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Abstract

We present a high-throughput optogenetic illumination system capable of simultaneous
closed-loop light delivery to specified targets in populations of moving Caenorhabditis ele-
gans. The instrument addresses three technical challenges: It delivers targeted illumination
to specified regions of the animal’s body such as its head or tail; it automatically delivers sti-
muli triggered upon the animal’s behavior; and it achieves high throughput by targeting
many animals simultaneously. The instrument was used to optogenetically probe the ani-
mal’s behavioral response to competing mechanosensory stimuli in the the anterior and
posterior gentle touch receptor neurons. Responses to more than 43,418 stimulus events
from a range of anterior—posterior intensity combinations were measured. The animal’s
probability of sprinting forward in response to a mechanosensory stimulus depended on
both the anterior and posterior stimulation intensity, while the probability of reversing
depended primarily on the anterior stimulation intensity. We also probed the animal’s
response to mechanosensory stimulation during the onset of turning, a relatively rare behav-
ioral event, by delivering stimuli automatically when the animal began to turn. Using this
closed-loop approach, over 9,700 stimulus events were delivered during turning onset at a
rate of 9.2 events per worm hour, a greater than 25-fold increase in throughput compared to
previous investigations. These measurements validate with greater statistical power previ-
ous findings that turning acts to gate mechanosensory evoked reversals. Compared to pre-
vious approaches, the current system offers targeted optogenetic stimulation to specific
body regions or behaviors with many fold increases in throughput to better constrain quanti-
tative models of sensorimotor processing.

Introduction

How sensory signals are transformed into motor outputs is a fundamental question in systems
neuroscience [1]. Optogenetics [2,3], coupled with automated measures of behavior [4,5], has

emerged as a useful tool for probing sensorimotor processing, especially in small model organ-
isms [6]. In optically transparent animals, such as Caenorhabditis elegans and Drosophila, such
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optogenetic manipulations can be performed noninvasively by illuminating an animal express-
ing light-gated ion channels [7]. Optogenetically perturbing neural activity and observing
behavior has been widely used to study specific neural circuits, such as those involved in che-
motaxis [8-11] (reviewed for Drosophila in [12]), olfaction [13], learning and memory [14,15],
and locomotion and escape [16-19], to name just a few examples. In Drosophila, high-
throughput optogenetic delivery to behaving animals has been used to screen libraries of neu-
ral cell types and map out previously unknown relations between neurons and behavior [20].

Optogenetic investigations of neural circuits underlying behavior confront three technical
challenges: the first is to deliver stimulation targeted only to the desired neuron or neurons;
the second is to deliver the stimulus at the correct time in order to probe the circuit in a rele-
vant state or behavioral context; and the third is to efficiently acquire enough observations of
stimulus and response to draw meaningful conclusions. Existing methods each address some
of these challenges, but not all three.

To stimulate only desired cells, the expression of optogenetic proteins is typically restricted
to specific cells or cell types [21-23]. If cell-specific genetic drivers are not readily available,
then genetic specificity can be complemented with optical targeting. Patterned light from a
projector, for example, can be used to illuminate only a subset of the cells expressing the opto-
genetic protein [24,25]. For targeting behaving animals, real-time processing is also needed to
track the animal and dynamically update the illumination pattern based on its movements
[26-31].

Closed-loop approaches are further needed to deliver a perturbation timed to a specific
behavior. For example, delivering a perturbation triggered to the swing of an animal’s head has
informed our understanding of neural mechanisms underlying thermotaxis [32] and chemo-
taxis [8]. The use of closed-loop stimulation triggered on behavior in C. elegans [31,33], Dro-
sophila [34], and mammals [35,36] is part of a broader trend in systems neuroscience toward
more efficient exploration of the vast space of possible neural perturbations [37,38], especially
during ethologically relevant naturalistic behaviors [39].

Targeted and closed-loop illumination systems probe one animal at a time [8,26,31,40,41]
or, at most, two [42]. This low throughput poses challenges for acquiring datasets with enough
statistical power to constrain quantitative models of neural computation. To increase through-
put, a separate body of work simultaneously measures behavior of populations of many ani-
mals in an arena, in order to amass thousands of animal hours of recordings [43-47].
Delivering spatially uniform optogenetic perturbations to such populations has helped con-
strain quantitative models of sensorimotor processing of chemotaxis and mechanosensation
[9,10,48]. Because the entire body of every animal is illuminated, this approach relies entirely
on genetics for targeting. Recent work has used stochastic spatially varying illumination pat-
terns in open loop from a projector [49] or cellphone [50] to probe the spatial dependence of
optogenetic stimulation. But because these methods are open loop, they cannot target stimula-
tion specifically to any animal or body part. Instead, they rely on after the fact inspection of
where their stimuli landed, decreasing throughput.

A recent system for zebrafish demonstrated the potential of closed-loop illumination in a
multianimal setting [51]. That work probed the zebrafish optomotor response in high through-
put by presenting patterned closed-loop visual stimuli, such as moving gratings, to many dif-
ferent animals simultaneously. That work also had an optogenetic component, but it relied on
a low-resolution LED array that was restricted to open-loop full-field illumination and there-
fore could not target regions within animals or even target individual animals.

Here, we demonstrate a closed-loop real-time targeting system for C. elegans that tackles all
three challenges: targeting, closed-loop triggering, and throughput. The system delivers tar-
geted illumination to specified parts of the animal’s body, stimulus delivery can be be triggered
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automatically on behavior, and the system achieves a high throughput by tracking and inde-
pendently delivering targeted stimuli to populations of animals simultaneously. We apply this
system to the C. elegans mechanosensory circuit [52,53] to characterize how competing stimuli
in anterior and posterior mechanosensory neurons are integrated by downstream circuity. We
also revisit our prior observation that turning behavior alters the animals, likelihood of
responding to mechanosensory stimuli [48]. We deliver closed-loop stimulation triggered to
the onset of turning to obtain a dataset with two orders of magnitude more stimulus events
compared to that investigation. We use these measurements to validate our initial observation
with greater statistical power.

Results

We developed a closed-loop targeted optical delivery system to illuminate specified regions,
such as the head or tail, in populations of C. elegans expressing the optogenetic protein Chrim-
son in the six gentle touch receptor neurons (AVM, ALML, ALMR, PVM, PLML, and PLMR)
under a mec-4 promoter as the animals crawled on agar in a 9-cm dish. The system used red
light (peak 630 nm) from a custom color projector made of an optical engine (Anhua M5NP)
driven by a separate control board, described in Materials and methods. Animal behavior was
simultaneously recorded from a CMOS camera (Fig 1A and 1B). Dark field illumination from
aring of infrared LEDs (peak emission at 850 nm) was used to observe animal behavior
because this avoided exciting Chrimson. Optical filters allowed the infrared illuminated behav-
ior images to reach the camera, but blocked red or blue light coming from the projector.
Green light from the projector was used to present visual timestamps and other spatiotemo-
poral calibration information to the camera. Custom real-time computer vision software mon-
itored the pose and behavior of each animal and generated patterned illumination restricted to
only specified regions of the animal, such as its head or tail, optionally triggered by the animal’s
behavior (Fig 1C, S1 Video).

Anterior and posterior mechanosensory response

The mechanosensory response to anterior or posterior stimulation has been probed exten-
sively by softly touching the animal with a hair [52,54,55], tapping the substrate on which the
animal crawls [52,56], automatically applying forces via microelectromechanical force probes
[57-59] or applying forces via a microfluidic device [60]. These approaches have identified
dozens of genes related to touch sensation [61].

Mechanosensory responses have also been probed optogenetically by expressing light-gated
ion channels in the six gentle touch mechanosenory neurons ALML, ALMR, AVM, PVM,
PLML, and PLMR [7]. Targeted illumination experiments showed that optogenetically stimu-
lating posterior touch neurons PLML and PLMR was sufficient to elicit the animal to speed up
or sprint and that stimulating anterior gentle touch neurons (ALML and ALMR) or AVM was
sufficient to induce the animal to move backward in a reversal behavior [26,27,29,30]. Those
experiments were conducted one worm at a time, to accommodate the patterned illumination
systems that were needed to restrict illumination to only a portion of the animal. Here, we
revisit these experiments, this time by probing a population of animals simultaneously to
achieve higher sample sizes.

We delivered 1 second of red light illumination to the head, tail, or both of transgenic ani-
mals expressing the light-gated ion channel Chrimson in the 6 gentle touch mechanosensory
neurons (500-um diameter stimulus region, 30-second interstimulus interval). Multiple com-
binations of illumination intensities were used, but, here, only the 80 uW/mm? intensity sti-
muli are considered (Fig 2). The system independently tracked or stimulated an average of 12
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Fig 1. Closed-loop targeted optogenetic delivery system. (a) Schematic of system. A projector simultaneously delivers patterned targeted optogenetic
stimulation to multiple worms on an agar plate in real time. (b) Photograph of instrument. (c) Image from experiment shows animals expressing
Chrimson in touch receptor neurons (AML470) as they crawl on agar. Corresponding video is shown in S1 Video. Tracked paths are shown in yellow.
Green and white dots in the center relate to a visual time stamping system and are excluded from analysis. Inset shows details of an animal receiving
optogenetic stimulation targeted to its head and tail (0.5-mm diameter stimuli). The two white circle in the inset show the targeted location of the
stimulus. Red shading shows area where stimulus was delivered.
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worms on a plate simultaneously (S1 Table, distribution shown in S1F Fig). Across four days,
95 plates were imaged using four identical instruments running in parallel, for a total of 74,693
stimulation events across all stimulus intensity combinations. A total of 43,418 stimulus events
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Fig 2. Stimulation of anterior mechanosensory neurons evokes reverse behavior; stimulation of posterior mechanosensory neurons evokes sprints.
Targeted stimulation is delivered to worms expressing Chrimson in their gentle touch mechanosensory neurons (strain AML470). (a-d) Representative
velocity trace from single stimulus event. Dashed lines indicate timing of stimulation (1 second, 0.5-mm diameter circular illumination pattern centered at the
tip of the animal’s head and/or tail, red light intensity of 80 uW/mm?). (e-h) A total of 20 randomly sampled velocity traces for each stimulus condition are
shown, sorted by mean velocity immediately after stimulation. Same as in S2-S5 Videos. Arrow indicates each representative trace shown in a-d. (i-1)
Probability density of velocities for each stimulus condition. Mean velocity is shown as black line. #>1,500 stimulus events per condition. (m-p) The fraction
of animals occupying each of 4 velocity-defined behavioral states is shown for the time point 2 seconds before stimulation onset and immediately after
stimulation. Cutoffs for behavior states are shown in S3 Fig. p-Values calculated using Wilcoxon rank sum test. Error bars represents 95% confidence intervals
estimated using 1,000 bootstraps. Numerical values are listed in S1 Data.
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met our inclusion criteria for valid worm body shape and track length. Of those, there were
7,125 stimulus events with an illumination intensity of 80 uW/mm?, at least 1,500 stimulus
events of each of the following conditions: head illumination, tail illumination, both, or nei-
ther. For comparison, Leifer and colleagues [26] used 14 stimulus events, a two-order of mag-
nitude difference in sample size.

Consistent with prior reports, activating posterior mechanosensory neurons by delivering
light to the tail resulted in an increase in sprints and an overall increase in average velocity (Fig
2, §3 Video). Similarly, activating anterior mechanosensory neurons by delivering light to the
head resulted in an increase in reversal events and a decrease in average velocity (S4 Video).
Simultaneous stimulation to head and tail resulted in an increase in reversals (S5 Video). Ani-
mals were classified as performing forward locomotion, pause/slow, sprint or reversals, based
on their velocity (S3 Fig). The animal showed little response to control conditions in which no
light was delivered (Fig 2A, 2E, 21, and 2M, S2 Video) or in which the necessary cofactor all-
trans-retinal (ATR) was withheld (54 Fig).

We further stimulated a different strain of animals that also express Chrimson in the gentle
touch neurons and that we had used previously, AML67 [48]. That strain had a slighlty differ-
ent genetic background and had been constructed with a higher DNA plasmid concentration
during microinjection (40 ng/ul for AML67, compared to 10 ng/ul for AML470 used above).
The AML67 strain behaved largely the same on this instrument in response to simultaneous
anterior and posterior stimulation as it had in [48], although with slightly reduced effect size
(S6 Fig). With this instrument’s ability to probe anterior and posterior responses separately,
we further revealed other minor differences between the two strains. For example, tail stimula-
tion to AML67 caused a very slight decrease in sprints. By contrast, tail stimulation to
AMLA70 evoked an increase, which is what we would have expected from the literature. One
possible explanation is that AML67 has less light sensitivity, perhaps due to silencing or due to
defects in trafficking resulting from Chrimson over expression.

Integration of conflicting anterior and posterior mechanosensory signals

Mechanosensory neurons act as inputs to downstream interneurons and motor neurons that
translate mechanosensory signals into a behavioral response [19,53,56,62,63]. A growing body
of evidence suggests that downstream circuitry relies on the magnitude of signals in both the
anterior and posterior mechanosensory neurons to determine the behavioral response. For
example, a plate tap activates both anterior and posterior mechanosensory neurons and usually
elicits a reversal response [45,48,54,56]. But the animal’s response to tap can be biased toward
one response or another by selectively killing specific touch neurons via laser ablation [56].
For example, if ALMR alone is ablated, the animal is more balanced in its response and is just
as likely to respond to a tap by reversing as it is by sprinting. If both ALML and ALMR are
ablated, the animal will then sprint the majority of the time [56]. Competing anterior—poste-
rior optogenetic stimulation of the mechanosensory neurons also influences the animal’s
behavioral response. For example, a higher intensity optogenetic stimulus to the anterior
touch neurons is needed to evoke a reversal when the posterior touch neurons are also stimu-
lated, compared to when no posterior stimulus is present [27].

To systematically characterize how anterior and posterior mechanosensory signals are
integrated, we inspected the animal’s probability of transitioning into reverse, forward,
pause/slow, or sprint behavior states in response to 25 different combinations of head and
tail light intensity stimuli (Fig 3A-3D). These data are a superset of those shown in Fig 2.
Here, 43,418 stimulus events are shown, corresponding to all 25 different conditions. Behav-
ior is defined such that the animal always occupies 1 of 4 states: reverse, pause/slow, forward,
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Fig 3. Behavioral response to competing stimulation of anterior and posterior mechanosensory neurons. Various combinations of light
intensity was delivered to the head and tail of worms expressing Chrimson in gentle touch mechanosensory neurons (strain AML470, n = 43,418
stimulus events total, supserset of data shown in Fig 2). (a) Probability of transitioning into reverse, (b) pause/slow, (c) forward, and (d) sprint
behaviors are shown individually (e) and all together as pie charts. (f) The gradient of the plane of best fit is shown as a vector for each behavior.
Fitting was performed using methods of least squares. Error-bars are 95% confidence intervals. Numerical values are listed in S2 Data.

https://doi.org/10.1371/journal.pbio.3001524.g003

or sprint, so that for a given stimulus condition, the four probabilities necessarily sum to one
(Fig 3E).

To explore the dependence of the probability of evoking a given behavior on the anterior
and posterior stimulus intensity, we fit planes to the probability surfaces and computed the
gradient (Fig 3F). Fitting was performed using the method of least squares. The head and tail
components of the gradient of the plane serve as a simplified linear approximation of the prob-
ability landscape and can provide a succinct estimate of how the probability depends on either
head or tail stimulus illumination intensity. For example, the probability of reversal depends
strongly on the head stimulus intensity, as indicated by the large positive head component of
the gradient. The probability of reversal also depends slightly on the tail stimulus intensity,
consistent with [27], but we note this dependence was small and that the 95% confidence inter-
vals of this dependence spanned the zero value. Of the 4 behaviors tested, only sprint behavior
depended on both head and tail stimulation intensity such that the 95% confidence intervals of
both components of their gradient excluded the value zero. Sprints occurred with highest
probability at the highest tail illumination intensity when head illumination was zero. As head
illumination increased, the probability of a sprint rapidly decreased. This is captured quantita-
tively by the gradient plotted in Fig 3F, which shows that the ratio of the dependence of the
sprint probability on tail versus head stimulation is roughly 1:—4. One interpretation is that
head induced reversals are less likely to be counteracted by a tail stimulation, than tail induced
sprints are to be counteracted by head stimulation.

Taken together, we conclude that anterior and posterior mechanosensory signals are com-
bined to determine the relative likelihood of different behavioral responses. Sprinting behavior
is sensitive to both stimuli in a —4 to 1 ratio, while other behaviors such as reversals depend
overwhelmingly more on one stimulus (head stimulation) than the other (tail stimulation).
This places constraints on any quantitative models of sensory integration performed by down-
stream circuitry.

Behavior-triggered stimulation increases throughput when investigating
rare behaviors

C. elegans’ response to mechanosensory stimulation depends on its behavioral context. The
probability that a tap or optogenetic mechanosensory stimulation evokes a reversal is higher
when the stimulus occurs as the animal moves forward compared to if the stimulus occurs
when the animal is in the midst of a turn, suggesting that the nervous system gates mechano-
sensory evoked responses during turns [48]. This was first observed in open-loop experiments
in which the animal was stimulated irrespective of its behavior. Those experiments relied on
identifying, after the fact, stimulus events that arrived by chance during turning. Because turn-
ing events are brief and occur infrequently, it can be challenging to observe sufficient numbers
of stimuli events delivered during turn onset using such an open-loop approach. For example,
in that work, only 15 optogenetic stimulus events for a given stimulus intensity condition
landed during turns. The animal’s spontaneous rate of turn initiation varies with the presence
of food and other environmental conditions, but it has been reported to be approximately 0.03
Hz [64].
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To obtain higher efficiency and throughput at probing the animal’s response to stimulation
during turning, we delivered closed-loop stimulation automatically triggered on the onset of
the animal’s turning behavior. Full-body red light illumination (1.5-mm diameter) was auto-
matically delivered to animals expressing Chrimson in the gentle touch mechanosensory neu-
rons (strain AML67, same as in [48]) when the real-time tracking software detected that the
animal entered a turn. Turn onset was detected by monitoring the ellipse ratio of a binary
image of the animal, as described in Materials and methods. A refractory period of 30 seconds
was imposed to prevent the same turning event from triggering multiple stimuli and served to
set a minimum interstimulus interval. A total of 47 plates of animals were recorded for 30 min-
utes each over 3 days, and on average, the system simultaneously tracked or stimulated
44.5 + 20 worms on a plate at any given time (S1 Table). Three different stimulus intensities
(0.5, 40, and 80 uW/mm?) and three different stimulus durations (1, 3, and 5 seconds) were
explored, totaling 22,608 turn-triggered stimuli events delivered to valid worms, of which on
postprocessing analysis 9,776 or 43.2% passed our more stringent inclusion criteria for turn
onset, worm validity, and track stability (Table 1). To compare the closed- and open-loop
approaches, 29 additional plates were stimulated in open loop over the same 3-day period.

We compared the probability of reversing in response to closed-loop stimuli delivered dur-
ing turn onset against the probability of reversing in response to open-loop stimuli delivered
during forward locomotion (Fig 4A). For this analysis, we considered only stimuli of 3-second
duration and either 80 uW/mm? or 0.5 uW/mm? (control) illumination intensity. A total of
2,999 stimulus events of this duration and intensities were delivered during turn onset and
met our inclusion criteria. Consistent with previous reports, the animal was significantly more
likely to initiate a reversal in response to stimuli delivered during forward locomotion than
during turning. We repeated this experiment in strain AML470. That strain was also statisti-
cally significantly more likely to reverse in response to stimuli delivered during forward loco-
motion than during turning, in agreement with our prior findings. Interestingly, the effect was
less striking in this strain compared to AML67 even though animals were overall more respon-
sive. One possible interpretation is that turning-induced inhibition is in competition with
mechanosensory signals. Because AML470 is apparently more sensitive to stimulation than
AML67, it may also be more likely to generate stronger mechanosensory signals that overcome
turning-induced inhibition, consistent with findings in Fig 4. By using a high-throughput
closed-loop approach, we achieved larger sample size (2,999 events for a single strain, intensity,
and control; compared to 15 [48]), confirmed previous findings, and refined our understand-
ing of how turning-induced inhibition may compete with mechanosensory signals.

Table 1. Comparison of open- and closed-loop approaches for studying the animal’s response to stimulation during a turn.

Ref. Experiment type | Plates | Cum. recording duration | ISI All stim events on | Turn-associated Yield | Throughput (turn-associated
(worm hour) (seconds) |valid worms stim events stim events/worm hour)
This Closed-loop 47 1,060 >30 22,608 9,776 43.2% | 9.2
work | optogenetic
This Open-loop 29 633 30 41,623 308 0.7% | 0.5
work | optogenetic
[48] Open-loop 12 260 60 2,487 15 0.6% | 0.35"
optogenetic

Whole-body illumination experiments using AML67 are shown. This is a superset of the data shown in Fig 4 and includes a variety of stimulus intensities and stimulus
durations. Compared to an open-loop approach, closed-loop turn-triggered stimulation provides higher throughput and higher yield.

*Note that we report an effective throughput for experiments in [48] to account for discrepancies in how different stimulus intensities are reported in that work
(reported cumulative worm hours include six different stimuli intensities, while only one intensity is considered in the reported number of stimulus events).

ISI, interstimulus interval.

https://doi.org/10.1371/journal.pbio.3001524.t001
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Fig 4. Probability of reversing in response to a mechanosensory stimulus is higher for stimuli that arrive during forward locomotion than for stimuli
that arrive during turning. Response to whole body optogenetic illumination of gentle touch mechanosensory neurons is shown for stimuli that arrive during
either forward or turning behaviors for 2 strains of nominally identical genotypes, (a) AML67 and (b) AML470. Stimuli delivered during turns are from closed-
loop optogenetic experiments, while stimuli delivered during forward locomotion are from open-loop experiments. Three seconds of 80 uW/mm? illumination
was delivered in the experiment condition. Only 0.5 uW/mm? was delivered for control condition. Error bars are 95% confidence interval calculated via 10,000
bootstraps. Z-test was used to calculate significance. *** indicates p<0.001. p-Value for AML67 control group is 0.549. p-Value for AML470 control group is
0.026. The number of stimulus events for each condition (from left-most bar to right-most bar) are 5,968, 1,551, 5,971, and 1,448 for AML67 and 2,501, 1,543,
2,676, and 1,438 for AML470. Machine-readable numerical values are listed in S3 and S4 Data.

https://doi.org/10.1371/journal.pbio.3001524.g004

Both throughput and efficiency are relevant for studying stimulus response during turning.
Throughput refers to the number of stimuli delivered during turns per time. High throughput
is needed to generate a large enough sample size in a reasonable enough amount time to draw
statistically significant conclusions. Efficiency, or yield, refers to the fraction of delivered sti-
muli that were indeed delivered during turns. A high efficiency, or yield, is desired to avoid
unwanted stimulation of the animal, which can lead to unnecessary habituation (S5 Fig).

We compared the throughput and efficiency of stimulating during turn onset with closed-loop
stimulation to an open-loop approach on the same instrument using our same analysis pipeline
and inclusion criteria (Table 1). Again, we considered only stimuli delivered within a small
0.33-second window corresponding to our definition of the onset of turns and applied in postpro-
cessing the same stringent inclusion criteria to both open-loop and closed-loop stimuli. Closed-
loop stimulation achieved a throughput of 9.2 turn onset-associated stimulation events per worm
hour, an order of magnitude greater than the 0.5 events per worm hour in open loop stimulation.
Crucially, closed-loop stimulation was also more efficient, achieving a yield of 43.2%, more than
50-fold higher than the 0.7% open-loop yield. We reach similar conclusions by comparing to pre-
vious open-loop optogenetic experiments from [48] that had a longer interstimulus interval.
Compared to that work, this system achieved a 25-fold increase in throughput and a more than
50-fold increase in yield. Taken together, by delivering stimuli triggered on turns in a closed-loop
fashion, we achieved higher throughput and efficiency than open-loop approaches.

Further characterization of the instrument

We sought to further characterize the system to better understand its capabilities and limita-
tions. We quantified metrics of latency, dropped frames, and spatial drift by analyzing the
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recordings related to anterior and posterior stimulation (S1 Fig) and the recordings related to
turning (S2 Fig).

The closed-loop latency between an animal’s movement and a corresponding change in
illumination output based on that movement is a key determinant of system accuracy. If that
latency is too high compared to the animal’s motion, the stimulus will arrive off-target. We
estimate the total closed-loop latency by summing two measured latencies: the first is the
latency measured via the projected timestamps associated with acquiring an image, drawing a
stimulus and projecting that stimulus (acquire-draw—project, S1A Fig). The second is the
recorded latency of the time to segment and track worms in a frame (tracking update time or
frame rate, S1B Fig). For experiments in Fig 3, the total closed-loop latency was 200 ms or less
for more than 95% of the frames in the recording. For a typical worm moving at 200 um/s, this
corresponds to a roughly 40 um bound on spatial resolution—sufficient for the 500-um diame-
ter head-tail illuminations used here, but notably longer than the 29-ms latency reported for a
single-worm system [29].

Latency increases with the number of worms tracked simultaneously. Turning experiments
in Fig 4 used more animals (mean 39 tracked worms in the field of view per frame compared
to 12) and consequently had longer estimated roundtrip latencies (S2A and S2B Fig), although
still typically less than 300 ms. While appropriate for the stimuli used here, the measures of
latency demonstrate that the current system is unlikely to be well suited to target the dorsal
versus ventral side of the animal, for example.

Discussion and conclusions

The approach here dramatically improves throughput in two ways compared to previous
methods. First, this work extends targeted illumination to many worms in parallel, providing
an order of magnitude higher throughput per plate compared to previous single-worm meth-
ods capable of delivering optogenetic illumination targeted to different regions of the body
[8,26,27]. Second, the method enables automatic stimulus delivery triggered on a behavior.
For studying stimulus response during rare behaviors, like turns, this closed-loop approach
provides higher throughput and efficiency compared to previous open-loop methods [48].

To achieve simultaneous independent targeting of many animals and tracking of behavior,
we developed and optimized new algorithms, such as real-time centerline tracking algorithms,
improved existing ones using parallelization, and also leveraged advances in computing
power. For example, we took advantage of the availability of powerful fast 32-core CPUs, mul-
titerabyte solid-state drives, and low latency USB3 cameras. We suspect that both algorithmic
advances and increased computer power were necessary.

To attain such high throughput, the system also sacrifices some spatial resolution compared
to previous single-worm approaches [8,26,27]. For example, the roundtrip latency and
observed drift in calibration places a roughly 100-um floor on our spatial resolution, which
makes the system ill-suited for resolving individual neurons located close to one another. At
its current field of view, the system is also unlikely to work well with larvae, which are signifi-
cantly smaller than adults. Nonetheless, the system’s resolution is more than sufficient to selec-
tively illuminate the head or tail of adult C. elegans, which allows for new types of
investigations. For example, we used the instrument to systematically probe anterior-posterior
integration of mechanosensory signals for a range of competing stimuli intensities, delivering
over 43,418 stimulus events to valid worms. The sample size needed for such an experiment
would be impractical with single-worm targeted illumination methods. And current genetic
labeling approaches preclude this experiment from being conducted with nontargeted whole
field-of-view illumination setups, such as in [48].
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Our measurements suggest that the worms’ behavioral response to competing mechanosen-
sory stimuli depends on integrating anterior and posterior mechanosensory signals. A plane
roughly captured how the likelihood of a behavior response depended on the intensity of the
anterior and posterior stimuli. For example, the probability of a sprint was influenced by sig-
nals in both anterior and posterior mechanosensory neurons roughly by a —4 to 1 ratio, while
the probability of reversing is determined almost entirely by the anterior mechanosensory neu-
rons. One interpretation of these measurements is that head stimuli that would induce rever-
sals are less likely to be counteracted by a tail stimulation, than tail induced sprints are to be
counteracted by head stimulation. The C. elegans response to anterior mechanosensory stimuli
is an important part of the escape response [65] and helps the animal avoid predation by
nematophagous fungi [66]. It is possible that the relative difficulty in disrupting head induced
reversals compared to sprints reflects the relative importance of the role of the reversal in this
escape behavior.

Optogenetics allowed us to deliver competing stimuli of varied intensities to the head or tail
of a moving worm. Because optogenetic stimulation bypasses the animal’s mechanotransduc-
tion channels and further depends on the relative expression pattern of Chrimson, one may
ask whether the animal perceives optogenetic stimulation similarly to mechanical stimulation.
We previously observed that optogenetic stimulation of all 6 gentle touch mechanosensory
neurons elicited similar responses to that of a wild-type (WT) worm undergoing plate tap [48],
suggesting in that case that optogenetic stimulation mimics mechanical stimulation. Since no
current method is capable of delivering precisely varying competing mechanical stimuli to
moving animals, we were not able to directly compare optogenetic and mechanosensory sti-
muli for the competing anterior—posterior case.

Here, we used red illumination to excite Chrimson, but we note that the system can be trivi-
ally extended to independently deliver simultaneous red and blue light illumination [27], for
example, to independently activate two different opsins such as the excitatory red opsin
Chrimson and the inhibitory blue opsin gtACR2 [67,68]. Like other targeted illumination sys-
tems before it [26,27], this system is not capable of targeting regions within the body when the
animal touches itself, as often occurs during turning, or when coiling [69,70]. This still permits
probing the animal’s response to mechanosensory stimulation during turns because we were
interested in whole-animal stimulation for those specific experiments, rather than targeting
the head or tail. We note that our postprocessing analysis does resolve the animal’s centerline
even during self-touching [48], but that method is not currently suitable for real-time
processing.

We investigated the response to stimulus during turning by delivering closed-loop stimuli
automatically triggered on the turn. We achieved a more than 25-fold increase in throughput
compared to a previous investigation [48] and similar order of magnitude increase compared
to an open-loop approach implemented on the same instrument with the same analysis pipe-
line and inclusion criteria. The closed-loop functionality can be easily triggered on sprints or
pauses or, in principal, even on extended motifs like an escape response. This high-throughput
triggering capability may be useful for searching for long-lived behavior states, probing the
hierarchical organizations of behavior [71] or exploring other instances of context-dependent
sensory processing [48].

Materials and methods
Strains

Two strains were used in this work, AML67 and AML470, described in Table 2. A list of exper-
iments and figures cross-referenced by strain is shown in S1 Table. Both strains expressed the
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Table 2. Strains used.

Strain | RRID Genotype Notes Ref.
AML67 | RRID:WB-STRAIN: wtfls46[pmec-4::Chrimson::SL2::mCherry::unc-54 40ng/ul] 40-ng Chrimson (48]
WBStrain00000193 injection
AMLA470 juSil64[mex-5p::HIS-72:miniSOG+Cbr-unc-119(+)] unc-119(ed3) III; wtfls458 [mec-4: 10-ng Chrimson This
Chrimson::SL2::mCherry::unc-54 10 ng/ul + unc-122:GFP 100 ng/ul] injection work

https://doi.org/10.1371/journal.pbio.3001524.t002

light-gated ion channel Chrimson and a fluorescent reporter mCherry under the control of a
mec-4 promoter and differed by the concentration of the Chrimson-containing plasmid used
for injection, as well as by the background and degree of outcrossing. AML67 was injected
with 40 ng/ul of the Chrimson-containing plasmid, while AML470 was injected with 10 ng/ul.
Specifically, to generate AML470, a plasmid mix containing 10 ng/ul of pAL::;pmec-4::Chrim-
son::SL2:mCherry::unc-54 (RRID:Addgene_107745) and 100 ng/ul of pCFJ68 unc-122::GFP
(RRID:Addgene_19325) were injected into CZ20310 [72] and then integrated via UV irradia-
tion. Experiments were conducted with AML470 strains prior to outcrossing. We note that
AML470 animals appear slightly smaller than similarly aged animals of strain AML67 or WT.

Instrument

Hardware. A CMOS camera (acA4112-30um, Basler, Ahrensburg, Germany) captured
via global shutter images of worms crawling on a 9-cm diameter agar plate at 30 frames per
second, illuminated by a ring of 850-nm infrared LEDs, all housed in a custom cabinet made
of 1 inch aluminum extrusions. To illuminate the worm, a custom projector was built by com-
bining a commercial DMD-based light engine (Anhua M5NP, containing a Texas Instruments
DLP4500) with a Texas Instrument evaluation control board (DLPLCR4500EVM). The light
engine contained red, green, and blue LEDs with peaks at 630 nm, 540 nm, and 460 nm,
respectively. The projector cycles sequentially through patterns illuminated by red, green, and
then blue illumination once per cycle at up to 60 Hz and further modulates the perceived illu-
mination intensity for each pixel within each color by fluttering individual mirrors with vary-
ing duty cycles at 2.8 kHz. The system produced a small image (9-cm wide) from a short
distance away (15 cm) such that a single element of the DMD projects light onto a roughly 85
um?” region of agar.

A light engine driven by a separate evaluation board was chosen instead of an all-in-one
off-the-shelf projector because the application programming interface (API) provided by the
evaluation board allowed for more precise timing and control of all aspects of the illumination,
including the relative exposure duration and bit depth of the red, green and blue channels. For
example, in this work, only the red and green channels are used. So for these experiments, the
projector was programmed to update at 30 Hz and display a green pattern for 235 us (1 bit
depth), followed by a red pattern for 33,098 us (8 bit depth) during each 30-Hz cycle. This
choice of timing and bit depth maximizes the range of average intensities available in the red
channel for optogenetic stimulation, while restricting the green channel to binary images suffi-
cient for calibration. The choice of 30 Hz is optimized for the 30-Hz camera framerate. To
avoid aliasing, camera acquisition was synchronized to the projector in hardware by wiring
the camera trigger input to the green LED on the light engine. If both red and blue channels
are to be used for optogenetic stimulation, a different set of timing parameters can be used.

It is desired that the animal perceives the illumination as continuous and not flickering.
The inactivation time constant for Chrimson is 21.4+1.1 ms [73]. As configured, the 80 uW/
mm? illumination intensity generates a gap in red light illumination of only 235 us from cycle
to cycle, well below Chrimson’s inactivation time constant. Therefore, the animal will perceive
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the illumination as continuous. At 20 uW/mm?, the gap in illumination due to the temporal
modulation of the micromirrors is nearly 25 ms, similar to the inactivation timescale. Intensi-
ties lower than this may be perceived as flickering. The only lower intensities used in this work
were 0.5 uW/mmz, for certain control experiments. We were reassured to observe no obvious
behavioral response of any kind to 0.5 uW/mm? illumination, suggesting that in this case the
animal perceived no stimulus at all.

A set of band-pass and long-pass filters was used in front of the camera to block red and
blue light from the projector while passing green light for calibration and IR light for behavior
imaging. These were, in series, a 538/40 nm band-pass filter (Semrock (West Henrietta, New
York), FF01-538/40-35-D), a 550-nm long-pass filter (Schott (Mainz, Germany), OG-550),
and 2 color photography filters (Roscolux (Stamford, Connecticut), #318). A 16-mm c-mount
lens (Fujinon (Tokyo, Japan), CF16ZA-1S) and spacer (CMSP200, Thorlabs, Newton, New
Jersey) was used to form an image. Barrel distortion is corrected in software.

A PCwith a 3.7 GHz CPU (AMD 3,970x) containing 32 cores and a GPU (Quadro P620,
Nvidia, Santa Clara, California) controlled the instrument and performed all real-time pro-
cessing. A 6 TB PCle solid-state drive provided fast writeable storage on which to store high-
resolution video streams in real time (Table 3). Images from the camera arrived via USB-C.
Drawings were sent to the projector’s evaluation board via HDMI.

A complete parts list is provided in S2 Table, and additional details are described in [74].

Real-time software. Custom LabVIEW software was written to perform all real-time
image processing and to control all hardware. Software is available at https://github.com/
leiferlab/liu-closed-loop-code. The LabVIEW software is described in detail in [74]. The soft-
ware is composed of many modules, summarized in Fig 5. These modules run separately and
often asynchronously to acquire images from the camera, track worms, draw new stimuli,
communicate with the projector, and update a graphical user interface (GUI) shown in Fig 6.
The software was designed with parallel processing in mind and contains many parallel loops
that run independently to take advantage of the multiple cores.

Camera images and drawn projector images are both saved to disk in real time as TIFF
images (Table 3). In postprocessing, they are compressed and converted to H.265 HEVC vid-
eos using the GPU.

A critical task performed by the software is to track each animals’ centerline in real time so
that targeting can be delivered to different regions of the animal. Many centerline algorithms
have been developed [47], including some that can operate on a single animal in real time, for
example, [26]. The existing algorithms we tested were too slow to run simultaneously on the
many animals needed here. Instead, we developed a 2-pass recursive algorithm that is fast and
computationally efficient (Fig 7). An image of the worm is binarized and then skeletonized

Table 3. Input and output video streams used or generated by the instrument.

Video stream Resolution Format Bandwidth (MB/s)
Camera video in (real time) 2048 x 1504 at 30 Hz 8-bit monochrome via USB-C 85.3

Camera video saved (real time) 2048 x 1504 at 30 Hz 8-bit monochrome TIFF 85.3

Camera video compressed (postprocessing) 2048 x 1504 at 30 Hz 8-bit monochrome HEVC 0.102

Projector video out (real time) 912 x 1140 at 60 Hz 8-bit RGB* via HDMI 178

Projector video saved (real time) 912 x 570 at 30 Hz 8-bit RGB TIFF 44.5

Projector video aligned to camera frame of reference (postprocessing) 2048 x 1504 at 30 Hz 8-bit RGB PNG 0.353

*The green channel is actually displayed as binary since it is only used for calibration. Single color experiments in red or blue can achieve 8-bit color resolution but runs
at 30 Hz. For experiments with both red and blue, the projector can only simultaneously decode 7 bits of color resolution for each channel, but it runs at 60 Hz.

Bandwidth is reported in megabytes per second of the recording.

https://doi.org/10.1371/journal.pbio.3001524.t003
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https://doi.org/10.1371/journal.pbio.3001524.g005

through morphological thinning. Then, in the first pass, the skeleton is traversed recursively to
segment all of the distinct branch points in the skeleton. Then in a second pass, the path of the
centerline is found by recursively traversing all sets of contiguous segments to identify the lon-
gest contiguous path. The longest contiguous path is resampled to 20 points and reported as
the centerline. Further details are described in [74].

We note that the extracted centerlines can be slightly shorter than the full length of the ani-
mal (visible, for example, in Fig 1C) and that this may contribute to slightly underestimating
the true distribution of worm lengths, as in S1 and S2 Figs.

From the animal’s centerline, other key attributes are calculated in real time, including the
animal’s velocity and eccentricity, which are used to determine whether the animal is turning.
The software also stitches together images of worms into tracks, using methods adopted from
the Parallel Worm Tracker [43] and described in [48,74]. To identify the head or tail in real
time, the software assumes that the worm cannot go backward for more than 10 seconds [19],
and so the direction of motion for greater than 10 seconds indicates the orientation of the
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head. The software makes a provisional assessment of head—tail orientation in real time based
on the animal’s trajectory that it has observed so far. In postprocessing, a more definitive
assignment is made based on observing the entire duration of the trajectory.

User-specified illumination patterns are delivered to the animal. The user can specify pat-
terns with respect to the animal’s centerline, such as the anterior or posterior illumination pat-
terns used here. By design, the stimulus spots do not collide with nearby worms because real-
time software detects when another worm is encroaching on a stimulus spot and automatically
crops the stimulus spot to avoid the encroaching worm.

Although not used in this work, the software also contains built-in routines to generate
temporally varying patterns, including white noise flicker stimuli, and routines to generate
spatial patterns including gradients that cover the entire field of view.

R 5

N\
——— ~—

Binary Blob Image Morphological Segmentation Keep Longest
Skeletonization Given an End Point  Contiguous Segments

Fig 7. Illustration of the fast centerline finding algorithm. The algorithm proceeds in order from left to right. A
binary image of the worm is taken as input. A skeleton is then generated through morphological thinning. The first
recursive algorithm starts from an endpoint of the skeleton and breaks it down into segments at each branch point.
The second recursive algorithm uses these segments to find the longest contiguous segment from one end point to
another end point.

https://doi.org/10.1371/journal.pbio.3001524.9007
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Registration and calibration. To generate a map between locations in a camera image
and locations on the agar, images are acquired of a calibration grid of dots. A transformation is
then generated that accounts for barrel distortion and other optical aberrations.

To generate a map between projected pixels and the image viewed by the camera, the pro-
jector draws a spatial calibration pattern in the green channel before each recording. This pro-
jector-generated pattern is segmented in software and automatically creates a mapping
between projector and camera image. The calibration is also performed at the end of each
recording to quantify any drift that occurred between projector and camera during the course
of the recording.

To provide temporal calibration and to measure various contributions to latency, a visual
frame stamp is projected in the green channel for every frame. The time stamp appears as a
sequence of dots arranged in a circle, each dot representing one binary digit. Any worms inside
the circle are all excluded from analysis. For calibration, illumination intensity measurements
were taken using a powermeter.

Behavior analysis. The system extracts centerlines and velocities from the animals, which
can then be used to classify animal behavior using a variety of techniques, including based on
the animal’s velocity (Figs 2 or 3) or based on the animal’s pose dynamics (Fig 4).

After images have been compressed in HEVC format, data are sent to Princeton Univer-
sity’s high performance computing cluster, Della, for postprocessing and data analysis. Custom
MATLAB scripts based on [48] inspect and classify animal behavior. For example, the real-
time centerline algorithm fails when the animal touches itself. Therefore, when analyzing
behavior after the fact, a slower centerline algorithm [75], as implemented in [48], is run to
track the centerline even through self-touches.

The animal’s velocity is smoothed with 1-second boxcar window and used to define behav-
ior states for the experiments in Figs 2 and 3 according to equal area cutoffs shown in S3 Fig.

The turning investigation in Fig 4 uses the behavior mapping algorithms from [48] to classify
behavior based on a frequency domain analysis of the animal’s pose dynamics. This is based on
an approach first described in [76]. The mapping approach classifies the behavior state that the
animal occupies at each instance in time. In many instances, the classification system decides
that the worm is not in a stereotyped behavior, and, therefore, it declines to classify the behavior.
We inspect even the unclassfied behaviors and classify the animal as turning if (a) the behavior
mapping algorithm from [48] defines it as a turn; or (b) if the behavior mapping algorithm clas-
sifies it as a nonstereotyped behavior that has an eccentricity ratio less than 3.6. In this way, we
rescue a number of instances of turning that had been overlooked. For turning experiments in
Fig 4, additional criteria are also used to determine whether a stimulus landed during the turn-
ing onset, and to classify the animal’s behavioral response, as described below.

Nematode handling

Worm preparation was similar to that in [48]. To obtain day 2 adults, animals were bleached 4
days prior to experiment. To obtain day 1 adults, animals were bleached 3 days prior to experi-
ments. For optogenetic experiments, bleached worms were placed on plates seeded with 1 ml
of 0.5 mM ATR mixed with OP50 Escherichia coli. Off-retinal control plates lacked ATR. Ani-
mals were grown in the dark at 20°C.

To harvest worms for high-throughput experiments, roughly 100 to 200 worms were cut
from agar, washed in M9, and then spun down in a 1.5-ml micro centrifuge tube. For imaging,
4 small aliquots of worms in M9 were deposited as droplets on the cardinal directions at the
edge of the plate. Each droplet typically contained at least 10 worms for a total of approxi-
mately 30 to 50 worms. The droplet was then dried with a tissue.

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001524  January 28, 2022 17/26


https://doi.org/10.1371/journal.pbio.3001524

PLOS BIOLOGY

A high-throughput method to deliver targeted optogenetic stimulation to moving C. elegans populations

Anterior versus posterior stimulation experiments

Day 2 adults were used. Every 30 seconds, each tracked animal was given a 500-um diameter
red light stimulation to either the head, tail, or both simultaneously. The illumination spot was
centered on the tip of the head or tail, respectively. The stimulus intensity was randomly
drawn independently for the head and the tail from the set of 0, 20, 40, 60, and 80 uW/mm?
intensities.

To compare behavior state occupancy before and after stimuli in Fig 2, the fraction of all
animals in each state was tabulated 2 seconds before the onset of stimulus and precisely at the
end of the stimulus. Moreover, 95% confidence intervals were found by bootstrapping the
observed before and after samples 1,000 times. Significance was determined by a p-
value < 0.05, as calculated by a Wilcoxon rank sum test comparing the behavior frequency
before and after the stimulus.

Transition probabilities reported in Fig 3 were reported by tabulating, for each stimulus
event, the animal’s behavior precisely at the end of the stimulus.

Only those stimuli that land on a valid worm are considered. To be valid, a worm is
required to be no more than 700 um in length, have a reasonable shape, and be tracked 8 sec-
onds before and 8 seconds after stimulus onset.

Mechanosensory evoked response during turning versus forward
locomotion

Open-loop whole-body illumination experiments. Day 1 adults were used. Every 30 sec-
onds, each tracked worm received a 3-second duration 1.5-mm diameter red light illumination
spot centered on its body with illumination intensity randomly selected to be either 80 uW/
mm? or 0.5 uW/mm?®. For a subset of plates, additional illumination intensities were also used,
and/or 1 second and 5-second stimulus duration were also used, but those stimulus events
were all excluded from analysis in Fig 4. But stimuli of all intensities and duration were
counted for the purposes of throughput calculations in Table 1, so long as they passed our fur-
ther criteria for turning onset, worm validity and track stability described in the next section.

Open-loop stimulation was used to study response to stimulation of animals during for-
ward locomotion. Therefore, only stimulus events that landed when the animal exhibited for-
ward locomotion were included. Forward locomotion was defined primarily by the behavior
mapping algorithm, but we also required agreement with our turning onset detection algo-
rithm, described below.

During postprocessing, the following inclusion criteria were applied to select only those sti-
muli that landed on “valid” worms. Tracking was required to persist for 17 seconds prior to
stimulation and for the duration of the stimulation.

Instances when the worm collided with another worm before, during, or immediately after
stimulation or stimulations to worms that were stationary, exceedingly fat, oddly shaped, or
were shorter than expected (less than 550 um for these experiments) were excluded.

Closed-loop turn-triggered whole-body illumination experiments. Whenever the real-
time software detected that a tracked worm exhibited the onset of a turn, it delivered 3 seconds
of 1.5-mm diameter red light illumination centered on the worm with an intensity randomly
selected to be either 80 uW/mm? or 0.5 uW/mm®. A refractory period was imposed to prevent
the same animal from being stimulated twice in less than a 30-second interval.

Stimulus delivery was triggered by real-time detection of turning onset by triggering on
instances when the ellipsoid ratio of the binarized image of the worm crossed below 3.5. Dur-
ing postprocessing, a more stringent set of criteria was applied. To be considered a turn onset,
the stimulus was required to land also when the improved behavior mapping pipeline
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considered the animal to be in a turn. We also required that the stimuli did indeed fall within a
0.33-second window immediately following the ellipse ratio crossing, to account for possible
real-time processing errors. We had also observed some instances when tail bends during
reversals were incorrectly categorized as turning onset events. We therefore required that turn
onsets occur only when the velocity was above —0.05 mm/s in a 0.15-second time window
prior to stimulus onset. Finally, the same exclusion criteria regarding worm validity and track-
ing stability from the open-loop whole-body illumination experiments were also applied.

Calculating probability of reversals. To be classified as exhibiting a reversal in response
to a stimulation for experiments shown in Fig 4, the animal’s velocity must decrease below
—0.1 mm/s at least once during the 3-second window in which the stimulus is delivered.

Supporting information

S1 Fig. Characterization of key performance metrics for anterior-posterior stimulation
experiments. Performance is evaluated for the set of experiments related to anterior posterior
mechanosensory stimluation, including those shown in Fig 3. (a) Acquire-draw—project
latency is the latency associated with acquiring an image, drawing a new stimuli, and project-
ing that stimuli, as determined by visual time stamps drawn by the projector. (b) The probabil-
ity distribution of update times for tracking worms is plotted on a log axis. Overall closed-loop
latency is the sum of the acquire-draw—project latency and the tracking update time. (c) Histo-
gram of camera-to-projector spatial drift between start and end of 30 minutes recording for
each of 151 plates, as measured by a calibration pattern projected onto the agar. (d) Probability
distribution of worm lengths for all tracks, as estimated by the extracted centerline of the
worm. Only worms with lengths 700 um and above are included for behavioral analysis. (e)
Probability distribution of the duration of tracks in the dataset. (f) The probability distribution
of the number of tracked worms at any given time. The mean and standard deviation for this
set of recordings is 12+10. Further breakdown of the mean animals per frame is listed in S1
Table. Machine-readable numerical values are listed in S5 Data.

(PDF)

S2 Fig. Characterization of key performance metrics for turning context experiments. Per-
formance is evaluated for the set of turning related experiments, including those in Fig 4,
details of which are described in S1 Table. Subpanels are organized similarly to S1 Fig. For this
set of recordings, 1-day-old animals were used, only worms with lengths 550 um and above
were included in behavior analysis, and the mean number of tracked worms in a field of view
per frame is 39. Machine-readable numerical values are listed in S6 Data.

(PDF)

S3 Fig. Classifying behavior by velocity distribution. For the analyses performed in Figs 2
and 3, we classify animal behavior to be one of four states using the velocity distribution aggre-
gated from both (+)ATR and (-)ATR head/tail stimulation experiments conducted with
AML470. The “Reverse” state has a velocity of less than 0. The three states with positive veloc-
ity are divided so they are equally likely. The slowest state is “Pause/Slow.” The middle state is
“Forward,”and the fastest state is “Sprint.” Machine-readable numerical values are listed in S7
Data. ATR, all-trans-retinal.

(PNG)

$4 Fig. Animals that lack the necessary cofactor ATR do not exhibit a behavioral response.
AMLA470 worms grown (-)ATR. The fraction of animals belonging to behavioral states seg-

mented by velocity before and after each stimulus condition: (a) no stimulus, (b) tail only stim-
ulus, (c) head only stimulus, and (d) combined head and tail stimulus. The before time point is
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taken 2 seconds prior to the stimulus onset, and the after time point is taken at the end of the
1-second stimulation. The stimulus is a 1 second long 0.5-mm diameter circular dot centered
at the tip of the animal’s head and/or tail with a red intensity of 80 uW/mm? (0 uW/mm? in
“No Stimulus” condition). Significance between before and after is determined by p-values cal-
culated using Wilcoxon rank sum test. The significance test does not correct for multiple
hypothesis testing. Error bars represents 95% confidence intervals estimated using 1,000 boot-
straps. Machine-readable numerical values are listed in S8 Data. ATR, all-trans-retinal.

(PDF)

S5 Fig. Animals exhibit habituation to repeated optogenetic stimulation during the course
of 30 minutes. Open-loop optogenetic experiments are shown for strains AML67 (29 plates)
and AML470 (20 plates) for only those stimuli that are 80 uW/mm?. Stimulation was delivered
for 3 seconds at no more than once per 30 seconds. To aggregate responses across plates, stim-
ulus events were binned into 2 minute intervals and the fraction of stimulus events resulting in
reversals was reported. The error bars represent the 95% confidence interval calculated using
10,000 bootstraps. Machine-readable numerical values are listed in S9 Data.

(PDF)

S6 Fig. Strain AML67 exhibits unexpected response to optogenetic stimulation of posterior
mechanosensory neurons. Anterior targeted stimuli evoke reversals but posterior stimuli
unexpectedly reduce sprints for worms expressing Chrimson in the gentle touch mechanosen-
sory neurons in this strain. Strain AML67 grown on retinal (+)ATR. (a-d) Select single animal
velocity in response to no stimulation, tail only stimulation, head only stimulation, and com-
bined head and tail stimulation respectively. Dotted lines denote the onset and termination of
stimulation. The stimulus is a 1 second long 0.5-mm diameter circular dot centered at the tip
of the animal’s head and/or tail with a red intensity of 80 uW/mm? (0 uW/mm? in “No Stimu-
lus” condition)?. (e-h) Randomly selected velocity traces for 20 animals in each stimulus con-
dition are color coded red/blue. The traces are sorted by the mean velocity during the
1-second stimulation window. The arrow indicates the selected velocity trace shown in the cor-
responding column in a-d. (i-1) Probability density of all tracked velocities for each stimulus
condition. The mean velocity at any given time is overlaid as the black line. The number of sti-
muli events for this condition are shown below. (m-p) The fraction of animals belonging to
behavioral states segmented by velocity before and after each stimulus condition. The before
time point is taken 2 seconds prior to the stimulus onset, and the after time point is taken at
the end of the 1-second stimulation. Significance between before and after is determined by p-
values calculated using Wilcoxon rank sum test. Error bars represents 95% confidence inter-
vals estimated using 1,000 bootstraps. Machine-readable numerical values are listed in S10
Data.

(PDF)

S1 Table. List of all recordings in this work. “Stim events on valid animals” refers to those
stimulation events that landed on animals that met our inclusion criteria for a worm, including
criteria for worm shape, size, and track duration, and minimum movement. Note that here
stimulation events for all stimulation intensities and durations are listed, whereas in many of
the figures only a single stimulation intensity duration is reported.

(PDF)

S2 Table. Hardware parts list. Hardware parts list for the instrument. The frame is made
from 1 inch aluminum extrusions and are not included. The unit count is for each instrument.
(PDF)
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$1 Video. Video shows excerpt from recording of animals (AML470) crawling on plate and
undergoing head and tail stimulation. Yellow numbered “x” indicates a tracked animal, and
its track is shown in yellow. Green inset shows a single tracked individual in detail. Green dot
indicates the animal’s head. Its centerline is shown in green. Tracked animals” heads and tails
are occasionally stimulated at various intensities, indicated by red. The dynamic circular pat-
tern in the center of the screen is the visual time stamp projected by the projector and is used
for temporal calibration.

(MP4)

$2 Video. Example responses to control illumination (0 uW/mm?). Strain AML470. The
instrument performs all real-time processing to illuminate the head and the tail of each animal
for 1 second, but no light is actually delivered to the animal. Targeted regions are shown in
light blue. A total of 20 stimulation events are shown corresponding to the 20 randomly
selected stimulation events shown in Fig 2E. The animal with the yellow square corresponds to
the stimulation event shown in Fig 2A and denoted with an arrow in Fig 2E. The animal’s cen-
terline is shown in green. The head of the animal is denoted with a green circle. Note that the
field of view is centered on each animal, so the animal may be moving even though it never
exits the field of view.

(MP4)

$3 Video. Example responses to tail illumination (80 uW/mm?). Posterior mechanosensory
neurons are activated by illuminating the tail of animals expression Chrimson in the gentle
touch mechanosensory neurons (strain AML470). Illumination is indicated by red circles. A
total of 20 stimulation events are shown corresponding to the 20 randomly selected stimula-
tion events shown in Fig 2F. The animal with the yellow square corresponds to the stimulation
event shown in Fig 2B and denoted with an arrow in Fig 2F. The animal’s centerline is shown
in green. The head of the animal is denoted with a green circle. Note that the field of view is
centered on each animal, so the animal may be moving even though it never exits the field of
view.

(MP4)

$4 Video. Example responses to head illumination (80 uW/mm?). Similar to S3 Video. A
total of 20 stimulation events are shown corresponding to the 20 randomly selected stimula-
tion events shown in Fig 2G. The animal with the yellow square corresponds to the stimulation
event shown in Fig 2C.

(MP4)

S5 Video. Example responses to simultaneous head and tail illumination (80 uW/mm?).
Similar to S3 Video. A total of 20 stimulation events are shown corresponding to the 20 ran-
domly selected stimulation events shown in Fig 2H. The animal with the yellow square corre-
sponds to the stimulation event shown in Fig 2D.

(MP4)

S1 Data. Machine-readable numerical values associated with Fig 2.
(XLSX)

$2 Data. Machine-readable numerical values associated with Fig 3.
(XLSX)

$3 Data. Machine-readable numerical values associated with Fig 4A.
(XLSX)
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$4 Data. Machine-readable numerical values associated with Fig 4B.
(XLSX)

§5 Data. Machine-readable numerical values associated with S1 Fig.
(XLSX)

$6 Data. Machine-readable numerical values associated with S2 Fig.
(XLSX)

S$7 Data. Machine-readable numerical values associated with S3 Fig.
(XLSX)

S8 Data. Machine-readable numerical values associated with S4 Fig.
(XLSX)

$9 Data. Machine-readable numerical values associated with S5 Fig.
(XLSX)

$10 Data. Machine-readable numerical values associated with S6 Fig.
(XLSX)
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