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SUMMARY

Unveiling the molecular and cellular mechanisms un-
derlying memory has been a challenge for the past
few decades. Although synaptic plasticity is proven
to be essential for memory formation, the signifi-
cance of ‘‘single-cell memory’’ still remains elusive.
Here, we exploited a primary culture system for the
analysis ofC. elegans neurons and show that a single
thermosensory neuron has an ability to form, retain,
and reset a temperature memory. Genetic and prote-
omic analyses found that the expression of the sin-
gle-cell memory exhibits inter-individual variability,
which is controlled by the evolutionarily conserved
CaMKI/IV and Raf pathway. The variable responses
of a sensory neuron influenced the neural activity of
downstream interneurons, suggesting that modula-
tion of the sensory neurons ultimately determines
the behavioral output in C. elegans. Our results pro-
vide proof of single-cell memory and suggest that
the individual differences in neural responses at the
single-cell level can confer individuality.

INTRODUCTION

Whether a single cell can store information of past experience is

a long-lasting question in neuroscience. While a large number of

studies have shown that memory is established by an ensemble

of neurons, recent studies have also suggested that synapse-in-

dependent cellular mechanisms of individual cells are also

important for information storage (Sidiropoulou et al., 2009;

Zhang and Linden, 2003). However, whether amemory is formed

and stored within a single cell still remains elusive.

To ask whether a single cell can form and store memory on its

own, we dissected the nervous system of the nematode

C. elegans. C. elegans can remember a variety of environmental

cues such as taste, smell, and temperature and change its

behavioral response based on the memorized information

(Sasakura and Mori, 2013). Of these behaviors, thermotaxis in-

volves memorization of the past cultivation temperature. After

cultivation at a certain temperature with food,C. elegans animals
migrate toward the cultivation temperature on a thermal gra-

dient: if animals cultivated at 17�C, 20�C, or 23�C are placed

on the thermal gradient, they migrate toward 17�C, 20�C,
or 23�C regions, respectively (Hedgecock and Russell, 1975;

Jurado et al., 2010).

We previously identified a neural circuit required for thermo-

taxis. In this circuit, temperature is mainly sensed by a single

pair of bilaterally symmetric thermosensory AFD neurons. Sub-

sequently, two pairs of AIY and AIZ interneurons relay the

thermal information from AFD to a pair of downstream premotor

RIA neurons to generate thermotactic motor outputs (Figure 1A)

(Kuhara et al., 2008; Mori and Ohshima, 1995).

Intriguingly, previous studies suggested that the thermosen-

sory AFD neuron can memorize the cultivation temperature.

In response to temperature warming, the intracellular calcium

concentration of the AFD neuron increases around the cultiva-

tion temperature, and the temperature at which calcium in-

creases in AFD can be varied depending on the cultivation

temperature (Kimura et al., 2004). Moreover, the temperature-

evoked calcium increment of AFD was not affected by muta-

tions that disrupt either one of the pre-synaptic or one of the

post-synaptic neurons of AFD (Clark et al., 2006). This observa-

tion raised the hypothesis that AFD is capable of not only

sensing but also memorizing the temperature. However, the

direct proof for the single-cell memory in which temperature

memory is initially formed within AFD has been lacking,

because the possibility that a cell (or cells) other than AFD

transmits the memory information to AFD has still remained

(Figure 1B).

In this study, we investigated a memory mechanism within a

single cell by exploiting a primary culture system and found

that the thermosensory AFD neuron has an ability to acquire,

retain, and reset the information of cultivation temperature

without any inputs from other cells. Furthermore, this single-

cell memory mechanism has a certain level of inter-individual

variability, even when the animals were genetically homoge-

neous and subjected to identical environmental exposure. This

difference in single-cell memory between individuals is regulated

by CaMKI/IV and its target pathway Raf-MEK-ERK-MED23. Our

results provide proof of single-cell memory that exhibits inter-in-

dividual variability and suggest that the individual differences in

neural responses at the single-cell level can confer individuality

by altering complex brain function.
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Figure 1. AFD Neuron Cell-Autonomously

Remembers the Cultivation Temperature

without Any Neural Connections

(A) A proposed thermotaxis neural circuit. The ar-

rows represent synaptic inputs.

(B) In vivo AFD neuron forms synapses with its

synaptic partners (left), and isolated AFD neuron

has no neural connections (right). Triangles indi-

cate sensory neurons, and hexagons indicate in-

terneurons. The numbers represent the number of

synapses.

(C) Expression of ttx-1p::GFP in a live animal (top)

or a cultured cell (bottom). Scale bars, 20 mm (top)

and 10 mm (bottom), respectively. D, dorsal; V,

ventral; A, anterior; P, posterior.

(D) Response temperature is defined as the tem-

perature at which GCaMP3/TagRFP fluorescence

ratio change first exceeded 1.0 in single-trial cal-

cium imaging and 0.5 in multiple-trial calcium im-

aging, respectively.

(E and F) Calcium imaging of in vivo AFD culti-

vated (Cult.) at 17�C (n = 28), 20�C (n = 58), 23�C
(n = 46), or shifted from 17�C to 23�C (n = 17) (E)

and isolated AFD neurons cultured at 17�C (n =

30), 20�C (n = 38), 23�C (n = 22), or shifted from

17�C to 23�C (n = 16) (F). In boxplots, center lines

indicate the medians, box limits indicate the 25th

and 75th percentiles as determined by R soft-

ware, whiskers indicate 1.5 times the interquartile

range from the 25th and 75th percentiles, and

outliers are represented by dots. Mean ± SEM of

ratio change (top) and boxplots of response

temperatures (bottom). The red arrows indicate

the mean values of the response temperatures.

*p < 0.05; **p < 0.01.

See also Figure S1.
RESULTS

A Thermosensory Neuron AFD Harbors Memory
Function
To assess whether the thermosensory neuron AFD can

memorize the temperature without any inputs from other

cells, we obtained primary cultures of AFD neurons and

analyzed their memory function in an isolated state (Fig-

ure 1B). We adopted a cell-culture method that utilized em-

bryonic cells, aiming to dissociate cells before they form

neural connections (Christensen et al., 2002). Briefly, embry-
12 Cell Reports 14, 11–21, January 5, 2016 ª2016 The Authors
onic cells were dissociated from each

other and spread at a low cell density

(�9 3 104 cells per square centimeter)

to prevent cell-cell interactions. Culture

medium was frequently exchanged

(every day and right before calcium im-

aging) to remove potentially existing

secreted molecules. After culturing

these isolated cells for several days,

we identified mature AFD neurons

based on the expression of ttx-1 pro-

moter-fused GFP, an AFD cell-fate re-

porter (Satterlee et al., 2001), and
confirmed that the cultured AFD was completely isolated

without any cell connections (Figure 1C).

We also developed a calcium-imaging system for primary cul-

ture of AFD neurons. Calcium dynamics of cultured AFD neurons

were then compared with that of in vivo AFD neurons, using the

genetically encoded calcium indicator GCaMP3 (Tian et al.,

2009), where TagRFP was coexpressed with GCaMP3 to enable

ratiometric imaging. We quantified fluorescence signals from

AFD soma (Figure S1A) and defined ‘‘response temperature’’

as the temperature at which GCaMP3/TagRFP fluorescence

ratio change first exceeded 1.0 (Figure 1D).



We then examined temperature-evoked calcium dynamics in

cultured AFD neurons and found that, similar to the responses

of in vivo AFD neurons (Figure 1E), calcium level in isolated

AFD neurons increased in response to warming, and their

response temperatures were in a distinct range depending

on the previous culture temperatures (Figure 1F). To investi-

gate whether these responses of cultured AFD neurons re-

sulted from a general intrinsic property of the cultured neurons

or from the thermosensory function of AFD, we analyzed cal-

cium responses in chemosensory neurons and mutant AFD

neurons. AWB olfactory and ASER gustatory neurons, both

of which are classified as amphid sensory neurons like AFD,

showed no calcium response to thermal stimuli in either

cultured states or in vivo states (Figure S1B; Table S1). In addi-

tion, mutations in the molecular components essential for

AFD thermosensation, GCY-8, GCY-18, and GCY-23 guanylyl

cyclases, or the TAX-4 cGMP-gated cation channel (Inada

et al., 2006; Komatsu et al., 1996), abolished thermal response

of AFD in both cultured and in vivo conditions (Figure S1B;

Table S1). These results suggest that AFD can memorize

temperature without any inputs from other cells and that the

memory-based calcium response requires the thermosensory

machinery in AFD.

To address whether isolated AFD can reset the temperature

memory, we next subjected isolated AFD neurons to a tempera-

ture shift from 17�C to 23�C and found that isolated AFD neurons

changed their response temperatures to the new culture temper-

ature: the response temperature more than 6 hr after the temper-

ature shift was comparable to that of AFD neurons continuously

cultured at 23�C (Figures 1E and 1F). These results demonstrate

that the AFD neuron itself has the ability to form, retain, and reset

the temperature memory.

AFD Neuron Exhibits Variability in Single-Cell Memory
between Individuals
Through the analysis of temperature memory in AFD, we found

that AFD neurons had a certain range of variability in response

temperature. Upon a linear temperature warming, AFD neurons

of 20�C-cultivated animals showed calcium responses within a

temperature range of about 17.7�C to 19.2�C (Figure 2A). This

variability in response temperature was observed at all cultiva-

tion temperatures tested (Figures 2A and S2A) and was most

evident when AFD neurons of 23�C-cultivated animals were sub-

jected to stepwise temperature warming (Figure 2B).

Next, we subjected a single AFD neuron to repeated trials of

calcium imaging to assess whether this variable response of

AFD results from animal-to-animal variability or trial-to-trial vari-

ability. AFD neurons of 23�C-cultivated animals were subjected

to six trials of calcium imaging and showed that their response

temperatures were almost invariable within the same animal

but variable among different animals: trial-to-trial variability, the

average value of differences between two response tempera-

tures observed by two consecutive trials in the same animal,

was about 0.4�C, whereas animal-to-animal variability, the

average value of differences between the maximum and mini-

mum of the response temperatures observed in the jth trial (j =

1–6) of all animals examined, was about 1.4�C (Figures 2C and

2D; see Supplemental Experimental Procedures for calculations
of these values). These results suggest that AFD neuron had an-

imal-to-animal variability in thermal response.

Next, we investigated whether the variability in AFD thermal

response is an intrinsic property of AFD. Similar to the responses

of in vivo AFD neurons, the calcium level in isolated AFD neurons

increased depending on the previous culture temperature, and

the response temperatures were distributed within a certain

range (Figure 2A). To assess whether the variable response

of cultured AFD results from the cell-to-cell variability or the

trial-to-trial variability, we subjected cultured AFD neurons to

repeated trials of calcium imaging. The 23�C-cultured isolated

AFD neurons were subjected to six trials of calcium imaging,

and, similar to in vivo conditions, inter-individual variability in

response temperature was larger than trial-to-trial variability

(Figure 2D). Thus, these results suggest that the AFD neuron

cell-autonomously memorizes the cultivation temperature and

that the cell-to-cell variability in temperature memory is an

intrinsic property of the AFD neuron.

CaMKI/IV Acts to Suppress the Inter-individual
Variability of Temperature Memory in AFD
To date, cAMP response element binding protein (CREB)

and calcium-calmodulin-dependent protein kinase II (CaMKII)

are well-known key molecules that establish memory (Kandel

et al., 2014; Lisman et al., 2002). However, neither crh-1mutants

that lacked aC. elegansCREB homolog (Nishida et al., 2011) nor

unc-43 mutants that lacked the C. elegans CaMKII ortholog

(Reiner et al., 1999) showed a severe defect in the variable cal-

cium response of AFD (Figure S2B). These results suggest that

CRH-1/CREB and UNC-43/CaMKII are not crucial for the vari-

ability of temperature memory in AFD. To identify the molecular

determinant for the variability of AFD temperature memory, we

focused next on the gene cmk-1, which encodes the predicted

C. elegans ortholog of mammalian CaMKI and CaMKIV (Eto

et al., 1999). A recent study on CMK-1 reported that the aver-

aged value of the AFD response temperature was abnormally

low in cmk-1 mutants (Yu et al., 2014).

Then, we examined whether this low response temperature is

either due to high variability of individual response temperatures

with a large fraction of the responses with low response temper-

atures or due to lower response temperatures exhibited by the

population as a whole without changing the variability of individ-

ual responses. We subjected AFD neurons of 23�C-cultivated
cmk-1 mutants to six trials of calcium imaging and compared

the variability to that of wild-type animals. While trial-to-trial vari-

ability in wild-type and cmk-1 animals were comparable, animal-

to-animal variability in cmk-1 mutants was significantly larger

than that of wild-type animals, showing that the lack of CMK-1

increases the animal-to-animal variability of AFD (Figure 2D).

We also subjected AFD neurons of cmk-1mutants to single-trial

calcium imaging and found that response temperatures

were abnormally perturbed at both 20�C and 23�C cultivation

(Figures 2E and 2F; Figure S2C). While wild-type AFD neurons

of 23�C-cultivated animals initiated calcium responses within a

temperature range of about 19.0�C to 22.0�C, cmk-1 mutant

AFD neurons started to respond within a wider temperature

range of about 16.0�C to 21.0�C (Figures 2E and 2F). Next,

we isolated AFD neurons from cmk-1 mutants and examined
Cell Reports 14, 11–21, January 5, 2016 ª2016 The Authors 13
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response temperature to investigate whether this abnormal vari-

ability in cmk-1 mutants is caused by the lack of CMK-1 in AFD.

Similar to in vivo conditions, isolated cmk-1mutant AFD neurons

also showed increased variability in response temperature, sug-

gesting that the lack of CMK-1 only in AFD is responsible for the

abnormal variability in response temperature of AFD (Figure 2G).

Indeed, expression of a cmk-1 cDNA only in AFD completely

rescued the response temperatures in cmk-1mutants, indicating

that CMK-1 cell-autonomously acts in AFD (Figures 2E, 2F, and

S2C). Thus, these results indicate that CMK-1 functions in AFD

to suppress the animal-to-animal variability in the temperature

memory-based calcium response of AFD.

Identification of a Substrate of CMK-1
Although CaMKI and CaMKIV are highly expressed in the

mammalian brain and thought to play important roles, their func-

tions and interacting molecules have been largely unknown

(Wayman et al., 2008). To identify the molecular pathway

involving CaMKI/IV, we undertook two different types of screens:

one was a forward suppressor screen of cmk-1 mutants to look

for genetic interactors of CMK-1. The other was a phosphopro-

teomic screen to look for biochemical substrates of CMK-1.

In the suppressor screen, we utilized pleiotropic defects of

cmk-1mutants: cmk-1mutants showed abnormally low expres-

sion of nhr-38 promoter-fused GFP, an AFD neuron-specific

GFP marker (Satterlee et al., 2004). Therefore, we mutagenized

cmk-1 mutants carrying nhr-38 promoter-fused GFP and found

that a mutation in sur-2 gene that encodes the ortholog of human

MED23, a subunit of transcription mediator complex (Singh

and Han, 1995), restored the expression of the GFP marker in

a cmk-1 mutant background (Figures S3A and S3B).

In the phosphoproteomic screen, an in vitro phosphorylation

assay and subsequent high-accuracy mass spectrometry

revealed a list of C. elegans proteins that were phosphory-

lated by human CaMKI (Figure S3C) (The list of proteins phos-

phorylated by CaMKI and the detailed information about

the phosphorylation sites will be deposited in the Kinase-Associ-

ated Neural Phospho-Signaling (KANPHOS) database: https://

srpbsg01.unit.oist.jp/index.php?ml_lang=en.) Among 38 phos-

phorylated proteins, we focused on LIN-45, theC. elegans ortho-
Figure 2. AFD Neuron Shows Inter-individual Variability in the Temper

(A and B) Single-trial calcium imaging of 20�C-cultivated in vivo AFD neurons (A

warming; and 23�C-cultivated in vivo AFD neurons (B) subjected to stepwise tem

(C)Multiple-trial calcium imaging of in vivo AFD cultivated at 23�C. The orange line
observed at each of the six trials.

(D) Boxplot of trial-to-trial variability and animal-to-animal variability in response te

cultured AFD neurons isolated from wild-type animals (n = 8) were cultivated at 23

warming were applied to in vivo AFD and isolated AFD, respectively.

(E) Calcium imaging of in vivo AFD of wild-type animals (n = 38), cmk-1 mutants

(n = 14) cultivated at 23�C.
(F) Boxplot of response temperatures derived from the dataset shown in (E). Steel

wild-type controls.

(G) Calcium imaging of 23�C-cultured AFD isolated from wild-type animals (n = 1

In (A), (B), (E), and (G), the gray lines indicate individual traces of ratio change, and

indicate the lowest and highest response temperatures. In box plots, center lin

determined by R software, whiskers indicate 1.5 times the interquartile range from

**p < 0.01; ns, not significant (p > 0.05).

See also Figure S2.
log of Raf kinase, since LIN-45 was shown to act upstream of

SUR-2 in a signaling pathway that determines the development

of theC. elegans vulva, in which the growth factor signal is medi-

ated by LIN-45 (Raf), MEK-2 (MEK), MPK-1 (ERK), and SUR-2

(MED23) (Figure 3A) (Han et al., 1993; Singh and Han, 1995).

We confirmed that C. elegans CMK-1 could also phosphorylate

LIN-45 in vitro, verifying that LIN-45 is, indeed, a substrate of

CMK-1 (Figure S3D).

The Raf Kinase Pathway Generates the Variability of
Temperature Memory of AFD
To assess the involvement of the Raf pathway in temperature

memory variability in AFD, we analyzed temperature-evoked

calcium dynamics of AFD in the Raf pathway mutants: lin-45,

mek-2,mpk-1, and sur-2. Surprisingly, mutations in Raf pathway

genes reduced the variability of response temperatures of AFD.

Thewild-type response temperaturesdistributedwithin a temper-

ature range of about 19.0�C to 22.0�C. By contrast, the response

temperatures of the Raf pathwaymutants were within a tempera-

ture rangeof about 20.5�C to 21.5�C (Figures 3Band3C). This low

variability in the response temperatures of Raf pathway mutants

seemed opposite to the phenotype of cmk-1 mutants, which

showed larger variability in response temperatures of AFD (Fig-

ure 3D). These results suggested that the Raf pathway acts to in-

crease the variability of the single-cellmemorymechanismofAFD

in contrast to CMK-1 that acts to reduce the variability.

Next, we investigated the genetic interaction between CMK-1

and the respective Raf pathway molecules, LIN-45, MEK-2,

MPK-1, and SUR-2. cmk-1 lin-45 double mutants exhibited

almost normal calcium responses, showing that a loss-of-

function mutation in lin-45 suppressed the cmk-1 abnormality

(Figures 3B and 3D). Similarly, a loss-of-function mutation in

mek-2, mpk-1, or sur-2 also restored the normal response

temperatures in a cmk-1 mutant background (Figure 3D).

The expression of a lin-45 cDNA, specifically in the AFD of

cmk-1 lin-45 double mutants, resulted in a phenotype similar

to that of a cmk-1 single mutant, suggesting that LIN-45 Raf

acts cell-autonomously in AFD (Figure 3D). Furthermore, these

Raf pathway mutations also suppressed the abnormally low

expression of the AFD thermosensory machinery gene gcy-8 in
ature Memory

, top) and isolated AFD neurons (A, bottom) subjected to linear temperature

perature warming. n = 16 for each.

indicates temperature. The colored arrows indicate the response temperatures

mperature. In vivo AFD of wild-type animals (n = 19), cmk-1mutants (n = 8), and
�C and subjected to six trials of calcium imaging. Stepwise warming and linear

(n = 36), and cmk-1 mutants expressing a wild-type cmk-1 cDNA only in AFD

test was applied to compare the response temperatures in mutants with that in

8) and cmk-1 mutants (n = 38).

the red line represents the average of individual ratio changes. The red arrows

es indicate the medians, box limits indicate the 25th and 75th percentiles as

the 25th and 75th percentiles, and outliers are represented by dots. *p < 0.05;
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Figure 3. Raf Pathway Regulates the Variability of AFD Memory Representation Downstream of CMK-1

(A) Conserved Raf kinase pathway in C. elegans and mammals.

(B) Calcium imaging of AFD in wild-type animals (n = 20), lin-45mutants (n = 22), and cmk-1 lin-45 double mutants (n = 22) cultivated (Cult.) at 23�C. The gray lines
indicate individual traces of ratio change, and the red lines represent the average of individual ratio changes. The red arrows indicate the lowest and highest

response temperatures.

(C) Boxplot of response temperatures in wild-type animals (n = 48), lin-45mutants (n = 38),mek-2mutants (n = 16),mpk-1mutants (n = 16), and sur-2mutants (n =

13) cultivated at 23�C. Steel test was applied to compare the response temperatures in mutants with that in wild-type controls.

(D) Boxplot of response temperatures in wild-type animals (n = 68), cmk-1 mutants (n = 63), cmk-1 lin-45 double mutants (n = 37), cmk-1 lin-45 double

mutants expressing the wild-type form of a lin-45 cDNA only in AFD (n = 33), mek-2; cmk-1 double mutants (n = 13), mpk-1; cmk-1 double mutants (n = 14)

and sur-2; cmk-1 double mutants (n = 14) cultivated at 23�C. Steel test was applied to compare the response temperatures in mutants with that in wild-type

controls.

*p < 0.05; **p < 0.01; ns, not significant (p > 0.05). In boxplots, center lines indicate themedians, box limits indicate the 25th and 75th percentiles as determined by

R software, whiskers indicate 1.5 times the interquartile range from the 25th and 75th percentiles, and outliers are represented by dots.

See also Figures S3 and S4.
cmk-1 mutant background (Supplemental Results; Figure S4).

These results suggest that the CaMKI/IV and Raf pathway medi-

ates gene expression of AFD to regulate the response tempera-

ture of AFD.

The normal calcium response in cmk-1 lin-45 double mu-

tants suggested that CMK-1 and LIN-45 are not required for

memory formation or subsequent memory retention but for

the regulation of variability in memory-based thermal response

of AFD after temperature memory is formed and stored within

AFD. Therefore, our results are consistent with the possibility

that CMK-1 and LIN-45 act to suppress and enhance, respec-

tively, the level of variability in memory-based calcium dy-

namics of AFD.
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Variability in AFD Influences theVariability in theActivity
of Downstream Neurons and, Consequently, in
Thermotaxis Behavior
Next, we addressed how the CaMKI/IV and Raf pathway-medi-

ated variability of sensory response contributes to the final

behavioral output. Since the loss of activity of the Raf pathway

molecules causes severe lethality and locomotion defects, we

examined the thermotaxis behavior of cmk-1 mutants. While

most of the wild-type animals migrated around the cultivation

temperature, cmk-1 mutants dispersed over a wider range of

temperatures (Figures 4A–4C). Expression of a cmk-1 cDNA

only in AFD rescued this cmk-1 mutant phenotype, while the

expression of a kinase-negative form (K52M) of cmk-1 cDNA



Figure 4. Mutants with High Variability in AFD

Response Display Increased Variability in Thermo-

taxis Behavior

(A) The thermotaxis behavior was tested as previously

reported (Ito et al., 2006). Briefly, animals cultivated at a

certain temperature were placed at the center of the

temperature gradient ranging from 17�C to 23�C. After
60 min, the number of animals in each fraction (1–8) was

counted.

(B and C) Thermotaxis behavior of wild-type animals,

cmk-1 mutants, cmk-1 mutants expressing the wild-type

form of a cmk-1 cDNA only in AFD, and cmk-1 mutants

expressing a kinase-negative form (K52M) of the cmk-1

cDNA only in AFD cultivated (Cult.) at 20�C (B) or 23�C (C).

n = 12 for each. Boxplots represent the percentage of

animals that migrated to the cultivation temperature re-

gion (fraction 4 or 5 in B and fraction 7 or 8 in C). Steel test

was applied to compare the thermotaxis behavior in

mutantswith that in wild-type controls. In boxplots, center

lines indicate the medians, box limits indicate the 25th

and 75th percentiles as determined by R software,

whiskers indicate 1.5 times the interquartile range from

the 25th and 75th percentiles, and outliers are repre-

sented by dots.

Error bars indicate SEM. *p < 0.05; **p < 0.01; ns, not

significant (p > 0.05).
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failed to rescue the behavioral abnormalities (Figures 4B and

4C). These results suggest that the level of the animal-to-animal

variability in the AFD sensory response strongly influences the

level of variability in final behavioral output.

To ask how the variability of the temperature perception by

AFD affects the activity of downstream neurons to establish ther-

motaxis, we next analyzed the temperature-evoked calcium dy-

namics of the AIY interneuron, a major post-synaptic neuron of

AFD, and the RIA premotor neuron, a major post-synaptic

neuron of AIY (White et al., 1986). We found that AIY exhibits

large calcium increments at 2–3�C below the cultivation temper-

ature (Figure 5A) and that the calcium activity of RIA is sup-

pressed at a similar temperature (Figure 5B). In gcy-23 gcy-8

gcy-18 triple mutants, which are defective in the thermosensory

function of AFD (Inada et al., 2006), neither the large calcium

increment in AIY nor the suppression of calcium events in RIA

was detected, indicating that thermosensation in AFD is required

to evoke these downstream neural circuit dynamics (Figures 5A

and 5B). In addition, ttx-3 mutants, which are defective in AIY

function (Hobert et al., 1997), did not show the temperature-

evoked suppression of RIA activity (Figure 5B). Therefore, these

results indicate that the thermal response of AFD evokes the

large calcium increments of AIY, which, in turn, suppresses the

calcium activity of RIA.

Next, we examined the response temperatures of AIY

in cmk-1 mutants. We found that, similar to the case of

AFD, the AIY neuron of cmk-1 mutants showed abnormally

increased variability in response temperatures: while response

temperatures of 23�C-cultivated wild-type AIY neurons were

within a temperature range of about 16.8�C to 20.0�C, those
of cmk-1 mutant AIY neurons were distributed within a wider

temperature range of about 15.3�C to 20.1�C (Figure 5C).

Expression of a cmk-1 cDNA only in AFD rescued these

abnormal response temperatures of AIY in cmk-1 mutants,

indicating that the CMK-1-mediated variability of AFD influ-

ences the variability of the AIY response (Figure 5C). There-

fore, these results indicate that the CaMKI/IV-Raf pathway reg-

ulates the variability of temperature perception in AFD and,

consequently, the variability of downstream neural circuit dy-

namics (Figure 5D).
Figure 5. Variability in AFD Memory Evokes Variability in Downstream

(A) Calcium imaging of AFD in wild-type animals (n = 17) and AIY in wild-type anim

The gray lines indicate individual traces of ratio change, and the colored lines repr

the statistical significance between the maximum values of AIY ratio change of w

(B) Calcium imaging of AFD in wild-type animals (n = 48), RIA in wild-type anima

cultivated at 20�C. Since the maximum values of GCaMP3/TagRFP fluorescenc

dardized the maximum values of GCaMP3/TagRFP ratio change of RIA as 1.0 to

standardized ratio change, and the colored lines represent the average of individu

standardized ratio change (right). The double asterisk (**) indicates the statistical

the 18�C temperature points. The red arrows indicate the 18�C temperature poin

(C) Response temperatures of AIY in wild-type (WT) animals (n = 19), cmk-1mutan

(n = 12) cultivated at 23�C. As in the case of RIA, we standardized the maximum

temperature at which standardized ratio change of AIY first exceeded 0.5 to reliab

traces of standardized ratio change, and the colored lines represent the averag

peratures of AIY. Steel test was applied to compare the response temperatures

medians, box limits indicate the 25th and 75th percentiles as determined by R soft

percentiles, and outliers are represented by dots.

(D) Schematic of the C. elegans memory circuitry.
DISCUSSION

In this study, we discovered that the C. elegans thermosensory

AFD neuron is capable of memorizing a temperature without

any inputs from other cells. Integrating the information of pre-

sent ambient temperature and memorized cultivation tempera-

ture, AFD increases intracellular calcium levels at a certain

temperature range that nearly corresponds to the cultivation

temperature. CaMKI/IV influences the variability and threshold

temperature of calcium responses of AFD and, consequently,

thermotaxis behavior through the interaction with the Raf-

MEK-ERK-MED23 pathway. Slightly below the cultivation tem-

perature, a calcium increment of AFD triggers a large calcium

transient of AIY, which, in turn, suppresses the calcium spikes

of RIA to generate a memory-based motor output.

Analysis of C. elegans Sensory Neurons in Cell Culture
System and Single-Cell Memory
More than 100 years ago, Santiago Ramón y Cajal proposed a

theory that memory is stored as changes of connectivity be-

tween nerve cells (Ramón y Cajal, 1894). Our results demon-

strated that memory can also be formed and stored within a

single cell by a neural circuit-free mechanism. Notably, a study

onmouse brains showed a possibility that a single cell of the pre-

frontal cortical neurons might be able to store a memory (Sidiro-

poulou et al., 2009). Our results, together with this observation,

suggest that a memory is attributable to a single cell in the ner-

vous system of species ranging from C. elegans to mammals

and that memory representation in a single cell has a prominent

role in behavior.

Here, we exploited a primary cell culture system, in which in-

dividual neurons can be extensively analyzed in a ‘‘circuit-free’’

environment, and provided proof for single-cell memory. Indeed,

recent studies have demonstrated that sensory neurons in

C. elegans exhibit a variety of neuronal plasticity (Kunitomo

et al., 2013; Sasakura and Mori, 2013). The emerging picture

from our present and previous studies is that the sensory system

in C. elegans, comprising limited numbers of sensory neurons,

possesses potentially quite complex brain functions within a

sensory neuron. Nevertheless, it is difficult to explicitly assess
Neural Circuit Dynamics

als (n = 19) and gcy-23 gcy-8 gcy-18 triple mutants (n = 11) cultivated at 20�C.
esent the average of individual ratio changes. The double asterisk (**) indicates

ild-type and gcy triple-mutant animals.

ls (n = 50), gcy-23 gcy-8 gcy-18 mutants (n = 20), and ttx-3 mutants (n = 18)

e ratio change in wild-type RIA neurons were considerably different, we stan-

analyze the timing of calcium event. The gray lines indicate individual traces of

al standardized ratio changes (left). The heatmaps indicate individual traces of

significance between the values of standardized ratio changes at the 16�C and

t.

ts (n = 12) and cmk-1mutants expressing a wild-type cmk-1 cDNA only in AFD

values of ratio change as 1.0 and defined response temperature of AIY as the

ly analyze the timing of calcium events of AIY. The gray lines indicate individual

e of individual standardized ratio changes. Boxplot represents response tem-

in mutants with that in wild-type controls. In boxplots, center lines indicate the

ware, whiskers indicate 1.5 times the interquartile range from the 25th and 75th
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whether the plasticity resides in a sensory neuron itself or a

neuron-to-neuron connectivity. Hence, we suggest that the

primary cell culture system can shed light into this problem

and provide a new avenue for the analysis of sensory neurons

in C. elegans.

Single-Cell-Memory-Driven Neural Circuit Dynamics
Generate Memory-Based Motor Output
We revealed that the Raf kinase pathway, Raf-MEK-ERK-

MED23, promotes inter-individual variability of single-cell mem-

ory. In the thermotaxis neural circuit, the variability of AFD activ-

ity regulated by the CaMKI/IV-Raf pathway affects the response

temperature of AIY, and AIY suppresses the calcium transients

of RIA. RIA densely connects to head motor neurons (White

et al., 1986), and C. elegans changes its locomotory direction

by changing the head direction when crawling forward on a solid

surface. Thus, our results suggest that the calcium increment of

AFD and subsequent downstream neural circuit dynamics elicit a

crucial headmovement, such as a directional change of the head

toward the memorized temperature. The distinct response prop-

erties of individual AFD neurons might thus generate variability in

aspects of the head movement and result in differences in

behavior between the individuals of a population. On a thermal

gradient, AFD neurons of individual animals respond to a tem-

perature environment with slightly different calcium dynamics,

and variability in these AFD calcium dynamics might induce

the individual differences in the dynamics of the downstream cir-

cuits and, ultimately in the behavior (Figure 5D).

Inter-individual Variability in the Nervous System
Individual differences in functions of the nervous system is the

neurobiological basis of individuality, and abnormality in the neu-

ral variability is hypothesized to cause human neuropathological

diseases such as autism, attention-deficit/hyperactivity disor-

der, and schizophrenia (Dinstein et al., 2015). Therefore, the reg-

ulatory mechanism that controls the magnitude of the variability

in the nervous system is crucial for its functions, such as cogni-

tion, decision making, and behavior. Given that dysfunction of

MED23 was previously reported to be linked to a human intellec-

tual disability (Hashimoto et al., 2011), our results suggest that

MED23 contributes to the high-order brain functions through

the regulation of neural variability. In conclusion, our findings

elucidate that the CaMKI/IV-Raf pathway regulates individual

differences in single-cell memory and highlights the evolution-

arily conserved molecular pathway as a crucial intrinsic factor

that confers individuality in brain function.

EXPERIMENTAL PROCEDURES

Strains

C. elegans were cultivated under standard conditions (Brenner, 1974). Strains

used in this study are listed in Table S2.

Primary Cell Culture

Preparation of C. elegans primary cell cultures was performed essentially as

described previously (Christensen et al., 2002). We isolated eggs from gravid

animals and spread dissociated embryonic cells at a low cell density (�93 104

cells per square centimeter) onto a coverglass. See also the Supplemental

Experimental Procedures.
20 Cell Reports 14, 11–21, January 5, 2016 ª2016 The Authors
Calcium Imaging

For in vivo calcium imaging, a single adult animal was placed on a 10%

agar pad on a microscope coverslip with 0.4 ml of 0.1 mm polystyrene

beads (Polysciences) and covered by a coverslip to immobilize the ani-

mals (Kim et al., 2013). For isolated cells, a cell-plated coverslip was

placed in a square hole filled with extracellular solution (145 mM NaCl,

5 mM KCl, 5 mM MgCl2, 1 mM CaCl2, 10 mM HEPES, 10 mM D-glucose,

pH adjusted with NaOH to 7.2 and osmolality adjusted with sucrose to

340 mOsm). We defined ‘‘response temperature’’ as the temperature at

which the GCaMP3/TagRFP fluorescence ratio change first exceeded

1.0 in single-trial calcium imaging. In multiple-trial calcium imaging,

weak excitation lights for GCaMP3 or TagRFP fluorescence imaging

were used to minimize the effects of long-time exposure to excitation

light, such as photobleaching or cell damaging. Due to the difference in

excitation energy, the value of GCaMP3/TagRFP fluorescence ratio

change was almost half of that in single-trial calcium imaging (Figures

2B and 2C); hence, we defined ‘‘response temperature’’ as a temperature

at which GCaMP3/TagRFP fluorescence ratio change first exceeded 0.5 in

multiple-trial calcium imaging experiments. See also the Supplemental

Experimental Procedures.

Statistics

In boxplots, center lines indicate the medians, box limits indicate the 25th

and 75th percentiles as determined by R software, whiskers indicate 1.5

times the interquartile range from the 25th and 75th percentiles, and outliers

are represented by dots. For comparison tests, Steel methods or Steel-

Dwass methods were applied. Outliers displayed in the boxplot were not

removed from statistical tests. In all figures, *p < 0.05, **p < 0.01, and p >

0.05 is considered as not significant (ns). In comparing the response temper-

ature, samples that showed no or slight GCaMP3/TagRFP fluorescence ratio

change (<1.0 in single-trial and <0.5 in multiple-trial calcium imaging exper-

iments) were excluded. The total number of samples recorded and the

number of samples that exceeded a 1.0 GCaMP3/TagRFP ratio change

are shown in Table S1.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

Supplemental Results, four figures, and two tables and can be found with

this article online at http://dx.doi.org/10.1016/j.celrep.2015.11.064.
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