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SUMMARY

We show that C. elegans nematodes learn to associate food with a combination of
proprioceptive cues and information on the structure of their surroundings
(maze), perceived through mechanosensation. By using the custom-made
Worm-Maze platform, we demonstrate that C. elegans young adults can locate
food in T-shaped mazes and, following that experience, learn to reach a specific
maze arm. C. elegans learning inside the maze is possible after a single training
session, it resembles working memory, and it prevails over conflicting environ-
mental cues. We provide evidence that the observed learning is a food-triggered
multisensory behavior, which requires mechanosensory and proprioceptive
input, and utilizes cues about the structural features of nematodes’ environment
and their body actions. The CREB-like transcription factor and dopamine signaling
are also involved in maze performance. Lastly, we show that the observed aging-
driven decline of C. elegans learning ability in the maze can be reversed by
starvation.

INTRODUCTION

Despite having only 302 neurons, C. elegans hermaphrodites demonstrate non-associative learning in the
form of habituation or sensitization (Rankin and Broster, 1992; Rankin et al., 1990), as well as associative
learning (Ardiel and Rankin, 2010; Rankin et al., 1990; Stein and Murphy, 2014), where nematodes learn
to make positive or negative associations (Zhang et al., 2005; Torayama et al., 2007). Imprinting may also
occur during their early developmental stages, when C. elegans’behavior can be modified by food-derived
odors (Remy and Hobert, 2005). All these types of learning have been extensively studied in C. elegans,
mainly in the context of chemical cues.

With their nervous system mapped (White et al., 1986; Varshney et al., 2011; Cook et al., 2019) and many of
the neuronal connections characterized (Towlson et al., 2013; Arnatkeviciute et al., 2018), C. elegans have
been successfully used to dissect key decision-making neuronal circuits (Faumont et al., 2012; Ghosh et al.,
2016; Jarrell et al., 2012; Tanimoto et al., 2017). Indeed, the rich behavioral palette these nematodes exhibit
is particularly suitable for studying the neurobiology of behavior. Interestingly, even though C. elegans
actively explore their environment, i.e., when foraging, their spatial orientation, navigation, learning, and
decision-making have been sparsely studied. This has been achieved primarily in assays where
C. elegans avoid or prefer moving toward unpleasant or favored odorants (Bargmann, 2006; Klein et al.,
2017), osmolarity (Culotti and Russell, 1978) and temperature (Garrity et al., 2010). These studies reveal
behavioral and survival strategies adopted by C. elegans, sometimes accentuated through conditioning.
However, the question as to whether C. elegans can learn to navigate in a structured environment toward
a targeted location or whether C. elegans are capable of spatial learning remains unanswered.

Mazes and maze-like platforms have been broadly used to investigate the ability of animals to learn space-
related tasks (Morris, 1984; Derdikman and Knierim, 2014) and to decipher their decision-making (Bardgett
etal., 2009; Olton, 1979; Vorhees and Williams, 2014). Y-shaped mazes have been used even to assess plant
behavior (Gagliano et al., 2016). Despite being highly informative as a tool, mazes have been employed in
surprisingly few C. elegans studies, to tangentially evaluate their ability to locate food (Oliver et al., 2016) or
to explore worms' decision making (Pandey et al., 2011). The only targeted attempt to date in which a maze-
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of improved performance after repeated training. However, even though a dopamine-poor mutant, cat-2,
was tested, the observed behavior was not thoroughly characterized, neither was the steering mechanism
explored.

Recently, Han and colleagues (Han et al.,, 2017) demonstrated that C. elegans can distinguish between
spatial variations in their environment and show clear preferences. The conclusion that mechanosensation
plays a key role to spatial selectivity (Han et al., 2017) fits nicely to what is known about limitations in some of
C. elegans’ other senses (Ward et al., 2008; Goodman, 2006). It also raises the question of whether mecha-
nosensation could contribute to nematodes’ spatial navigation and learning. In parallel, the finding of
proprioceptive neurons in C. elegans (Li et al., 2006) offers an additional option to the feedback these
roundworms may receive from their bodies (Schafer, 2006), besides tactile input, when interacting with their
environment. Proprioception, along with mechanosensation, has been reported as one of the non-visual
sensory modalities that contribute to spatial memory formation (Yamamoto and Shelton, 2005; Waller
et al., 2004; Klatzky, 1998; Chance et al., 1998).

Itis therefore notable that in the rich literature which deals with C. elegans’ diverse behavior, their remark-
able learning abilities, and their fascinating sensory biology, there is a gap regarding their spatial and navi-
gational learning capability. This opening exists even though for behavioral studies in other organisms,
informative tools, such as simple mazes, have been developed, that could be adjusted for use with
C. elegans.

Here, we introduce a custom-made T-shaped maze platform, namely the Worm-Maze, to explore
C. elegans’ navigation skills, and to establish worms’ ability to learn a maze-related task. We characterize
this behavior in relation to diverse environmental cues, and we investigate the role of selected genes,
involved in chemosensation, mechanosensation, and proprioception. We also report the contribution of
dopamine signaling and of the CREB-homolog transcription factor. Lastly, we demonstrate that
C. elegans learning strategy includes the usage of information about the structural traits of the animals’
surroundings and their body actions. We suggest that C. elegans learn to associate food/reward with a
combination of proprioceptive cues about their body posture and actions, and mechanosensation-
perceived cues on the structural features of their environment. Lastly, we show that the Worm-Maze can
be used to study maze performance and learning in the context of aging or physiological manipulations,
e.g., starvation.

RESULTS

Determination of C. elegans learning in the maze environment

Simple T-shaped mazes (Figure 1) were used to run a basic control experiment in the absence of food, as
reference. These mazes had rough floor surfaces (Figure S1D), providing nematodes with continuous tactile
information. A nematode was placed at the maze starting point (Figure 1B) and was allowed to travel. The
worm was recorded until it reached one of the two ends of the maze, either on the left or on the right maze
side (Figure 1D, see Methods for description, and Table S1). In a population of 70 worms scored, 52%
reached the left end of the maze and 48% reached the right end of the maze, scoring a decision index
Dlgasic = 0.03 (Figures 1F and Tables ST and S2; calculations of all indices are described in the Methods sec-
tion and details on statistics are provided in Methods and in supplemental information). Thus, there is
almost equal probability for a naive worm to reach either arm of a simple T-maze, provided that it reaches
any of the maze arms (Oliver et al., 2016).

As a next step, we tested whether the presence of food at one end of the maze introduces a bias in
C. elegans’ behavior. To this end, the basic training/testing experiment was conducted (Figure 1E, see
Methods). From 106 worms scored in the training maze, 85% reached the side where food was placed
(left side of the maze), and 15% reached the side without food (right side of the maze), scoring a chemotaxis
index Clgasic = 0.69 (Figures 1F and Table S2). Hence, when food is placed at one end of the maze, there is a
strongly biased navigational outcome.

Next, we tested whether nematodes that locate the food in the training maze maintain a bias in their
behavior when placed in a similar environment for a second time. To this end, every worm that reached
the food-containing left side of the training maze remained in the area for ~3 min (see Methods) and
then was transferred into a new, similar maze that contained no food, namely the testing maze (Figure 1E).
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Figure 1. The T-maze arena and the basic (reference) Control and Training/Testing experiments

(A): The 3D-printed mold, as designed in SolidWorks software. Nine copies of individual maze molds are included, 5-7mm apart, with the supporting arms of
the entire structure branching out in an X-like configuration (see also Figure S1). The square-shaped plate prevents liquid agar from forming a meniscus
around each maze mold (Figure S1). Scale bar: 5mm.

(B): Schematic showing the dimensions of each maze in mm; wavy green: the functional corridors of the maze, light green: circular auxiliary areas, allowing for
extra room to pipette the food in (left and right maze ends) and placing the worm (maze bottom—starting point). The depth of the actual maze is ~5mm.
(C): Actual T-maze in an NGM plate. The maze has continuously rough surface. Scale bar: 2.5mm.

(D): Basic Control experiment, schematic of the experimental steps.

(E): Basic Training/Testing experiment, schematic of the experimental steps, (F) food (E. coli OP50).

(F): % of worms scored in Basic Control and Training/Testing experiments (left y axis). Diamond shapes indicate the preference indices (right y axis): for the
Control maze, Decision Index Dlgasic, (DI) = (n. — nr)/(ny + ng), where n. = worms that reached the left arm of the maze, ng = worms that reached the right
arm of the maze; for the Training maze, Chemotaxis Index: Clgasic, (Cl) = (DI)1,5in — (D) congrors @nd for the Testing maze, Learning Index: Llg,sic, (L) =
(D) a5t = (D) controf (see also Methods, Tables ST and S2). Index error bars represent the standard deviation of the index (see supplemental information),
dashed line illustrates the 50% and index = O level, p values of binomial probability test provided above bars. See also Videos S1-54.

From 70 worms scored in the testing maze, 73% reached the left side of the maze, whereas 27% reached the
right side of the maze, scoring Llgasic = 0.42 (Figures 1F, Table S2). Therefore, the majority of worms in the
testing maze reached the side of the maze that had previously held food (Figure 1). We consider this biased
behavior, which comes as a result of C. elegans prior experience, as an indication of learning.

Which side of the maze contains the food reward is not critical for the generation of a biased behavior.
When food was placed at the right end of the training maze, instead of the left, C. elegans developed a
bias toward the right maze side (Figure S2B). Moreover, unlike nematodes that reached the food-contain-
ing side of the training maze, worms that reached the food-lacking side of the training maze showed un-
biased behavior in the testing maze (Figure S2C). Similarly, when nematodes were placed in a second,
empty maze after experiencing an empty first (training) maze, the behavior of all worms in the second

iScience 24, 102284, April 23, 2021 3




¢? CellPress iScience
OPEN ACCESS

A W Left maze side #m Right maze side B = Leftmaze side = Right id C
. zZe i ight maze side i i i
4 Decision Index ¢ Chemotaxis Index ¢ Learning Index ) . . siefmensids UM Riohtmazeside
- ~ # Decisionindex ¢ Chemotaxis Index ¢ Learning Index # Decisionindex ¢ ChemotaxisIndex  Leaming Index
n=70 n=106 n=70 n=96 n=49 %0 n=70 n=106 n=70 n=75 n=88 n=45 n=70 n=106 n=70 n=45 n=103  n=40 10

% of worms scored
anjeA xapuj
% of worms scored
@
8
anjea xapu|
% of worms scored
°
s
anjeA xepu|

B ] ] w0 s o o o w‘“o\mﬁ“ e m&““i«o\s«ﬁ‘“ :‘ a‘“sﬂ\""\“ p Sé\sm“‘“
@e© °°““:,s\c““‘“‘“Z,g\c‘“““g ™ {est"® e o g™ g™ ot T et L
comparisons 60°/120° comparisons Smooth maze
Controlgy 5 to Control gpg9 0.04 Controlg oot to Controlg,g 0.77
comparisons Train/Test 480" Traingy ;5 to Controlgyg, <0.001 Traing oot to Controlg,ge <0.001
UMD CliEysy <] Traingo29 to Train g0 <0.001 cf TraiNgmoot t0 CONtrolg oo 0.001
Train to Traing,g, 0.47 Traingy 2 to Controlgy oo <0.001 TraiNgmeot t0 Traing,gic <0.001
Test;gp- to Controlg,ge 0.012 Testgy/120 to Controlgyeg 0.003 Testgmoonto Controlg,g. 0.64
Test;gp t0 Testaage 0.33 Testgonz0 to Testgog 0.57 TeStgmoonto CONtrolsmeon 0.65
Testgonzo to Controlgysz <0.001 TeStsmoot 10 TeStaagic 0.01

Figure 2. Characterization of C. elegans learning in the maze environment

(A): The effect of maze orientation. Experimental steps are similar to Figure 1E schematic, with testing mazes rotated by 180° (Figure S3), using mazes shown
in Figure 1C.

(B): The effect of conflicting environmental cues. Experimental steps are similar to Figure 1E, and an angled maze is shown in inset.

(C): The effect of tactile input. Experimental steps are similar to Figure 1E, with the use of smooth mazes, shown in Figure S1D. All top panels: % of worms
scored in Control and Training/Testing experiments (left y axis). Diamond shapes indicate the preference indices (righty axis): for the Control maze Decision
Index, for the Training maze Chemotaxis Index, and for the Testing maze Learning Index (Methods). Index error bars represent the standard deviation of the
index; dashed line illustrates the 50% and index = O level, above bars is indicated the number of nematodes that were scored (n), see also Table S2. All
bottom panels: p values (binomial distribution probability) for comparisons between each case and basic Control or basic Training/Testing experiment.
Controlg,c refers to the basic control experiment (Figures 1D and 1F) and Traing,sic, Testgasic refer to basic Training/Testing experiment (Figures 1E and 1F).

maze was unbiased (Figure S2D). Therefore, food location is required for learning in the maze, and if nem-
atodes experience an empty maze, no bias is generated.

Characterization of C. elegans learning in mazes

Next, we asked whether C. elegans learn to reach a target maze arm based on the cardinal points, north,
east, south, and west. To this end, the training/testing maze experiment was repeated, with the testing
maze now rotated by 180° (Figure S3A), e.g., having the left end of the maze pointing north instead of
south, opposite to the experiments described above (Figure 1). Rotating the testing maze did not affect
C. elegans learning since 69% of worms that reached the left side of training maze also reached the
same side in the testing maze, with LI=0.35 (Figure 2A, Table S2). Therefore, worms that learn do not
migrate based on cardinal directions.

To investigate the worms’ behavior in the presence of conflicting environmental cues, T-mazes with arms
forming 60°/120° angles were used (Figure 2B, inset), instead of the basic T-shaped design of 90°/90° an-
gles (Figure 1). The configuration was chosen based on previous studies (Pandey et al., 2011), which report a
C. elegans’ preference for obtuse over acute angles in two-option junctions. As shown in Figure 2B inset,
the left arm presented the acute angle (60°) and the right arm presented the obtuse angle (120°). Of all the
nematodes scored in an empty 60°/120°-angled maze (control experiment), 68% reached the right, obtuse-
angled arm. Only 32% of the worms reached the left, acute-angled maze arm (Dlgge/120- = -0.25; Figures 2B,
Table S2). This is consistent with previous findings (Pandey et al., 2011) on worms navigating in microfluidic
devices. However, when food was added to the left, acute-angled maze arm, 70% of the worms reached the
left end of the training maze, with Cl 60°/120° = 0.48 (Figure 2B), indicating that nematodes overcame their
aversion of acute angles in the presence of food. Intriguingly, from these worms, 73% reached again the
left, acute-angled arm when placed in the testing maze, with Llgge/120-=0.71 (Figure 2B, Table S2), even
though no food was present this time. Thus, C. elegans learning is enough to reverse their inherent bias,
even when the triggering stimulus (food) is no longer present.

The mazes used in all the above experiments had a continuously rough floor surface (Figure S1D), which was
produced by selecting a low printing resolution during mold fabrication in the 3D printer (see Methods).
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Figure 3. Time frame of C. elegans learning in the maze environment

(A): Training-interval-Testing experiment.

(B): Training-sequential Testing experiment.

(C): Training-stay-Testing experiment. (A),(B),(C), top panels: schematic of experimental steps; middle panels: % of worms scored in Basic Control and
Training/Testing experiments (left y axis). Diamond shapes indicate the preference indices (right y axis): for the Control maze Decision Index, for the Training
maze Chemotaxis Index, and for the Testing maze Learning Index (Methods). Indices error bars represent the standard deviation of the index; above bars is
indicated the number of nematodes that were scored (n), see also Table S2; dashed line illustrates the 50% and index = O level, bottom panels: p values
(binomial distribution probability) for comparisons between each case and basic Control experiment. Controlg,s;. refers to the basic Control experiment
(Figures 1D and 1F) and Traingasic, Testgasic refer to basic Training/Testing experiment (Figures 1E and 1F). Shaded background indicates data from separate
experiments.

We hypothesized that the rough surface, being rich in tactile stimuli, is important for worms’ navigation and
learning. To test this hypothesis, we fabricated mazes with smooth floor surfaces (Figure S1D), using molds
generated in a higher resolution 3D printer (see Methods).

First, we ran a control experiment with an empty smooth maze, in which 53% of the scored worms reached
the left side of the maze and 47% of the worms reached the right side of the maze, with Dlgmo0th=0.06 (Fig-
ure 2C, Table S2). This finding is similar to control experiments ran on rough surfaces (Dlgagic = 0.03, Fig-
ure 2). Next, we performed a training/testing experiment using smooth mazes (Figure 2C), where 68% of
scored worms located food effectively and reached the left, food-containing side of the smooth training
maze, scoring Clsmeoth = 0.34 (Figure 2C, Table S2). Interestingly, only 55% of them reached the left side
of the smooth testing maze, with Llsyeomn = 0.08 (Figure 2C, Table S2), indicating that the smooth texture
of the maze surface significantly reduces worms' learning.

Timeframe of retention and retrieval of learned information

To define how long C. elegans retain their learning after a single training session, we ran three series of
experiments (Figure 3). In the first scheme, namely the training-interval-testing experiment, after training
worms were placed in an intermediate plate for 5 or 10 min before being transferred into the testing
maze (Methods, Figure 3A). The intermediate plate was seeded with OP50 in the first version of the exper-
iment, and unseeded in the second. In the 10 min interval experiment, 70% of scored worms reached the
food-containing, left side of the training maze, scoring Clseededio = 0.35 and Clynseededio = 0.35. However,
from them only 45% reached the left side of the testing maze when the intermediate plate was seeded
(LIseededio = -0.12), and 44% when the intermediate plate was unseeded (Llynseededio = -0.16), as shown
in Figure 3A and Table S2. Similarly, in the 5 min interval experiment, 67% of scored worms reached the
left side of the training maze (Clscededs = 0.29), but only 53% of them reached the left side of the testing
maze (Llseededs = 0.02, Figure 3A, Table S2). Therefore, placing the worms in an intermediate plate for 5
or 10 min resulted in no learning, 8-13 min after having reached the food in the training maze, regardless
of the intermediate plate being seeded with food or unseeded. The 8-13 min period is calculated given that
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worms spend ~ 3 min in the food-containing area of the training maze (see Methods), plus the intermediate
plate time.

In the second scheme, namely the training-sequential testing experiment, nematodes that located food
effectively in the training maze (83%, Clrrainseq = 0.60, Figure 3B) were placed sequentially in two testing
mazes, to test for how long or how many times they can retrieve the learned information. In the first testing
maze, 71% of scored worms reached the left side of the maze again, scoring Lltest1seq = 0.38 (Figure 3B).
These worms, after allowed to spend ~3 min in the target destination area (see Methods), were placed
in a second testing maze. In there, only 48% of scored worms reached the left side of the maze again,
scoring Lltestzseq = -0.08 (Figure 3B). Therefore, C. elegans do not retrieve the learned information a second
time. Given that in order to reach the left side of the 1°' testing maze the scored worms needed 0.83-
14.3 min, with a mean of 3.66 min, we can add that the learned information is not retrieved twice if worms

1st

are asked to repeat the task after > 7 min (3min at the food-containing area of the training maze+3.66min to
traverse the 1% testing maze). If we consider also the time spent in the destination area of the 1°* testing
maze, then it could be said that worms are not able to recall the learned information ~ 10 min after they
reach the food in the training maze (3min+3.66min+ another 3min). Hence, the time passed since locating
food in the training maze (~10 min) results in loss of the ability to retrieve the learned information, or the
learned information cannot be retrieved twice within a 7 min period. Alternatively, the intervening experi-
ence of the 1% testing, empty maze may result in worms "unlearning” or “overwriting” the information
registered during training.

In the third scheme, the training-stay-testing experiment, nematodes that located food in the training maze
are allowed to remain in the maze for up to an additional 5 or 10 min period (training-stay5-testing and
training-stay10-testing experiment, respectively) before they are transferred to the testing maze (Fig-
ure 3C). This corresponds to 3 min stay time in the food-containing area, applied in all training sessions
of all experiments, plus 5 or 10 additional minutes, respectively. In the training-stay5-testing experiment,
75% of scored worms reached the food-containing left side of the training maze (Clyrainstays = 0.46), and
from them 70% reached the left side of the testing maze (Figure 3C), as well (LlstayTests=0.35). Therefore,
worms were able to retain and retrieve the learned information after ~ 8 min (3 min + 5 min). In contrast,
in the training-stay10-testing experiment, 80% of scored worms reached the food-containing left side of
the training maze (Clyrainstay10=0.57), and from them only 55% reached the left side of the testing maze (Fig-
ure 3C), as well (Llstaytest10=0.07). This means that worms did not retain and/or retrieve the learned infor-
mation after ~ 13 min (3 min + 10 min). These findings combined suggest that time passed alone, without
any change of environment, does not result in loss of the learned information in the case of < 8 min, but
after < 13 min the retention or retrieval ability is lost.

Investigation of learning mechanism

Next, we explored the participation of selected genes in the learning mechanism (Figure 4). First, to identify
sensory modalities that are potentially involved, we examined strains with mutations in genes involved in
chemosensation, mechanosensation, and proprioception. To this end, we ran the basic training/testing
experiment using day 1 adults carrying mutations related to chemosensation, strains odr-3(n2150) and
odr-10(ky32), mechanosensation, strains mec-4(e1611) and mec-10(e1515), and proprioception, strains
trp-4(ok1605) and trp-1(sy690) trp-2(sy691).

In chemosensation-defective mutants, only 55% of scored odr-3 and 52% of scored odr-10 C. elegans
reached the food-containing left side of the training maze, with Clyg,.3=0.06 and Clyg,.10=0.03
(Dlogr-3=0.03, Dlogr-10=0.00), and from them, 45% of odr-3 and 51% of odr-10 worms also reached the
left side in the testing maze, with Llyg,.3=-0.13 and Llog;.10=0.02 (Figure 4A and Table S2). Therefore,
impaired chemosensation has detrimental effects on C. elegans food location ability and subsequently
to overall maze performance.

Experiments with mechanosensation-defective strains showed that 52% of scored mec-4, and 62%
of scored mec-10 nematodes reached the food-containing left arm of the training maze, scoring
Clmec.a=0.28 and Clmec.10=0.14 (Dlmec.a=-0.14, Dlmec.10=0.11), and from them 49% of mec-4 and 55% of
mec-10 worms reached the left arm also in the testing maze, with Ll ec.4=0.12 and Llnec.10=0.00 (Figure 4B
and Table S2). Therefore, impaired mechanosensation significantly reduces C. elegans food location ability
and consequently compromises overall maze performance.
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Figure 4. Role of sensory modalities and selected biochemical pathways

(A-E) (A): chemosensation impaired strains, (B): mechanosensation impaired strains, (C): proprioception impaired strains, (D): strains lacking the CREB-like
transcription factor (crh-1) or the dopamine-3 receptor (dop-3); (A), (B), (C), (D): % of scored worms in Training/Testing experiments (left y axis). Diamond
shapes: preference indices (right y axis), for the Training maze Chemotaxis Index, and for the Testing maze Learning Index. Indices error bars: standard
deviation of the index; above bars: number of scored nematodes (n), dashed line: 50% and index = 0 level; (E): p values (binomial distribution probability) for
comparisons between each mutant strain and basic control or basic training/testing experiment. Experimental steps as in Figure 1. See also Tables 52 and
S3, and Figure Sé. Trainny, Testny refer to basic Training/Testing esxperiment (Figures 1E and 1F).

Lastly, when animals defective in proprioception were tested, 76% of scored trp-4(ok1605) reached the
food-containing left side of the training maze, scoring Cly.4=0.72 (Dlyp.4=-0.02), and from them, only
39% reached the left side of the testing maze, as well, with Lly,.4=-0.54 (Figure 4C and Table S2). In addi-
tion, 77% of scored trp-1(sy690) trp-2(syé691) reached the left, food-containing arm of the training maze,
scoring Clip1,2=0.50 (Dlyp1:2=0.02), but from them only 52% reached the left arm of the testing maze,
with Llyp1.2=0.007 (Figure 4C and Table S2). Therefore, it seems that trp-4(ok1605) maintain their ability
to locate food effectively because even though the difference compared to N2 animals (Figure 1) appears
to be borderline statistically significant with p=0.042 (Figure 4E), the 76% reaching the food in training
shows that the food location ability is not importantly compromised. However, trp-4(ok1605) is not able
to learn (Figure 4C). Similarly, trp-1(sy690) trp-2(sy691) maintain their food location ability, as 77% of
them reach the food in training (Figure 4C), despite the borderline p = 0.041 when compared to N2 (Fig-
ure 4E), but they are not capable of learning. Note that both the 76% of trp-4 mutants and the 77% of the
trp-1,trp-2 mutants scored during training fall well within the range of N2 performance in training (Fig-
ure S2A), and are close to the mean score of 75%. Therefore, proprioception is revealed to be of critical
importance for C. elegans learning in the maze, but not for food location.

CREB (cyclic AMP-response element binding protein) is known to be required for associative learning in
C. elegans (Kauffman et al., 2010). In addition, dopamine plays a key role in C. elegans neuronal plasticity
and mechanosensation-mediated learning (Kindt et al., 2007; Sanyal et al., 2004), and particularly the D2-
like dopamine receptor DOP-3 is involved in touch-dependent dopamine signaling (Han et al., 2017).
Based on the above, we investigated the behavior of crh-1(tz2) and dop-3(vs106) strains, which lack an or-
tholog of CREB, and a homolog of mammalian D2 dopamine receptor, respectively. 62% percent of scored
crh-1 and 52% of scored dop-3 worms reached the food-containing left side of the training maze, with
Clern-1=0.25 and Clgop-3=0.10 (Dlgh.1=-0.02, Dlyop.3=-0.06, Figure 4D and Table S2). From them, 43% of
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crh-1 and 38% of dop-3 worms reached the left side of the testing maze, as well, with Llgn.1=-0.11 and
Llgop-3=-0.15 (Figure 4D and Table S2). Therefore, the CREB-ortholog and the dopamine receptor homolog
are involved in C. elegans performance in the maze environment.

In control experiments, nematodes of all mutant strains reached the left or the right side of an empty
T-maze with almost equal probability (Figure 4, all panels).

Investigation of learning strategy

C. elegans travel by crawling either primarily on the floor or primarily on the walls of the mazes (with the excep-
tion of ~0-5% of scored worms that crawl on the maze top covers, see Methods). To further explore their learning
strategy, we analyzed the recordings of selected training/testing experiments (Figures 1, 2C, and 4), focusing on
whether C. elegans repeat in the testing maze the wall or floor choice they made in training. Indeed, most of the
N2 wild type nematodes (74%) repeat their wall or floor choice in testing (Figure 5A), with the percentage of
nematodes that make the same floor or wall choice rising to 75% among worms that reached the same maze
side (Figure 5A, last bar), namely have learned. Interestingly, this is not the case when C. elegans traverse
smooth mazes, neither when they have impaired mechanosensation, as in mec-4 and mec-10strains, (Figure 5B,
last four bars). However, nematodes with impaired proprioception (trp-4 and trp-1;trp-2 strains) still repeat the
wall or floor choice, as do N2 nematodes (Figure 5C, last four bars).

To explore whether ventral/dorsal body orientation plays a role in maze learning, we repeated the training/
testing experiment (schematic in Figure 1) using the Pmyo-3::mcherry::unc-54 strain, which has fluorescently
tagged body wall and vulva muscles (Figure 6A). This allows for distinguishing between the ventral and dorsal
side, of nematodes that crawl on the maze floor (Figure 6A). From the worms scored in the testing maze, 73%
reached the same maze side with the food-containing one in Training (Figures 6B and 6C first bar), corrobo-
rating learning. In addition, 70% of all worms scored in testing repeated the floor or wall choice, independently
of side choice (Figure 6C, second bar), similarly to N2 (Figure5A, second bar). When the ventral/dorsal orienta-
tion of only the floor-crawling worms is examined, it is found that only 43% maintains the same ventral/dorsal
orientation in both mazes (Figure 6D, first bar), and only 38% has the same body orientation and reaches the
same maze side (Figure 6D, second bar). Therefore, maintaining the same dorsal/ventral orientation is not crit-
icalfor C. elegans learning in the maze, in contrast with the floor/wall interaction. Note that in order to call the V/
D body orientation of a nematode, emphasis was given on the body orientation at the time of the final bend(s) at
the maze junction (Figure 6A, ventral and dorsal bends).

The effect of aging and starvation

We asked whether the learing ability observed in day 1 adult C. elegans is retained in older animals. To this
end, we ran the training/testing experiment on day 5 adult worms (Figure 7), which are considered middle-
aged individuals. In this experiment, OP50 was mixed with L-lysine (see Methods), to enhance its appeal to nem-
atodes, in anticipation of potentially reduced chemosensation of older animals (Collins et al., 2008) (the effect of
L-lysine alone as an attractant in a simple T-maze is shown in Figure S3B). We found that 67% of scored day 5
adult C. elegans reached the left side of the training maze, with Clp,,5=0.29 (Figure 7 and Table S2), and from
them only 51% reached the left side of the testing maze as well, with Lip,,5=-0.04 (Figure 7 and Table S2). There-
fore, the learning observed in young day 1 adults is completely lost in middle-aged day 5 adult C. elegans.

Next, we explored the effect of starvation (Kaeberlein et al., 2006) on young and middle-aged animals. For
this purpose, we ran the training/testing experiment using N2 wild-type nematodes in days 1 and 5 of their
adult life that had been starved for 24 hours prior to experiment (see Methods). When starved day 5 adult
C. elegans are challenged with the Worm-Maze, 73% of scored worms located the food in the training maze
(Clpaysstarved=0.43) and from them, 70% reached the same side of the testing maze (LIpaysstarvea=0.36), indi-
cating significant improvement in their learning ability (Figure 7, and Table S2). When day 1 adult
C. elegans were starved for 24 hours, there was no detectable effect of starvation, as 72% of scored nem-
atodes reached the food-containing arm in the training maze (Clpay1staned=0.4), and 70% reached the same
maze arm in the testing maze (LIpay1starved=0.36). Consequently, 24hrs starvation improves learning in the
maze environment in middle-aged C. elegans.

Worm-Maze can be used to evaluate C. elegans locomotion

Although the Worm-Maze allows for assessment of behavior without measuring locomotion features, it can
be used to evaluate C. elegans locomotive behavior, if desired. For example, it is possible to quantify the
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Figure 5. C elegans’ interaction with structural features of the maze

Graphs show % of nematodes scored in the Testing maze, with respect to their wall or floor route choice.

(A): N2 wild type experiments (Figure 1). For the first two bars the % is calculated over the total number of nematodes that were scored in the Testing maze.
For the last two bars the % is calculated over the number of nematodes that reached the same maze side.

(B): Smooth mazes (Figure 2A) and mec-4 and mec-10 strains (Figure 4B) experiments. For the first two sets of bars the % is calculated over the total number of
nematodes that were scored in the Testing maze. For the last two sets of bars the % is calculated over the number of nematodes that reached the same maze side.
(C): trp-4 and trp-;trp-2 strains (Figure 4C). For the first two sets of bars the % is calculated over the total number of nematodes that were scored in the Testing
maze. For the last two sets of bars the % is calculated over the number of nematodes that reached the same maze side.

All panels: Same side: nematodes that reached the same side in Training and Testing; Same F/W: nematodes that traversed both mazes crawling mainly on
the floor, or on the wall; Same side-Dfrnt F/W: Nematodes that reached the same side in Training and Testing, but did not traverse both mazes crawling
mainly on the floor, or on the wall; Same side/Same F/W: Nematodes that reached the same side in Training and Testing, and traversed both mazes crawling
mainly on the floor or on the wall. Nematodes that reached the same side are the worms that are considered to have learned. Dashed line indicates 50% level.
Error bars: standard deviation, above bars: number of scored nematodes (n), asterisks indicate p values (binomial distribution probability), *: p < 0.05,
**:p <0.01, ***: p <0.001, ****: p < 0.0001. All comparisons are made against the respective N2 result. Nematodes that crawled on the maze ceiling (cover
agar pads), varying between 0 and 5%, are not included.

worms’ traveling speed, i.e. time needed to reach one end of the maze. Indeed, worms need more time to
reach the maze end in the testing than in the training maze (Figure S4A), suggesting that to travel toward a
targetlocation based on learned information might take longer than being driven by a sensory input. More-
over, trained and naive worms have a different distribution of traveling time frequencies (Figure S4B). Indic-
atively, the 75% percentile lies at 5.8 min for the training maze, at 8.7 min for the testing maze and at 6.4 min
for the control maze (Figure S4C), revealing a more similar distribution between control and training, than
between control and testing.

We highlight that all conclusions presented in this manuscript are based on the final behavioral outcome of the
worms, i.e., which maze arm they reach, as well as on the nematodes’ interaction with maze walls and floor. No
conclusions presented here require details on the animals’ locomotion (reversals, omega turns, pirouettes, etc.).

Range and variability in maze performance

Behavioral responses are known to be subjected to significant variability (Yemini et al., 2013; Tervo et al.,
2014; Schwarz et al., 2015). Conforming with that, C. elegans performance in the Worm-Maze varies among
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Figure 6. C. elegans’ body orientation during Training and Testing

Training/Testing experiment, using Pmyo-3:mcherry:unc-54 strain. Experimental steps as in Figure 1.

(A): Images of Pmyo-3:mcherry:unc-54 strain nematodes. Vulva muscles are visible and dorsal/ventral body sides are distinguishable. Nematodes taking a
ventral, or a dorsal side bend are depicted.

(B): Training/Testing experiment on Pmyo-3:mcherry:unc-54 strain. Graph shows % of scored nematodes in Training and Testing mazes (left y axis). Diamond
shapes indicate the preference indices (right y axis): Chemotaxis Index for Training maze, Learning Index for Testing maze. Indices error bars: standard
deviation of the index; dashed line: 50% and index = 0 level, above bars: number of scored nematodes (n), see also Table S2; table shows p values (binomial
distribution probability) for comparisons to basic Control or basic Training/Testing experiment (Figure 1).

(C): % of nematodes that reached the same maze side (Same side) or repeated the floor- or wall-dominant choice in both Training and Testing (Same F/W),
over the total number of scored worms.

(D): % of nematodes that maintained the same ventral/dorsal orientation (Same V/D) or maintained the same ventral/dorsal orientation and reached the
same maze side in training and testing (Same side V/D), over the number of worms that crawled on the floor. Panels C and D: Dashed line indicates 50% level.
Error bars: standard deviation, above bars: number of scored nematodes (n). Note that nematodes marked as Same V/D and Same Side V/D are only floor
crawlers, since it not possible to call a V/D orientation in worms crawling on the walls. See also Videos S5 and Sé.

experiments. As illustrated in Figure S2A, young adult N2 wild type C. elegans reached the food in the
Training maze in percentages ranging between 85% (Figure 2A) to 67% (Figure 7A, day 1 adult fully fed an-
imals) among experiments, with the mean at 75%. Variation in the Testing maze was also detected among
experiments, although in a lesser degree (Figure S2A), with a range between 78% (Figure 1) and 69% (Fig-
ure 7A, day 1 adult fully fed animals) and the mean at 73%. Importantly, all differences derived by genetic or
environmental manipulations presented in Figures 2, 3, 4, 5, 6, and 7 that result in loss of learning extend
beyond the range of the experimental variation in question.

DISCUSSION
C. elegans can learn to reach a target location in a T-maze

T-shaped mazes have been widely used to assess spatial memory in rodents (Shoji et al., 2012; Wenk, 2001)
and odor preference in invertebrate models (Davies et al., 2019), like Drosophila melanogaster (Tully and
Quinn, 1985; Yamaguchi et al., 2010). Surprisingly, they have been used in very few studies on C. elegans
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Figure 7. The effect of aging and starvation on C elegans performance in the maze environment

(A): % of scored nematodes in Training/Testing experiments, of two different age groups, being either fully fed or starved
for 24 hr (left y axis). Diamond shapes indicate the preference indices (right y axis): for the Control experiment Decision
Index, for the Training maze Chemotaxis Index, and for the Testing maze Learning Index (Methods). Indices error bars
represent the standard deviation of the index; dashed line illustrates the 50% and index = 0 level, above bars is indicated
the number of scored nematodes (n), see also Table S2.

(B): p values (binomial distribution probability) for comparisons between each age cohort and Control, or Training/
Testing experiment of the fully fed respective age cohort. Experimental steps are the same as basic Training/Testing
experiment (Figure 1). Shaded background indicates data from separate age cohorts and feeding conditions.

navigational ability (Pandey et al., 2011) and overall behavior (Oliver et al., 2016; Qin and Wheeler, 2007).
On the other hand, there are several studies that thoroughly illustrate C. elegans learning to avoid or favor
specific odors, temperatures and osmolarities (Ardiel and Rankin, 2010; Mcewan and Rankin, 2013; Sasa-
kura and Mori, 2013; Amano and Maruyama, 2011; Rankin et al., 1990). In these cases, nematodes’ biased
motion toward or away from these stimuli is not claimed to indicate memory of spatial or navigational in-
formation but is considered the behavioral expression of olfactory or temperature-related memory.

The notion that C. elegans can transform sensory representation to motor representation has been pro-
posed (Luo et al., 2014). Authors explain how a complex experience-dependent behavior can be encoded
in the small nervous system of C. elegans (Luo et al., 2014), and estimate that their navigational circuits are
more sophisticated than previously recognized. Here, we present evidence that C. elegans are capable of
learning to reach a target location in a structured maze environment, as a result of their prior experience.

The presence of food is enough motivation to change C. elegans’ behavior in a maze (Figure 1). Following
that experience, they maintain a significantly higher probability of reaching the same side the second time
they traverse a similar but empty maze, than reaching any side randomly. We consider this a strong indica-
tion of C. elegans’ learning in the maze environment, that goes beyond remembering an attractive odor. In
addition, (Figure S2) C. elegans do not show an inherent side preference in a simple T-maze, which implies
the absence of innate “handedness”.
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Itis noted that most nematodes, although they spend some time at the junction area, they do not visit (do
not sample) both sides of the maze before reaching one of the two maze arms. Therefore, they have prac-
tically no way of knowing how the non-selected arm feels or what lies at the arm they do not visit, or even
that there is a second arm. Hence, their learning is not based on a choice between two experienced op-
tions, but rather stems from learning to repeat a behavior that lead them to a reward location.

To eliminate the possibility of out-of-the-maze influence, experiments were run by multiple experimenters,
in multiple lab locations (Figure S5). No correlation was found to specific researchers or lab conditions
(light, ventilation, traffic). In addition, the chemical consistency or surface texture do not differ, at least
consistently, between the two maze sides (Figure S5).

Contradictory cues and time frame of retention

Learning in the maze is sufficient to make C. elegans overcome an inherent bias (Figure 2B), as it can shift
nematodes’ behavioral outcome despite the actual environmental input. This could be indicative of evolu-
tionary prioritization of needs, since learning of a potential food location might be considered high priority
in a given environment.

In mazes that provide less tactile input due to their smooth surface (Figure S1D), C. elegans can still locate
food (Figure 2C). This ability is reduced compared to basic training/testing experiment (Figure 1), although
the percentage of worms that locate food (68%) is at the lower bound of the observed training range (69%,
Figure S2A). The time needed for worms to reach the target maze arm of a smooth maze is similar to the
respective travel time in a rough maze (Figure S4), which means that locomotion in the smooth mazes is not
impeded. Hence, navigation toward successful food location in the maze environment may be enhanced by
tactile input. These findings are supported by results on mec-10strain, whereas mec-4 mutants, the mecha-
nosensory neurons of which are degenerated (Driscoll and Chalfie, 1991), do not locate food in the maze
(Figure 4B, and below). Multisensory food location has not been reported in chemotaxis on NGM plates,
the standard arenas for assessing C. elegans behavior. Itis possible that to detect the contribution of tactile
cues in food location a more complex environment than NGM plates is needed. The 3-dimensional Worm-
Maze platform is such an arena.

C. elegans tested on smooth mazes do not show any learning (Figure 2C). This suggests that maze learning
requires tactile input (as well as proprioceptive, as explained below). This is intuitively in agreement with
the argument of the multisensory nature of food location in the maze. Recent work has established
C. elegans’ multisensory integration (Ghosh et al., 2016, 2017) through cellular mechanisms and neuronal
circuit cross-talk.

We find that time passed in combination with change of environment results in loss of learning (Figure 3A).
Moreover, C. elegans do not retrieve the learned information a second time (Figure 3B). The experience in
the first testing maze may lead to worms “unlearning” or forgetting what they previously learned, or the
training maze information might be “overwritten” by this new experience. Alternatively, the experience
of the empty second testing maze could result in extinction of the previously learned information (Hartley
and Phelps, 2012) or this could be simply due to single training session resulting in short-term learning.

Confirming the above, time passed without change of environment does not result in abolishing learning
(Figure 3C), probably because C. elegans might revisit the food-containing area during that time, thus
enhancing (“refreshing”) the achieved learning. When C. elegans stay in the same maze for longer, learning
is lost (Figure 3C), probably because revisiting the food-containing area from a different route may result in
"forgetting” or “overwriting”. The findings that learning is very short term and sensitive to distraction imply
resemblance to a form of working memory (Cowan, 2008; Van Asselen et al., 2006).

Sensory modalities and maze learning

When odr-3 and odr-10 strains (Sengupta et al., 1996; Roayaie et al., 1998) were tested, loss of C. elegans’
ability to locate food in the maze was observed (Figure 4A). Subsequently, no learning was observed (Fig-
ure 4A). Chemosensory genes are known to be required for odor-driven associative learning (Bargmann,
2006). In addition, the ODR-10 olfactory receptor is required for response to the odorant diacetyl (Sen-
gupta et al., 1996), and loss of ODR-10 impairs food taxis (Ryan et al., 2014). We speculate that for the
food-driven learning to occur, it is necessary for the worms to first receive and then act upon the triggering
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stimulus. If no food is detected, then food location fails, and no learning occurs. This implies that learning is
activated only when there is a motive for the animal to learn.

Mechanosensation is important in the maze environment (mec-4 and mec-10 mutants, Figure 4B) (Driscoll
and Chalfie, 1991; Suzuki et al., 2003). This is in line with results in smooth mazes (Figure 2C), suggesting
that tactile input contributes to successful navigation in the maze environment. Remarkably, mechanosen-
sory pathways are found to participate in sensing non-mechanical stimuli (Russell et al., 2014) in worms,
supporting the hypothesis of multisensory integration or multi-pathway cross-talk.

Proprioception plays a distinct role in C. elegans learning inside the maze, as it is the only sensory modality
investigated that does not affect food location but is required for learning (trp-4 and trp-1;trp-2 strains, Fig-
ure 4C) (Li et al., 2006; Kubanek et al., 2018) (Yeon et al., 2018). Therefore, sensation of their own body’s
posture and actions is of key importance. Indeed, it is known that spatial information can be acquired
from nonvisual modalities (Yamamoto and Shelton, 2005; King, 2009), and proprioception and mechano-
sensation are major among them (Chance et al., 1998; Klatzky et al., 1998; Waller et al., 2004; Klatzky,
1999; Klatzky and Lederman, 2003; Shelton and Mcnamara, 2001). Especially in the absence of detailed vi-
sual cues (Ward et al., 2008), C. elegans would have to rely on their other, sharper sensory modalities to
navigate their environment and learn their way around food sources, pathogens or predators.

Selected biochemical pathways, aging, and starvation

Dopamine is pivotal for C. elegans behavioral plasticity (Kindt et al., 2007; Sanyal et al., 2004), and the D2-like
dopamine receptor DOP-3 is involved in C. elegans spatial pattern selectivity (Han et al., 2017). When dop-3
mutants that lack the dopamine receptor DOP-3 (Ezak and Ferkey, 2010; Mcdonald et al., 2007) were tested,
they did not locate food effectively and consequently showed no learning (Figure 4D). This supports the hypoth-
esis of “no food location, no learning”, to which reward-driven, dopamine-mediated modulation of neuronal
receptors (Voglis and Tavernarakis, 2008; Kindt et al., 2007) could contribute. The exact reason why dop-3
have reduced food location ability in the maze is not known, although it could be related to the multiple
food-modulated behaviors in which the dopamine pathway is involved (Ezcurra et al., 2011; Oranth et al., 2018).

CREB is involved in associative learning in C. elegans (Kauffman et al., 2010) and other species (Kandel,
2012). The crh-1 strain tested here lacks a homolog of CREB (Kauffman et al., 2010), and worms retain
the ability, although significantly reduced, to locate food (Figure 4D). Behavioral defect of crh-mutants
has beenreported in the past (Nishida et al., 2011). Moreover, crh-T mutants do not show any learning (Fig-
ure 4D). Itis unlikely that CREB contributes to maze learning through remodeling of neurons (Middei et al.,
2012), yet other aspects of CREB function might be involved (Chen et al., 2010). Interestingly, CRH-1 is also
required in the C. elegans AFD thermosensory neuron for memory-related behavior (Nishida et al., 2011).

Cognitive behaviors, especially memory and learning, deteriorate with aging in many organisms, spanning
nematodes to humans (Kausler, 1994; Kauffman et al., 2010). Here, day 5 adult middle-aged C. elegans (Fig-
ure 7) do not show any learning (Figure 7). Similar aging-driven decline has been reported for other types of
learning in C. elegans (Arey et al., 2018). Interestingly, we find that a well-established life span extending
dietary regimen (dietary restriction through food deprivation) (Kaeberlein et al., 2006), can significantly
delay this process.

Learning strategy

C. elegans repeat in the testing maze the interaction they had with structural features in the training maze,
namely walls and floor (Figures 5A and 6C). Slight differences in the roughness of walls and floors in both
smooth and rough mazes, due to the 3D-printing mold fabrication process, could allow nematodes to
distinguish the two surfaces inside a maze. When a nematode is inserted in the maze, it is placed on the
floor of the starting area (Figure 1), where it wonders briefly before it starts its journey. Therefore, all nem-
atodes have experienced the floor, even briefly. Repeating the wall or floor interaction is not observed in
smooth mazes (less overall tactile input, Figure 5B) or in the touch sensation impaired mutants (mec-4, mec-
10, Figure 5B). This suggests that touch sensation mediates input from maze structural features, especially
when they provide cues through rich texture.

In addition, proprioception-impaired mutants (trp-4, trp-1;trp-2) maintain the floor/wall preference (Fig-
ure 5C). This implies that proprioception does not mediate input related to the structural features of

¢? CellPress

OPEN ACCESS

iScience 24, 102284, April 23, 2021 13




¢? CellPress

OPEN ACCESS

C. elegans environment, although itis required for learning in the maze (Figure 4C), by contributing cues on
the body's actions. Moreover, tactile input from multiple body areas when nematodes crawl where the walls
meet the floor or during sharp bends as they make their final turn at the T-junction while crawling on the
wall, might contribute to registering key events of their trip.

At the same time, C. elegans ventral/dorsal body orientation with respect to the maze sides is not main-
tained the same in training and in testing (Figure 6). This suggests that nematodes do not associate
body sides with maze sides. Moreover, nematodes do not learn based on absolute directions, i.e., east/
west or north/south (Figure 2A). This means that they either learn the location or physical position of their
goal based on landmarks of the maze environment (place learning) or they learn to perform a specific series
of movements (response learning) (Wang, 2012; Marchette et al., 2011; Shettleworth, 2010).

The maze environment lacks landmarks that point to one side or the other, since all features are symmet-
rical, continuous, and present throughout the maze, with no consistent difference between the two arms
(Figure S5). Note that the training maze plates and the testing maze plates used in each experiment
were not made from the same mold. This minimized the probability of consistently present textural differ-
ences, generated during the mold 3D-printing process, between training and testing mazes experienced
by the same nematode. At the same time, impaired proprioception results in abolished learning (Fig-
ure 4C), and interactions between the worm'’s body and walls/floor of the maze are important for learning
(Figure 5). Therefore, a type of response learning, mediated by proprioception and mechanosensation, is
likely to constitute the strategy in the maze environment (lachini et al., 2014). This does not mean that
C. elegans "memorize” their entire maze trip; rather, they associate proprioception-mediated cues on
key body actions (e.g. bends) (Bures and Fenton, 2000) combined with mechanosensation-mediated expe-
rience of wall/floor edges and surfaces, with the presence of food-reward.

Since C. elegans learn to associate a navigational behavior with the reward of food location, the observed
learning may be considered a form of basic operational (instrumental) learning (Staddon and Cerutti, 2003).

To conclude, we methodically portray C. elegans learning in a maze environment, a previously uncharac-
terized behavior. Nematodes learn to associate food with a combination of proprioceptive cues and me-
chanosensation-provided information on their interaction with their surroundings (Figure Sé), to navigate
and reach a target location.

Limitations of the study

Successful food location in the training maze requires the contribution of chemical and tactile input (Fig-
ures 4A, 4B, and 2C). In the current assay it is not possible to distinguish between food detection and sub-
sequent food location. When successfully trained worms are placed in a second, similar, empty maze
(testing maze), they express a biased behavior, and the majority of them reach the same maze side with
the one that contained food previously. The current assay cannot distinguish between learning formation
and learning expression (retrieval) processes. Moreover, the current experimental setting does not allow
tracking of the nematodes throughout their journey, especially when they crawl on the maze walls. This
limits our ability to extract information about locomotion features that are affected by learning and possibly
change after successful training.
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Figure S1: Maze fabrication process, related to Fig. 1. (A): Liquid NGM is poured in a 60mm plastic
petri dish, up to 2/3 of the dish depth; (B): The mold is immersed, with the supporting arms firmly
standing on the plate rim, and the square-shaped plate prevents liquid agar from forming a meniscus
around each individual maze mold; (C): Once NGM cools down and solidifies, the mold is pulled out
and mazes are shaped, made entirely out of NGM; (D): Left: Top view image and side view schematic
of the surface of a rough (default) maze (i.e. Fig. 1C) used in experiments of Figs. 1-7; Right: Top view
image and side view schematic of a smooth maze (used in experiments of Fig. 2C). Scale bars: 1mm.
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Figure S2: Range of % scored in Training and Testing, side of food location in Training, and absence of learning when
food is not located, related to Fig. 1. (A): Graph showing the range of % scored during Training and Testing experiments,
performed with adult Day 1 fully fed N2 C. elegans nematodes, experimental steps as illustrated in Fig. 2B. Each dot represents
one Training or Testing experiment, black horizontal line depicts the mean, error bars indicate standard deviation; Training
experiments included are shown in Figs 1, 2A, 3A (all 3 Training experiments), 3B, 3C (both Training experiments), 7A (Day 1
adult fully-fed), S3B, n,,,=824; Testing experiments included are shown in Figs 1, 2A, 3B (1%t Testing), 7A (Day 1 adults fully
fed), S3A, n,=255. (B): Side of food location in the Training maze. Graph shows % of worms that were scored in Basic Control
and Food-on-the-Right Training/Testing experiments (left y axis), with the respective indices (right y axis, Training: Chemotaxis
Index, Testing maze: Learning Index); experimental steps as shown in Fig. 1, with the exception of food placed on the right end
of the Training maze (see schematic). Bar diagram shows the % of worms scored; dashed line illustrates the 50% and index=0
level. Indices error bars represent the standard deviation of the index; above bars is indicated the number of nematodes scored
(n). Table shows p-values (binomial distribution probability) for indicated comparisons. (C) No learning is observed in C. elegans
that do not locate the food during Training. Graph shows % of worms scored in the Testing maze, with respect to their
performance during Training (food placed on the left side of the Training maze). Worms that reached the right (non-food-
containing) side of the Training maze make an unbiased decision in the Testing maze (second bar), in contrast with the ones
that reached the left (food-containing) side in the Training maze (first bar). (D) No learning is observed in C. elegans that have
experienced empty mazes. Graph shows % of worms scored in the Testing maze, after experiencing an empty Training maze
(no food present), with respect to their performance during Training. After traversing an empty Training maze, the decision of all
worms in the Testing maze is unbiased. (C), (D): Bar diagrams show the % of worms scored; dashed line illustrates the 50% and
index=0 level, p-values (binomial distribution probability) are shown above bars for comparison; indices error bars represent the
standard deviation of the index; tables show the % of worms that reached a L or R maze arm in each case and the number of
worms scored (n).
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Figure S3: Cardinal directions, and L-lysine trial, related to Fig. 2 and Fig. 7. (A): The effect of cardinal
directions on C. elegans maze learning. Left panel: Schematic of the Training/Testing180° experiment on N2 Day 1
adult C. elegans (Fig. 2). Right panel: Schematic of the maze orientation before rotation (Training), with respect to
lab location (Medical Campus, University of Michigan, Ann Arbor) and to cardinal directions. Both configurations
where used. Map snapshot captured from Google Maps, with modifications. (B): C. elegans N2 Day 1 adult
performance in a T-maze, when instead of E. coli OP50 there is 1.5uL of L-lysine 3M placed on the left end of the
maze. To compare, results of a parallel control experiment (no attractant used-empty maze) are also shown.
n=total number of worms scored; dashed line illustrates the 50% level. The use of L-lysine gives similar results to
the use of E. coli OP50.
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Figure S4. Analysis of the time needed for N2 Day 1 adult worms to traverse a T-maze, related to Fig. 2 and Fig. 5. Top row: data for standard (rough) T-mazes,
bottom row: data for smooth T-mazes. (A): Scatter plot of the time needed for the worms to run a Training, a Testing or an empty maze (Control). On each plot the p-
values of Student’s two-tailed t-test, unpaired for comparisons with Control, paired for Training/Testing comparison, are provided. Symbols (squares, circles, triangles)
indicate individual data points (worms), horizontal lines indicate the mean, vertical lines are SEM error bars. (B): Cumulative % probability of the time needed for the
worms to run a Training (magenta), a Testing (blue) or an empty maze (Control-green); Plots reveal differences in the frequency distribution of time spent in the maze,
dashed lines indicate the 75% percentile. (C): Descriptive statistics of the frequency distribution analysis. Data analyzed are from the Basic Training/Testing experiment

and Basic Control experiment (Top C, Fig. 1) and from the Smooth Training/Testing experiment and Basic Control experiment (Bottom C, Figs 1,2 ).
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Figure S5. Maze chemical consistency and surface texture, and out of the maze cues, related to Figs. 1 to 7. (A): Light
coming from the microscope illumination source reaches uniformly all individual mazes in the plate. (B): Due to the fabrication
process (see Fig S1) all mazes in the same plate (and all plates of the same batch) have the same chemical consistency across
all maze arms. Note that maze plates used on the same experimental day, namely Training and Testing mazes used on the
same experimental day, are made of the same NGM batch. (C): On the floor surface of rough mazes the microfeatures (micro-
indentations, est. ~20microns, i.e. ~1/4 of C. elegans body thickness) have the same pattern across the two maze sides. Any
variations that occur randomly, because of occasional discrepancies during the fabrication of the 3D-printed maze mold, are not
consistent nor always present on the same maze side (bottom panel credit: Bennet Sakelaris). (D): Schematic of the maze
setup locations in the lab. Maze experiments were run at four different microscopes, shown in dark blue. The maze orientation
at each setup is indicated, along with a red arrow pointing at the left maze side in each case. Microscopes not used for maze
experiments are shown in light blue, and other bench uses are explained in grey ellipses, to indicate space use and traffic. Lab
window (orange rectangle, left), ceiling ventilation locations (green rectangles) and ceiling lights (yellow rectangles) are shown
to note potential sources of air flow or light. Maze orientation in all four working stations is not consistent regarding air or light
flow on one specific maze side.
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Figure S6: Suggested model of C. elegans learning strategy in T-mazes, related to Fig. 1, Fig. 4, Fig. 5, Fig. 6.
In an empty maze, naive C. elegans (control experiment) display an explorative behavior that results in unbiased
behavioral outcome regarding which side of the maze the nematodes will eventually reach (Fig. 1, S2B). In a maze
that contains food on one end (Training maze), naive C. elegans’ behavior is strongly biased, and the majority of
nematodes reach the food-containing arm (Fig. 1, S2B). Successful food location requires the contribution of
chemical and tactile input (Fig. 4A, 4B, 2C). In the current assay it is not possible to distinguish between food
detection and subsequent food location. C. elegans experience in the Training maze leads to learning. When
successfully trained worms are placed in a second, similar, empty maze (Testing maze), they express a biased
behavior, and the majority of them reach the same maze side with the one that contained food previously. Learning
requires the contribution of tactile and proprioceptive cues (Fig. 4, 2C). Input on C. elegans body actions is collected
through proprioception (Fig. 4C), and information on worm’s body interaction with mazes’ structural features is
acquired through touch sensation (Fig. 5). Animals’ body ventral/dorsal orientation is not imperative for learning in the
maze environment (Fig. 6). The current assay cannot distinguish between learning formation and learning expression
(retrieval) processes. We suggest that C. elegans learn to associate food with a combination of proprioceptive cues
about their body actions (interoceptive cues), and mechanosensory cues about their body’s interaction with the
structural features of the maze (exteroceptive cues). Therefore, we suggest that C. elegans follow a kind of response
learning strategy to achieve learning in the maze environment.



Supplementary Table S1. Categorization of C. elegans’ behavioral outcome in mazes
(related to Figures 1, 2, 3,4, 5, 7).

Decision

Interpretation

Visualization

L/R maze side

Worm reached either the left-side end or the right-side

L: iR

(scored animals) | end of the maze (first decision recorded)” Y
Escaped’ Worm escaped the maze, usually by climbing out of it ",
Inconclusive’ Worm wandered around, without reaching a maze arm 3

after 30 min
Immobile” Worm immobile for at least 5min while inside the maze, 1

at any stage of the process
Lost’ Worm burrowed in agar, or was lost during transfer -

from one maze to the next

# Left maze side:

the arm of the maze that lies on the left side of the maze, with regard to

the starting point; Right maze side: the arm of the maze that lies on the right side of the

maze, with regard to the starting point. A nematode is considered to have made a left-side

or a right-side decision when they reach the end of the respective arm (>half its body

passed into the circular auxiliary area, as shown in Visualization column, see also Fig. 1);

": censored worms, i.e. not included in indices or percentages calculations.

Supplementary Table S2 (related to Figures 1, 2, 3, 4, 5, 7): Raw data, including number

of worms categorized as immobile, inconclusive, lost, or escaped (i.e., censored) for all

experiments of Figs 1-7. Categories are defined as described in Table S1. Note: Animals

that reached the left (food-containing) arm in Training equal the ones that are processed

(N) in Testing. In the Rotated Testing maze experiment this is not the case, because a

number of worms were lost during transfer from the Training to the Testing.

1
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Transparent Methods

Maze mold design, 3D-printing, and maze fabrication

Computer-aided design software SolidWorks, Dassault Systéemes, France, was
used to design all maze molds, and Form1+ and Form2 (FormLabs, USA) 3D-printers
were used to print them (Fig. 1), except from the smooth mazes molds (Supplementary
Figure S1), which were printed in a Prodet 3500 HD Max 3D-printer. To generate the
mazes, liquid NGM (2% agar) was poured in a 60mm petri dish up to 2/3 of the dish depth,
and the mold was placed in, with the supporting arms firmly standing on the plate rim
(Supplementary Figure S1). Once the agar based NGM solidified, the mold was pulled
out and the mazes were imprinted in the NMG plate (Fig. 1, Supplementary Figure S1).
The edges of the smooth mazes were trimmed to become leveled with the agar surface
using a pair of tweezers. All the other mazes were built using a no-trim design, as
explained in Fig. 1A and Supplementary Figure S1. Maze plates were usually prepared
the day before the experiment, and in no case were they used >2 days post fabrication.
These precautions were necessary to achieve a consistently moist surface. Because of
the fabrication process, mazes were made of the exact same material used to culture
worms in the lab (NGM) thus minimizing stress due to environment change and unfriendly

material.

Experimental process

We used C. elegans N2 adult Day 1 hermaphrodites, grown in 20°C and well fed,
unless stated otherwise. Each maze was used only once, and only one worm was placed
in each maze for each trial. Each maze plate contained nine mazes, as a result of the
maze mold design (see Fig. 1A). Maze plates were used either as Training or as Testing
plates. In Training plates, mazes were loaded with food -and used- in triplets (by row or
by column), to avoid food diffusion to neighboring mazes. Each Training maze plate was
used within 1 hour from the first loading or was discarded. To load a Training maze, the
maze plate was tilted so that the target maze arm was lower than the rest of the maze,
and 1.2 microliters of liquid E. coli OP50 were carefully pipetted onto the floor of the

circular auxiliary area (Fig. 1B, Supplementary Figure S2B schematic). For the aging



experiments (Fig. 7), OP50 was mixed in 1:1 ratio with 3M L-lysine, a well-known
attractant (Bargmann, 2006), to a final volume of 1.2 microliters, to enhance the mixture’s
attractiveness to older C. elegans. Next, the maze plate remained tilted for about 10 min,
until the OP50 solution was absorbed. Food was placed on the left side of the maze,

unless stated otherwise (Supplementary Figure S2B).

Using a platinum wire worm picker, no food attached, a worm crawling outside the
bacterial lawn was picked from the culture plate. These precautions were necessary to
minimize the transfer of food along with the nematode. Next, the worm was placed on the
floor of the starting area of the food-containing Training maze (bottom auxiliary area, Fig.
1B). Finally, a thin agar pad, made by gently pressing a droplet of NGM between two
glass slides, was quickly placed on the open maze, to cover it and prevent the worm's

escape. It is noted that the agar cover does not result in air-tight sealing of the maze.

Each nematode was recorded until it reached one of the maze arms (first decision
recorded) or until 30 minutes had passed without reaching either end of the maze
(Supplementary Table S1). The time limit of 30 min was selected based on the finding
that the vast majority of nematodes reaches a maze arm in less than 30min
(Supplementary Figure S4). If the worm reached the maze side with no food, it was not
processed any further (except for experiments in Supplementary Fig. S2C,D). If the worm
reached the maze side that contained food, it was allowed to remain in the area for ~3min.
After 3 min, or as soon as the worm departed from the food-containing area, whichever
happened first, the nematode was picked up using the picker. If the assay was concluded,
the worm was discarded after it reached one of the maze ends. The same process was
followed for worms tested in empty mazes (control experiments for all cases, and Fig.

S2), with the omission of food placement.

If a testing trial was to follow, then immediately after removal from the Training
maze, the worm was placed into a new, empty maze (Testing maze), in a different plate,
made from the same NGM batch. The maze was covered using a thin agar pad and the
worm was once again recorded until it reached one of the maze arms (first decision
recorded) or until 30 minutes had passed without reaching either end of the maze
(Supplementary Table S1).



The same process was followed when testing mutant strains (Fig. 4) and the
Pmyo-3::mcherry::unc-54 strain (Fig. 6).

For the Training-Interval-Testing experiment (Fig. 3A), after the Training session,
the worm in study was placed in an intermediate NGM 60mm plate, which was either
unseeded or seeded with OP50. The worm remained there for 10 or 5min. Next, it was
picked with a worm picker and placed in the Testing maze. If the intermediate plate was
seeded, then the worm was picked when crawling outside the bacterial lawn, or if that
was not possible within the interval time, then after the worm was picked it was lightly
touched on a clean spot of the plate, to discard food stuck on its cuticle. The remaining
steps were conducted as described above.

For the Training-Sequential Testing experiment (Fig. 3B), nematodes that reached
the food-containing side of the first Testing maze were allowed to remain in the area for
~3 min. Next, or as soon as they departed, whichever happened first, they were
transferred into a new, empty, second Testing maze. The remaining steps were

conducted as described above.

To run the Training-Stay-Testing experiment (Fig. 3C), after they reached the food-
containing area of the Training maze, nematodes were allowed to stay in the maze for ~8
or ~13min (an additional 5 or 10 minutes to the 3 min allowed in the food-containing area
in other experiments). Then, they were transferred to the Testing maze and following

steps were conducted as described above.

For the starvation experiments (Kaeberlein et al., 2006) (Fig. 7), nematodes were
transferred to an unseeded 60mm NGM plate 24hours before the experiment took place,

namely before they reached the age of interest.

Recording C. elegans in mazes

C. elegans’ actions were recorded with a DP22 camera, mounted on a SZ61 dissection
microscope, using CellSens Software (all by Olympus, Japan). For experiments with
strain AVG09 Pmyo-3::mcherry::unc-54, a SZX12 Olympus fluorescent microscope was

used. Videos were recorded with a time lapse, with a 1.2sec interval, or using the “movie”



module. A worm was considered to have made a left-side or a right-side decision when it
reached the end of the respective functional maze arm (see also Fig. 1, and visualization
in Supplementary Table S1). Nematodes that were inconclusive, immobile or lost, as well
as worms that escaped, were censored (not scored) and not included in the indices and
percentages calculations (Supplementary Table S1). To watch C. elegans traverse a
maze, see Supplementary Videos.

Decision, Chemotaxis and Learning Indices

To quantify C. elegans' behavioral outcome in each experiment, we introduce the
Decision Index (DI). Thus, for each maze experiment, the DI is

(DI) = (n, —ng)/(n, + ng)

where n; = worms that reached the left side of the maze, n, = worms that reached the
right side of the maze. Note that n; + ny = n=scored worms=N — N onsoreqa, Where N =
total number of worms processed, and N ps0req =WOrms that were censored, namely
worms categorized as inconclusive, immobile, lost, or escaped (Supplementary Table
S1). All raw data for each experiment are reported in Supplementary Table S2, and in
addition n for each experiment is also reported in the respective figures. The DI for the
control experiment is (DI)contror, fOr the Training Maze experiments is (DI)yqin, and for

the Testing Maze experiments is (DI)eg¢-

The Chemotaxis Index (Cl), which refers to C. elegans performance in the Training

Maze (in the presence of food on one maze end) is calculated as

(CI) = (DI)Train - (DI)Control

The Learning Index (LI), which refers to C. elegans performance in the Testing

Maze is calculated as

(L) = (DD test — (DD controt

The LI and ClI for each strain or experimental group, as well as the DI, are reported

in the respective figures or/and in the text (see Results).



Note that we calculate all percentages and indices over the number of worms that
reached a maze arm, because we calculate a conditional probability: the probability of a
worm reaching the same maze arm, conditioned that it has reached an arm in the first

maze.

C. elegans Strains

The strains used were N2 Bristol (wild type), YT17 crh-1(tz2) 1ll, LX703 dop-3(vs106) X,
CB1611 mec-4(e1611) X, CB1515 mec-10(e1515) X, CX2205 odr-3(n2150) V, CX32 odr-
10(ky32) X. Mutant trains were provided by the CGC (Caenorhabditis Genetics Center).
Strain VC1141 trp-4(ok1605) was acquired from CGC (Caenorhabditis Genetics Center,
provided by the C. elegans Reverse Genetics Core Facility at the University of British
Columbia, which is part of the international C. elegans Gene Knockout Consortium) and
was outcrossed 6 times before use (new strain EG001). Strain trp-1(sy690) trp-2(sy691)
was a kind gift from Kyuhyung Kim Lab. Strain AVG09 Pmyo-3::mcherry::unc-54 + ppezo-
1::gcamp6s::unc-54 was a kind gift from Andres Vidal-Gadea Lab.

Statistical Analyses

Each experiment was performed over a period of 2-4 weeks. Key experiments
were replicated by different lab members, in two different lab locations and four different
working stations. Comparisons between experiments, presented in Figures 1-7, were
made by applying the binomial distribution probability test in MATLAB R2016b
(Mathworks, USA) using the binomial cumulative distribution function of the Statistics and
Machine Learning Toolbox. Details on the analysis and statistics, and the code used are
provided in the Supplementary Information. In all cases, comparisons were considered

statistically significant when p-value<0.05.

As described above, each worm was tested only once, and only one single worm
was placed in the maze for each trial. Therefore, each worm corresponds to one single
experiment. The percentages and indices reported are the percentages and indices that

illustrate the behavior of the entire population in study (e.g., 85% of the worms that were



scored reached the left arm of the maze, with an index value equal to 0.68). In each figure
we report the standard deviation of the preference indices (index error bars), along with
the total number of worms that were scored (n) and the p-value of the binomial distribution
test. For more details, see also Supplementary Information. All raw data are reported in

Supplementary Table S2.

Comparisons presented in Supplementary Figure S4 were made by applying
Student’s two-tailed t-test, unpaired or paired, as explained in captions of Supplementary
Figure S4, using GraphPad Prism 8 (GraphPad, USA). In all cases, comparisons were

considered statistically significant when p-value<0.05.

On the standard deviation of the binomial probability and the preference indices

The binomial distribution, used to model our experimental results, has both a mean
and a variance. The standard deviation of the binomial distribution is calculated using the
formula

m=nx%p
where m=actual number of worms that reached the left (food-containing) maze arm, and
n=number of worms that were scored, and p=% of worms that reached the left (food-
containing) maze arm, and then we define
m'=p

This leads to defining the variance as

, p(1—p)
o e ——
n

And therefore, standard deviation (STD) is defined as

_ |p(1—p)
o= /_
n

We report the standard deviation of the calculated index as follows:

For the DI of each experiment, it is (see Methods)
(D) = (n, —ng)/(ny, + ng)



where n; = worms that reached the left side of the maze, n, = worms that reached the
right side of the maze, and n;+n; = n = scored worms .

Therefore, it is
_2np-n o mn

DI = =2—-1
n n

Therefore, the mean is u = 2p.; — 1, and the STD is ap; = 2 /%ﬂ’““) =20

Consequently, for the CI of each experiment, it is

NiTrai Npctrl
(CI) = (DI)Train - (DI)Ctrl =2 ( TR _ e ) = z(pTrain - pctrl)

Train Neerl

Therefore, the mean is uc; = 2(Prrain — Petrt)

And the STD of the Cl is Ocp = 2\/pctrl(1_pctrl) + PTrain(1—PTrain)

Netrl NTrain

Similarly, the STD of the Ll is a;; = 2 \/”Cf”“"’c"” + PrestCPrest)

Ncerl NTest
The index STD is illustrated in Figs 1-7 by index error bars, in the same color with the
index symbol.

On the binomial distribution probability testin MATLAB using the binocdf function

In MATLAB, the binomial cumulative distribution function binocdf(x,n,p) computes
a binomial cumulative distribution function at each of the values in x using the
corresponding number of trials in n and the probability of success for each trial in p, where
x: the number of worms that reached the target location (i.e., left maze side),

n: the number of worms scored, and
p: the number of worms that reached the target location over the number of worms scored,
in the reference (e.g. control) experiment.

The binomial cumulative distribution function binocdf(x,n,p) allows the user to
obtain the probability of observing less than or equal to x successes in n trials, with the
probability p of success on a single trial. The function 1-binocdf(x-7,n,p) allows the user
to obtain the probability of observing greater than or equal to x successes in n trials, with
the probability p of success on a single trial. These two functions were used to calculate

the p-value under the null hypothesis in each comparison.



We provide below the MatLab code used, for reference.

n=32; %number of scored worms

[o)

% treatment experiment

nl=15; % actual number of worms who reached target location (e.g. left arm)
nlcontrol=0.52*n; % expected number of worms that would have reached the
target location if the control ratio applied

tl=min([n-nl,nl]); % lower critical threshold for HO (exclusive)

t2=max ([n-nl,nl]); % upper critical threshold for HO (exclusive)

pvalue = l-binocdf(t2-1,n,nlcontrol/n)+binocdf (tl,n,nlcontrol/n)
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