul, MN) restricted to the dorsal head region. A short longitudinal inci-
sion was made along the glued region. The cuticle flap was folded back and glued to the coverslip, exposing AlYs neurons. The
dissected worm preparation was treated with collagenase A (Roche Applied Science, catalog number 10103578001, 0.5 mg/ml)
for 10-15 s and perfused with the extracellular solution. Borosilicate glass pipettes were used as recording electrodes with a tip resis-
tance ~20 MQ. AlYs neurons were identified based on mCherry fluorescence driven by the ttx-3 promoter. PSCs were recorded at a
holding voltage of —60 mV under classical whole-cell configuration with a Multiclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA, USA) and analyzed with the Clampex software (version 10, Molecular Devices). Data were filtered at 2 kHz and
sampled at 10 kHz. The extracellular solution contained (in mM) 140 NaCl, 5 KClI, 5 CaCl,, 5 MgCl,, 11 dextrose and 5 HEPES
(pH 7.2). The pipette solution contained (in mM) 120 KCI, 20 KOH, 5 Tris, 0.25 CaCl,, 4 MgCl,, 36 sucrose, 5 EGTA, and 4 Na,ATP
(pH 7.2). Thermal ramps were achieved by superfusing the animals with extracellular solution that was warmed or cooled with a ther-
moelectric heater/cooler (SC-20/CL-100, Warner Instruments) similar to methods previously described (Ramot et al., 2008a). Tem-
perature changes were measured close the worm head using the bead thermistor (TS-70B, Warner Instruments). Thermistor values
were recorded in Clampex software simultaneously with electrophysiological data. Data analysis was performed in Clampfit (Molec-
ular Devices) and MATLAB (MathWorks). To account for sample-to-sample variation in AlY basal sPSC rate, a normalized warming-
evoked sPSC rate was calculated by subtracting the sPSC rate during cooling from the sPSC rate during warming and presented in
Figure 4F.

Modeling of AFD adaptation

After training, AFD response threshold adapts to a new temperature with time following an exponential function (Ts = C*e™'®%; Fig-
ure 1J). The change in Tg, ATg, with anincrement of time, At, at time t can be expressed as ATg/At(t) = (-C(t)/tau)” e® The value of C
at time t, C(t), is the offset between current temperature, Ty(t), and AFD threshold, Ts(t), such that C(t) = Ts(t)-Th(t)). Based on these
three equations and the empirically calculated time constants for tau (derived from data in Figure 1J), the AFD threshold can be
calculated iteratively for a migrating animal by incrementing the Tg value with the derivative of T under present conditions, Tg(t) =
Ts(t-1)+ ATg/At (t)* At, resulting in the model presented in (Figure S2X). Because tau is distinct for adaptation to higher and lower
temperature, the appropriate tau was selected at each iteration depending on the relationship between Ts and Ty.

QUANTIFICATION AND STATISTICAL ANALYSIS

For calcium imaging experiments, quantification was performed in MATLAB (MathWorks). For electrophysiology experiments, quan-
tification was performed in ClampFit. For all experiments, statistical tests were performed in MATLAB (MathWorks). Continuous data
analyzed for statistical significance by non-parametric Kruskall-Wallis ANOVA followed by post hoc comparisons with a two-tailed
Wilcoxon rank sum test. Categorical data were analyzed for statistical significance by chi-square analysis followed by pairwise
two-tailed Fisher’s exact tests.
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