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2. Summary

2.1 Abstract

Sensorimotor transformation refers to the complex neural processes that convert sensory input into
motor commands, enabling organisms to effectively coordinate their actions and movements in
response to external stimuli, thereby facilitating interaction with and adaptation to their dynamic
surroundings. Importantly, emerging perspectives in neuroscience, such as the Coordination View,
highlight the intricate flow of information within sensorimotor circuits and emphasize the crucial role

of internal system activity in these processes.

In this project, we utilized the ethologically relevant behavior of the soil nematode worm C. elegans,
which involves reversal crawling to avoid high environmental oxygen concentrations, to study
sensorimotor transformation in its nervous system. The main objectives were to identify and thoroughly
describe the specific neuronal circuits involved in this process and uncover the neural activity patterns
driving sensorimotor transformation and understand their functional roles. Throughout the project, we
designed an effective experimental paradigm to investigate sensorimotor transformation in C. elegans,
utilizing the advantages of whole-brain Ca’" imaging. This included the development of a
complementary analysis algorithm that enables unbiased identification of neurons involved in
information processing, distinguishing between sensory and motor processing content. This approach
led to significant findings, revealing key principles of sensorimotor transformation in the nervous

system of the worm.

Our study unveiled multiple indicators of neuronal activity that support the Coordination View
hypothesis in neuroscience. In particular, we discovered response variability and revealed the pivotal
role of the internal state of the system in this phenomenon. Moreover, multiple sensory and interneurons
identified in this sensorimotor circuit demonstrated activity signatures indicating their role in the
response variability. Further, we made a compelling finding about the second-layer interneuron RIB,
which is known to play a role in controlling forward locomotion. Our data indicate that the phase of
low-amplitude spontaneous activity modulations in the RIB neuron might set the timing window for
triggering a reversal locomotion response to the oxygen stimulus. Finally, we uncovered numerous
signatures in sensory and interneuron activity profiles implying potential feedback mechanisms that
could modulate their responsiveness based on the current internal state of the circuit. Overall, we
characterized and provided new insights into the intricate dynamics of sensorimotor transformation,

including the response variability observed in the brain of C. elegans.
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2.2 Zusammenfassung

Die sensorimotorische Transformation bezieht sich auf die komplexen neuronalen Prozesse, die
sensorische Eingaben in motorische Befehle umwandeln und es Organismen ermdglichen, ihre
Handlungen und Bewegungen effektiv auf duflere Reize abzustimmen. Dadurch wird die Interaktion
mit und die Anpassung an ihre dynamische Umgebung erleichtert. Wichtige neue Perspektiven in der
Neurowissenschaft, wie beispielsweise die ,,Coordination View®, betonen den komplexen
Informationsfluss innerhalb sensorimotorischer Schaltkreise und die entscheidende Rolle der Aktivitét

interner Systeme in diesen Prozessen.

In diesem Projekt nutzten wir das ethologisch relevante Verhalten des Bodenfadenwurms C. elegans,
das darin besteht, durch Riickwirtskriechen hohe Sauerstoffkonzentrationen in der Umwelt zu
vermeiden, um die sensorimotorische Transformation in seinem Nervensystem zu untersuchen. Die
Hauptziele bestanden darin, die spezifischen neuronalen Schaltkreise zu identifizieren und griindlich zu
beschreiben, die an diesem Prozess beteiligt sind, sowie die neuronalen Aktivititsmuster aufzudecken,
die die sensorimotorische Transformation steuern, und ihre funktionalen Rollen zu verstehen. Im
Verlauf des Projekts entwickelten wir ein effektives experimentelles Paradigma zur Untersuchung der
sensorimotorischen Transformation bei C. elegans, wobei wir die Vorteile des Ganzhirn-Ca®‘-Imagings
nutzten. Dies umfasste die Entwicklung eines ergdnzenden Analysealgorithmus, der eine
unvoreingenommene Identifizierung der an der Informationsverarbeitung beteiligten Neuronen
ermdglicht und zwischen sensorischen und motorischen Verarbeitungsinhalten unterscheidet. Dieser
Ansatz filhrte zu bedeutenden Erkenntnissen, die wesentliche Prinzipien der sensorimotorischen

Transformation im Nervensystem des Wurms offenbarten.

Unsere Studie enthiillte mehrere Indikatoren neuronaler Aktivitdt, die die ,,Coordination View*-
Hypothese in der Neurowissenschaft unterstiitzen. Insbesondere entdeckten wir eine Variabilitit der
Reaktionen und zeigten die entscheidende Rolle des internen Zustands des Systems in diesem
Phénomen auf. Dariiber hinaus zeigten mehrere sensorische Neuronen und Interneuronen, die in diesem
sensorimotorischen Schaltkreis identifiziert wurden, Aktivititsmuster, die auf ihre Rolle in der
Reaktionsvariabilitdt hinweisen. Ferner machten wir eine iiberzeugende Entdeckung iiber das zweite
interneuronale Schichtneuron RIB, das dafiir bekannt ist, eine Rolle bei der Steuerung der
Vorwirtsbewegung zu spielen. Unsere Daten deuten darauf hin, dass die Phase von niederamplitudigen,
spontanen Aktivititsmodulationen im RIB-Neuron das Zeitfenster fiir das Auslosen einer
Riickwiértsbewegungsreaktion auf den Sauerstoffreiz festlegen konnte. SchlieBlich entdeckten wir
zahlreiche Signaturen in den Aktivitdtsprofilen von sensorischen Neuronen und Interneuronen, die auf
potenzielle Feedback-Mechanismen hinweisen, die ihre Reaktionsfiahigkeit basierend auf dem aktuellen

internen Zustand des Schaltkreises modulieren kdnnten. Insgesamt charakterisierten wir die komplexen
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Dynamiken der sensorimotorischen Transformation und lieferten neue Einblicke in die

Reaktionsvariabilitit, die im Gehirn von C. elegans beobachtet wurde.
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2. Introduction

2.1 Sensorimotor transformation
2.1.1 Fundamental questions in sensorimotor transformation

The concept of "sensorimotor transformation" classically refers to the intricate series of neural processes
responsible for converting sensory input into motor commands, enabling living organisms to effectively
react and respond to their surrounding environment. These processes play a fundamental role in
directing and coordinating actions and movements in response to external stimuli, facilitating the
interaction and adaptation of biological organisms to their ever-changing surroundings. Therefore, the
exploration of sensorimotor transformation is of paramount importance in comprehending the
functioning and interaction of organisms with their environment (Flanders, 2011; Huston & Jayaraman,

2011).

The study of sensorimotor transformation entails the exploration of two primary research questions.
Firstly, it involves the investigation of the neural pathways involved in this process, necessitating the
identification and characterization of specific brain regions and neuronal circuits that participate in
sensorimotor transformation of every specific type, as well as an understanding of their interplay and
functional connectivity. Secondly, researchers seek to uncover patterns of neural activity underlying

sensorimotor transformation and their functionality.

Further, the process of understanding how the brain generates behavior in response to sensory stimuli
can be divided into three main steps, which involve linking stimuli, behavior, and neural activity. The
first step, known as psychophysics, involves identifying the specific features of sensory stimuli that
drive behavior. This requires understanding how different sensory inputs lead to specific behavioral
responses. The second step, called encoding, involves linking sensory stimuli to neural codes to
determine how the brain represents behaviorally relevant sensory features. This step involves
identifying the patterns of neural activity that correspond to particular sensory inputs and understanding
how these patterns of activity are generated. The final step, known as decoding, involves linking neural
codes to behavior to understand how neuronal activity is transformed into behavior. This involves
identifying how the brain translates patterns of neural activity into specific motor commands and how

these commands lead to the observed behavior (Clemens & Murthy, 2017).
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2.1.2 Input-output vs. Coordination View perspectives on brain functionality organization

The classical view on the brain function and sensorimotor transformation as an input-output
computational mechanism with a feed-forward information flow was build up during the first half of
the XX century based on several theories and discoveries. First, the Reticular Theory of nervous system
which assumed that the nervous system is organized as single continuous network (Raviola &
Mazzarello, 2011) was replaced by the Neuron Doctrine of Santiago Ramoén y Cajal. The Neuron
Doctrine postulates that nervous system consists of individual discrete neuronal cells connected to each
other with synapses main function of which is to transmit the information in unidirectional fashion
(Bennett, 1999; De Robertis & Bennet, 1955; De Felipe, 2009; Lopez-Mufioz et al., 2006). On the other
hand, profound work of Charles Scott Sherrington on the neurological basis of the reflex (Sherrington,
2012) and evolutionary approach of the George Howard Parker (Parker, 1919) led to the fact that the
reflex arc became seen as the basic organizational principle of nervous systems and became the

functional representative of the input—output mechanism framework (Zeigler & Gallistel, 1981).

Further, these biological findings were reinforced by the notion of information processing in the nervous
system originated from the Claude Elwood Shannon’s Information Theory (Burock, 2008; Nizami,
2019), which has become closely linked with concepts like computation and representation and linked
to the analogy of the nervous system with a logical electronic circuitry (McCulloch & Pitts, 1943).
Thus, neurons became seen as discrete entities that transmit and receive electrical signals from each

other through synapses, operating in an all-or-none manner akin to electrical switches.

This framework got a further contribution from a Feature-detector Theory of the brain function (Barlow,
1972, 2013; K. A. C. Martin, 1994) which suggests a prevalence of the feed-forward information flow
where upon extracting an invariant representation from sensory input, the brain's sensory systems
transfer this information to a distinct neural region responsible for the executing appropriate actions
based on the acquired representation. This approach was further developed in the work of David Hunter
Hubel and Torsten Nils Wiesel which strongly contributed to the model of the feed-forward hierarchy
in the brain with a notion of neuronal function as a serial extraction of relevant features in the sensory

processing flow (Hubel & Wiesel, 1959, 1998).

Overall, described scientific framework considers nervous system as an input-output computational
mechanism which connects sensors to effectors at a fundamental level as interpreted in the
Braitenberg’s vehicles (Braitenberg, 1984). In this approach information flows in a feed-forward
manner from the sensory neurons layer through the layers of interneurons which preforms computations

to the motor neurons which encode behavioral motor activity as an ultimate response to the stimulus.
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However, lately the Neuronal Doctrine has been revised in the light of the appeared knowledge of
various phenomena such as: a) gap junction which allow direct electrical communication between
neighboring neurons, b) neuromodulatory substances, such as amines and neuropeptides, which add a
complexity in the way neurons can modulate activity of other neurons, c) retrograde propagation of
action potentials from the axon and cell body back towards the dendrites which challenges the
traditional view of unidirectional information flow within neurons, d) employment of the graded
electrical events by neurons in addition to the all-or-none spike event, undermines the view of the
neurons as a pure electrical switches and assumes potential complexity of the information processing
by a single neuron, ) dynamism of the nervous system related to the plasticity of the synapses (Bullock,
1993, 1997; Bullock et al., 2005; Guillery, 2007; Smythies, 2002). Collectively, these facts challenge
the established Neuronal Doctrine and the traditional Input-output View of the brain. Therefore, it

becomes necessary to consider an alternative perspective on how the brain is organized and functions.

An alternative to the Input-output View is the Coordination View, originating from Carl Frederick Abel
Pantin's research on nervous system evolution. This perspective suggests that the development of early
nervous systems was driven primarily by the need for muscle coordination to facilitate mobility and
allow organisms to function as cohesive multicellular units (Pantin, 1956; Passano & Hutchinson, 1963;
Keijzer et al., 2013). The Coordination View was further elaborated into the Skin Brain Thesis (SBT)
and related Animal Sensorimotor Organization (ASMO) frameworks (Keijzer, 2014, 2015; Keijzer et
al., 2013; Keijzer & Arnellos, 2017), which propose progressive emergence of functional coordination
structures, starting from simple contractile tissues and evolving toward complex nervous systems. In
this perspective the reflex arc should be seen not as evolutionary primary building block of the nervous
system but rather as a secondary simplification of initially complex nervous system (Horridge, 1968;
Passano & Hutchinson, 1963; Pantin, 1956; Pavans De Ceccatty, 1974). Importantly, this view
highlights the role of the endogenously generated spontaneous activity in the brain functionality

(Lichtneckert & Reichert, 2007; Passano & Hutchinson, 1963).

Further, the SBT and ASMO frameworks align with the broader theory of Embodied Cognition, which
holds that cognitive processes are deeply shaped by the body’s interactions with the environment
(Barrett, 2011; Brooks, 1999; Chemero, 2009; Clark, 2008; Gelder, 1995; Pfeifer & Bongard, 2007;
Thompson, 2007), as well as with the related Sensorimotor Perception approach (Buhrmann et al., 2013;
Hurley, 2001; O’Regan, 2011; O’Regan & Noé, 2001), which emphasizes that perception arises through

active movement and the structured relationships between actions and sensory changes.

Recent advances in large-scale brain activity recordings have resulted in a vast pool of new experimental
data, challenging the classical Input-output View of brain function. Notably, it has become evident that

behavior-related information persists across various brain regions, including those traditionally
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classified as primary sensory areas, in different model organisms. This suggests that the widespread
distribution of behavior-related information across different brain regions is a fundamental principle of
brain organization. In particular, in mice it was found that significant portion of brain activity is
associated with the ongoing behavior of animals, encompassing both cortical regions, including primary
sensory areas, and subcortical areas (Musall et al., 2019; Niell & Stryker, 2010; Salkoff et al., 2020;
Steinmetz et al., 2019; Stringer et al., 2019). Similarly, it was shown that in drosophila a walking
behavior is reflected in the increase of the global brain activity across multiple regions (Aimon et al.,
2019, 2023; Brezovec et al., 2024; Schaffer et al., 2023). Finally, research in C. elegans acquired
findings which also goes along with this concept: it was found that the global brain activity is dominated
by the motor command signal and a large portion of neurons including those traditionally categorized
as interneurons exhibit motor representation (Gordus et al., 2015; Kaplan et al., 2020; Kato et al., 2015;
Z. Liet al., 2014; Luo et al., 2014). However, it should be also mentioned that research on Zebrafish
larvae provides opposite observation with clearly segregated regions encoding sensory and motor

behavior related information (Ahrens et al., 2012; Dunn et al., 2016; Portugues et al., 2014).

Overall, the Coordination View and the accumulating experimental data suggest that the brain's
functionality involves extensive coordination and integration of motor behavior related information
across multiple brain regions rather than only sequential sensory input processing and motor output
generation. This alternative perspective offers valuable insights into the evolutionary origins and
functional organization of nervous systems, paving the way for further exploration and understanding

of brain function.

2.1.3 Theories on the interaction of motor-related and sensory-related information in the brain

Multiple non-mutually exclusive theories have been proposed to elucidate the organization of
information within the brain, particularly regarding the presence of motor-related information in diverse
regions, including primary sensory areas. By incorporating these theories, we can achieve a more
comprehensive understanding of the brain's intricate functional organization, surpassing the traditional

Input-output View of information processing in the brain.

Sensory gain modulation theory suggests that motor-related activity serves to modulate processing of
sensory information in relation to the current behavioral state. In particular, there are numerous
evidences that global activity state (e.g. sleep versus awake state) (Raizen et al., 2008; Stephenson &
Lewis, 2011; Vorster & Born, 2015), locomotion state (Chiappe et al., 2010; Niell & Stryker, 2010) and
the attention state (Buschman & Miller, 2007; De Bivort & Van Swinderen, 2016; Engel et al., 2016;
Noudoost et al., 2010; Reynolds & Chelazzi, 2004; Schroder et al., 2019) can modulate sensory

processing across different species from invertebrates to mammals. Overall, sensory gain modulation
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theory establishes a reciprocal bridge between the sensory processing and motor-related information in

the nervous system.

Corollary discharge theory suggests that internally generated motorrelated timing signal is translated
into the other regions of the brain including the sensory areas to coordinate its activity by inhibition,
facilitation, or modulation (Crapse & Sommer, 2008; Fukutomi & Carlson, 2020; Sperry, 1950; Straka
et al., 2018). The corollary discharge concept encompasses the theory of the efference copy (von Holst
& Mittelstaedt, 1950) as its particular case. The efference copy principle proposes that the nervous
system generates a duplicate of the motor command signals which is then sent to the sensory regions of
the brain to make predictions of the expected sensory input resulting from the organism's own actions
(re-afference input). This should allow the brain to differentiate between the anticipated sensory input
and the sensory input arising from external changes in the environment (ex-afference input) (Fukutomi

& Carlson, 2020) .

A substantial body of experimental evidence from different model organisms highlights the significant
role of corollary discharge and efference copy concepts in sensorimotor transformation, which has been
extensively reviewed in the literature (Busse, 2020; Busse et al., 2017; Crapse & Sommer, 2008; Cullen,
2004; Fukutomi & Carlson, 2020; Poulet & Hedwig, 2007). Several notable historical examples include
the inhibition of the auditory sensory system in crickets during singing, which prevents the saturation
of central auditory pathways (Poulet & Hedwig, 2002, 2003, 2006; Straka et al., 2018), and a similar
mechanism supporting echolocation in bats (Suga & Schlegel, 1972; Suga & Shimozawa, 1974).
Moreover, extensive experimental evidence from studies on electric perception in weakly electric fish
reveals that corollary discharge adjusts the perception of their self-generated electric field (C. C. Bell,
1989; C. C. Bell & Grant, 1989; Fukutomi & Carlson, 2020; Requarth & Sawtell, 2011; Zipser &
Bennett, 1976). Next, research on flies provides abundant examples of corollary discharge mechanisms,
such as the integration of walking motor information into the visual system (Fujiwara et al., 2017, 2022),
canceling of the visual flow detection during flight (Collett & Land, 1975; Kim et al., 2017) , and the
suppression of visual processing during saccadic turns in flight (Kim et al., 2015; Schnell et al., 2014).
Interestingly, an analogous mechanism has been also detected in the primate visual system where
saccadic eye moments are accompanied by a suppression in the visual sensory system (Goldberg &
Waurtz, 1972). Finally, it is important to mention that recent advances from C. elegans research detected
similar mechanism in the worm’s nervous system where it was found that extrasynaptic tyramine signal
suppresses perception of the self-generated CO, trace during the reversal locomotion (Riedl et al.,
2022). Overall, it is evident from the experimental findings that the corollary discharge and efference
copy play an important role in the sensorimotor transformation mechanisms of the brain across phyla

and encompasses an important fundamental principle of the brain organization.
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Generative internal model theory: on a larger scale the efference copy and corollary discharge
mechanisms are hypothesized to be a part of the generative internal models generated by the brain. This
concept originates from the Control Theory (Kawato, 1999; Todorov, 2004, 2006; Webb, 2004) and
was applied to the neuroscience field where it was proposed by multiple authors as a comprehensive
framework for understanding the brain circuitry involved in cognition (Barsalou, 1999; A. Clark &
Grush, 1999; Cruse, 2003; Reviewed, 2004). In a nutshell, generative internal model is a mechanism
that predicts the future state of a system given the current state and the control signals (Webb, 2004).
In the neuroscience framework, internal model is a brain mechanism that employs the information of
the current state of the organism and efference copies of the motor commands to anticipate the results
of movements. Further, these predictions can be refined by detecting any deviations from the expected
outcomes, allowing for further optimization (Kawato, 1999; Wolpert & Miall, 1996). Thus, on the
conceputally level, internal models are equivalent to a simulation of the external world and function to
make predictions of sensory input, thus, allowing the brain to distinguish between self-generated and

externally generated input (Keller & Mrsic-Flogel, 2018).

There are multiple variations of the concept that the brain utilizes an internal model to anticipate sensory
information by considering past sensory experience and movements which include predictive coding,
hierarchical temporal memory, and Bayesian inference, all of which revolve around the notion of a
generative model of the world that helps predict sensory input (Friston, 2005; Kording & Wolpert, 2004;
Rao & Ballard, 1999; Spratling, 2010). Together, these theories fall under the so-called Predictive
Coding Theory (Clark, 2013). According to the Predictive Coding Theory, sensory input is processed
by comparing it with the internal models in order to update them when their predictions do not match
the sensory signals. The sensory cortex plays a crucial role in this process by comparing expected and
actual sensory input permitting the transmission of bottom-up input to other brain regions in cases where
it contradicts the internal model. Thus, communication between brain regions primarily focuses on
prediction and prediction error signals. The computations involved are centered on comparing these
signals and updating the internal model, rather than extracting features to create increasingly specific
representations. These errors are corrected within a cascade of cortical processing events in which
higher-level systems attempt to predict the inputs to lower-level ones on the basis of their own emerging

models of the causal structure of the world (Clark, 2013).

Further, the motor control theories proposed that internal models can be either forward, which can
predict sensory consequences from efference copies of issued motor commands, or inverse, which can
calculate necessary feedforward motor commands from desired trajectory information (Kawato, 1999;
Lalazar & Vaadia, 2008). Numerous pieces of evidence from the motor control field in neuroscience
research support the existence of internal models. These include studies on adaptation to force fields,

posture control, grip-load force coupling, oculo-manual coordination, and the vestibular system
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(Kawato, 1999). In particular, the cerebellum is considered to be a crucial brain region for the
acquisition and storage of internal models, which are important for the coordination and execution of
motor movements (C. C. Bell, 1995; Ito, 1970; Miall et al., 1996). Additionally, research on
invertebrates provides abundant evidence supporting the existence of internal models as a brain

mechanism (Webb, 2004).

In summary, these theories aim to offer more detailed explanations of how sensory information
processing and motor-related information interact in the brain. They also explain why motor-related
information is distributed across extensive brain regions, extending beyond traditional "motor" areas.
Fundamentally, these theories challenge the classical view of brain function as a hierarchical input-
output information processing system, proposing instead more complex forms of information

processing within the brain.

2.1.4 Response variability as a crucial element in sensorimotor processing

An essential characteristic of the sensorimotor transformation processes in the brain, which
fundamentally distinguishes it from the Input-output model and underscores the importance of
endogenous activity, is the variability in responses. Response variability of the individual organism
across the repetitions of a certain stimulus can be observed even under the well-controlled laboratory
experimental conditions at the different level from individual synapses up to the whole-organism

behavior level (H. C. Bell, 2014; Maye et al., 2007).

From one point of view, this phenomenon might simply reflect the intrinsic chaotic properties of the
network's behavior (Sabarathinam et al., 2013) and thus be considered a result of the inevitable
inaccuracy in the functioning of the nervous system. However, an alternative hypothesis posits that this
variability could play an ethological role in the animal's adaptation to environmental conditions. It may
introduce a creative element into behavioral strategies, which could be crucial for various specific
behaviors (Brembs, 2011b). For example, in a prey organisms response variability of the escape
trajectories was shown to facilitate evasion of predators by increasing the unpredictability of the escape
trajectory (Driver and Humphries 1988; Domenici and Blake 1993; Domenici et al. 2008; Eaton,
Lavender, and Wieland 1981). Next, the behavioral variability, might allow the organism to effectively
explore the surrounding environment which was demonstrated in both biological experiment (Brembs,
2011a; Charnov, 1976; Humphries et al., 2010) and computer simulation studies which also
demonstrated the necessity of the randomness for the effective exploration behavior (Powers, 1989).
Finally, from the neurophysiological perspective the element of randomness might enhance the learning
processes (Chaisanguanthum et al., 2014; Olveczky et al., 2005; Tumer & Brainard, 2007). Overall,

numerous pieces of evidence point to the beneficial effects of variability in the nervous system. Some
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perspectives even propose that this variability is deliberately introduced by the nervous system to endow
the organism with above-described adaptability traits (Beck et al., 2012; Brembs, 2011a; Maye et al.,
2007; Neuringer, 2004).

Response variability might originate from different sources in the nervous system. On the first, place it
can originate from the level of the sensory system where the stochastic noise can improve the perception
of a weak signals by the costs of the precision. Next, it can be introduced at the level of synaptic
transmission or neuronal level at any subsequent stage of the information flow in a sensorimotor circuit.
Finally, the current internal state of the system at the moment of the stimulus presentation can be
decisive for the systems response (Barlow, 1972; Barlow et al., 1971; Benzi et al., 1981; Bialek, 2003;
Lillywhite & Laughlin, 1979; Longtin et al., 1991). In line with this theory, it was found that fluctuations
in the default network activity (Fox et al., 2007; Ilemi et al., 2019) and the state of alertness (Goodale et
al., 2021) predicts the response variability in humans. Similarly, the ellipsoid body in fruit flies exhibits
the spontaneous activity (J. R. Martin et al., 2007) reminding the mammals default-mode network which

explains variability in the fly’s walking behavior (J. R. Martin et al., 2001; Sorribes et al., 2011).

Research in C. elegans also provided examples of the response variability. Importantly, due to the
relatively simplistic neural architecture it was possible to track the variability down to the individual
neurons. A prominent example is a study in which scientists investigated the neuronal circuit mediating
the worm’s response to the odor stimulus. The circuit involves the olfactory neuron AWC which
provides an input into the reversal premotor interneuron AVA. Importantly, besides the direct synapses
from the AWC to AV A neurons the circuit contains connections transitioning through the AIB and RIM
interneurons. The main finding is that the activity of the AIB and RIM neurons introduced a significant
variability in the motor response to the attractive odors reliably detected by the AWC neuron. The
authors argue that the inclusion of RIM and AIB neurons in the reversal circuit is crucial for introducing
necessary response variability. Without this, the reversal circuit would be overly deterministic and
potentially maladaptive (Gordus et al., 2015). Further, research in our laboratory revealed that the
intrinsic activity of the AVA premotor interneuron itself can influence the responsiveness of the worm
in a similar odor stimulation paradigm. Therefore, it was suggested that the internal state of the system
should be considered during the analysis of the experimental results to achieve the proper interpretation

of the response rate in the sensorimotor transformation paradigm (Kaplan et al., 2018).

In summary, response variability serves as a critical element in the domain of sensorimotor processing.
This variability can emerge from a diverse array of sources as was described above. Regardless of its
origin, response variability plays a significant role in shaping the sensorimotor processing pathway,

potentially modifying the response outcomes and thus influencing behavior. Therefore, understanding
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and accounting for response variability is of paramount importance in the accurate modeling and

interpretation of sensorimotor processing.

2.2 C. elegans as a model organism for sensorimotor transformation studies
2.2.1 Principal characteristics of C. elegans as a model for neuroscience research

Caenorhabditis elegans is a small reaching 1mm length, free-living nematode worm that is commonly
used as a model organism in laboratory research. In natural environment it lives in soil and rotten plants
material and supposedly feeds on bacteria (Frézal & Félix, 2015). In laboratory conditions, C. elegans
can be conveniently cultivated on agar plates, utilizing Escherichia coli as a food source. Additionally,
the hermaphrodite C. elegans are reproducing through self-fertilization, while the species exhibits a
brief reproductive cycle of 3-4 days during which it progresses through four larval stages (L1-L4) before
reaching adult organism stage. Moreover, C. elegans elegans possesses a comparatively uncomplicated
anatomy, as it consists of only 959 stereotyped somatic cells with a well-defined developmental
trajectory throughout ontogenesis (Sulston & Horvitz, 1977). Further, the hermaphrodites worm’s
nervous system consists of 302 neurons with completely mapped connectome (Cook et al., 2019;
Varshney et al., 2011; White et al., 1986). Collectively, these attributes contribute to the practicality of

C. elegans as a laboratory model organism.

Despite possessing a relatively simple nervous system and bodily anatomy, C. elegans exhibits a diverse
range of behaviors, including foraging, avoidance behavior, nictation, mating, egg-laying, and sleep,
among others (Croll, 1975; H. Lee et al., 2012; Raizen et al., 2008) . These behavioral repertoire equips
the worm with the capacity to adapt to its environment. In terms of locomotion, C. elegans employs
several fundamental modes, such as forward and reverse crawling, as well as ventral and dorsal turns,
achieved through undulatory body movements regulated by the ventral and dorsal groups of body
muscles (Chalfie et al., 1985; De Bono & Maricq, 2005; Gray et al., 2005).

2.2.2 Core aspects of nervous system organization in C. elegans

The nervous system of C. elegans hermaphrodites consists of 302 neurons, classified into 118 classes.
Notably, the C. elegans nervous system is comprised of two nearly independent pharyngeal and somatic
modules that are linked solely by a pair of RIP neurons. The pharyngeal nervous system consists of 20
neurons responsible for regulating the feeding behavior, while the somatic nervous system, comprising

279 neurons, governs all other behaviors (White et al., 1986).

The somatic nervous system of C. elegans is divided into head and tail ganglia, connected by a ventral

nerve cord. The head ganglion comprises the anterior, dorsal, ventral, lateral, and retrovesicular ganglia,
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while the tail ganglion is composed of the pre-anal, dorso-rectal, and lumbar ganglia. Both ganglia
contain sensory neurons, interneurons, and a subset of motor neurons. The ventral nerve cord, on the
other hand, encompasses most of the motor neurons, which innervate the body wall muscles, and

regulate the undulatory movements necessary for locomotion (White et al., 1986).

The nervous system of C. elegans displays a predominantly bilateral symmetric arrangement, with the
majority of neurons arranged into left-right pairs (Hobert et al., 2002; White et al., 1986). Neurons
within a pair typically exhibit similarities in morphology, connectome, and function. However, some
exceptions to this rule exist, such as the ASE sensory neurons, which demonstrate functional
asymmetry. Specifically, the left and right ASE neurons respond differently to variations in salt
concentration and mediate opposing behavioral responses, as documented in prior research (S. Chang

et al., 2004; Cochella & Hobert, 2012; Hobert et al., 2002).

2.2.3 Characteristics of C. elegans neuronal activity and calcium (Ca’") imaging

To date, the C. elegans genome analysis has revealed the absence of voltage-gated sodium channels.
Thus, the traditional assumption has been that C. elegans neurons are isopotential and use gradual neural
transmission without classical action potentials that depend on sodium currents (Bargmann, 1998;
Goodman et al., 1998; Lindsay et al., 2011). However, recent research has identified several exceptions
to this concept. For example, the AWA sensory neuron and enteric motor neurons AVL and DVB
involved in defecation are believed to generate all-or-none action potentials (Liu et al., 2018).
Additionally, Mellem et al. (2008) demonstrated that the RMD neuron produces bistable plateau
potentials (Mellem et al., 2008). Therefore, it is now suggested that the nematode's neurons encode
information using a combination of gradual and active currents, some of which fulfill the stricter criteria
for action potentials. Importantly, both mechanisms rely on calcium (Ca*") and potassium (K*) ion
currents. Furthermore, Ca®" is required for synaptic vesicle release, which regulates synaptic
information transmission. Thus, we expect a correlation between intracellular Ca*" concentration and

neuronal membrane potential, as well as with synaptic release.

The aforementioned characteristics of C. elegans combined with its tractable genome, as well as the
transparency of its body, enable the use of genetically encoded Ca®" indicators (GECIs) as a viable
means of measuring neuronal activity. Many studies in neuroscience, including the present research,
have utilized a type of GECI known as GCaMP. GCaMP is a fusion protein composed of calmodulin
(CaM), a calcium-binding protein, a sequence from myosin light-chain kinase (M13), and green
fluorescent protein (GFP). When intracellular Ca®* bind to the CaM, a series of conformational changes
occur that ultimately result in increased fluorescence of the GFP molecule which can be detected by

means of various microscopy techniques (Akerboom et al., 2012; Chen et al., 2013; Nakai et al., 2001).
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In particular, previous studies in our laboratory utilized a method to record neuronal activity in
C. elegans by specifically localizing GCaMP to neuronal nuclei in combination with a spinning disk
confocal microscope recording. We also employed microfluidic devices to immobilize the animals and
deliver sensory stimuli in an acute manner. Importantly, under the experimental conditions described,
a significant proportion of neurons within the head ganglion of C. elegans display a coordinated and
spontaneous activity, as demonstrated by our previous studies (Kato et al., 2015; Prevedel et al., 2014;

Schrodel et al., 2013; Uzel et al., 2022).

2.2.4 Overview of chemosensory systems in C. elegans

C. elegans has several sensory systems that allow it to detect and respond to different environmental
stimuli. These include: chemosensation, thermosensation, mechanosensation, nociception and
photoreception. Chemosensation is essential for C. elegans to locate food sources, avoid predators and
toxins, and locate conspecific during mating behavior (Allen et al., 2015; Altun & Hall, 2011; White et
al., 1986).

Chemosensation is achieved through the use of specialized chemosensory neurons that penetrate the
cuticle, exposing their sensory cilia to the external environment. These neurons are located in the
amphid, phasmid, and inner labial organs, with a total of 32 neurons responsible for detecting chemicals.
The chemosensory neurons are exposed to the environment either directly or indirectly through

openings created by socket and sheath glial cells (Bargmann, 2006).

Further, chemosensation in C. elegans includes detection of water-soluble (gustation) and volatile
(olfaction) attractants and repellents which are mediated by different classes of primary sensory
neurons. Additionally, C. elegans has specialized sensory systems responsible for the detection of

environmental gases concertation such as carbon dioxide (CO,) and oxygen (O,) (Bargmann, 2006).

2.2.5 Ethological role of the oxygen sensation in C. elegans

Environmental oxygen concentration ([O-]) is an important sensory cue for the C. elegans navigation
in its natural environment of the soil and rotten plants material. Due to the poor solubility and low
diffusion rate of O in water, [O-] in soil can rapidly fluctuate at short distances varying from 0% to
21% (Bamgartl et al., 1994; Denny, 1993; Drew, 1992). From an ethological perspective, low [O,] may
signal the presence of potential food, such as E. coli bacteria, which are substantial consumers of O;
(Gray et al., 2004). On the other hand, high environmental [O>] close to 21% might signal the vicinity
of the soil surface which should be a repellent factor for the nematode (Cheung et al., 2005). From the
physiological perspective, environmental O, can influence the metabolic state of the nematode as the

O, rapidly diffuses through the cuticle to the pseudocoelomic fluid; thus, altering animals internal [O2]
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level (D. L. Lee, 1965; Shen & Powell-Coffman, 2003). Consequently, C. elegans can maintain normal
metabolism under the environmental [O:] conditions from 3.6 to 21% (Shen & Powell-Coffman, 2003;

van Voorhies & Ward, 2000).

Consistent with this C. elegans tend to avoid both hypo- and hyperoxia environment and locate in the
preferred [O:] range of 5-11% (Gray et al., 2004). However, in the presence of food C.elegan reveals
two different phenotypes of behavior with relation to oxygen stimulus: solitary and social types. Solitary
strains feed individually and disperse on a bacterial food surface. On the contrary, social feeding
phenotype is characterized by the worms forming social aggregates (“aggregation behavior”) on the
food surface and worms tending to locate on the thicker bacteria layer at the boarders of the food lawn
(“bordering behavior”). These phenotypes are explained by the variation in the npr-I gene which
encodes for the FMRFamide-like peptide (FLP) NPR-1 receptor. A standard laboratory strain N2
(Bristol) accumulated a gain-of-function mutation in the npr-1 gene and the hyper-expression of NPR-
1 receptors leads to the dampened reaction to the hyperoxia in the presence of food and consequent
solitary on-food behavior. On the opposite, Hawain wild strain (HW) and npr-1 knocked out mutants
with a low npr-1 expression preserve strong hyperoxia avoidance behavior in the presence of food and
exhibit the above-described social behavior (Weber et al. 2010; De Bono and Bargmann 1998; Gray et
al. 2004; Cheung et al. 2005; Rogers et al. 2006).

Interestingly, it was found that social aggregates of C. elegans create a steep [O:] gradient with [O>]
being substantially lower inside of the aggregate compared to the ambient one (Rogers et al., 2006).
Also, [O2] at boarders of the bacterial food lawn is lower comparing to the central area (Gray et al.,
2004). Moreover, the decrease in the ambient [O;] reduces aggregation behavior (Rogers et al., 2006).
Additionally, NPR-1 receptors were found to be expressed and act in the oxygen sensory neurons URX,
AQR, PQR and their synaptic targets - primary interneurons RMG and AUA which are promoting
aggregation behavior (Carrillo et al., 2013; Coates & De Bono, 2002; Macosko et al., 2009; Zimmer et
al., 2009). Altogether, these observation points to the assumption that social feeding behaviors can be
part of the hyperoxia avoidance strategy. Consistent with this in the same study it was shown that
nematodes elicit reversal crawling when the head of the worm leaves the aggregate, and this behavior

presumably contributes to the maintaining of the aggregate (Rogers et al., 2006).

To avoid high [O:] conditions C. elegans exhibit an avoidance behavior reaction which consists of two
phases. At the initial stage, worms respond to elevated [O] with a transient increase in the probability
of reversal crawling and omega turns - behavioral patterns aimed at reorienting the worms (Busch et
al., 2012; Cheung et al., 2005; Persson et al., 2009; Rogers et al., 2006). This phase corresponds to the
time period of the [O;] rise. The second phase of hyperoxia avoidance reaction consists of a prolonged

period of the accelerated forward locomotion (Busch et al., 2012; Laurent et al., 2015). Importantly, our
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current research focused on the phase of the transient reversal response in the npr-1 social strain in the

presence of food, which was intended to mimic the animals' natural conditions.

2.2.6 Morphological and functional characteristics of the oxygen sensory neurons

Environmental [O:] is detected by a specialized set of primary sensory neurons that can sense relative
changes in [O:]. This includes a group of neurons that detect increases in environmental [O:z],
specifically the URX and IL2 neurons, along with a single AQR neuron located in the head and a single
PQR neuron in the tail of the animal. Additionally, SDQ, BDU, ALN, and PLN neurons are also
believed to contribute to the detection of increased environmental [O2] and the associated behavioral
responses (Chang et al. 2006; Zimmer et al. 2009; Gray et al. 2004). Conversely, a pair of BAG neurons

in the worm's head detects reductions in [Oz].

URX, AQR and PQR are body cavity neurons with unique property (together with CEP neurons) to be
in a direct contact with pseudocoelomic fluid by their cell body or dendrites (Coates & De Bono, 2002;
White et al., 1986). It is estimated that the environmental O, should reach AQR and PQR dendrites in
the pseudocoelomic fluid by diffusion in less than a second (Gray et al., 2004). At the same time, URX
projects its dendrite to the tip of the nose within a labial process bundle and PQR projects dendrite
within a phasmid sensilla structure (Doroquez et al., 2014; Gray et al., 2004; White et al., 1986). 1L.2
neurons send dendrites within the inner labial sensilla which are exposed to environment. BAG neurons
send their processes within the lateral labial process bundles and like URX neurons they are not open
to the outside. These suggests that overall, these neurons can monitor [O] within the pseudocoelomic

fluid and in the external environment.

The above-described oxygen sensory neurons possess sensory cilia at the tip of their dendrites which
are rich with microtubule and contain sensory transduction molecules (Ward et al., 1975; Ware et al.,
1975). Numerous experimental studies point toward the fact that soluble guanylate cyclase homologs
(sGCs) enzymes serve as the O, molecular receptors in C. elegans. It was found that mutations or altered
expression of sGCs genes can affect oxygen related behavioral reactions (A. J. Chang et al., 2006;

Cheung et al., 2005; Gray et al., 2004).

It was also shown that URX and BAG neurons require specific sSGC homologues to sense increases and
decreases in environmental oxygen levels [O:], respectively (Zimmer et al., 2009). Next, it is known
that sGCs can bind O; via oxygen heme binding (H-NOX) domain (Denninger & Marletta, 1999; Gray
et al., 2004) which leads to the reaction where the 3’,5'-cyclic guanosine monophosphate (cGMP) is
synthetized from GTP (Gray et al., 2004). Finally, cGMP can depolarize neurons by activating cyclic
nucleotide-gated channels (Finn et al., 1996).
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Importantly, previous Ca®" imaging studies using microfluidic chip devices and in freely moving
animals have demonstrated that the oxygen sensory neurons URX, AQR, PQR, and IL2 are activated
in response to changes in ambient [O;], as it shifts from preferred low levels to non-preferred levels of
15% or 21% [O:]. (Busch et al., 2012; Kato et al., 2015; Kazatskaya et al., 2020; Nichols et al., 2017;
Odacetal., 2017; Persson et al., 2009; Zimmer et al., 2009). On the other hand, BAG neuron is activated
by the decrease in the environmental [O,] (Kato et al., 2015; Zimmer et al., 2009).

Importantly, URX, AQR, and PQR neurons are known to exhibit a bi-component response. First
response component (“phasic” component) is characterized by a sharp peaking activation that
corresponds to the time period when the [O;] stimulus rises. Next, as the [Os] stimulus reaches the
higher-level setting point, the neuronal activity drops to a plateau level exceeding the baseline (“tonic”
component) which lasts as long as [O] stays at the elevated level. The magnitude of the phasic response
component depends on the past history of the [O:] stimulus, amplitude of a step-change stimulus and
d[O,]/dt of the ramp-stimulus (Busch et al., 2012; Zimmer et al., 2009). 112 neuron exhibits similar
initial sharp peaking activation, however, the following response component has more complex

structure with a mixture of tonic activations and secondary activity rise peaks (Nichols et al., 2017).

2.2.7 Functions of interneurons in the oxygen perception circuit

On the next stage the information from the oxygen sensory neurons flows to the primary interneurons
which implement further information processing and decision making. Connectome organization
suppose three pairs of the candidate interneurons which might serve this function: RMG, AUA and PVP
neurons. In particular, RMG neurons are recurrently connected with URX sensory neurons via chemical
synapses and gap junctions. Similarly, AUA neurons receive major chemical synapses inputs from the
URX neurons. PVP neuron has gap junctions with AQR and PQR sensory neurons. On the other hand,
AUA, RMG and PVP interneurons each send chemical synapses to one or more of the reverse premotor
interneurons AVA, AVD and AVE. Overall, this connectome arrangement puts AUA, RMG and PVP
interneurons in the position where they could potentially be involved in the information transfer
between the layer of the oxygen sensory neurons and premotor interneurons (White et al. 1986;

Macosko et al. 2009).

This assumption was further supported by the Ca?" imaging studies which revealed that the AUA and
RMG neurons demonstrate activation in response to the elevated environmental [O:], reflecting the
URX response. (Busch et al., 2012; Laurent et al., 2015; Nichols et al., 2017; Oda et al., 2017).
Moreover, it was shown that the URX ablation (Laurent et al., 2015) or GCY-35 guanylate cyclase

mutation which disrupts oxygen sensation in the oxygen sensory neurons (Busch et al., 2012), lead to
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the disruption of the response in the RMG and AUA neurons. These findings testify to the hypothesis
that the Ca** response in the RMG and AUA neurons are driven by the oxygen sensory neurons input.
Thus, it was experimentally proven that the oxygen sensory neurons transmit the information about the

rise in the environmental [O:] to the AUA and RMG interneurons.

On the other hand, ablation studies demonstrated that RMG and AUA contribute to the change of the
behavioral state in response to the changes in the environmental [O;]. Importantly, in the same study it
was shown that ablating RMG interneurons also reduced the transient reversals and turns elicited during
the [O2] rise (Busch et al., 2012). Additionally, optogenetic stimulation studies demonstrated that RMG
is activity is sufficient for inducing up-modulation of the forward locomotion (Laurent et al., 2015).
Additionally, it was shown that the RMG neuron serves as a hub center in the distributed neuronal

circuit which regulates oxygen related aggregation behavior (Macosko et al., 2009);

Additionally, a second-layer interneuron RIB might be potentially involved in the information
processing from the oxygen sensory neurons. RIB neuron receives a large fraction of input from the
AUA interneuron which as mentioned above receives inputs from the URX oxygen sensory neuron
(White et al., 1986). Another substantial fraction of inputs RIB receives from the BAG neuron (White
et al., 1986) which is known to detect the environmental [O] decrease. Numerous imaging, ablation
and stimulation studies testify that the RIB neuron is involved in forward locomotion (Gray et al., 2005;
Kato et al., 2015; Li et al., 2014; Tsalik & Hobert, 2003; Wang et al., 2020); on the other hand, RIB
neuron send a major fraction of synapses to the AVE and AVA reversal premotor interneurons and
increases the probability of reversal locomotion during the local search state of the worm (Gray et al.,
2005; White et al., 1986). Overall, RIB neuron might receive information about the increase in the
ambient [O,] from the URX neuron via the AUA neuron and other hand, can influence motor state of

the worm.

2.2.8 Premotor interneurons control forward and reverse locomotion in C. elegans

C. elegans demonstrates two main locomotion states, forward and reverse crawling, mediated by five
pairs of premotor interneurons. From a connectome perspective, these interneurons are uniquely
positioned as they gather synaptic inputs from sensory neurons and first- and second-layer interneurons,
and serve as the primary source of input to the A and B motor neuron classes along the ventral cord
(Chalfie et al., 1985; Varshney et al., 2011; White et al., 1986). The AVB and PVC interneurons drive
forward locomotion by innervating B class motor neurons, whereas reverse locomotion is driven by

AVA, AVD, and AVE interneurons that target A class motor neurons.
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Ca*" imaging studies shows that each of two premotor interneurons pools is active without oscillations
during locomotion in the corresponding direction (Chronis et al., 2007; Faumont et al., 2011; Kawano
et al., 2011). The activity of premotor interneurons is both correlated within their respective pools and
reciprocal between different pools. This activity spontaneously switches, reflecting spontaneous switch
between forward and reverse locomotion typically observed in C. elegans behavior (Gray et al., 2005;
Kato et al., 2015; Pierce-Shimomura et al., 1999). Experimental ablation of one of the premotor
neuronal pools reduces initiation of locomotion in the associated direction (Chalfie et al., 1985; Kawano
et al., 2011; Wicks & Rankin, 1996). Next, ablation of all premotor interneurons does not eliminate
rhythmic undulatory muscle activity, however it substantially affects undulatory coordination and speed
(Gao et al., 2018; Kawano et al., 2011; Zheng et al., 1999). Altogether, these findings indicate that
premotor interneurons are involved in the drive of the forward and reversal locomotor state but are not

part of the central pattern generator.

Further, multiple studies point to the key role of the AVB and AVA neuron within the corresponding
pools for the forward locomotion and reversal locomotion respectively. In particular, AVB and AVA
activity rises coincide with the onset of forward and reverse movement respectively (Ben Arous et al.,
2010; Chronis et al., 2007; Faumont et al., 2011; Gordus et al., 2015; Kato et al., 2015; Kawano et al.,
2011; Larsch et al., 2013; Laurent et al., 2015). Moreover, ablation of AVA and AVB neurons severely
impairs forward and reverse locomotion respectively (Chalfie et al., 1985; Gray et al., 2005; Piggott et
al., 2011; Zheng et al., 1999) and the optogenetic activation of the AVA evokes reversal locomotion
(Gordus et al., 2015; Schmitt et al., 2012). Thus, the traditional framework to explain the mechanism
of the transiting between forward and reverse motor states relies on a reciprocal inhibition circuit pattern

operating between two distinct neuronal modules (Roberts et al., 2016).

However, recent research has revealed novel insights indicating that AVA serves dual roles, both
promoting and inhibiting reverse locomotion (Kawano et al., 2011), and additionally playing a crucial
part in facilitating forward locomotion (Meng et al., 2022). This suggests a more intricate mechanism
governing the dynamics of locomotion states, with AVA acting as a central controller of locomotion
state by applying bidirectional control over AVB activity across different time scales. A strong transient
depolarization of AVA results in phasic inhibition during reversal locomotion, whereas a sustained
subtle depolarization of AV A provides continuous stimulation to AVB, promoting forward locomotion

between reversal states (Meng et al., 2022).
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2.3 Aims of current research

Overall, transient reversal crawling is a part of the avoidance behavior in C. elegans which can be
triggered by an increase in ambient [O;] near 21%. In the current study we aimed to investigate the

neuronal mechanisms underpinning this sensorimotor transformation.

On the one hand, the underlying neuronal sensorimotor mechanism involved in this reaction can be
envisioned as a feedforward flow of information comprising several hierarchically organized
components. In this scenario, the first stage involves encoding the stimulus by the primary sensory
neurons specialized in detecting increases in [O:], such as URX, AQR, PQR, and IL2 neurons.
Subsequently, a group of interneurons, which receive inputs from these oxygen sensory neurons, is
presumed to engage in processing this information. This pool of interneurons likely includes RMG,
AUA, and PVP neurons. Finally, premotor interneurons, including AVA, AVE, and AVD, responsible
for initiating and sustaining the reversal motor state, are anticipated to integrate input from both sensory
and interneurons, ultimately generating a command for the motor response conveyed to the motor
neurons in the ventral cord. This perspective aligns with the aforementioned Input-output view of the
brain organization and finds support in other studies within the field of C. elegans, where identified
interneurons and premotor neurons have been described as dedicated encoders of specific sensory inputs
or motor outputs, often viewed in context of isolated sensorimotor pathways (Chalasani et al., 2007;

Donnelly et al., 2013; Gray et al., 2005; Ha et al., 2010; Ino & Yoshida, 2009; Kimata et al., 2012).

Alternatively, in the light of the Coordination View framework and recent advancements in the realm
of C. elegans research, we hypothesize that the studied sensorimotor circuit may exhibit a complexity
beyond the Input-output View with a feedforward information flow. Numerous recent studies
emphasizing the role of motor representation in the brain of C. elegans further support this assumption

(Gordus et al., 2015; Hendricks, 2012; Kaplan et al., 2020; Li et al., 2014; Luo et al., 2014).

Notably, a study emerging from our laboratory provided substantial empirical support for the
Coordination View hypothesis (Kato et al., 2015). This research, leveraging whole-brain Ca*" imaging
in C. elegans, demonstrated that in the absence of external stimuli, the animal's brain exhibits
spontaneous global activity dominated by the motor command signal shared among a large fraction of
interneurons and motor neurons. Notably, this global brain state operates within a cyclic dynamic
framework, where distinct phases of this cyclic activity align with the sequential order of the animal's
behavioral actions, effectively orchestrating the assembly of motor commands into action sequences.
Consequently, these findings underscore that the brain's default state is an active dynamic process

primarily reflecting behavioral motor commands
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Crucially, this study also showed that the low-dimensional organization of global brain dynamics
remains robust in the presence of the oxygen sensory stimuli, consistently encoding sequential motor
behavioral states. However, sensory input can affect the motor response by consistently adjusting the
likelihood of the global brain dynamics being in a specific phase of its cyclical pattern, aligning with

the corresponding behavioral state, thereby enabling the animal's reaction.

Overall, these findings contradict the Input-output View with feedforward sensory-motor pathways and
instead support the Coordination View. Under this framework, we anticipate that sensory
representations must actively interact with the internal state of the system, particularly downstream of
sensory neurons. This interaction likely encompasses both feedforward and feedback information flow,
incorporating mechanisms such as corollary discharge. Ultimately, this dynamic process influences the

behavioral state, defining the animal's response.

The current study aimed to elucidate the neuronal mechanisms underlying the avoidance reaction and
the principles governing information transfer in this sensorimotor transformation. Methodologically,
we employed whole-brain Ca*" imaging to monitor neuronal activity. Our approach involved inducing
reversal avoidance reaction in immobilized worms within a microfluidic chip device, allowing for
neuronal recordings. This method enables unbiased observation of brain-wide activity with single-
neuron resolution from both head and tail ganglia. Hence, our next methodological objective was to
develop a data analysis approach that facilitates the unbiased identification and classification of neurons

within the defined sensorimotor transformation chain.
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3. Results

3.1 Periodic oxygen stimulation elicits reversal behavior in populations of C. elegans

On the first place we wanted to develop an experimental paradigm which would effectively elicit
behavioral response to the changes in the environmental oxygen concentration ([O-]), and which could

be mimicked at least partially under neuronal imaging conditions.

From the previous research we know that for the npr-1 animals low environmental [O-] in the range of
5—-11% is a preferred concentration which can be found in bacterial lawn borders and social aggregates
of C. elegans (Cheung et al., 2005; Gray et al., 2004; Rogers et al., 20006). In contrast, the environmental
atmosphere 21% [O:] is a repulsive stimulus which elicits changes in the worm’s behavioral state on
the first stage characterized by the transient reaction of reversal crawling (Busch et al., 2012; Cheung
et al., 2005; Persson et al., 2009; Rogers et al., 2006); then following by the prolonged reaction
characterized by the accelerated speed of forward movement (Busch et al., 2012; Laurent et al., 2015).
For our project, we focused on the initial transient reaction to gain insights into the instantaneous brain
mechanisms underlying the behavioral response to the stimulus. Building on this, we aimed to develop
an oxygen stimulation assay in which an increase in the environmental [O,] would trigger a reversal

crawling behavior in the C. elegans population.

For our experiments we established a stimulus paradigm with a periodic [O:] shifts between the levels
of 11% lasting 60 seconds and 21% lasting 30 seconds (fig. 1A). We set the low boundary of the [O,]
stimulus to 11% since this concentration corresponds to the upper boundary of the preferred
concentration limits (Gray et al., 2004). Thus, the increase of the [O,] from that limit to the repulsive
21% [O:] was supposed to elicit reversal behavior. 11% [O:] periods were designed twice as long as
21% [O:] to increase the chance of acquiring the reversals appearing “spontaneously” and not caused
by the 21% [O-] stimulus. The “spontaneous” reversals were planned to be used in the further analysis
of imaging experiments results as a control to stimulus elicited events. Numerous repetitions were made
to gain a statistical power for the analysis of the behavioral and further imaging results from each single
recorded worm. Overall, the stimulus consisted of 16 periodic repetitions and each repetition was treated
in the further analysis as a separate stimulus trial. The block of the periodic [O-] shifts was preceded by
a 450 seconds baseline period with a constant 11 % [O;]. This was made for the purpose of having a

period used as an internal control in the data analysis.

In the behavioral assay the population of the adult worms (~100 animals per recording) with a npr-1
genetical background were freely crawling and feeding on the homogeneous E. coli (OP50) bacterial

food lawn seeded on the NGM surface. Gas stimulation with a protocol described above was applied
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during the video recording procedure. Direct video tracking of each individual worm from the 10 Hz
high-resolution recordings during the timespan of the stimulation allowed us for the further

quantification of the behavior via the custom designed MATLAB analyses algorithm (see Methods for

more details).
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Figure 1. C. elegans population response to the periodic oxygen stimulation in the behavioral assay

(A) Trace shows the frequency of reversal onsets during the oxygen stimulation assay, which includes repetitive trials (438
traces coming from 6 experimental assays). Shaded area represents £ SEM. Periods of 11% and 21% [O,] are denoted with
white and blue vertical bars. Data is binned into 1-second bins (for A,B,C). (B) Raster plot shows reversal onsets across
multiple trails from all experiments (only trials with no missing values during 21% [O»] periods, included n trials = 448).
Dashed line at 0 seconds represents the beginning of the 21% beginning of the 21% [O,] period. Blue color code denotes
missing values (NaN). (C) Grey line is a stimulus-triggered average of the reversal onsets frequency across 16 trials from
6 experimental datasets (n datasets = 6, n traces = 438). Shaded area represents + SEM. Magenta line denotes baseline
reversal onsets frequency estimated from the initial 450 seconds 11% [O,] period. (D) Reversal onsets cumulative
probability calculated from the 21% [O;] stimulus periods (blue line), 11% [O,] periods (yellow line) and initial 11% [O.]
baseline period (magenta line). **** p <0.0001.
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In the analysis of the behavioral data, we focused on the reversal behavioral states as we expected that
elevated [O2] would elicit reversals locomotion. In particular, we extracted time points corresponding
to the onsets of the reversal states to estimate the time dynamics of the motor command initiation. All

the subsequent analyses of the behavioral experiments were based on this measurement.

We found that the population average reversals onset frequency calculated across all the recorded
locomotion traces (see Methods) was reliably up-modulated during the 21% [O-] periods throughout
all of the stimulation trials relating to the baseline level and then values were decaying to the baseline
upon the 11% [O:] periods (fig. 1A). Interestingly, at every stimulation trial we could observe an initial
sharp peak of the reversal’s onsets frequency following by a secondary low-frequency up-modulation.
These findings were also observed on the single-trial level where we could see a reliable appearance of
the reversal’s onsets following the 21% [O»] stimulus onsets with approximately 5 seconds latency time
(fig. 1B). The secondary activation started 10 seconds after the 21% [O-] stimulus onset and had more

variability in the onset timing.

To estimate the dynamics of the reversal onsets in more details we performed stimulus average analysis
where reversal onsets were aligned to the 21% [O;] stimulus onsets and averaged (see Methods).
Results of this analysis support previous observations and reveal initial peak of the reversal onsets
frequency appearing at timing ~7 seconds and decaying towards 10 seconds. The initial peak was
reaching maximum value of ~0.3 onsets/second which indicates high trial basis variability of the
response. This peak was following by a secondary wave of increased reversal onsets frequency which
was lasting throughout the rest of the 21% [O.] period. However, the secondary wave onsets were more
variably in timing on trial-to-trial basis (fig. 1B,C), which were reflected in the lower values of the
reversal’s onsets frequency (~ 0.1 ons/sec; fig. 1C). Finally, comparison to the baseline control
(fig. 1C, magenta line) further supports our finding that the [O,] stimulus elicited reversals behavior in
the population of C. elegans.

Next, to reveal the overall response probability robust to variable timing we calculated cumulative
probability of the reversal onsets for three conditions: 21% [O»] period, 11% [O:] periods and the
baseline control (fig. 1D). This analysis reveals that the reversal onsets have the same rate at the 21%
[O:] stimulus period with a baseline period during the first 5 seconds. Then it was up-modulated relating
to the baseline curve in the time window from 5 to 7 seconds. This up-modulation was followed by the
refractory period with a decreased reversals rate. Finally, after the 10 seconds we could observe a second
rise of the reversal’s frequencies comparing to the baseline control. We performed a statistical
randomized resampling test between the stimulus elicited and baseline control results within the 2

seconds time windows centered around the 10 seconds time point as by that time all the reversal’s onsets
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from the first activation period were accumulated. This statistical test proved the significant difference

between the stimulus elicited and baseline control results.

Interestingly, we observed that an elevated level of the reversal’s frequencies was still maintained
during the ~10 seconds period following the onset of the 11% [O-] period (figs. 1B - D). Following this
elevated period we observed the down-regulation of the reversals during the 11% [O;] period comparing

to the baseline (figs. 1B,D).
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Figure 2. Different temporal types of response in C. elegans behavioral assay

(A) Each line is a stimulus-triggered average of the reversal onsets frequency across trials coming from three different
clusters. Clustering was based on the timing of the reversal onset relating to the 21% [O;] stimulus onset: “Early” - reversal
occur only during first 10 seconds, “Late” - reversal — occur only after first 10 seconds, “Early and Late” — trials with
reversal onsets occurring in both time windows. Only trials with no missing values during 21% [O;] periods were included,
n trials = 1245. Data is binned into 1-second bins. Color code is the same for A,B,C. (B) Proportion of trials belonging to
each of the cluster described in (A) (n trials = 1245). (C) Bars show proportion of different type of trials for individual
worms (each column corresponds to an individual worm, n = 28). Only data from the worms with no missing values (NaN)
during the whole stimulation period is included for C and D. (D) Histogram of probabilities of reversal onsets occurring
within first 10 seconds after the 21% [O,] stimulus onsets ("Hit” trials) among individual worms in the population essay.
Vertical red line denotes the mean value (0.73, n = 28 worms, same subset of data as in (C)). Blue line is a binomial
probability density function with a probability of success for each trial set equal to the mean value (0.73) from the
experimental results.

Then, we focused in more details on the time dynamics of the reversal’s onsets up-modulations. For
that we grouped all the recoded trials into four clusters (“Early”, “Late”, “Early and Late”, “None”)
based on the reversal onsets timing relating to the 10 seconds threshold starting from the 21% [Os]
period onset (see Methods). Using the triggered average analysis (fig. 2A), we observed that in most

stimulation trials (67%, fig. 2B), worms exhibited reversal behavior during both the 'early' and 'late'
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time windows. Also, there were observed trials with only “Early” (this is the minority of trials only 7%)
and only “Late” reversals (24% of trials). Comparing separately the early and late components of the
reversal’s onsets-triggered average from the “Early and late” cluster with the corresponding components
from the “Early” and “Late” clusters we found that those reversals modulations have a similar pattern
across the clusters (fig. 2A). This indicate that “early” and “late” responses are two independent type
of reactions which could appear separately or on the same trial. Also, there was no observable pre-
stimulus history difference for the reversal’s dynamics from the different clusters. The “None” trial’s
cluster where worms did not exhibit any reversal behavior during the 21% [O:] period was an absolute

minority and accounted only 2% of cases.

Further, we analyzed the proportion of each trial types for the individual worms (fig. 2C). We found
that all the analyzed worms exhibited a mixed types of reactions throughout the stimulation trials. For
most worms, the “early and late” reaction type was the prevalent one mixed with the “late” type of
reactions. This observation corresponds to the general distribution of the trial types (fig. 2B).
Interestingly, just 10 worms out of 28 analyzed exhibited “early” trials and only 2 worms had this
reaction as a prevalent type, which points out to the suggestion that this type of the reaction is linked to

some individual variability.

Finally, we wanted to estimate the overall probability of the worm’s response within the first 10 seconds
upon the beginning of the 21% [O:] period across all the stimulus repetitions. For that we pooled
together “Early” and “Early and late” clusters and estimated the probability of that pooled response
cluster across all the presented trials for each of the individual worm (. 2D). We found the mean early
response probability (“Hit” probability) across analyzed worms varies in the limits from 0.4 to 1 with a
mean value equals 0.73. Thus, indicating that worms in the behavioral experiments had a strong
tendency to generate a short latency behavioral response with a certain trial-to-trial variability. Next,
we asked if the inter-individual variability in the “Hit” trials probability could be explained by the
worms’ idiosyncratic characteristics. For that, we calculated the binomial distribution for the trial
success rate set equal to mean experimental value above. When compared to the experimental data
(fig. 2D - blue line vs grey histogram bars) we could see that the experimental “Hit” trials probability
results follow the theoretical binomial model. This result suggests that each trial might be independent
from each other and that the inter-individual variability of the “Hit” trials probability should not be a
result of an idiosyncratic worm’s characteristics or the possible current long-lasting worm’s behavioral

state.

Overall, we found that periodical oxygen stimulus could elicit reversal behavioral response in the
population of freely moving C. elegans. This response is stable across the whole span of the trials on

the populational level; however, it has certain trial-to-trial variability when investigated on a single
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worm basis. The reversal onsets resemble a bimodal distribution with an early response appearing
within the 10 seconds latency window following the 21% [O;] stimulus and a late response following
it. We have been focusing on the early component of the behavioral response using it as an
approximation for the sensorimotor transformation happening in the response to the [O,] stimulus onset.
We found that individual worms have a higher than chance level of reaction to the [O.] stimulus,
although they also revealed a range of the trial-to-trial variability in their responses. This inter-
individual range of the responsiveness laid within the limits of the theoretical binomial distribution

suggesting the inter-trial independence and thus the absence of the idiosyncratic effect.

3.2 Revealing the profile of oxygen stimuli in behavioral and imaging assays with oxygen dye
recordings

For the behavioral and brain imaging assays, the oxygen stimulus was intended as an instantaneous step
change for each trial. However, the actual dynamics of [O:] changes depend on the diffusion rate
through the polydimethylsiloxane (PDMS) membrane in the microfluidic chip device and the timing of
the gas filling the chamber in the behavioral arena. Therefore, we aimed to empirically estimate the

actual dynamics of [O:] changes on a trial basis for both experimental assays.

For that, we performed imaging recordings of the O»-sensitive fluorescent ruthenium dye (Klimant &
Woltbeis, 1995) while applying oxygen stimulus paradigm constituted of the calibration parts and parts
with a periodic oxygen stimulus which were a modified version of our experimental stimulus paradigm

(see Methods).

First, we estimated the [O.] gradient in the microfluidic chip devices. Using the calibration data
(fig. 3A), we fitted an exponential function (fig. 3B) to establish the relationship between dye
fluorescence levels and ambient [O]. With this calibration function, we then reconstructed the [O,]
trace from the oxygen dye fluorescence trace (fig. 3C). On the first place we found that the empirically
estimated [O:] profile was following the preprogrammed parameters changing from 11% to 21% on the
trial basis. However, we could also observe trial-to-trial variability in the reconstructed ambient [O-],
appearing most likely due inaccuracy of the dye signal itself. Also, a subtle drift skewing results to the
up was observed towards the end of the recording, which could be explained by the bleaching or

evaporation of the dye.

To account for these variabilities and focus on the finer time dynamics, we calculated the stimulus-
triggered average of the [O-] trace along with its first derivative over all trials (fig. 3D,E). The trail

average [O:] trace and its first derivative traces indicate that the actual [O2] increase starts shortly after
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the theoretical onset time and has an initial steep rise phase following by a shallower shoulder; overall,

it takes ~10 seconds for the [O:] to reach the 21% level. After that [O,] is plateauing and stays at that
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Figure 3. Oxygen stimulus measurements with a ruthenium dye
(A) Trace showing oxygen dye fluorescent intensity during the calibration part of the recording. This is an average value
from three calibration periods from one example recording. It has seven steps with incremental increase of the [O2] by 5%
at each step from 0% to 30%. (B) Red line is an exponential function fitted to the oxygen calibration data from one
experimental recording (same as in (A)). Blue dots represent average calibration results for each of the seven steps. (C)
Grey line is an estimated [O;] trace averaged across all recordings (n = 4) reconstructed from the dye fluorescence intensity
trace (not shown) and fitted model from (B). Violet dotted lines mark 21% and 11% [O;]. Stimulus protocol periods of 11%
and 21% [O,] are denoted with white and blue vertical bars. (D) Grey line is a stimulus-triggered average from the
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reconstructed [O;] trace (from panel (C)) over all trials (n = 25). Shaded area represents = SEM. (E) Stimulus-triggered
average of the first derivative from the [O,] trace (D) (n = 25 trials). Shaded area represents + SEM. (F) Triggered average
of the dye intensity slope in the chip recording (blue line, n = 4) and behavioral chamber device recordings (red line, n =
5). Period from -10 to 60 seconds around the [O,] upshift onset is depicted.

level till the end of the 21% [O:] period. Next, as the set [O2] drops to the 11% level the empirically
acquired [O;] trace also decreasing and reaching the ~11% level after 10 seconds upon the theoretical
onset. The first derivative of the recovered [O;] trace was reaching maximum value at ~5 seconds upon
the theoretical stimulus onset indicating the steepest point of the [O] gradient and similar dynamics

was observed for the [O:] gradient downshift.

Next, we compared the [O2] dynamics in the microfluidic chip devices and the behavioral chamber For
that, we recorded separate sets of data and calculated stimulus-triggered averages of the corresponding
[O:] traces (fig. 3F). From the trial-averaged dye fluorescence traces, we observed that the [O:] in the
behavioral chamber showed a more gradual gradient increase compared to the microfluidic chip device.
The slope of the increase became shallower only after approximately 15 seconds following the
theoretical stimulus onset; however, it never reached a plateau within the observed 30-second time
window. Additionally, both the behavioral chamber and chip device results indicated a gas delivery
delay of ~ 1 second, which is the latency before the experimentally reconstructed [O>] traces began to

rise.

Overall, we found that the empirically measured [O;] stimulus in the conditions of imaging and
behavioral assays did not perfectly match the theoretically programmed step stimulus. In the
microfluidic chip device used for imaging, the actual [O,] took approximately 10 seconds to reach the
set concentration, while in the behavioral chamber this process was even slower. Additionally, both
recording conditions exhibited a slight delay in gas delivery. These factors should be taken into account

when interpreting the results of the whole-brain imaging and behavioral experiments.

3.3 Single-neuron resolution whole-brain imaging allows for the investigation of the
brain activity in the oxygen stimulation assay

After having established an experimental paradigm which effectively elicits reversal state in the
behavioral experiments, we aimed to transfer it into the whole-brain imaging assay which would allow
us to investigate the brain activity underlying the sensorimotor transformation in response to the oxygen

stimulus.

For that we used a single-neuron resolution whole-brain Ca** imaging technique by means of the nuclear
localized and pan-neuronally expressed Ca*" indicator GCaMP6f in immobilized C. elegans previously

established in our laboratory (Kaplan et al., 2020; Kato et al., 2015; Schrddel et al., 2013). In this
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approach the worm is immobilized in the custom-made microfluidic chip device which allows for the
simultaneous imaging and precise control of the environmental gas concentrations (Zimmer et al., 2009)
(fig. 4A). The part of the worm channel designated for the imaging had a curved shape allowing to place
head and tail ganglions of the worm within the imaging field of the recording microscope: thus, we
could record all neurons in the head, retrovesicular and tail ganglia, and an adjacent parts of the ventral

cord (fig. 4B).

To reproduce conditions previously used in the behavioral assays we imaged adult worms of the same
genetic line of the worms with npr-1 background in the presence of the food (£. coli OP50) and applied

the same stimulation protocol as was employed for the behavioral assays.

Importantly, current research utilized a novel paralysis technique where worms were paralyzed using
histamine through Drosophila histamine-gated chloride (HisCl) channels (Pokala et al., 2014) expressed
in the body wall and pharyngeal muscles (see Methods). Notably, C. elegans neither synthesizes nor
utilizes histamine as a neurotransmitter, and exogenous histamine has minimal effect on the behavior
of wild-type worms (Chase & Koelle, 2007; Pokala et al., 2014). Therefore, this method is preferred
over the tetramisole previously used in our lab, which acts as a nicotinic acetylcholine receptor agonist
(Martin et al. 2012) and has the potential to interfere with the function of cholinergic neurons in the

worm's brain, such as the URX and IL2 neurons (Pereira et al., 2015).

Using this experimental technique, we acquired a total of n = 14 datasets with a periodic oxygen
stimulus presentation suitable for AVA neuron activity analysis. Among these, n = 5 datasets had
sufficient recording quality for further pan-neuronal analysis (see Methods). Additionally, we recorded
two sets of control datasets: n = 10 datasets with a constant 11% [O5] and n = 10 datasets with a constant

21% [0Os], which were later used in the data analysis.

Position of all neurons were traced throughout the duration of the recording and then their fluorescence
traces (dF/F0) were extracted and used for the further analysis as proxy for the neuronal activity. Thus,
each recording resulted in a high-dimensional dataset (97-156 neurons per recording) which included
sensory, inter- and motor neurons (fig. 4C). Next, neuronal cell types were identified based on their
stereotypic topographic position and characteristic activity patterns. We could identify from 44 to 61
neurons per recording. Overall, from 5 recorded datasets we could identify 86 neuronal classes which
were then used in the further analysis. For the control datasets we were extracting and using only the

AVA neuron traces.
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Figure 4. Schematic of the whole-brain calcium imaging experimental approach

(A) Microfluidic device used for the whole-brain head and tail GCaMP6f recordings. Top: schematic of the microfluidic
device. Bottom: scaled fragment of the microfluidic device depicting a curved fragment of a worm channel with a worm
immobilized inside of it. Modified from Kaplan et al. 2020. (B) Maximum intensity projection of a representative time
frame from an example recording. Top: head ganglion; bottom: tail ganglion and a corresponding part of the ventral nerve
cord. (C) and (D) show results acquired from the head part of this recording. (C) Example of the whole-brain head and tail
GCaMP6f recording. Top: schematic of the oxygen periodic stimulus with periods of 11% and 21% [O;] denoted with
white and blue vertical bars respectively. Bottom: heatmap showing fluorescence (dF/F0) traces of all neurons detected in
the recording sorted by correlation (each line corresponds to activity trace of a particular neuron). (D) Fluorescence traces
of the three neurons of interest. Scale bars on the right represent 0.5 DF/F0; note the amplitude of the AVAL trace was
downscaled twice relative to other traces for the matter of representation.

From the heatmap of the example multi-neuron recording we could observe that a large fraction of

neurons was active during the duration of the recording (fig. 4C). Remarkably, most of the neurons
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could be grouped into clusters with a correlated activity. From the previous research we know that the
spontaneous brain activity is dominated by the mutually anticorrelated forward and reverse locomotion
encoding activity governed by the respective neuronal clusters (Kato et al., 2015a). Here we also can
observe that under the periodic oxygen stimulus conditions two major neuronal clusters are represented
by the forward and reverse pre-motor interneurons: for the example we marked RIBL and AVAL
neurons for each of those cluster correspondingly (fig. 4C,D). Individual activity traces of the RIBL
and AVAL neurons from the same example recording also demonstrated mutually anticorrelated

activity (fig. 4D).

Additionally, in our recordings we could observe a neuronal cluster with activity tightly following 21%
[O2] stimuli periods (fig. 4C). This cluster includes oxygen sensory neurons as shown with example of
the URXL neuron which trace demonstrated tight correlation with oxygen stimulus (fig. 4D). This

finding indicates that the oxygen stimulus was successfully detected by the worms in the imaging assay.

Overall, we could transfer our stimulation paradigm from the behavioral to the whole-brain imaging
experimental assay. Acquired imaging recordings resulted in the multi-neuronal datasets comprising
different neuronal classes. A fraction of neurons from each recording was matched to a corresponding
neuronal class identity and then results from the same identity classes were combined across recordings

and treated together in the further analysis.

3.4 Oxygen sensory neurons reliably encode periodic oxygen stimulus in the whole-
brain imaging experiments

After establishing a whole-brain imaging assays and acquiring experimental datasets, we wanted to
estimate if the oxygen stimulus is perceived by the worm under the conditions of the whole-brain
imaging assay and how this stimulation is encoded on the level of the sensory neurons. For this we
focused on the identification the oxygen sensory neurons and analysis of their activity related to the

stimulus.

From the previous research we know that C. elegans has several classes of sensory neurons governing
the worm’s avoidance reaction of the increase in the ambient [O2]. Those neuronal classes are: URX,
AQR and PQR neurons (Cheung et al., 2005; Gray et al., 2004; Persson et al., 2009; Rogers et al., 2006;
Zimmer et al., 2009); additionally, SDQ, BDU, ALN, and PLN neurons as supposed to contribute to
the ambient [O;] increase perception and related behavioral activity (Chang et al. 2006; Zimmer et al.
2009; Gray et al. 2004). Moreover, previous imaging experiments revealed response of the URX, AQR
and PQR neurons to the increase in the [O>] (Busch et al., 2012; Oda et al., 2017; Persson et al., 2009;
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Zimmer et al., 2009) including imaging in freely moving animals for URX and PQR neurons (Busch et

al. 2012).
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Figure 5. Oxygen sensory neuron’s response to the periodic oxygen stimulation.

(A) An example fluorescence (dF/F0) trace of the URXL oxygen sensory neuron’s activity during the periodic oxygen
stimulation. Periods of 11% and 21% [O.] are denoted with white and blue vertical bars. (B) Stimulus-triggered averages
of neuronal activity for different oxygen sensory neurons. We could detect multiple neurons reacting to the increase in [O»]
(a pair of URX neurons, a pair of IL2 neurons and single AQR and PQR neurons) and a pair of BAG neurons reacting to
the decrease in [O,]. Shaded area represents + SEM. N in each box indicates number of trials used for averaging.

We employed an explorative approach by the means of stimulus-triggered average analysis (fig. S1) in
combination with identifying the characteristic topographic position of the neurons to reveal all
potential oxygen sensory neurons in our recorded datasets. With this approach we were able to identify
most of the previously described oxygen sensory neurons: pair of the URX neurons, and single AQR
neurons in the head ganglion of the worm and a single PQR neuron situated in the tail ganglion.

Additionally, we revealed a 21% [O»] correlated activity in the pair of neurons in the head ganglion
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with a topographic position corresponding to the IL.2 neurons previously assumed to be potential oxygen

sensory neurons (Nichols et al., 2017) (fig. 5B).

Once all the oxygen sensory neurons were identified in our recordings, we sought to characterize their
activity patterns in response to the oxygen stimulus. As demonstrated with an example of the URXL
neuron’s activity trace, oxygen sensory neurons demonstrated stereotypic reaction to the [O;] stimulus
throughout presented trials with a certain trial-to-trial amplitude variability (fig. SA). Further, we
focused on the stimulus-triggered averages of the fluorescence traces of the identified oxygen sensory

neurons.

Exploring the averaged URX activity we revealed that it is characterized by a sharp rise reaching
maximum ~7 seconds upon the 21% [O,] onset and then followed by the gradual activity decline.
Notably, its activity was not reaching baseline within the 21% [O,] period and was decreasing to the

baseline during the first ~10 seconds of the following 11% [O-] period (fig. 5B).

AQR and PQR neurons demonstrated a different dynamic in their reaction to 21% [O,] stimulus: their
response was characterized by a gradual increase of the fluorescence reaching plateau towards the end
of the 21% [O] period. Similarly, to the URX neurons, this plateau activity level was preserved through
the rest of the 21% [O-] period and then falling towards the baseline level during the ~15 seconds of
the following 11% [O>] period (fig. SB).

A pair of IL2 neurons demonstrated a sharp rise of the fluorescent activity similarly to the URX neuronal
pair. The fluorescence activity was reaching maximum at ~5-7 seconds upon the 21% [O:] onset.
Following the maximum point the fluorescence activity was decreasing and reaching a plateau phase
~15 seconds upon the 21% [O:] onset. This plateau phase was stable and lasting throughout the
remaining 21% [O-] period. It was falling to the baseline within ~7 seconds of the following 11% [O:]
period (fig. SB).

Additionally, we were able to identify previously described pair of BAG neurons which is sensitive to
the decrease in [O.] and govern related behavioral responses as was shown in previous behavioral and
imaging studies (Kato et al., 2015; Zimmer et al., 2009). BAG neurons in our recordings demonstrated
activation during the 11% [O;] periods: reaching maximum ~15 seconds upon the 11% [O:] onsets and
then falling towards the baseline towards the ~40 sec. Interestingly, we also observed a suppression of
the BAG’s fluorescence activity following the 21% [O-] onset, which subsequently returned to baseline

levels by the end of this period (fig. SB).
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After characterizing the average response properties of oxygen sensory neurons, we aimed to investigate
the reliability of their activation in response to the oxygen stimulus across multiple trials. To achieve
this, we annotated the rise states of all detected sensory neurons from their fluorescence activity traces
and extracted the timings of rise onsets. We specifically focused on the timing of neuronal activity rise
onsets on an individual trial basis, using cumulative probabilities calculated across all trials presented.
This approach aimed to uncover overall response patterns resilient to variations in timing (see
Methods). Importantly, due to the inability to identify the left neuron from the URX pair in one of our
experimental datasets, we substituted its results with those from the right neuron of the URX pair for
our analysis. Subsequently, we treated both neurons together as the URXL\R neuron in our further

analyses

Trial-basis observations revealed that URX, AQR and PQR neurons are lacking spontaneous activity
during the 11% [O:] periods and initial 11% [O:] baseline period of recordings (figs. SA, 6A, S2A)
which is also reflected by the flat activity during the 11% [O-] periods at the triggered averages of

corresponding neurons (fig. SB).

URXL\R exhibits activation on most of the trials starting shortly after the 21% [O-] stimulus onset and
the rise onset events were grouped in the 5 seconds time window following the stimulus onset (fig. 6A).
Alongside with this observation, cumulative probability curve revealed gradual rise within this time
window and was reaching value of ~1 within ~5 seconds time window following the stimulus onset
(fig. 6B). These findings indicate almost deterministic response of the URXL\R neuron to the oxygen

stimulus with a subtle response onset variability.

Similar response properties were revealed for the AQR and PQR oxygen sensory neurons. However, it
should be noted that on a part of the trials all coming from the same individual dataset AQR and PQR
neurons exhibited substantially delayed responses (fig. S2A). This is reflected by the cumulative
probability which shows that AQR and PQR response probability reached the only level of ~0.8 value
by the 5 seconds from the stimulus onset (fig. 6B). Eventually, the cumulative rise probability values
for the AQR and PQR neurons were reaching levels of ~1 and ~0.9 respectively ~17 seconds upon the
stimulus onset; thus, demonstrating substantially reliable activation on the trial-to-trial basis along with

URXL\R neuron.

Importantly, trial-basis observations revealed that URXL\R, AQR and PQR neurons exhibited not more
than one activation per each trial within the 21% [O.] periods (figs. 6A, S2A), which is also reflected
by the fact that their rise onsets cumulative probabilities was plateauing at the level not exceeding 1 for

the rest of the 21% [O-] period (fig. 6B).
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Figure 6. Oxygen sensory neurons exhibit reliable activation in response to the oxygen stimulation.

(A) Raster plots showing the onsets of the rises of neuronal activity of the URXL\R (left) and IL2L (right) oxygen sensory
neurons. Each horizontal line corresponds to a single stimulation trial. Vertical dashed line at 0 seconds denotes transition
from the 11% to 21% [O»]. (B) Each line is a cumulative probability of the neuronal activity rise onsets of different oxygen
sensory neurons calculated from the 21% [O,] stimulus periods. Horizontal dotted line denotes 100% probability level. For
the URXL\R and IL2L neurons calculation comes from the same data as represented at (A). N for each neuron indicates
the number of trials used for the cumulative probability quantification. (C) Box plot showing rise onset times of different
oxygen sensory neurons relative to the 21% [O;] stimulus onset. Red lines represent median values. Only the first activity
rise onset was considered for this analysis in case of multiple neuronal activity onsets per trial. N for each neuron identifies
the number of the activity rise onsets used for the analysis (this value was not always equal to the number of trials used for
the analysis, trials where a neuron did not exhibit activation resulted in missing values (NaN)).

The IL2 pair of neurons exhibited similar response time dynamics in response to the 21% [O;] stimulus
with rise onsets grouped in the 5 seconds time window following the stimulus onset (figs. 6A, B, S2A).
However, in contrast to the URX, AQR and PQR sensory neurons, I[L2 neurons exhibited secondary
wave of activation during the 21% [O:] periods on a large fraction of trials which can be detected on
the individual-trial basis observations (figs. 6A, S2A) and also is reflected by the rise onsets cumulative
probability which reached the value of 1 at ~12 seconds upon the beginning of the 21% [O;] stimulus
period and then continued growing until reaching the level of ~1.4 by the end of the 21% [O>] stimulus
period (fig. 6B). Moreover, this secondary wave of the rise onsets should explain previously observed

plateau period on the stimulus-triggered average (fig. SB).

Additionally, in contrast to the URX, AQR and PQR sensory neurons we could observe a rare sporadic
activity of the IL2 neurons appearing during the 11% [O:] periods (figs. 6A, S2A); which also
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contributed to the triggered average pattern where we could observe peaks during the 11% [O.] period

(fig. 5B).

Next, we aimed to reveal if there is a consistent sequential structure in the mutual relationship between
the activation onsets of different oxygen sensory neurons. To answer this question, the activation onsets
latency time were calculated in relation to the 21% [O-] stimulus onset (fig. 6C). The earliest onsets of
all sensory neurons were detected within ~1 second upon the oxygen stimulus onset and the median
values for all sensory neurons except PQR lied within the same range of ~3-4 seconds. Both IL2 neurons
demonstrated a slightly smaller median value of the rise onsets latencies comparing to the rest of the
sensory neurons. On the other hand, PQR neuron demonstrated distinguishably higher median value of
the onset latencies. Also, the AQR and PQR onset latencies were tailed towards the right with
substantial amount of outliers with a long latencies which goes along with a previous individual-trial
basis observation that a part of the trials exhibited substantially delayed responses of the AQR and PQR
neurons (fig. S2A).

Considering previously detected trial-to-trial variability of the rise onsets timing for all sensory neurons
in the range of ~5 seconds we sought to investigate their mutual time relationship on the individual trial
basis. For that, we compared rise onset timing pairwise for the URXL\R, IL2L and AQR neurons; PQR

was not included in this analysis, as it had evidently late response based on the median value (fig. 6C).

We found that the scatter plots for each neuronal pair showed variable time relations in their activation
onsets (fig. S2B), as evidenced by data points dispersed around the identity line. Interestingly, when
investigated on the individual dataset level, datasets #1 and #2 consistently showed IL2L activity
preceding URXL\R neuron activation. Additionally, dataset #3 uniquely exhibited substantially high
latency times for the AQR neuron, corroborating previous analyses. Beyond these observations, our
analysis at the individual dataset level did not reveal a clear sequential structure for sensory neuron

activation.

Further, we found that URX had low positive correlations of their rise onset latencies with IL2L and
AQR neurons when calculated over all recorded datasets (fig. S2B). In contrast, AQR and IL2L neurons
exhibited a very weak negative correlation. Interestingly, when examining the rise onset correlations of
all pairs of oxygen sensory neurons on an individual dataset basis, we observed substantial variability,
ranging from weak to strong correlations and shifting from positive to negative for each dataset. This
indicates a high degree of inter-dataset variability in the relationships between sensory neuron activation

times.
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Overall, we found that 21% [O-] stimulus reliably elicited responses in several oxygen sensory neurons:
URX, AQR, PQR, and IL2. These neurons consistently exhibited their responses within a 5-second
window following the onset of the oxygen stimulus across presented stimulus trials. However, the
timing of mutual activation onsets between these neurons varied significantly across trials and datasets,
indicating a lack of a consistent sequential pattern. Further correlation analysis revealed substantial
variability between datasets in terms of the relationships between the activation times of these sensory

neurons.

3.5 Motor response is significantly entrained by the oxygen stimulus in the whole-brain
imaging assay

On the next step we aimed to characterize the motor response to the oxygen stimulus in the whole-brain
imaging assay. Similar to our approach in analyzing behavioral data, we focused on the reversal
locomotion states, based on our hypothesis that elevated [O-] levels would trigger this motor response.
From the previous research we know that C. elegans under the normal conditions freely crawling on a
food surface exhibit forward movements spontaneously interrupted by the reversal locomotion (Gray
et al., 2005; Pierce-Shimomura et al., 1999) and similar switches of neuronal motor command activity
was also observed in the animals restrained in the microfluidic chip device under the whole-brain
imaging conditions (Kato et al., 2015). A group of interneurons including AVA, AVE and AVD
interneurons are known to be important for driving the reversal locomotion (Chalfie et al., 1985; Zheng
et al., 1999). From the connectome map it is known that these interneurons receive inputs from the
upstream inter- and sensory neurons; and in turn send outputs directly to the A-type motor neurons in
the ventral cord which governs the reverse locomotion (Chalfie et al., 1985; Varshney et al., 2011;
White et al., 1986). In particular, the AVA neuron is important for the reversal locomotion as it was
shown that AVA activity rises reliably correlates with reversal locomotion periods in freely moving
animals’ recordings (Kawano et al. 2011; Kato et al. 2015; Ben Arous et al. 2010; Chronis, Zimmer,
and Bargmann 2007; Gordus et al. 2015; Faumont et al. 2011; Larsch et al. 2013; Laurent et al. 2015).
Moreover, we know that the AV A ablation severely impairs reverse locomotion (Chalfie et al., 1985;
Gray et al., 2005; Piggott et al., 2011) evidencing its necessity for the reversal motor command. On the
other hand, optogenetic activation of the AVA evokes reversal locomotion (Schmitt et al. 2012; Gordus

et al. 2015) supporting the hypothesis of the AVA causal role in the reversal behavior.

Thus, we chose to use the activity of the AVA neuron as a proxy for the reversal locomotion in the
conditions of the whole-brain imaging experiments where the worms were paralyzed and immobilized
in the channel of the microfluidic device. First, we were analyzing 14 datasets where AV A neuron could

be identified; in each datasets the best quality trace from the left-right AVA pair was selected for the
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analysis. We applied the same analysis pipeline as was done before for the sensory neurons where we

focused on the onsets timing of the long-lasting activation periods (see Methods).

Unlike the oxygen sensory neurons which were active almost exclusively during the 21% [O>] stimulus
(figs. 6A, S2A) AVA demonstrated intrinsic spontaneous activity which could be observed during the
initial 11% [O:] baseline period of the stimulus assay as well as during the subsequent 11% [O:] periods
of the stimulus (fig. 7A,B). This observation goes along with the previously established in the research
field concept of a stochastic basis for spontaneous switches to reversal locomotion as a part of normal
C. elegans behavior (Gray et al., 2005; Pierce-Shimomura et al., 1999; Roberts et al., 2016). In this
context it is important to note that for this analysis only the trials with AVA being in the non-active

state at the moment of the 21% [O] stimulus were selected (see Methods),

Next, the raster plot revealed that AVA activity onsets were also scattered in time over the 21% [O:]
period over trials. However, a certain pattern of the AVA activity onsets grouping was observed
between 4 and 10 seconds upon the 21% [O-] stimulus onset (fig. 7B). Further quantifications by means
of the AV A rise onsets cumulative probabilities also confirmed the AVA activity onsets up-modulation
which could be detected by the steep probability rise starting ~4 seconds upon the 21% [O-] stimulus
onset (fig. 7C). Additionally, we calculated AVA rise onsets cumulative probability from the first 30
seconds of the 11% [O:] periods of the periodic stimuli. This result demonstrated a gradual uniform
increment in probabilities which indicated the absence of the 11% [O-] stimulus effect on the AVA
activity. When AV A rise onsets dynamic in 21% and 11% [O.] period were compared to each other we
could observe a clear effect of the 21% [O-] stimulus in the first 10 seconds time window indicated by
the steeper slope for the 21% [O-] period; after this 10 seconds period slopes of the AVA activity onsets
cumulative probabilities were getting similar for 21% and 11% periods indicating that from that moment
the rate of the AVA activations were equalizing; thus the effect of the 21% [O-] stimulus was not

discernible for the rest of the stimulus period.

Interestingly, AVA activity rise raster plot together with the cumulative probability plot also revealed
the AVA silent period during the first ~4 seconds upon the 21% [O,] stimulus onsets. This finding

indicates potential initial suppression of the reversal locomotion activity by the 21% [O:] stimulus.

Next, we aimed to characterize the AVA response probability on the individual dataset basis. For that
we focused on the AVA activity during the initial 10 seconds time window upon the 21% [O-] stimulus
onset; as this in this time window we previously revealed the 21% [O] stimulus up-modulation effect
(fig. 7B,C). For each individual dataset we quantified probability of the occurrence of the trials with
AVA activity rise detected within this time window which we defined as “Hit” trials (fig. 7D). We

could find a range of “Hit” trials probabilities varying from 0 to ~0.9 for each individual dataset with
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Figure 7. AVA neuronal activity is entrained by the oxygen stimulus in the periodic oxygen stimulation paradigm
(A) An example fluorescence (dF/F0) trace of the AVAL oxygen sensory neuron activity during the periodic oxygen
stimulation. Periods of 11% and 21% [O,] are denoted with white and blue vertical bars. (B) Raster plots denoting the
onsets of the long-lasting rises of the AVAL\R neuronal activity. Vertical dashed line at 0 seconds denotes transition from
the 11% to 21% [O,]. Only the trials where AVAL\R neuron was in a “low/fall” activity phase at the moment of the
transition from the 11% to 21% [O,] were considered for the analysis (also for C - G). (C) Each line is a cumulative
probability of the AVAL\R neuronal activity rise onsets calculated from the 21% [O,] and the first 30 seconds of the 11%
[O,] stimulus periods for all the recorded datasets (n = 14). Same data as in (B). (D) Bars show probabilities of the AVAL\R
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activity onsets occurring within first 10 seconds after the 21% [O,] stimulus onsets ("Hit” trials) across individual worm
recordings. Bars highlighted with orange color indicate 5 datasets curated for the pan-neuronal analysis (note the dataset
#1 with a “Hit” probability = 0). (E) Histogram of probabilities of reversal onsets occurring within first 10 seconds after
the 21% [O>] stimulus onsets ("Hit” trials) across individual worm recordings (the same data as in (D)). Vertical red line
denotes the mean value (0.42). Blue line is a binomial probability density function with a probability of success for each
trial set equal to the mean value (0.42) from the experimental results. (F) Comparison of cumulative probability of the
AVAL\R neuronal activity rise onsets for all the recorded datasets (n =14) versus the AVAL in subsample curated for the
whole brain analysis (n = 5). (G) Each line is a cumulative probability of the AVAL neuronal activity rise onsets calculated
from the 21% [O,] and the first 30 seconds of the 11% [O,] stimulus periods for the subsample (n = 5) of the datasets
curated for the whole brain analysis.

the mean “Hit” trials probability value equal ~0.4 (fig. 7D,E). Then, similarly to the behavioral results,
we asked if the inter-individual variability in the “Hit” trials probability could be explained by the
worms’ idiosyncratic characteristics. For that, we calculated the binomial distribution for the trial
success rate set equal to mean experimental value above. By comparing the experimental “Hit” trials
probability results with the theoretical binomial model we found that the individual worms with “Hit”
trials probability in the range from ~0.2 to ~0.5 could be described by the binomial model and thus the
variability in this range is not due to the idiosyncratic characteristics. However, the individuals on the
left and right sides of the “Hit” trials probability range (with probabilities values equal 0 and 0.8 to 0.9)
could not be described by the binomial model; thus, those individuals demonstrated the idiosyncratic
response characteristics. Interestingly, these results are at odds with the results from the behavioral
experiments where all the individual worms could be described by the theoretical
binomial model (fig. 2D). This finding indicates certain discrepancy between the worm’s reaction to
the oxygen stimulus in the freely moving conditions of behavioral experiments versus restrained and

paralyzed conditions of the whole-brain imaging experiments.

Importantly the subset of 5 datasets which were used for the further pan-neuronal analysis (see
Methods) included one dataset with 0 “Hit” probability, two datasets from the mid-range of ~ 0.4 — 0.5
“Hit” probability and two datasets from the high-range or ~0.8 — 0.9 “Hit” probability (fig. 7D).
Additionally, we compared the AVA rise onsets cumulative probabilities within the 21% [O] period
for the general set and the pan-neuronal analysis subset and found that they had similar profiles
(fig. 7F) with the pan-neuronal analysis subset showing slightly stronger response (~20%) by the 10
seconds upon the 21% [O»] stimulus onset. Thus, we concluded that the datasets subset selected for the

pan-neuronal analysis could be used as a representative for the general population.

Finally, we compared probability of the AV A rise onsets in the 21% [O:] period and the first 30 seconds
of the 11% [O] periods of the periodic stimuli for the pan-neuronal analysis datasets subset (fig. 7G).
Similarly, as for the general set of datasets, we found the gradual increment of probabilities for the 11%
[O] period compared to the steep increment during the first ~10 seconds of the 21% [O:] period. This
finding further evidence for the entrainment of the AV A response by the 21% [O,] stimulus in the pan-

neuronal analysis datasets subset.
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3.6 Analysis of control dataset confirms 21% [O:] entrainment in the periodic oxygen
shift experiments

To further confirm the entrainment of the AV A response by the oxygen stimulus we recorded two pools
of control datasets: one with stable 11% and the other with stable 21% [O2] (n = 10 for each pool)
presented for the same time duration as a stimulus protocol in the periodic stimulus experimental
recordings (see Methods). Exploring these datasets we found that under the conditions of a stable
ambient [O2] at both 11% (fig. 8A,D) and 21% levels AVA was exhibiting spontaneous activity
similarly to what we observed at the baseline periods of the periodic stimulus recordings (fig. 7A). This
observation confirms that under the experimental conditions of the whole-brain recordings C. elegans
produces spontaneous forward and reversal motor command dynamics similar to the one normally

observed in freely behaving worms (Gray et al., 2005; Pierce-Shimomura et al., 1999).

Next, we sought to compare the characteristics of the AVA activity cycles in the periodic stimulus and
both of the control recording groups. To do that we used AVA traces annotated according to the “rise,
“high”, “fall” and “low” states. To disentangle the active and inactive AVA states we analyzed
separately durations of the combined “rise-high-fall” states (fig. 8B) and “low” states (fig. 8C)
correspondingly (see Methods).

We found that “rise-high-fall” states (fig. 8B) were significantly longer in the 11% [O2] control datasets
compared to both 21% [O;] controls and periodic stimulus datasets with a median value for the 11%
[O] control equals ~29 seconds compared to ~24 seconds for the 21% [O] controls and periodic 11-
21% [O2] stimulus datasets. On the other hand, the median value for the 21% [O] control was in the
same range with the periodic stimulus datasets and did not reveal significant difference. Thus, we
concluded that under constant 21% [O:] and periodic 11-21% [O>] stimulus the duration of the AVA

active states was decreased comparing to the 11% [O-] control protocol.

For the “low” phase durations (fig. 8C) we found that they were significantly longer for the 11% and
21% [O2] controls comparing to the periodic stimulus datasets (median values of ~60, 50 and 40 seconds
correspondingly). 11% and 21% [O:] controls did not show significant difference between each other.

Thus, we concluded that periodic oxygen stimulation reduced the duration of inactive AVA states,

leading to more frequent AVA activation compared to any stable [O2] conditions.
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Figure 8. Control recordings with stable [O;] stimulus verify the entrainment of the AVAL\R neuronal activity in
the periodic stimulus datasets
(A) An example fluorescence (dF/F0) trace of the AVAL\R oxygen sensory neuron activity during the constant 11% [O»]
stimulus. (B) Box plot showing AVAL\R activity “rise-high-fall” phase durations in different stimulation conditions:
periodic [O»] stimulus recordings (n = 14), constant 11% (n = 10) and constant 21% (n =10) [O,] control recordings. Red
lines represent median values. N for each condition identifies the number of the AVA activity cycles used for the analysis.
A%k p < 0.0001. (C) Box plot showing AVAL\R activity “low” phase durations in different stimulation conditions:
periodic [O»] stimulus recordings (n =14), constant 11% (n = 10) and constant 21% (n = 10) [O,] control recordings. Red
lines represent median values. N for each condition identifies the number of the AVAL\R activity cycles used for the
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analysis. **, p <0.01, **** p < 0.0001. (D) Raster plot shows the onsets of the rises of the AVAL\R neuronal activity in
the constant 11% [O] recordings. Vertical dashed line at 0 seconds denotes transition from the 11% to 21% [O;] in the
periodic [O,] stimulus protocol. (E) Cumulative probabilities of the AVAL\R neuronal activity rise onsets calculated for
the 21% [O,] stimulus periods for the recordings with periodic [O-] stimulus (n =14) and for the time periods corresponding
to the 21%[O,] periods for the constant 11% (n =10) and constant 21% (n =10) [O,] control recordings. Vertical dotted line
denotes the time point (10 seconds after the 21% [O,] stimulus onset) used for the statistical comparison. Only the trials
where AVAL\R neuron was in a “low/fall” activity phase at the moment of 21% [O,] stimulus onset for the periodic
stimulus datasets and at the time moments corresponding time for the 11% and 21% [O-] control datasets were considered
for the analysis. **** p <0.0001.

Overall, we observed that all three introduced oxygen stimulus paradigms were affecting the AVA
activity dynamics in a different way. However, the range of the changes was not drastic and allowed to
employ the AVA activity traces from the recordings with a stable 11% and 21% [O;] as a control for
the stimulus entrainment in the periodic oxygen stimulus assays. To do this we developed a procedure
in which we used theoretical stimulus upshifts time points from the periodic stimulation protocol to
align AVA activity traces from the 11% and 21% [O:] control recordings and calculate corresponding

AVA rise onsets cumulative probability control values (see Methods, fig. 8D,E).

We found that the increased rate of the AVA activity onsets within the 10 seconds time window upon
the 21% [O:] stimulus onset was characteristic only for the recordings with a periodic oxygen stimulus
protocol and was not detected in neither of the controls (fig. 8E). Thus, we could exclude the potential
artefact in the stimulus entrainment which could occur due to the pure alignment of the periodic stimulus
with an intrinsic AV A activity. This observation confirms the up-modulation effect of the 11-21% [O:]

shift on the AVA activity onsets rate.

Next, we observed that the slopes of AVA rise onsets cumulative probabilities for the periodic stimulus
and both controls were equalizing after the ~10 seconds upon the stimulus onset (fig. 8E). This
observation was going in a line with a previous comparison with the internal control of the 11% [O]
periods (fig. 7C). This observation points to the fact that within this time window the oxygen stimulus
effect was distinguishable from the baseline controls. Moreover, the permutation statistical test (see
Methods) revealed significantly higher probability of the AVA rise onsets when measured at the 10

seconds time point.

In conclusion, we found an up-modulatory effect of the 11- 21% periodic [O:] stimulus on the rate of
AVA rises indicating the presence of the fictive reversal locomotion response in the whole-brain
imaging assay similarly to our previous findings from the behavioral experiments. Moreover, the
intrinsic control from 11% [O:] periods and from the control datasets with a stable 11 and 21% [O]
confirmed the statistically significant periodic oxygen stimulus entrainment within the 10 seconds time

window upon the 21% [O:] stimulus onset.
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3.7 Reliable sensory encoding and variable motor response reveal the probabilistic
nature of the sensorimotor transformation

After confirming the motor response entrainment by the periodic 11-21% [O;] stimulus, we aimed to
estimate the efficiency of the sensorimotor transformation occurring in the experimental conditions of
the whole-brain imaging. For that we compared the reliability of the motor response to the reliability of
the sensory encoding of the periodic oxygen stimulus over the trials. To do that that we referred to the
cumulative probabilities of the AVA and URX neurons correspondingly (fig. 9A). We selected the URX
neuron as a representative among other oxygen sensory neurons because it exhibited one of the most
reliable responses to the periodic 21% [O;] stimulus, reaching nearly a probability level of 1 within 5

seconds of the oxygen stimulus onset (figs. 6B, 9A).
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Figure 9. AVA intrinsic state and its past history affects responsiveness of the system

(A) Comparison of cumulative probability of the AVAL versus URXL\R neuronal activity rise onsets for the datasets
curated for the whole brain analysis (n = 5). Only the trials where the AVA neuron was in a “low/fall” activity phase at the
moment of the transition from the 11% to 21% [O-] were considered for the analysis. (B) Cumulative probabilities of the
AVAL\R activity onsets for different past history conditions in three different oxygen stimulation conditions: the periodic
stimulus essays (n = 14), constant 11% (n =10) and constant 21% (n =10) [O,] control recordings. Color codes denote four
different subsamples of trials used for the cumulative probability quantification. Each condition is defined by the AVA
neuronal activity being in a 'low/fall' state for a specified duration before the onset of the 21% [O,] stimulus (0, 30, or 50
seconds). The '0 sec' condition indicates that the AVA neuron was in a 'low/fall' state precisely at the onset of the 21% [O,]
stimulus. Line with black color code represents all trials.

First, we observed that the onset of AVA responses was delayed by ~4 seconds compared to URX
onsets, which began immediately upon the 21% [O;] stimulus onset (fig. 9A). This delay may indicate

the time required for sensorimotor transformation. Interestingly, despite this delay, URX and other
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oxygen sensory neurons showed comparable slopes in the cumulative probabilities of their response
onsets relative to AVA neuron activity (figs. 9A, 6B). This similarity suggests that both oxygen sensory
neurons and the AVA premotor neuron process oxygen stimuli with similar temporal dynamics and

efficiency, implying their involvement in a shared information pathway and coordinated activity.

Importantly, when we considered the 10 seconds time window which was previously established as the
period where the AV A response is entrained by the oxygen stimulus, we found that the AVA response
probability reached only the level of ~0.6 in contrast to almost 1 probability response of the URX
oxygen sensory neuron. This indicates that despite the almost deterministic sensory encoding the motor
response had substantial trial-to-trial variability which evidences for the probabilistic nature of the

sensorimotor transformation

3.8 Intrinsic AVA state and its history partially explain the probabilistic nature of
sensorimotor transformation in response to the oxygen stimulus

After establishing the problem of the probabilistic nature of the sensorimotor transformation we aimed
to further investigate the potential neuronal mechanisms underlying it. On the first place, we aimed to
investigate the role of the AV A neuron intrinsic state in the response generation. Based on the previous
knowledge we hypothesized that the current AVA activity state as well as its past history could
influence its responsiveness (Gordus et al., 2015; Kaplan et al., 2018). To test this hypothesis, we sorted
all trials based on the past history of the AVA neuron into three clusters: “0 sec”, “30 sec”, “50 sec” -
corresponding to the timing for which AVA neuron was in an inactive state prior to the 21% [O2]
stimulus onset and calculated cumulative probability of the AVA neurons activity rise onsets within
each of the cluster. Also, similar procedure was applied to the stable 11% and 21% [O:] control datasets

(see Methods; fig. 9B).

First, we found that in all preselected clusters we could observe the up-modulation of the AVA activity
onsets rate in response to the 21% [O»] stimulus onset. However, already the “0 sec” trial’s cluster with
AVA being inactive at the exact moment of the 21% [O-] stimulus showed the increased response
probability compared to “all trials”, indicating the role of the current AVA intrinsic state in the
responsiveness. Further this analysis revealed that period of inactivity preceding the onset of the 21%
[O2] stimulus had a positive correlation with AVA response probability such that the longer inactivity
history leaded to the higher response probability. Ultimately, the “50 sec” cluster demonstrating ~0.2
increase in the response probability relating to the “all trials” (fig. 9B left panel).

Interestingly, when similar analysis was performed on the stable 11% and 21% [O-] stimulus control

datasets, results did not demonstrate such a clear distinguishable trend (fig. 9B middle & right panels).
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This finding might indicate the stochastic nature of the AVA spontaneous activity where the activation
probability does not depend on the duration of the preceding inactive period. At the same time, this

highlights the effect of inactive period duration on the response to the 21% [O,] stimulus.

Overall, we found that the AVA intrinsic state at the moment of the stimulus presentation and its
preceding activity history is affecting the responsiveness of the system. The duration of the AVA
inactive state preceding the stimulus was correlating with the responsiveness to the 11-21% [O>]
stimulus; even so the spontaneous AVA activity under the conditions of the stable oxygen stimulus
demonstrated stochastic character with no dependency on its activity history. However, the intrinsic

AVA state and its past history did not explain all of the response variability.

3.8 “Hit-Miss; Evoked-Spontaneous”-triggered average analysis approach for exploring
neuronal mechanisms behind the probabilistic nature of sensorimotor transformation

Next, we aimed to further explore the neural basis underlying the motor response variability. A single-
neuron resolution whole-brain Ca®" imaging datasets provided us with a unique opportunity to explore

potential contribution of the individual neurons to the responsiveness of the system.

To characterize contribution of the individual neurons we developed an analysis pipeline based on the
stimulus-triggered average analysis. In this analysis we wanted to analyze the neuronal data from the
perspective of the stimulus on one hand and from the perspective of the response on the other hand. For
this we used triggering to the 21% [O-] stimulus time onsets and to the AV A activity onsets representing

the locomotion response correspondingly.

Next, we segregated stimulus-triggered trials into “Hit” and “Miss” pools in the same way as it was
described in the section above. In short, we focused on the AVA activity during the initial 10 seconds
time window upon the 21% [O>] stimulus onset; as this in this time window we previously revealed the
21% [0O»] stimulus up-modulation effect (fig. 7B,C). Trials where AV A activation was detected in this
time window were classified as “Hit”, whereas the rest of the trials including those with AV A activation

occurred later than 10 seconds or did not occur at all were classified as “Miss” trials (fig. 10A).

On the other hand, we segregated AVA activity onsets-triggered trials into the “Evoked” and
“Spontaneous” clusters. “Evoked” cluster was defined by the presence of the AVA rise onset within
first 10 seconds period starting from the 21% [O:] stimulus onset. Thus, the “Evoked” cluster
corresponded to the “Hit” trials cluster from the stimulus-triggered average classification. On the other

hand, the “Spontaneous” cluster was defined on a residual basis; thus, it included AVA rises occurred
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within the 21% [O:] periods but later than 10 seconds from the stimulus onset and AVA rises which

occurred within the 11% [O:] periods (fig. 10A).
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Figure 10. Schematics of the “Hit-Miss; Evoked-Spontaneous”-triggered average analysis.
(A) Top: Diagram demonstrating the logic of the “Hit-Miss; Evoked-Spontaneous”-triggered average analysis. Trials
triggered to the 21% [O-] stimulus times were divided into “Hit” and “Miss” clusters. Trials triggered to the AVA activity
rise onsets were divided into “Evoked” and “Spontaneous” clusters. Note that the “Evoked” AVA-triggered trials
correspond to the “Hit” stimulus-triggered trials. Bottom: An example AVAL trace fragment illustrating instances of the
“Hit-Miss” stimulus triggering time points and “Evoked-Spontaneous” AV A-activity triggering time points (vertical dashed
lines) corresponding to the description above. Color code for the boxes at the diagram on top corresponds to the color code
of the dashed lines denoting triggering time points on the bottom figure. (B) Example illustrating how “Hit-Miss; Evoked-
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Spontaneous” triggered average analysis can distinguish between sensory-related neuronal activity and motor-output-
related neuronal activity. Top row: sensory-related activity of the URXL oxygen sensory neuron. Bottom row: motor-
output-related activity of the RIML interneuron. Left column: stimulus “Hit-Miss”-triggered averages. Right column:
AVAL rise onset “Evoked-Spontaneous”-triggered averages. Shaded area represents + SEM.Vertical dashed line denotes
transition from the 11% to 21% [O»] in the stimulus-triggered averages (left column) and transition from the pre-AVA rise
onset to the post-AVA rise onset time epochs in the AVA-triggered averages. Color code is the same for (A) and (B).

Finally, we applied triggered average analysis for each of the four trial’s clusters and compared resulted
averaged neuronal activity patterns for the stimulus-triggered “Hit” versus “Miss” clusters; and for the
AVA-triggered “Evoked” versus “Spontaneous” clusters separately (fig. 10B). This analysis was
applied systematically to all identified neurons and neurons which demonstrated significant difference
in the activity amplitude in either pre- or post-triggering time point windows were automatically

detected (fig. S3,4, Tables S1,2, see Methods).

Additionally, this two-sided approach to the data allowed us to disentangle neurons with sensory-related
and motor-related activity profiles. We previously established that sensory response was highly reliable
across trials (fig. 6B) and therefore occurring at both “Hit” and “Miss” trials. Consequently, neurons
with sensory-related activity were expected reveal activation on both “Hit” and “Miss” stimulus-
triggered averages and additionally at the “Evoked” AV A-triggered averages corresponding to the “Hit”
stim trig (fig. 10B). On the opposite, we expected that neurons with the motor-related activity would
exhibit activation pattern at the “Hit” but not “Miss” stimulus-triggered averages and at both “Evoked”
and “Spontaneous” clusters of the AVA-triggered averages, as those neurons activity is linked to the
response independently of the fact if it was occurring in response to the stimulus or “spontaneously”

(fig. 10B).

Overall, multiple neurons revealed significantly distinct activity patterns at the “Hit” versus “Miss”
trials of the stimulus-triggered averages (fig. S3, Table S1). This indicates that the successful
sensorimotor transformation of the oxygen stimulus in our experimental paradigm was accompanied by
the characteristic neuronal activity detectable with the Ca®* imaging technique. Further, we review these
findings in detail with a focus on the sensory neurons, the primary interneurons, and premotor

interneurons.

3.9 Role of the oxygen sensory neurons in sensorimotor transformation

3.9.1 Oxygen sensory neurons detecting the increase in the environmental oxygen concentration

reveale distinct activity for the “Hit” and “Miss” trials

First, we aimed to focus on the oxygen sensory neurons as they represent the first information
processing relay from the oxygen stimulus. As we expected, all of the oxygen sensory neurons: URX,
AQR, PQR, IL2 and BAG demonstrated activity up-modulation at both “Hit” and “Miss” trials of the

stimulus-triggered average; whereas at the AVA-triggered averages a distinct activity up-modulation
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was revealed only at the “Evoked” trials which correspond to the “Hit” trials (figs. 11, 12, S3, S4). This
means that on average the activation of the oxygen sensory neurons was linked to the oxygen stimulus

and not to the motor response.
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Figure 11. “Hit-Miss” stimulus-triggered averages of neuronal activity of the oxygen sensory neurons

Each box corresponds to a different oxygen sensory neuron. Within each box trials averages of neuronal activity for “Hit”
and “Miss” clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical dashed line at 0 seconds
represents transition between 11% and 21% [O,] periods. N “H” and n “M” in each box indicates number of trials used for
averaging for the “Hit” and “Miss” clusters respectively. Green bars represent the 15 seconds time windows where statistical
tests were performed. *, p <0.05; **, p <0.01.

Previously we found that the oxygen sensory neurons had a highly reliable activation response over
presented stimulus trials (fig. 6B). However, the amplitude of their response was varying over trials as
could be seen with an example of the URX neuron (fig. SA). Thus, we aimed to explore the relationship
between oxygen sensory neurons response amplitude and the motor response. Surprisingly, we found
that URXL, PQR and both IL2 neurons showed significantly higher response amplitude values at
“Miss” trials compared to the “Hit” trials (fig. 11). For the URXL and a pair of 112 neurons the maximum
amplitude delta values were detected within ~5 seconds upon the 21% [O>] stimulus onset, whereas for
the PQR neuron it was detected with ~15 seconds latency. This observation is consistent with a previous
finding that the PQR neuron had longer onset latency time comparing to the URX and IL2 neurons
(fig. 6C) and a slower activation dynamic (fig. 5B). AQR neuron demonstrated trend similar to the PQR
neuron with activity amplitude on the “Miss” trials tending exceed those on the “Hit” trials during the
first ~20 seconds upon the 21% [O-] stimulus onset. Interestingly, following the ~20 seconds timing the
response on the “Hit” trials kept rising in the contrast to “Miss” trials response which reached the plateau

phase till the end of the 21% [O.] period. Thus, during the last 10 seconds of the 21% [O.] period the



Results 55

“Hit-Miss” activity amplitude ratio reversed and the “Hit” trials activity amplitude exceeded the “Miss”
trials amplitude. However, for the AQR neuron described response amplitude discrepancies were subtle

and did not reach statistically significant level.
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Figure 12. “Evoked-Spontaneous” AVA-triggered averages of neuronal activity of the oxygen sensory neurons.
Each box corresponds to a different oxygen sensory neuron. Within each box trials averages of neuronal activity for
“Evoked” and “Spontaneous” clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical
dashed line at 0 seconds represents the transition between pre- and post- AVA rise onset time periods. N “E” and n “S” in
each box indicates number of trials used for averaging for the “Evoked” and “Spontaneous” clusters respectively. Green
bars represent the 15 seconds time windows where statistical tests were performed. *, p < 0.05; **, p < 0.01 ; *** p <
0.001; **** p<0.0001.

Moreover, we found that for the URX neurons the timing of the peak amplitude values were shifted at
“Hit” versus “Miss” trials (fig. 11). For the URXL neuron peak amplitude value was shifted for the
longer value at “Hit” trials: ~11 seconds versus ~ 6.5 seconds at “Miss” trials. The opposite pattern was
observed for URXR right neuron where the peak amplitude was detected earlier at “Hit” trials ~5

seconds versus ~10 seconds for the “Miss” trials.

“Evoked” trials of the AVA-triggered averages revealed that for all sensory neurons their activation
onsets were preceding AVA activity (fig. 12). URX and IL2 neurons activation slopes were preceding
AVA activity onset for the major fraction of time. In particular, the URXR and IL2R neuron’s activation
onsets were at ~8 and ~14 seconds prior to the AVA onset correspondingly and their activity peak
coincided with the AVA activity rise onset time. Whereas URXL and IL2L had activity onsets ~5
seconds prior to the AVA onset and demonstrated activation peak ~5 seconds following the AVA

activity onset. On the opposite, AQR and PQR neurons had activation onsets just ~2 seconds prior to
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the AVA onset and the major fraction of their activity rise slope was following the AVA activity; the
activity peak was detected at ~25 seconds following the AVA activity rise onset. Thus, potentially URX
and IL2 neuron’s activity ( in particular their right counterparts ) and less likely AQR and PQR activity

might have a causative role for the AVA response.

Interestingly, URXR neuron showed the opposite trend with the “Hit” trail activity amplitude exceeding
the “Miss” trials, however this difference was not reaching statistically significant level (fig. 11).
Significant difference for the URXR neuron was detected later ~20 seconds upon the 21% [O] stimulus

onset with a “Miss” trials showing higher amplitude values due to the more gradual decay dynamic.

Importantly, URXL, AQR, PQR and IL2R neurons demonstrated no difference at their baseline activity
during the 11% [O:] periods preceding the 21% [O-] stimulus onset at “Hit” versus ‘“Miss” trials
(fig. 11). This indicates that their activity prior to the stimulus could not serve as a predictor for the
further responsiveness of the system. On the contrast, two oxygen sensory neurons URXR and IL2L
demonstrate a difference in the “Hit” versus “Miss” trials baseline activity level during the 11% [O,]
periods. URXR neuron showed slightly increased level of the baseline activity prior to the 21% [O:]
stimulus onset at the “Hit” trials. Opposite pattern regarding the 11% [O] activity baseline was found
for the IL2L neuron with the baseline activity prior to the “Miss” trials being at the slightly higher level

comparing to the “Hit” trials.

Interestingly, we observed that all oxygen sensory neurons showed suppression of neuronal activity
during “Spontaneous” AV A-triggered trials (fig. 12). However, the precise timing of this suppression
varied among the different sensory neurons. For the URX, AQR, and IL2R neurons, the onset of
suppression slightly preceded the rise in AVA activity. This suggests that spontaneous down-
modulation in the activity of these oxygen sensory neurons might facilitate the initiation of AVA
activation. Notably, the URXR and IL2R neurons reached their minimum suppression points precisely
at the onset of AVA activity, reinforcing this idea. Conversely, it could indicate the presence of an
alternative neuronal source that initiates the decision of reverse locomotion and suppresses sensory

neurons beforehand.

The IL2L and PQR neurons exhibited a different trend, with the onset of their suppression coinciding
with the rise in AVA activity. This timing suggests that AVA activation may play a causal role in the
suppression of IL2L and PQR neurons.

Furthermore, the suppression of the URXR and a pair of IL2 neurons was steep, followed by a down-
plateau lasting ~5 seconds, after which activity quickly returned to baseline. In contrast, the suppression

of the AQR and PQR neurons was less pronounced but lasted longer, ~30 seconds following the onset
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of AVA activity. This observation suggests that the mechanisms and physiological roles of suppression

may differ between the URX and IL2 neurons and the AQR and PQR neurons.

In conclusion, we found that the URXL, PQR, and IL2 oxygen sensory neurons exhibited significantly
different average activation amplitudes during “Hit” versus ‘“Miss” trials. Notably, the activation
amplitude was higher during “Miss” trials compared to “Hit” trials. This finding suggests two potential
physiological mechanisms: one possibility is that a weaker response from the oxygen sensory neurons
might facilitate the initiation of reversal motor behavior via AVA neuron activation; alternatively, the
lower activation amplitude during “Hit” trials might indicate a suppressive feedback mechanism that
down-regulates oxygen sensory neurons following the initiation of reversal motor behavior.
Additionally, we observed that all oxygen sensory neurons showed suppression of their baseline activity
during “Spontaneous” trials prior to the onset of AVA activity. Thus, the activity of the oxygen sensory

neurons is also linked to reversal motor events that occur independently of an oxygen stimulus.

3.9.2 Inhibition of BAG neurons by elevated environmental oxygen concentration precedes AVA
activation

We investigated the activity of BAG neurons, which are known to detect decreases in environmental
[O.]. BAG neurons did not exhibit a statistically significant difference in activity during the 11% [O>]
periods preceding "Hit" versus "Miss" trials. However, we observed a trend indicating that "Hit" trials
were characterized by a steeper activation and decay compared to the slower rise and decay dynamics
observed in "Miss" trials (fig. 11). This activity pattern suggests that BAG neurons may have a stronger

response to [O] downshifts prior to "Hit" trials.

As previously described, BAG neurons showed a suppression from baseline activity that began
immediately upon the onset of the 21% [O>] stimulus (fig. SB). This suppression exhibited an abrupt
pattern, after which BAG activity gradually recovered to baseline levels by the end of the 30-second
21% [O2] period. Notably, using "Hit-Miss"-triggered average analysis, we found that this suppression
occurred in both "Hit" and "Miss" trials (fig. 11). The suppression observed in "Hit" trials was also
evident in the AVA-triggered "Evoked" trials (fig. 12), where it was clearly indicated that BAG
suppression begins prior to AVA activity onset. These observations align with previous research
(Zimmer et al., 2009), which demonstrated that BAG neurons exhibit subtle responses to [O»] upshifts

as part of their receptive properties.

Next, as previously noted, we also observed BAG suppression in the AVA-triggered "Spontaneous"
trials alongside other oxygen sensory neurons (fig. 12), which begins shortly before the onset of AVA
activity. This suggests a potential suppressive feedback mechanism that regulates BAG neurons,

consistent with one of the theories described earlier.
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Further, detailed observation of the data revealed additional insights. In "Evoked" trials, BAG
suppression preceded AV A activity by ~5 seconds, whereas in "Spontaneous" trials, it preceded by ~2
seconds. During "Evoked" trials, BAG suppression reached its minimum level coinciding with the onset
of AVA activity rise, followed by immediate recovery. This pattern was prominently displayed in
BAGL neuron. Conversely, during "Spontaneous" trials, BAG activity continued to decrease after AVA
activity began rising. After reaching its minimum, BAGL neuron activity remained suppressed for
approximately 5 seconds before gradually recovering to baseline. In contrast, BAGR neuron activity
started recovering slowly immediately after reaching its minimum value. These findings underscore the
suggestion of distinct physiological mechanisms and roles for BAG suppression in response to oxygen

stimuli compared to cases involving spontaneous AVA activation.

Overall, we found a trend indicating that "Hit" trials might exhibit steeper activation and decay
dynamics compared to "Miss" trials in BAG neurons, suggesting a potentially stronger response to [O-]
downshifts. However, this trend was not statistically significant. Furthermore, we consistently observed
suppression of BAG baseline activity in response to oxygen stimuli and spontaneous reversal events,
revealing distinct temporal dynamics that suggest diverse underlying neuronal mechanisms for this

suppression.

3.9.3 Activation timing and response variability of the oxygen sensory neurons do not account
for the motor response variability

Additionally, we sought to explore if the latency time of the oxygen sensory neurons activity onsets
correlated with the motor response variability. Initial observations of the stimulus-triggered “Hit-Miss”
averages did not reveal any substantial discrepancies as all the sensory neurons seem to demonstrate
activity onsets starting approximately at the same time at “Hit” and “Miss” trials (fig. 11). However,
such an analysis could mask possible subtle shifts in the activation onsets timing due to the averaging.
Thus, we developed an analysis procedure where we modified previously described analysis of the
sensory neuron’s onsets latency times (fig. 6) to estimate it separately for the “Hit” and “Miss” trial’s

pools (see Methods).

Neuronal activity onsets histograms for the oxygen sensory neurons revealed (fig. 13A) no statistically
significant onsets latency differences for the “Hit” versus “Miss” trials estimated by the delta between
median values. Moreover, IL2L, URX and AQR neuron’s demonstrated aligned activity onset’s
latencies median values: ~2.4, ~2.8 and 2.8 seconds correspondingly; these values closely corresponded
to the results revealed before where all trials were analyzed together: ~2.3, ~2.8 and ~2.8 seconds in
the same order (fig. 6C). It should be mentioned, that the IL2R and PQR neurons revealed a trend with

“Miss” trials showing slightly shorter activity onsets median value comparing to the “Hit” trials pool



Results 59

(~2.0 and ~4.4 seconds correspondingly for the “Miss” trials versus ~2.9 and ~4.9 seconds for the “Hit”

trials). However, the median delta values were not statistically significant.

Moreover, this analysis revealed that the outlier activity onsets with long latencies which were
previously described for the AQR and PQR neurons (fig. 6C) were substituted by the events coming
from both “Hit” and “Miss” trials (fig. 13A). Overall, we concluded that the oxygen sensory neurons

activity onsets times on the “Hit” and “Miss” trials come from the same distribution.

Next, we aimed to extend the analysis of the sensory neuron’s response probability over stimulus trials.
Previously we have established that oxygen sensory neurons had a reliable response over stimulus trials
(fig. 6). However, it should be highlighted that AQR and PQR neurons reached only ~0.8 response
probability value by the 10 seconds upon the 21% [O;] stimulus onset (fig. 6B), time where we
measured significant AVA entrainment; hence, AQR and PQR neurons demonstrated a probabilistic
character of the response over presented trials. Moreover, the activity onset’s timing analysis revealed

that the oxygen sensory neurons had variable latencies of the response over presented trials (fig. 6C).

Thus, we aimed to explore if the detected sensory response variability and their response latency
variability were correlated with the motor response variability. To do this we modified previously
described activity onset cumulative probability analysis and performed the same quantification

separately for the “Hit” and “Miss” trials (see Methods).

Firstly, URX and IL2L showed no discrepancies for their activity onsets cumulative probabilities on
the “Hit” versus “Miss” trials, in both cases reaching the value ~1 by the 10 seconds upon the 21% [O>]
stimulus onset (fig. 13B). This result was expected, since URX and IL2L neurons demonstrated ~1
response probability values when calculated for the “Hit” and “Miss” trials mixed together (fig. 6B).
Importantly, we found that AQR and PQR neurons also had identical profiles of their activity onsets
cumulative probabilities on the “Hit” versus “Miss” trials, in both cases reaching the value ~0.8 by the
10 seconds upon the 21% [O:] stimulus onset (fig. 13B). This finding indicates that their response

variability was not correlated with the motor response variability.

Importantly, the identical response probabilities of oxygen sensory neurons in “Hit” and “Miss” trials
support the hypothesis that the amplitude difference observed in the stimulus-triggered averages
(fig. 11) reflects genuine variations in response strength, rather than an artefact caused by absent activity

in either trial group.
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Figure 13. Oxygen sensory neurons demonstrate robust activity onsets patterns on the “Hit” versus “Miss” trials
(A) Each panel corresponds to a different oxygen sensory neuron. Within each panel histograms showing timing of the
neuronal activity rise onsets for the “Hit” and “Miss” trials are overlaid. Vertical dashed lines denote the median values for
the “Hit” and “Miss” clusters. N “H” and n “M” indicates the number of the onsets used for the analysis from “Hit” and
“Miss” clusters respectively. Statistical test compares median values. n.s, p > 0.05. (B) Each panel corresponds to a different
oxygen sensory neuron. Each line is a cumulative probability of the neuronal activity rise onsets calculated from the 21%
[O:] period for the “Hit” and “Miss” trials clusters separately. N “H” and n “M” indicates the number of trials used for the
analysis from “Hit” and “Miss” clusters respectively. **, p < 0.01.

Additionally, identical slopes of the activity rise cumulative probability at the “Hit” and “Miss” trials
for the URX, IL2L and AQR neurons further confirms that there was no difference between
distributions of the activation onset latencies for the “Hit” and “Miss” trials as was detected before with

the activity onset’s time histograms (fig. 13A). PQR and IL2R neurons demonstrated a slightly steeper
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cumulative probability curve at “Miss” trials which is complementary to the previously described
finding that those neurons demonstrated a trend of having slightly shorter activity onsets median value

at “Miss” trials comparing to “Hit” trials (fig. 13A).

Interestingly, we found differences in “Hit” versus “Miss” trials cumulative probability profiles for the
IL2R neuron (fig. 13B). Specifically, the initial slope of the cumulative probability (from 0 to ~5
seconds) was slightly steeper during 'Miss' trials. Subsequently, the slope of the cumulative probability
after ~5 seconds following the 21% [O;] stimulus was significantly shallower during 'Hit' trials
compared to 'Miss' trials. Consequently, the absolute response probability between 5 to 7 seconds was
significantly lower in “Hit” trials tcompared “Miss” trials. However, the cumulative probability of
activity onset during “Hit” trials eventually reached the value of 1 by the end of the 30-second period
following the 21% [O>] stimulus onset. This indicates a reduced rate of [L2R activity between 5 and 30
seconds after the 21% [O;] stimulus onset, potentially reflecting a suppressive feedback mechanism

from the reversal pre-motor neurons.

In summary, we found that neither the response latency nor the trial-to-trial response variability of
oxygen sensory neurons correlated with motor response variability. The only oxygen sensory neuron
that showed a significant difference in the cumulative probability of activity onset between 'Hit' and
'Miss' trials was the IL2R neuron. This neuron exhibited a transient suppression period during 'Hit'

trials, potentially indicating a suppressive feedback mechanism from pre-motor interneurons.

3.10 Role of the primary interneurons in sensorimotor processing of the environmental
oxygen stimulus

After inspecting the oxygen sensory neurons response with the “Hit-Miss; Evoked-Spontaneous”-
triggered average analysis approach, we aimed to focus on the interneurons which could be potentially

involved in the processing of the information from the oxygen sensory neurons.

Connectome organization suppose three pairs of the candidate interneurons which might serve this
function: RMG, AUA and PVP neurons. In particular, RMG neurons are recurrently connected with
URX sensory neurons via chemical synapses and gap junctions; and with IL2 neurons via gap junctions.
Similarly, AUA neurons receive major chemical synapses inputs from the URX neurons. PVP neuron
has gap junctions with AQR and PQR sensory neurons. On the other hand, AUA, RMG and PVP
interneurons each send chemical synapses to one or more of the reverse premotor interneurons AVA,
AVD and AVE. Overall, this connectome arrangement puts AUA, RMG and PVP interneurons in the
position where they could potentially be involved in the information transfer between the layer of the

oxygen sensory neurons and premotor interneurons (Macosko et al., 2009; White et al., 1986)
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This assumption was further supported by the Ca?" imaging studies which revealed that the AUA and
RMG neurons demonstrate activation in response to the elevated environmental [O-] correlated with
the URX response. (Busch et al., 2012; Laurent et al., 2015; Nichols et al., 2017; Oda et al., 2017).
Moreover, it was shown that the URX ablation (Laurent et al., 2015) or GCY-35 guanylate cyclase
mutation which disrupts oxygen sensation in the oxygen sensory neurons (Busch et al., 2012), lead to
the disruption of the response in the RMG and AUA neurons. These findings testify to the hypothesis
that the Ca®’ response in the RMG and AUA neurons is driven by the oxygen sensory neurons input.
Thus, it was experimentally proven that the oxygen sensory neurons transmit the information about the

rise in the environmental [O:] to the AUA and RMG interneurons.

On the other hand, ablation studies demonstrated that RMG and AUA contribute to the change of the
behavioral state in response to the changes in the environmental [O;]. Importantly, in the same study it
was shown that ablating RMG interneurons also reduced the transient reversals and turns elicited during
the rise in [O2] (Busch et al., 2012). Additionally, optogenetic stimulation studies demonstrated that
RMG activity is sufficient for inducing up-modulation of the forward locomotion (Laurent et al., 2015).
Additionally, it was shown that the RMG neuron serves as a hub center in the distributed neuronal

circuit which regulates oxygen related aggregation behavior (Macosko et al., 2009);

Overall, the connectome organization, Ca®" functional imaging, optogenetic and ablation studies
convergently point towards the importance of the RMG, AUA and PVP neuron’s functional role in the
processing of the information from the oxygen sensory neurons and forming the corresponding

behavioral response.

3.10.1 Stimulus-triggered average analysis identifies primary interneurons in the whole-brain
imaging recordings

We applied an explorative approach by the means of stimulus-triggered average analysis (fig. S1) in
combination with identifying the characteristic topographic position of the neurons as we described
previously for the oxygen sensory neurons. With this approach we could detect all the above-mentioned
interneurons: RMG, AUA neurons in the head ganglion and PVP neuron in the tail ganglion (fig. 14).
They demonstrated activity profiles similar to the up-shift sensing oxygen sensory neurons: URX, 1L2,

AQR and PQR (fig. 5) with activity up-modulation upon the 21% [O:] stimulus.
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Figure 14. Stimulus-triggered averages of neuronal activity in primary interneurons

Each box corresponds to a different primary interneuron. Orange line within each box is a stimulus-triggered average of
the neuronal activity. We could detect three pairs of the interneurons reacting to the increase in [O-] similarly to the oxygen
sensory neurons (AUA, PVP and RMG) and a pair of neurons (“X” neuron) ramping its activity during the 11% [O-] period.
Shaded area represents + SEM. Vertical dashed line at 0 seconds represents the transition between 11% and 21% [Os]
periods. N in each box indicates number of trials used for averaging.

AUA and RMG neurons demonstrated relatively steep activation slope reminding those of the URX
and IL2 neurons (fig. 14). The maximum level of activity was reached ~10 seconds upon the 21% [O;]
onset and then followed by the gradual decrease. AUAR neuron’s activity was stabilized at the elevated
plateau level starting from ~15 seconds upon the 21% [O:] onset. RMG neurons were reaching the
maximum level of activity ~12 seconds upon the 21% [O:] onset which was followed by the very gentle
activity decrease plateauing at the elevated level till the end of the 21% [O:] period. Further, upon the
onset of the 11% [O;] activity of AUA and RMG neurons was steeply decreasing and reaching the

baseline during the ~10 sec.

PVP neurons had a gradual linear activation slope similar to the one of the AQR and PQR sensory
neurons (fig. 14) reaching maximum towards the end of the 21% [O:] period. Further, PVP’s activity
was decreasing and reaching baseline during the first ~20 seconds of the following 11% [O:] period.
Thus, both activation and suppression slopes of the PVP neurons was slower comparing to the AUA

and RMG neurons.

Next, by screening the results of the stimulus-triggered average analysis we identified new neuronal
pair with activity linked to the oxygen stimulus (figs. 14, S1). We gave it a putative name “X”’ neuron.

This neuron was characterized by the activity which started to rise immediately upon the 11% [O-]
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onset and was gradually ramping up reaching the maximum level towards the end of the 11% [O:]
period and then dropping down to the baseline within the first 5 seconds upon the 21% [O;] onset. Thus,
this neuron was activated during the 11% [O»] stimulus period similar to BAG oxygen sensory neurons
(fig. 5), however it had different activity dynamic pattern, as BAG neuron’s activity was reaching

maximum shortly upon the 11% [O;] onsets and then falling towards the baseline within the ~40 sec.

Overall, in our recordings we could identify all the previously described major interneurons related to
the oxygen stimulus processing in the head and tail ganglions, which were AUA, RMG and PVP
neurons. All these neurons demonstrated activation aligned with the 21% [O»] stimulus and relaxation
of the activity during the 11% [O;] periods. AUA and RMG neurons had steeper activation dynamics
similar to the URX and IL2 oxygen sensory neurons, whereas PVP neurons had more gradual linear
activation slope similar to the one of the AQR and PQR sensory neurons. These results align with the
C. elegans connectome data from which we know that AUA and RMG neurons has recurrent
connections with the URX neurons and PVP neurons are interconnect with AQR and PQR oxygen
sensory neurons by the gap junctions. Furthermore, we identified an interneuron which was not
previously described in the literature whose activity was gradually ramping during the 11% [O.] periods
reaching the maximum in the end of it and then relaxing to the baseline in the subsequent 21% [O:]

periods; this neuron is identified by the putative name “X” neuron in the current work.

3.10.2 The “Hit-Miss; Evoked-Spontaneous”-triggered average analysis shows that primary
interneurons exhibit activity indicative of the reversal motor response decision-making process
Having established that the AUA, RMG, PVP, and "X" primary interneurons exhibit an activity profile
in response to 21% [O:] stimulus, we aimed to test the hypothesis that these interneurons might play a
role in the decision-making mechanism underlying the previously observed trial-to-trial response
variability. (figs. 7 - 9). To test this hypothesis, we scrutinized the results of the “Hit-Miss; Evoked-
Spontaneous”-triggered average analysis (figs. 15, 16, S3, S4, Table S1) for these neurons.

First, we found that AUA, RMG, PVP and “X” primary interneurons demonstrated activity up-
modulation at both “Hit” and “Miss” trials of the stimulus-triggered average, whereas at the AVA-
triggered averages a distinct activity up-modulation was revealed only at the “Evoked” trials which
correspond to the “Hit” trials from the stimulus-triggered average (figs. 15, 16). This is the activity
pattern that was predicted to be observed for the neurons with a sensory-related activity (fig. 10) and
which was previously found for the oxygen sensory neurons in our recordings (compare fig. 11 and
fig. 12). Thus, we concluded that the activity of the primary interneurons was on average linked to the

oxygen stimulus and not to the motor response.
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Further we aimed to reveal if those interneurons were demonstrating activity discrepancies correlating
with “Hit” versus “Miss” trials. Interestingly, AUA and PVP neurons demonstrated identical activity at
“Hit” and “Miss” trials. Thus, their activity did not reflect information related to the motor response
decision (fig. 15). This result was particularly surprising because our previous findings revealed that
URX and PQR oxygen sensory neurons, which are expected to relay information about environmental
[O2] to the AUA and PVP interneurons, exhibited significantly different average activity amplitudes
during “Hit” versus “Miss” trials (fig. 11). Therefore, we identified a difference in the information

carried by the oxygen sensory neurons and primary interneurons.
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Figure 15. “Hit-Miss” stimulus-triggered averages of neuronal activity for different primary interneurons

Each box corresponds to a different primary interneuron. Within each box trials averages of neuronal activity for “Hit” and
“Miss” clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical dashed line at 0 seconds
represents the transition between 11% and 21% [O] periods. N “H” and n “M” in each box indicates number of trials used
for averaging for the “Hit” and “Miss” clusters respectively. Green bars represent the 15 seconds time windows where
statistical tests were performed. **, p < 0.01.

In contrast, the RMG neurons revealed a difference of their activity patterns at “Hit” versus “Miss”
trials (fig. 15). In particular, the RMGL neuron demonstrated different activity profiles at “Hit” versus
“Miss” trials: “Miss” trials demonstrated a steep activity rise reaching a peak ~10 seconds upon the
21% [0O2] stimulus onset followed by a steep activity decline. On the other hand, at “Hit” trials activity
had a gradual rise slope and was reaching a high plateau after ~20 seconds upon the 21% [O>] stimulus
onset; further the activity was staying at this plateau level till the end of the 21% [O:] period.
Importantly, we found significantly higher amplitude values at “Miss” trials compared to the “Hit” trials

~10 seconds upon the 21% [O:] stimulus onset. Furthermore, we observed that the baseline activity
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during the 11% [O;] periods preceding "Miss" trials was slightly higher compared to the activity
preceding "Hit" trials, with a significant difference particularly evident around -30 seconds, suggesting
it may be an integral part of the decision-making mechanism. RMGR neuron also revealed a trend with
activity at “Miss” trials reaching higher amplitude value comparing to the “Hit” trials. However, the
“Hit-Miss” amplitude delta value in this case was not statistically significant. Overall, RMG neurons
exhibited activity patterns similar to those observed in the URXL oxygen sensory neuron, showing

higher activity amplitudes during "Miss" trials compared to "Hit" trials.

A particularly interesting activity pattern trend was observed for the newly detected “X” neuron.
Previously we mentioned that the stimulus-triggered average revealed gradual ramping up of the “X”
neuron’s activity during the 11% [O:] periods (fig. 14). “Hit-Miss; Evoked-Spontaneous”-triggered
average analysis revealed that this activity ramp had a different pattern at the 11% [O:] periods of the
“Hit” versus “Miss” trials: at “Hit” trials the activity was steadily increasing till the end of the 11% [O>]
period, whereas at “Miss” trials it stopped rising after the initial ~20 seconds staying at the plateau level
till the end of the 11% [O:] period (fig. 15). Thus, starting from ~40 prior to the 21% [O] stimulus we
observed an amplitude difference for the “Hit” versus “Miss” trials with the “X” neuron activity
eventually reaching higher values at the “Hit” trials prior to the 21% [O] stimulus onset. This trend
was more prominent for the left neuron in the “X” neurons pair. It is important to mention that despite
the clear trend, the “Hit”—“Miss” trials maximum amplitude delta was not reaching statistically
significant level. Upon the onset of the 21% [O-] stimulus, the activity of the "X" neurons dropped to
baseline. Interestingly, for the "XR" neuron, activity during "Hit" trials reached lower values compared

to "Miss" trials, suggesting the effect of feedback modulation.

3.10.2 Primary interneurons demonstrate activation preceding the AVA activity onset

“Evoked” AV A-triggered averages revealed that the AUA and RMG neurons had their activity onsets
prior to the AVA onsets, whereas PVP neurons onsets were aligned with the AVA onset’s time
(fig. 16). AUA neuron’s activation onsets were ~5s prior to the AVA onset; similarly, to the URX
neurons (fig. 12). AUAR neuron’s activity peak coincided with the AVA activity rise onset time,
whereas AUAL activity peak was ~5 seconds following the AVA activity onset.

RMGL neuron’s activation onsets were ~5 seconds prior to the AVA activity onset and the activation
reached the maximum plateau ~15 seconds upon the AVA activity onset, then then activity started to
decline ~27 seconds upon the AVA activity onset. RMGR neuron activity rise started ~8 seconds prior
to the AV A activity onset and then reached maximum shortly after the AV A rise onset time; after that
activity dropped to an intermediate level plateau; then activity started to decline ~27 seconds upon the

AVA activity onset similarly as for the RMGL neuron. Thus, both oxygen stimulus-triggered averages
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(fig. 15) and AVA-triggered averages (fig. 16) revealed left-right functional asymmetry for RMG

neurons.
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Figure 16. “Evoked-Spontaneous” AVA-triggered averages of neuronal activity for different primary interneurons
Each box corresponds to a different primary interneuron. Within each box trials averages of neuronal activity for “Evoked”
and “Spontaneous” clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical dashed line at
0 seconds represents the transition between pre- and post- AVA rise onset time periods. N “E” and n “S” in each box
indicates number of trials used for averaging for the “Evoked” and “Spontaneous” clusters respectively. Green bars
represent the 15 seconds time windows where statistical tests were performed. *, p <0.05; *** p <0.001; **** p<0.0001.

Interestingly, “Evoked” trials of the AV A-triggered averages revealed that “X”L neuron activity started
to decline ~4 seconds prior to the AVA activity onset and was reaching the baseline level at the time
aligned with the AV A rise onset (fig. 16). “X”R neuron demonstrated different pattern with the activity

reaching the baseline only ~3 seconds upon the AVA rise onset.

3.10.3 Primary interneurons show activity suppression at “Spontaneous” AVA-triggered trials

When investigating the activity of the AUA, RMG, PVP and “X” primary interneurons at the
“Spontaneous” AVA-triggered trials (figs. 16, S4), we observed a suppression pattern resembling that
previously described for the oxygen sensory neurons (fig. 12). This suppression pattern varied among

the different interneurons.

In particular, for the AUAL neuron the activity suppression initiated ~5 seconds prior to the AVA
activity onset and then the activity gradually declined until reaching the minimum at ~5 seconds upon

the AVA activity onset; following that the AUAL activity stayed at the suppressed level till the end of
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the 30 seconds observation window. On the contrary, the AUAR neuron did not demonstrate a

detectable suppression at the AVA-triggered averages.

PVP neurons revealed a gradual and subtle activity suppression which started following the AVA

activity onset and lasted till the end of the 30 seconds observation window.

The suppression patterns of RMG neurons differed between the left and right neurons in the pair. For
the RMGL neuron, the onset of suppression coincided with the onset of AVA activity, and the activity
remained suppressed for the entire 30-second observation window. In contrast, the RMGR neuron
exhibited an abrupt suppression starting ~5 seconds before the AVA activity onset. The lowest point of
suppression coincided with the onset of AVA activity, after which the RMGR neuron’s activity rapidly
returned to baseline within ~3 seconds. Additionally, both "X" neurons demonstrated a suppression

pattern identical to that of the RMGR neuron

In conclusion, we found that AUA, RMG, PVP and “X” primary interneurons activity was linked to the
oxygen stimulus and not to the motor response. Thus, their activity was similar to the one of the oxygen
sensory neurons. Surprisingly, AUA and PVP activity demonstrated similar activity patterns at the “Hit”
versus “Miss” trials. Hence, for these interneurons we did not reveal an involvement in the motor
response decision making process. On the contrary, RMG interneurons demonstrated difference of their
activity patterns at the “Hit” versus “Miss” trials with the stronger average activity amplitude at the
“Miss” trials. This pattern is similar to the one previously found for the URX, PQR and IL2 oxygen
sensory neurons (fig. 11). Moreover, the newly identified “X” neuron revealed a trend of its activity to
reach higher amplitude values at the end of 11% [O,] periods preceding “Hit” trials compared to “Miss”
trials. However, this “Hit-Miss” trials amplitude delta was not statistically significant in the currently
explored datasets. Further, the AVA-triggered averages revealed that the described interneuron’s
activity had variable relation to the to the AVA activity onset timing on the “Evoked” trials which
suggests their diverse roles in the information sensorimotor information processing. Finally, we found
that AUA, RMG, PVP and “X” primary interneurons demonstrated a suppression of their baseline
activity around the time of the spontaneous AVA activation at the “Spontaneous” trials. This finding
points towards the idea that activity of these interneurons is interrelated with reversal motor command

generating also in the absence of the oxygen sensory stimulus.
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3.10.4 RMG interneurons demonstrated trial-to-trial response variability interrelated with the
reversal motor command

Our previous results showed that the RMG interneuron demonstrated significant discrepancies of the
activity patterns at “Hit” versus “Miss” trials at the stimulus-triggered averages. Considering this
experimental finding and previously described role of the RMG interneuron in sensory processing and
behavioral responses related to the oxygen sensory system (Busch et al., 2012; Laurent et al., 2015;
Macosko et al., 2009; Oda et al., 2017), we aimed to further elaborate the analysis of the RMG
interneuron’s activity. In particular, we sought to focus on the variability of the RMG interneuron’s

response over trials and its activity onsets latencies with regards to the motor response.

Firstly, the observation of the activity onsets raster plots (fig. 17A) showed that RMGL neuron exhibited
activation on most of the trials starting shortly after the 21% [O] stimulus onset and the rise onset
events were grouped in the 5 seconds time window following the stimulus onset. Additionally, we
observed that RMGL neuron had long-latency and secondary activity onsets on a fraction of trials. In
contrast, RMGR neuron demonstrated notably sparse responses and the activity onsets were scattered
in time. It should be noted that RMGR neuron was not possible to identify in one of the datasets hence,
the raster plot reveals missing values. Additionally, in one of the datasets RMR G neuron was completely

silent and did not exhibit any activity over the whole-time span of the recording.

Next, we aimed to quantify the responsiveness of the RMG neurons over trials; for that we used the
activity onsets cumulative probability analysis, similarly as was described before for the oxygen sensory
neurons and the AVA neuron (fig. 17B, see Methods). We found that during the first ~4 seconds upon
the 21% [O,] stimulus onset the RMGL neuron had the same steepness of the cumulative probability
curve as the URX oxygen sensory neuron. This indicates that for this period RMGL and URX neurons
had the same response probability and the same variability of the response onsets latencies over trials.
Further, starting from ~4 second and till the end of the 30 seconds 21% [O:] period RMGL cumulative
probability demonstrated slow gradual rise and by the 10 seconds reached the value of ~0.8 in contrast
to ~1 probability of the URX neuron. This means that for this period RMGL neuron response probability
was lower compared to the URX response, and it had higher variability of the onset’s latencies over
trials. We also found that RMGL response probability was exceeding AVAL response probability by
~30 precents at the 10 seconds time point, thus revealing substantially more reliable response over the
stimulus trials. On the contrary, RMGR neuron demonstrated notably low response probability reaching
only the value of ~0.2 by the 10 seconds time window, which reflects the sparseness of its activity
previously revealed by the raster plot (fig. 17A). Thus, in the further analysis we focused only on the
RMGL neuronal activity.
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Figure 17. Characterization of the RMG interneurons activity onsets on the “Hit” versus “Miss” trials

(A) Raster plots showing the onsets of the rises of neuronal activity of the RMGL (left) and RMGR (right) interneurons.
Each horizontal line corresponds to a single stimulation trial. Vertical dashed line at 0 seconds denotes transition from the
11% to 21% [O:]. Note that in one of the recording datasets we could not identify RMGR neuron, thus corresponding trials
are the missing values (NaN) denoted with a dark-blue color code. (B) Each line is a cumulative probability of the neuronal
activity rise onsets of different neurons calculated from the 21% [O,] stimulus periods. Horizontal dotted line denotes 100%
probability level. N for each neuron indicates the number of trials used for the cumulative probability quantification. Only
trials where the AVAL neuron was in a “low/fall” activity phase at the moment of the transition from the 11% to 21% [O]
were considered for the analysis (the same applied for the (C) and (D)). Only the first activity rise onset was considered for
this analysis in the case of multiple neuronal activity onsets per trial (the same applied for the (C)). (C) Each line is a
cumulative probability of the neuronal activity rise onsets of RMGL and AVAL neurons calculated from the 21% [O»]
stimulus periods. For the RMGL neuron cumulative probability was calculated separately for the “Hit” and “Miss” trials
clusters. N for each neuron or condition indicates the number of the trials used for the analysis. *, p <0.05. (D) Histogram
showing the timing of the RMGL activity rises onsets for the “Hit” and “Miss” trials separately within the 21% [O:]
stimulation period. Vertical dashed lines denote the median values for the “Hit” and “Miss” clusters. N for each condition
indicates the number of the onsets used for the analysis. Statistical test compares median values. **** p>0.05.

As the RMGL neuron demonstrated trial-to-trial response variability with activation during the 10
seconds time window being present at ~0.8 trials, we aimed to explore if this response variability was

correlated with the motor response variability. To do this we applied analysis procedure where
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cumulative probabilities of the RMGL activity onsets were calculated separately for the “Hit” and
“Miss” trials, as was previously described for the oxygen sensory neurons (fig. 17C, see Methods). We
found that the activity onsets cumulative probabilities were identical on “Hit” and “Miss” trials during
the first ~4 seconds upon the 21% [O-] stimulus onset. However, starting from the ~4 seconds the
cumulative probability rate diverged between “Hit” and “Miss” trials. Cumulative probability for the
“Miss” trials maintained the same slope until reached the maximum plateau of ~0.83 value level by ~5
seconds. In contrast, cumulative probability slope for the “Hit” trials became progressively more
gradual from ~4 seconds timing till the end of the 21% [O:] period, indicating lower rate of the activity
onsets. The difference in probability values between “Hit” and “Miss” trials was statistically significant
at the peak divergence observed at 5 seconds. Importantly, the beginning of the “Hit”- “Miss” RMGL
activity cumulative probabilities divergence (~4 sec) coincided with the onset of the AVA cumulative
probability slope rise. It is important to note that by the end of the 21% [O:] period the cumulative
probability of the RMGL activity at “Hit” trials reached the same ~0.8 value as at “Miss” trials. Thus,
overall probability of the RMGL response at “Hit” and “Miss” trials was equal, but at the “Hit” trials it
was achieved by means of the long-latency activations. Overall, we observed a suppression of the
RMGL activity at “Hit” trials compared to “Miss” trials and the onset of this suppression coincided
with the onset of the AVA activation period. This might indicate a presence of a potential feedback

mechanism which down-regulates RMGL activity upon the initiation of the reversal behavior.

Additionally, we observed that the cumulative probability slope of the RMGL activity at “Miss” trials
slightly preceded the one at “Hit” trials which indicates potential shift in the activity onset’s timing. To
investigate this finding in more details we applied the “Hit-Miss” separated analysis of the activity
onset’s timing as it was described before for the oxygen sensory neurons (fig. 17D, see Methods). This
analysis revealed that the activity onsets latencies had slightly smaller median value at “Hit” trials
compared to “Miss” trials; however, the delta between median values was not statistically significant.
Further, the neuronal activity onsets histogram clearly demonstrated that for the “Miss” trials the
activity onsets latencies were within 0 to 5 seconds boundaries, whereas “Hit” trials contained a fraction
of the long-latency events. This finding corresponds to the previous finding from the activity onsets
cumulative probability analysis where we found that the probability at “Miss” trials reached maximum

within the 5 seconds time window, whereas “Hit” trials contained a fraction of the long-latency events.

In conclusion, we found that the RMG neurons had certain trial-to-trial variability of their
responsiveness. RMGR neuron demonstrated particularly low response probability: ~0.2 within the 10
seconds time window. In contrast, RMGL neuron reacted at ~80% of trials within the 10 seconds time
window. Further analysis of the RMGL neuron’s responsiveness revealed that its activation was
suppressed at “Hit” trials compared to “Miss” trials. Importantly, the beginning of the RMGL

suppression period coincided in time with the beginning of the time window where the AVA activity
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onsets were observed. Thus, we assume that RMGL’s activity might be suppressed upon the initiation
of the reversal behavior by the potential feedback mechanism. Finally, analysis of the RMGL activity
onset’s latencies showed that this parameter is not correlated with the reversal motor response. It is
important to mention that the lower probability of the RMGL neuron activation at “Hit” trials compared
to “Miss” trials upon the ~4seconds from the 21% [O-] stimulus onset might to some extend explain
lower average activity amplitude values at “Miss” trials compared to the “Hit” trials

detected previously (fig. 15).

3.11 The intrinsic state of AVA preceding the 21% [O:] stimulus exerts minimal impact
on the response of oxygen sensory neurons and primary interneurons to the stimulus

Previously, we observed that the AVA intrinsic state influences its responsiveness to the oxygen
stimulus, such that a longer AV A inactive state before the onset of the 21% [O:] stimulus led to a higher
response probability (fig. 9B). In the “Hit-Miss; Evoked-Spontaneous”-triggered average analysis,
"Hit" trials were defined by AVA responding within 10 seconds of the 21% [O:] stimulus (see
Methods), while all other trials were considered "Miss" trials. Consequently, "Hit" trials were more

likely to have a longer AVA inactive state preceding them compared to "Miss" trials.

Thus, the reversal motor response defined by AVA activation was intertwined with the history of AVA
inactivity prior to the stimulus. Hence, we aimed to test the theory that the differences in "Hit-Miss"
responses observed in oxygen sensory neurons and primary interneurons (figs. 11, 15) could reflect the
history of AVA intrinsic state preceding the onset of the 21% [O,] stimulus rather than AVA

responsiveness to the oxygen stimulus.

To achieve this, we implemented an analysis procedure where we categorized all trials into three
clusters based on the past history of the AVA neuron: "0 sec", "30 sec", and "50 sec", corresponding to
the duration during which the AV A neuron was inactive before the onset of the 21% [O,] stimulus. We
then calculated stimulus-triggered averages for the neurons of interest within each cluster (see

Methods). Subsequently, we compared the average responses across these time clusters (fig. 18).

We found that sensory neurons and primary interneurons showed only subtle effects of the preceding
AVA inactive history on their activity before the 21% [O,] stimulus. For instance, oxygen sensory
neurons including URX, AQR, and IL2 demonstrated subtle modulations in response amplitude to the
21% [O] stimulus. Primary interneurons including AUA, PVP, and RMG showed baseline activity
modulations during the 11% [O:] period. An interesting observation was noted for "X" neurons, which
exhibited progressively higher activity amplitudes during the 11% [O:] period in trial clusters with

longer AVA inactive periods.
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Figure 18. Stimulus-triggered averages of neuronal activities sorted by different AVA past history conditions

Each box corresponds to a different neuron: oxygen sensory neurons and primary interneurons are demonstrated on the
figure. Color codes denote three different subsamples of trials used for the stimulus-triggered averages quantification. Each
condition is defined by the AVA neuronal activity being in a “low/fall” state for a specified duration before the onset of the
21% [02] stimulus (0, 30, or 50 seconds). The “0 sec” condition indicates that the AVA neuron was in a 'low/fall' state
precisely at the onset of the 21% [O2] stimulus. N “0”, n ”30” and n “50” in each box indicates number of trials used for
averaging for each of the AVA “low/fall” conditions. Vertical dashed line at 0 seconds represents the transition between

11% and 21% [O>] periods.

We concluded that the AVA intrinsic state history preceding the onset of the 21% [O-] stimulus had

only a minimal impact on the activity patterns of the investigated neurons. Therefore, it is unlikely to

influence the results of the “Hit-Miss; Evoked-Spontaneous”-triggered average analysis, which aims to

reflect the decision-related activity in sensorimotor transformation.

3.12 Head motor neurons demonstrated activity with opposite modalities on “Hit” and

“Miss” trials

Exploration of the acquired whole-brain imaging datasets revealed three pairs of neurons situated in the

ventral ganglion in the proximity of the SMDD neurons with a regular periodic activity which were not
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described in the literature before. We assigned to these neurons putative names Head Motor Neuron 1,2
and 3 (HMN1, HMN2, HMN3). HMNI1, HMN2 neurons was characterized by the activity partially
overlapping with the head bending related activity of the SMDD and SMDV neurons respectively
(Kaplan et al. 2020; Hendricks 2012; Shen et al. 2016; Ouellette et al. 2018). HMN3 neuron was
characterized by the activity partially overlapping with the RIB neuron activity which is known be to

correlated with forward locomotion related activity.

Next, stimulus-triggered average analysis (figs. 19, S1) revealed that HMN1 and HMN2 neurons had
an activity slowly ramping upon the 21% [O-] stimulus onset and reaching maximum by the end of 21%
[O2] period. Then, the activity was slowly decaying to the baseline during the 11% [O-] periods and
reached the baseline at ~ -20 seconds. For the HMN3 neuron the activity rose during the 21% [Os]
period and reached maximum peak at ~15 seconds upon the stimulus onset, then it decayed to the
baseline by the end of the 21% [O:] period. During the 11% [O,] HMN3 neuron activity initially rose
with a peak ~ -50 seconds and then slowly decayed to the baseline by the ~ -10 seconds.
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Figure 19. Stimulus-triggered averages of neuronal activity in head motor neurons
Each box corresponds to a different oxygen sensory neuron. Orange line within each box is a stimulus-triggered average of
the neuronal activity. Shaded area represents £ SEM. Vertical dashed line at 0 seconds represents the transition between
11% and 21% [O-] periods. N in each box indicates number of trials used for averaging.

Further, with the stimulus-triggered averages analysis exploration we detected another neuron with an
activity profile similar to HMN neurons which was identified as an RID neuron (figs. 19, S1). RID

neuron is a neuropeptide releasing single neuron which is known to promote forward locomotion in C.
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elegans as a part of a locomotion arousal state (Chew et al., 2018; Lim et al., 2016; Mori et al., 2019).
RID neuron receives major synaptic input from the PVC neuron (White et al., 1986) which is
responsible for the forward locomotion in response to the tail touch (W. Li et al., 2011) and is connected

by gap junctions with a forward command AVB neuron (White et al., 1986).

3.12.1 “Hit-Miss”-triggered average analysis of the HMN and RID neurons

We aimed to inspect a potential role of these newly identified neurons in the sensorimotor
transformation of the oxygen stimulus. Thus, we scrutinized results of the “Hit-Miss”-triggered average
analysis for these neurons. Interestingly, all these neurons demonstrated similar pattern of the activity
difference between “Hit” and “Miss” trials (figs. 20, S3). Upon the onset of the 21% [O:] stimulus the
activity was rising on “Miss” trials with a maximum peak between 10 and 20 seconds. In contrast, on
“Hit” trials the activity was down-modulated and reached minimum level in the same time period
between 10 and 20 seconds. Thus, the average activity amplitude was significantly different at “Hit”
versus “Miss” trials between 10 and 20 seconds of the 21% [O:] period. Next, For the HMN1 and
HMN2 neurons activity was slowly rising after the through, whereas for the HMN3 it stayed at the
suppressed level till the end of the 21% [O-] period. Additionally, for the HMN1 and HMN2 neuron we
observed a trend with the activity starting to rise on “Miss” trials ~10 seconds prior to the 21% [O2]
stimulus, in contrast to “Hit” trials where it started to get down-modulated at the same time of ~10

seconds prior to the 21% [O>] stimulus.
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Figure 20. Head motor neurons demonstrate opposite activity patterns at “Hit” versus “Miss” trials

We could detect three pairs of head motor neurons (HMNSs) in the ventral ganglion region, they have been labeled HMNI1,
HMN2 and HMN3 (see Methods). Together with the RID neuron they demonstrate opposite patterns of activity at “Hit”
versus “Miss” trials. Each box corresponds to a different head motor neuron. Within each box trials averages of neuronal
activity for “Hit” and “Miss” clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical
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dashed line at 0 seconds represents the transition between 11% and 21% [O»] periods. N “H” and n “M” in each box
indicates number of trials used for averaging for the “Hit” and “Miss” clusters respectively. Green bars represent the 15-
second time windows where statistical tests were performed. **, p <0.01.

During the 11% [O:] period both HMN2 neurons had similar activity patterns on “Hit” versus “Miss”
trials. In contrast, HMN1 neurons showed left -right functional asymmetry, as HMN2L had similar
activity profile on “Hit” versus “Miss” trials the same as HMN2 neurons, whereas HMNI1R neuron
demonstrated activity rise upon the 11% [O>] stimulus onset with a peak at ~ -45 seconds which then

decayed and reached the baseline at ~ - 35 seconds.

HMN3 neurons had opposite activity patterns during the 11% [O:] period on “Hit” versus “Miss” trials.
On “Hit” trials the activity slightly rose during the first 10 seconds upon the 11% [O-] stimulus onset
and stayed at the elevated level till the end of the 11% [O.] period. In contrast, on “Miss” trials activity
gently decayed starting from 10 seconds upon the 11% [O:] stimulus onset and reached the baseline at
~ -20 seconds timing. As a result, HMN3 activity was slightly stronger during most of the 11% [O:]

period on “Hit” trials compared to “Miss” trials.

Finally, the RID neuron revealed a “Hit-Miss” trials activity difference similar to the one described for
the HMN neurons. RID activity rose during the 21% [O;] period on “Hit” trials and in contrast it was
down-modulated on “Miss” trials. Thus, its average activity amplitude was significantly different at
“Hit” versus “Miss” trials similar to HMN neurons. Importantly, RID neuron demonstrated a transient
suppression preceding the activation at “Miss” trials. This activity down-modulation started shortly
after the 21% [O:] stimulus onset and reached a through at ~7 seconds upon the oxygen stimulus onset.
During the 11% [O.] period RID neuron had similar activity profile at “Hit” versus “Miss” trials similar

to the HMN1L and HMN2 neurons.

3.12.2 “Evoked-Spontaneous” AVA-triggered average analysis of the HMN and RID neurons

AVA-triggered average analysis showed that all HMN neurons and RID neuron exhibited activity
down-modulation on both “Evoked” and “Spontaneous” trial’s clusters (figs. 21, S4). This testifies to
the assumption that their activity is linked to the motor response. Next, we found that the down-
modulation of the HMN and RID neurons started prior to the AVA activity rise onset on “Evoked” and
“Spontaneous” trials. Further, HMNL3 neuron had stronger level of activity down-modulation on

“Spontaneous” trials compared to “Evoked” trials with significant difference for HMN3R counterpart.
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Figure 21. “Evoked-Spontaneous” AVA-triggered averages of neuronal activity for different head motor neurons
Each box corresponds to a different head motor. Within each box trials averages of neuronal activity for “Evoked” and
“Spontaneous” clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical dashed line at 0
seconds represents the transition between pre- and post- AVA rise onset time periods. N “E” and n “S” in each box indicates
number of trials used for averaging for the “Evoked” and “Spontaneous” clusters respectively. Green bars represent the 15-
second time windows where statistical tests were performed. *, p < 0.05; *** p <0.001; **** p <0.0001.

Next, the initial down-modulation upon the AVA activity onset was followed by an up-modulation.
This activity up-modulation had a steeper slope and reached higher average amplitude values on
“Evoked” trials compared to “Spontaneous” trials with a significant difference detected for HMN2L

and RID neurons

Also, we found that HMN1, HMN2 and RID had higher activity level prior to the AVA activity onset
on “Spontaneous” trials compared to “Evoked” trials. In particular, the activity difference was

statistically significant for HMN1L and HMN2L neurons.

In conclusion, we detected three pairs of neurons in the ventral ganglion which had similar activity
profile correlating with the head bending related activity of SMD neurons and forward locomotion
related activity of RIB neuron. These neurons have not been described in the literature before and we
assigned them with putative names Head Motor Neuron 1,2 and 3 (HMN1,2,3). The average activity
profile of HMN neurons showed modulation related to the oxygen stimulus. Additionally, we found
that RID neuron had a similar stimulus-triggered average activity profile. Thus, we further investigated
results of the “Hit-Miss; Evoked-Spontaneous”-triggered average analysis for the HMN neurons and
RID neuron together. We found that HMN and RID neurons had activity modulation on both “Hit” and

“Miss” trial’s clusters of the stimulus-triggered average analysis and on “Evoked” and “Spontaneous”
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trial’s clusters of the AVA-triggered average analysis. Therefore, we concluded that HMN and RID
neurons activity reflected sensory input as well as motor command state. Further, we found that HMN
and RID neurons had opposite activity modalities on the “Hit” versus “Miss” trials such that their
activity was down-modulated upon the 21% [O:] stimulus on “Hit” and in contrast it was up-modulated
on the “Miss” trials. Thus, we hypothesized that HMN and RID neurons might function as a gating
mechanism with their activity up-modulation preventing reversal motor response, whereas their activity

suppression might be allowing for the reversal motor response.

3.13 Neurons encoding forward locomotion exhibit activity that may be predictive for
sensorimotor transformation

In this section we aimed to focus on the neurons governing the forward locomotion of C. elegans and
their reaction to the oxygen stimulus in our experimental paradigm. In particular, we sought to
investigate if their activity could be linked to the responsiveness of the reversal command AV A neuron

over trials.

As was described before, freely crawling C. elegans under the normal conditions exhibit intermittent
forward and reverse locomotion behaviors (Gray et al., 2005; Pierce-Shimomura et al., 1999) and
corresponding intermittent neuronal motor command activity was found in the restrained animals under

the whole-brain imaging conditions (Kato et al., 2015).

The major command interneuron governing forward locomotion is the AVB neuron as was shown by
the Ca 2+ imaging studies where its activity correlated with forward locomotion and was reciprocal to
the activity of the AVA reversal command interneuron (Faumont et al., 2011; Kato et al., 2015). This
role of the AVB neuron is also supported by the ablation studies (Chalfie et al., 1985; Zheng et al.,
1999). Next, the RIB a second-layer interneuron (Gray et al., 2005) which receives major inputs from
the AUA interneuron and BAG oxygen sensory neuron (White et al., 1986) is known to be involved in
the forward locomotion. This is supported by a Ca 2+ imaging studies which revealed correlation if the
RIB activity with forward locomotion and ablation and optogenetic stimulation experiments (Gray et

al., 2005; Kato et al., 2015; Z. Li et al., 2014; Tsalik & Hobert, 2003; Wang et al., 2020).

Additionally, it was shown that the activity of the AVB and RIB neurons correlated with the speed of
forward locomotion and their activity down-modulation preceded switch from forward to reverse
locomotion (Kato et al., 2015). Therefore, we assumed that the AVB and RIB activity might be

predictive for the AVA trial-to-trial response variability in relation to the 21% [O;] stimulus.
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3.13.1 RIB interneurons show activity down-modulation to oxygen stimulus in both 'Hit' and
'Miss' trials

As was expected AVB and RIB interneurons demonstrated activity down-modulation on the stimulus-
triggered averages upon the 21% [O:] stimuli onsets (fig. S1). This was coherent with the facts that the
reversal command AV A neuron was on average up-modulated by the 21% [O:] stimulus (fig. S1) and
that the forward and reversal driving neurons are known to have an anticorrelated activity. Surprisingly,

we also found a down-modulation of the AVB and RIB activities upon the 11% [O] stimuli onsets.

Next, we inspected the results of the “Hit-Miss; Evoked-Spontaneous”-triggered average analysis for
AVB and RIB neurons. To our surprise, the analysis revealed that RIB and AVB neurons had an average
activity down-modulation on both “Hit” and “Miss” trials (figs. 22A, S3) upon the 21% [O-] stimulus
onsets. Importantly, the activity down-modulation on “Hit” trials was significantly stronger comparing

to the “Miss” trials.

The RIB activity down-modulation had a transient character on “Miss” trials: it reached minimum
through at ~5 seconds upon the 21% [O>] stimulus and then abruptly recovered to the baseline by ~15
seconds. In contrast, the down-modulation on “Hit” trials was sustained over time: activity reached
minimum through at ~5 seconds similarly to “Miss” trials, however afterwards it recovered slowly and

reached the baseline by the end of the 30 seconds 21% [O-] period.

For the AVB neuron activity down-modulation on “Hit” trials had similar pattern to the one described
for the RIB neuron. However, activity on the “Miss” had different pattern: upon the down-modulation

from the elevated level, it reached the plateau which lasted for the rest of the 21% [O>] period.

Importantly, we found for both RIB and AVB neurons that their activity patterns on “Hit” versus “Miss”
trials started to deviate relating to each other already prior to the 21% [O>] stimulus onsets. In particular,
the activity on average rose prior to the 21% [O>] stimulus on the “Miss” trials. In contrast, on the “Hit”
it showed a gentle decay prior to the 21% [O:] stimulus for the RIB neuron and was flat prior to the

21% [O»] stimulus for the AVB neuron.

Additionally, we found that RIB activity down-modulation detected upon the 11% [O-] stimulus had a
trend to be stronger on “Hit” trials comparing to the “Miss” trials. However, this effect was not evident

in the AVB neuron.
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Figure 22. RIB neuron modulates its activity on the “Hit” versus “Miss” trials
(A) “Hit-Miss” stimulus-triggered averages of the forward command interneurons activity: RIBL (left panel) and AVBL
(right panel). Trials averages of neuronal activity for “Hit” and “Miss” trials clusters are depicted with different color-code.
Shaded areas represent + SEM. Vertical dashed line at 0 seconds represents the transition between 11% and 21% [O>]
periods. N “H” and n “M” in each box indicates number of trials used for averaging for the “Hit” and “Miss” clusters
respectively. Green bars represent the 15-second time windows where statistical tests were performed. ****, p < 0.0001.
Only the trials where AVA neuron was in a “low/fall” activity phase at the moment of the transition from the 11% to 21%
[O,] were considered for the analysis (also for B - E). (B) Raster plot denoting the RIBL activity falls onsets. Vertical
dashed line at 0 seconds denotes transition from the 11% to 21% [O-]. (C) Comparison of cumulative probability of the
RIBL activity falls onsets versus the AVAL activity rise onsets. Left panel shows quantification for the 11% [O,] period
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with -60 seconds time point corresponding to the [O,] downshift. Right panel shows quantification for the 21% [O,] period
with 0 seconds time point corresponding to the [O»] upshift. Only the first activity onset at each trial was used for the
quantification for both RIBL and AVAL neurons. N denotes the number of trials used for the analysis. (D) Raster plots
show the RIBL activity falls onsets separately for the “Hit” (top panel) and “Miss” trials clusters (bottom panel). Figure
depicts 5-second period following the 21% [O,] onset. (E) Histogram showing the timing of the RIBL activity falls onsets
for the “Hit” and “Miss” trials clusters separately within the 5-second period following the 21% [O-] onset (quantification
related to (D)). Vertical dashed lines denote the median values for the “Hit” and “Miss” clusters. N “H” and n “M” indicates
the number of the onsets used for the analysis from “Hit” and “Miss” clusters respectively. Statistical test compares median
values. **** p <(0.0001.

3.13.2 RIB down-modulation events exhibit higher trial reliability compared to AVA and show
timing variations with sensorimotor transformation outcomes

Furthermore, we aimed to provide a detailed analysis of the RIBL neuron activity, specifically focusing
on the timing of the activity down-modulations' onset. This analysis was conducted in a similar manner
to our previous examination of the activity rise onset timing in other neurons. To do that, fall states of
the RIBL neuron were annotated from its fluorescence activity traces and the timings of fall onsets were

extracted (see Methods).

Firstly, the activity falls onsets raster plot (fig. 22B) revealed that RIBL neuron exhibited activity down-
modulations on most of the trials starting shortly after the 21% [O-] and 11% [O-] stimuli onsets. Initial
activity fall onset events were grouped in the ~4 seconds time window following the 21% [O] and 11%
[O2] stimuli. The initial fall events were followed by ~5 seconds long refractory period with no
detectable activity falls. After this refractory period, we could detect fall onsets scattered in time over

the rest of the 21% and 11% [O:] periods which reflect spontaneous RIBL activity down-modulations.

Next, we sought to quantify the reliability of the RIBL neuron down-modulations in the response to the
oxygen stimulus over trials; for that we used the activity onsets cumulative probability analysis,
similarly as was described before for other neurons (see Methods). In the current modification of this
analysis, we performed cumulative probability quantification separately with a relation to the 21% and

11% [O>] stimuli onsets (fig. 22C).

The RIBL activity fall onsets cumulative probability curve for the 21% [O:] period had a steep rise
during the first ~4 seconds upon the oxygen stimulus onset and reached the value of ~0.78 by the end
of this period. After ~7 seconds plateau phase we observed a gentle rise of the cumulative probability
curve till the end of the 21% [O-] period where it reached the value of ~0.82. This gentle rise period
could reflect a long latency down-modulation events which might happened at a fraction of the “Miss”
trials. Importantly, we found that RIB activity down-modulation in response to the 21% [O;] stimulus
was more reliable over trials compared to the AVAL activity rise events. This finding corresponded to
the observation that RIBL neuron exhibit average activity down-modulation on both “Hit” and “Miss”

trials (fig. 22A), whereas AVA neuron was active only at “Hit” trials following the definition.
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Additionally, comparison of the cumulative probability curves for the RIBL and AVAL neurons showed
that on average the RIBL down-modulation preceded the AVA activity rise.

The RIBL activity fall onsets cumulative probability curve for the 11% [O:] period had a steep rise
during the first ~4 seconds upon the oxygen stimulus onset and reached the value of ~0.6 by the end of
this period. After ~7 seconds plateau phase we observed a gentle rise of the cumulative probability
curve till the end of the 11% [O-] period where it reached the value of ~0.82. Thus, on the ~60% of
trials 11% [O:] stimulus elicited immediate RIBL down-modulation. On the contrary, AVAL neuron
showed gentle even increment of the activity rises during the 11% [O:] reflecting the spontaneous

activity without the effect of the 11% [O-] stimulus.

Further, we aimed to investigate if the latency time of the RIB activity down-modulation in response to
the 21% [O;] stimulus onsets correlated with the motor response variability. To do that we applied a
“Hit-Miss” separated analysis of the down-modulation onset’s timing similarly as it was described
before for the oxygen sensory neurons. Initial observation of the separated “Hit” and “Miss” trials raster
plots (fig. 22D) revealed that RIB fall onsets on the “Hit” trials had shorter latencies in relation to the
21% [O7] stimulus onset compared to the “Miss” trials. Further quantification of the RIB activity fall
onsets latencies proved this observation (fig. 22E) revealing that the median latency time for the “Hit”
trials cohort (~ 1.6 seconds) preceded the one for the “Miss” trials (~2.7 seconds) by ~1 second.
Importantly, detected difference between the distributions of the fall onsets latencies for the “Hit” versus

“Miss” trials was significantly different.

In summary, we found that RIB and AVB forward locomotion neurons exhibited activity down-
modulation upon the 21% and 11% [O-] stimulus. Importantly, we revealed that this response to the
21% [O.] stimulus was present at “Hit” and “Miss” trials. Thus, the RIB response to the oxygen stimulus
over trials was shown to be more reliable compared to the reversal locomotion response estimated by
the AVA activity. Finally, we found that the RIB activity down-modulation in response to the 21% [O:]

stimulus had significantly shorter latency time on “Hit” trials compared to “Miss” trials.

3.13.3 AVA-triggered average analysis reveals different RIB activity pattern at “Evoked” versus
“Spontaneous” trials

AVA-triggered average analysis showed that RIB and AVB neurons exhibited activity down-
modulation on both “Evoked” and “Spontaneous” trial’s clusters (figs. 23A, S4). This testifies to the

assumption that their activity is linked to the motor response.



Results 83

0.5 i *
l A AVBL

I
3

o

dF/F (z-score)

dF/F (z-score)
1)
(5]

3 20 -10 0 10 20 30
Peri-AVA rise onset time (sec)

y _— I “Evoked” cluster
I “Spontaneous” cluster

Frequency

0
-1 10 9 8 -7 6 5 -4 3 -2 4 0 1 2
Onsets delta (sec

Figure 23. RIB neuron modulates its activity on the “Evoked” versus “Spontaneous” trials

(A) “Evoked-Spontaneous” AV A-triggered averages of the forward command interneurons: RIBL (left panel) and AVBL
(right panel). Trials averages of neuronal activity for “Evoked” and “Spontaneous” clusters are depicted with different
color-code. Shaded areas represent = SEM. Vertical dashed line at 0 seconds represents the transition between pre- and
post- AVA rise onset time periods. N “E” and n “S” in each box indicates number of trials used for averaging for the
“Evoked” and “Spontaneous” clusters respectively. Green bars represent the 15-second time windows where statistical tests
were performed. **, p < 0.01. (B) Histogram showing the timing of the RIBL activity falls onsets for the “Evoked” and
“Spontaneous” trials separately. Quantification was made for the time window of + 10 seconds centered around the AVA
rise onset time. Vertical dashed lines denote the median values for the “Hit” and “Miss” clusters. N “E” and n “S” indicates
the number of the onsets used for the analysis for the “Evoked” and “Spontaneous” clusters respectively. Statistical test
compares median values. **** p <0.0001

Next, we found that the down-modulation of the AVB and RIB neurons starts prior to the AVA activity
rise onset on “Evoked” and “Spontaneous” trials. Interestingly, “Evoked” and “Spontaneous” trials
showed a difference in the activity patterns such that the down-modulation onset on “Evoked” trials on
average preceded the one “Spontaneous” trials. In addition, the AVB neuron revealed significantly

stronger activity down-modulation on the “Evoked” trials compared to the “Spontaneous” trials.

To investigate in more details “Spontaneous” versus “Evoked” trials activity difference we quantified
RIB neuron fall onsets latencies in relation to the AVA activity rise onset (see Methods). We found
that RIB fall onsets occurred significantly earlier (with ~1.9 seconds delta time) at the “Evoked” trials
(median latency ~4.3 seconds prior to the AVA activity rise onset) compared to the “Spontaneous” trials

(median latency ~2.4 seconds prior to the AVA activity rise onset) (fig. 23B).

In conclusion, we found that AVB and RIB neurons had an activity linked to both sensory stimulus and
motor response as indicated by the fact that their activity modulation was detected on “Hit” and “Miss”

trials of the stimulus-triggered average analysis (fig. 22A) and on “Evoked” and “Spontaneous” trials
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of the AVA-triggered average analysis (fig. 23A). Moreover, we revealed that the RIB activity down-
modulation occurred significantly earlier in relation to the AVA activity onset on the “Evoked” trials
compared to the “Spontaneous” trials. This indicates that RIB and AVB neurons might play a different
functional role in the neuronal dynamics generating reversal behavior in response to the oxygen
stimulus and spontaneously. Specifically, oxygen stimulus evoked reversal motor command is
associated with earlier recruitment of the RIB activity down-modulation with regards to the AVA

activity rise onset timing.

3.13.4 Variations in relative timing of oxygen sensory and RIB neuron activity with
sensorimotor transformation outcome

Previously we found that the RIB neuron significantly shifted its activity down-modulation onset timing
towards shorter latencies on the “Hit” trials comparing to the “Miss” trials (fig. 22D, E). In contrast, all
the identified oxygen sensory neurons (URX, IL2, AQR and PQR neurons) had their activity rise onset
latencies in response to the 21% [O»] stimulus being robust with regards to the “Hit-Miss™ trials
separation (fig. 13A). Thus, we sought to investigate the relative activity timing of the oxygen sensory
neurons and RIB neuron on a single trial basis for the “Hit” versus “Miss” trial’s clusters. For this we
focused on the URX and IL2 oxygen sensory neurons as they had the most reliable activation over
stimulus trials (fig. 6B). We subtracted RIB activity down-modulation onsets time from the oxygen
sensory neurons activity rise onset time on a trial basis separately for “Hit” and “Miss” trials (see
Methods) and plotted resulted delta times as a histogram (fig. 24A). Hence, positive delta values
corresponded to the case when RIB down-modulation preceded oxygen sensory neuron activation and
negative delta values corresponded to cases when RIB down-modulation followed oxygen sensory

neuron activation.

We found that the distribution of delta values varied from negative to positive values on both “Hit” and
“Miss” trials for all tested oxygen sensory neurons. This indicates the presence of relative timing
patterns with RIB down-modulation preceding and following oxygen sensory neuron activation onset
on different trials. As we expected, we observed a significant shift of delta values distributions between
“Hit” and “Miss” trials such that the median delta value shifted to the right for the “Hit” compared to
“Miss” trials. This means that the single trial based relative activity timing between the RIB and oxygen

sensory neurons changed with respect to the success of the sensorimotor transformation.

Importantly, we found that medians of delta time distributions for all tested oxygen sensory neurons
had positive values for the “Hit” trials indicating that RIB neurons down-modulation tended to precede
oxygen sensory neurons activation. In contrast, on the “Miss” trials the delta time distribution’s median
was close to 0 value for URX and IL2L neurons indicating that relative timing patterns with RIB down-

modulation preceding and following activation onset of these oxygen sensory neuron were equally
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possible. However, for the IL2R counterpart neuron the “Miss” trials delta time distribution’s median

had negative value indicating a that RIB down-modulation tended to follow its activity onset.
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Figure 24. RIB neuron modulates its activity on the “Hit” and “Miss” trials relative to the stable activity of the
oxygen sensory neurons

(A) Each panel shows a histogram of trial-by-trial differences between the timing of the RIB fall onset and corresponding
sensory neuron rise onset. Histograms for the “Hit” and “Miss” trials are depicted overlaid. Vertical dashed lines denote
the median values for the “Hit” and “Miss” clusters. N “H” and n “M” at each panel indicates the number of the onsets used
for the analysis for the “Hit” and “Miss” clusters respectively. Statistical test compares median values. Solid vertical black
line denotes 0 value. (B) Scatter plot with every dot representing timing of the RIBL fall onset (y-axis) and corresponding
oxygen sensory neuron rise onset (x-axis) separately for the “Hit” and “Miss” trials.

These findings are further supported by observations from the scatter plot (fig. 24B), illustrating that on
a trial-by-trial basis, the relative timing of RIB and URX activity onset was evenly distributed around
the identity line during "Miss" trials, whereas "Hit" trials showed a tendency towards shorter RIB onset

timings.

Overall, we found that the timing of RIB neuron activity down-modulation is significantly shifted
relative to the activation timing of oxygen sensory neurons on 'Hit' versus 'Miss' trials. Additionally,
the correlation pattern between these events changes on “Hit” versus “Miss” trials. Moreover, we found

that the onsets of RIB down-modulation tend to precede the activity onset of the oxygen sensory neurons
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on 'Hit' trials, whereas on 'Miss' trials they exhibit a more evenly distributed pattern in relation to the

activity onset of oxygen sensory neurons.
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4. Discussion

4.1 The principal objectives of the research project

The objective of this research project was to explore the sensorimotor transformation mechanisms in
the nematode worm C. elegans. The term "sensorimotor transformation” traditionally pertains to the
complex neural processes that convert sensory input into motor commands. A more comprehensive
perspective on this process involves the complex interaction between sensory representation and the
intrinsic activity of the nervous system, ultimately leading to the coordination of motor responses. These
processes are crucial for biological organisms to interact with and adapt to their ever-changing
environments by effectively directing and coordinating actions and movements in response to external

stimuli.

In this study, we focused on the oxygen sensory system that enables the worms to orient in their
environment, locate food, avoid surfacing, and maintain internal oxygen homeostasis (Cheung et al.,
2005; Gray et al., 2004). C. elegans prefer environmental [O-] in range of 5-11% (Gray et al., 2004)
and exhibit a reverse crawling avoidance reaction to elevated environmental [O,] (Busch et al., 2012;
Cheung et al., 2005; Persson et al., 2009; Rogers et al., 2006). Thus, we aimed to reproduce this
avoidance reaction under experimental conditions and study the underlying sensorimotor

transformation processes.

Simplified scheme of the underlying neuronal mechanism presumably involves several steps. First,
primary oxygen sensory neurons (URX, AQR, PQR, IL2) should detect stimulus and pass information
to the connected interneurons (RMG, AUA, PVP) which might perform additional computations.
Ultimately, inputs from sensory neurons and interneurons are integrated by premotor interneurons
(AVA, AVE, AVD) which initiate and sustain the reversal motor state and then relay commands to
ventral cord motor neurons. Furthermore, based on numerous previous findings (Kaplan et al. 2020; Li
et al. 2014; Luo et al. 2014; Gordus et al. 2015; Hendricks 2012; Kato et al. 2015) we propose that the
sensorimotor transformation in C. elegans may exhibit complexity beyond the Input-output View. This
complexity involves intricate interactions between sensory inputs and the internal state of the nervous
system, thereby endorsing the Coordination View (Pantin, C.F.A., 1956; Passano and Hutchinson 1963;
Keijzer, van Duijn, and Lyon 2013).

Overall, our goal was to investigate sensorimotor transformation by identifying related neuronal circuits
and characterizing their activity patterns. To achieve this, we developed a data analysis approach using
whole-brain recordings to identify sensory and interneurons involved in the oxygen avoidance reaction

and clarify their functional roles. Additionally, we aimed to explore how external stimuli interact with
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the internal state, a critical aspect aligned with the principles proposed in the Coordination View

hypothesis.

4.2 Reversal motor response to the oxygen stimulus in freely moving worms

The initial aim of my project was to create an experimental approach for exploring sensorimotor
transformation in C. elegans, focusing on the avoidance reaction of reversal crawling in response to
elevated ambient [O;]. Overall, we successfully mimicked this reaction in the population behavioral
conditions where we found that worms elicit reversal crawling in response to the elevated [O2] from
11% to 21% (fig. 1) which is consistent with numerous results from other studies (Cheung et al., 2005;
Gray et al., 2004; Rogers et al., 2006). It is crucial to underscore that, in contrast to previous studies
which employed a single stimulus, our study uniquely used multiple stimulus repetitions. Further, under
the conditions of multiple stimulus repetitions we observed no significant habituation of the response,

affirming that this paradigm could be utilized further in our imaging experiments (fig. 1A).

It is crucial to mention that we also observed a reversal response latency time of roughly 5 seconds
(fig. 1B - D). However, our experimental estimation for the gas delivery delay time was only ~1 second
(fig. 3D). Consequently, there is still a roughly 4-second delay in the behavioral response that requires

further explanation.

A detailed view on our results showed that reversals were initiated into two bouts during the 30 seconds
period of elevated [O-]: an initial sharp peak of the reversal’s onsets frequency following by a secondary
low-frequency up-modulation with a refractory period in-between (fig. 1). At the same time our oxygen
measurements in the behavioral chamber showed constant rise of the [O-] level during the whole 30-
second stimulus period (fig. 3F). This observation contrasts with previous studies which showed that
population of worms exhibits reversal state as long the [O-] level is rising (Busch et al., 2012; Rogers
et al., 2006). The observed discrepancy could potentially be attributed to the methods used in other
studies, which often analyze continuous reversal periods across a population of worms. This approach
could obscure the bimodal distribution of reversal onsets. However, in our study, the analysis of discrete

time points of reversal onsets allowed us to uncover finer details of the response timing.

Further, more detailed observations revealed that bimodal response (“Early and Later” cluster)
constituted the majority of stimulus trials however there were also trials characterized by only “Early”
and only “Late” response types (fig. 2A,B). Importantly we found that different types of trials did not
come from different individual worms but rather each individual worm demonstrated mixed types of
reactions across trials (fig. 2C). In this project, our foremost interest was in the initial stage of the

response to the stimulus, which we used as a representation for the sensorimotor transformation
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triggered by the onset of the oxygen stimulus. Consequently, we classified "Early" and "Early and Late"
response clusters together to create a "Hit" response cluster in contrast to the "Late" response cluster,
where the initial response component was absent. Notably, we observed a relatively high probability of
a "Hit" across stimulus trials for each individual worm, suggesting a consistent early reversal response
across all subjects. Moreover, comparing our experimental data to the binomial distribution model
(fig. 2D) suggested that each trial could be independent, and the variability between individuals
regarding the probability of "Hit" trials should not be influenced by unique worm characteristics or the
potential long-lasting behavioral state of the worm. This was a significant finding because it let us
presume a uniformity across the worm population concerning the studied sensorimotor transformation

brain mechanism. This was especially relevant for the subsequent analysis of the neuronal imaging data.

In summary, we created an oxygen stimulus paradigm that replicated conditions relevant to the natural
behavior of C. elegans, triggering a specific avoidance response. This facilitated the progression to

imaging experiments, enabling us to examine the neural foundations of sensorimotor transformation.

4.3 Multiple classes of sensory neurons encode oxygen stimulus
4.3.1 Different classes of sensory neurons are involved in the oxygen perception

Our primary objective was to investigate whether C. elegans is capable of perceiving an oxygen
stimulus under the conditions present during a whole-brain imaging assay. Additionally, we aimed to
understand how this stimulation is interpreted at the level of sensory neurons. Prior research had
established that C. elegans possesses multiple classes of oxygen sensory neurons detecting increases in
oxygen concentration (Busch et al., 2012; Cheung et al., 2005; Gray et al., 2004; Oda et al., 2017;
Persson et al., 2009; Rogers et al., 2006; Zimmer et al., 2009). In line with these previous findings, our
study confirmed the presence of several classes of sensory neurons that respond to an increase in

ambient [O-] (fig. 5B).

Specifically, we observed a pair of URX and IL2 neurons and a single AQR neuron in the head ganglia,
as well as PQR neuron in the tail ganglia, that exhibited responses to the increase in [O;]. These findings
align with previous studies and further support the notion that distinct classes of oxygen sensory neurons
are responsible for detecting changes in environmental [O;]. By identifying and characterizing these
specific neuronal classes, we contribute to the understanding of how C. elegans perceives and responds

to oxygen stimuli.

It should be highlighted that current research made a particularly significant discovery by detecting the
response of IL2 neurons. To our knowledge only one prior study from our laboratory had mentioned

the IL2 response to oxygen stimulation in brain imaging experiments (Nichols et al., 2017). Therefore,
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our findings provide further evidence for the assumption of the functional role of IL2 neurons in oxygen
sensing. On the other hand, we were unable to identify SDQ, BDU, and PLN neurons, which have been
previously implicated in enhanced oxygen perception and associated behavioral response (Chang et al.
2006; Zimmer et al. 2009; Gray et al. 2004). It is probable that these neurons did not exhibit any activity
in response to the stimulus pattern utilized in our experiments. Further, while we did successfully
identify ALN neurons based on their distinctive topographical position, they did not demonstrate any

stimulus-related activity (fig. S1).

Overall, the findings of our current study, in conjunction with previous research, highlight the utilization
of multiple classes of sensory neurons by C. elegans for detecting an increase in ambient [O,]. This
suggests that ambient [O;] serves as a crucial and ethologically significant stimulus for the worms.
Furthermore, these findings align with the previously described ethological behavior of C. elegans,
wherein they actively avoid environments with high [O,] (Busch et al., 2012; Cheung et al., 2005;
Persson et al., 2009; Rogers et al., 2006).

4.3.2 Potential role of multiple neuronal classes in sensory processing

One hypothesis explaining the existence of multiple classes of oxygen sensory neurons in C. elegans is
that each class is specialized in detecting distinct stimulus characteristics, thereby fulfilling specific
roles in sensory processing. This fundamental mechanism exists in the brains of all animals and is
present across various sensory systems, allowing for consistent processing of information. To name just
one prominent example: human’s retina contains two types of photoreceptors known as cones and rods
where cones serves for the acute and color vision whereas rods are responsible for the peripheral and
dim-light vision. Moreover, cone receptors are further into three classes (S, M and L) detecting different
light wavelengths which constitutes a color vision (Kandel, 2013). This phenomenon exemplifies the
capacity of a sensory system within a particular sensory modality to exhibit sensitivity towards diverse

features within the stimulus landscape.

To explore the possibility of this hypothesis we characterized sensory neurons activity in further details.
Corroborating the findings of previous studies (Busch et al., 2012; Nichols et al., 2017; Persson et al.,
2009; Zimmer et al., 2009) our observation showed that URX, IL2, AQR and PQR sensory neurons
have a bi-phasic response profile with an initial rapid rise in activity followed by a period of sustained
activity (fig. 5B). These two components approximately correspond to the phasic and tonic components
previously described in the literature (Busch et al., 2012). Notably, the initial activation component was
distinctly sharper in URX and IL2 neurons, peaking around 7 seconds after the stimulus, while AQR

and PQR neurons displayed a more gradual rise in activity, reaching a plateau near the end of the 21%
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[O] exposure period (fig. SB). Even though earlier studies did not explicitly remark on these distinct
traits, our results are congruent with the data previously reported in the literature.

Interestingly, when examining the profile of the oxygen stimulus, we found that the phasic response
component of the URX and IL2 neurons mirrored the first derivative of the stimulus (compare fig. 3E
and fig. 5B). Conversely, the response pattern of the AQR and PQR neurons was reflective of the actual
oxygen stimulus profile (compare fig. 3D and fig. SB), demonstrating a distinct difference in the
response characteristics of these neuron classes. This finding suggests that the URX and IL2 neurons,
as opposed to the AQR and PQR neurons, are attuned to different stimulus features. Specifically, we
assume that there might be a division of functions between these sets of neurons in terms of
differentiation versus integration of the stimulus in temporal domain. This functional division might
equip the worm with the capacity to recognize the beginning and end of rapid oxygen shifts, while
simultaneously allowing it to monitor the duration of the stimulus exposure. Importantly, these results
support the theory that the multiple classes of oxygen sensory neurons in C. elegans may each serve a

unique functional role in sensory perception.

Further, when comparing the results of behavioral experiments with neuronal activity imaging, we
observed that the timing of the first reversal onset’s frequency peak corresponds with the peak in phasic
activity of the URX and IL2 oxygen sensory neurons (compare fig. 1C and fig. 5B). Subsequently, the
secondary upregulation of reversal behavior aligns with the tonic activity of the oxygen sensory
neurons. This temporal relationship suggests that the early phase of the behavioral response may be
driven by the phasic activity component of URX and IL2 neurons, while the later phase could be
modulated by the tonic activity component of oxygen sensory neurons, including AQR and PQR
neurons. A similar concept was introduced by researchers, who proposed that the phasic component of
the URX response drives a reversal response immediately following a rapid [O:] switch (Busch et al.,
2012). However, these findings should be interpreted with care, as slight discrepancies in [O2] dynamics
were observed between the behavioral chamber and the imaging chip devices (fig. 3F). Consequently,
we cannot definitively conclude that the oxygen sensory response observed in the behavioral
experimental conditions was identical to that observed in the imaging experiments. Therefore, further
studies involved oxygen sensory neurons imaging in freely moving worms would be necessary to
establish a direct correlation between the tonic and phasic components of the sensory response and the
early and late components of the behavioral reversal response. Further, selective ablation or optogenetic
inhibition with a focus on individual sensory neurons, can aid in distinguishing the impacts of input
from various sensory neurons (URX, IL2 vs AQR, PQR). By conducting such experiments, we could
gain a clearer understanding of how these various factors interact and contribute to the observed

behavioral response.
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Further, is important to emphasize that several oxygen sensory neurons, such as URX, IL2, and AQR,
are located in the head ganglion of the worm and extend their processes to the tip of the nose. In contrast,
a single PQR neuron is situated in the tail ganglion and projects to the tail. Notably, due to the slow
diffusion of O in water, even a separation of 1 mm between the sensory endings of URX in the head
and PQR in the tail of an adult organism can generate sharp gradients (Rogers et al., 2006). Taking
these factors into account, it is reasonable to propose that the head and the tail oxygen sensory neurons
may function in detecting an increase in ambient [O] in front of and behind the animal, respectively.
Consequently, these neurons could play a role in driving the animal's behavior in response to the
elevated [O:] in their respective regions. Moreover, this hypothesis goes along with the findings that
optogenetic activation of the URX neuron as well as an air puff directed to the nose of the animal elicits
reversal locomotion; whereas optogenetic activation of the PQR neuron as well as an air puff directed
to the tail of the animal elicits acceleration of the forward locomotion without reversals (Busch et al.,

2012).

The second hypothesis is that the presence of multiple classes of sensory neurons within a given sensory
modality contributes to the resilience and robustness of the system in instances of developmental
defects. This is also a common brain mechanism which is closely interrelated with the mechanism
described in the first hypothesis. Returning to the example of mammalian vision, when one of the cone
types is defective, it results in impaired color vision, leading to color blindness. However, other aspects
of vision remain unaffected due to the normal functioning of the remaining classes of cones (Gordon,
1998). In the context of the oxygen sensory system in C. elegans, it has been observed that disabling
the synaptic transmission exclusively from the URX neuron does not have an impact on the reversal
response. This finding highlights the redundancy of the URX neuron, despite its crucial role in driving
the response (Busch et al., 2012). Controversial results were provided by another study where it was
shown that URX is redundant for the [O-] decrease evoked reversal but is necessary for the [O-] increase
evoked reversal (Zimmer et al., 2009). However, this discrepancy can be attributed to variations in
experimental paradigms, encompassing factors such as the genetic background of the worms and
diverse experimental conditions. Specifically, Busch et al. (2012) employed the npr-1 strain of worms

in the presence of food, whereas Zimmer et al. (2009) utilized N2 worms in the absence of food.

4.3.3 Constraints and future outlooks in exploring the functional role of various oxygen sensory
neuron classes in C. elegans

In the light of these findings, it is crucial to acknowledge limitations in our experimental approach,
which relate to the used imaging chip device. In our experiments, the [O:] changed uniformly along the
length of the worm's body. Consequently, the presented step increase in [O,] simultaneously activated
oxygen sensory neurons in both the head and the tail of the worm simultaneously. Similar considerations

should be taken into account when interpreting the results of the behavioral assays, as the oxygen
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stimulus applied in those experiments tends to be homogeneous across the surface. This could be
potentially confusing type of stimulus for the animal's nervous system and is unlikely to occur in its
natural environment where C. elegans encounters more heterogeneous oxygen conditions, with
variations in [O:] across different regions. Therefore, future research should focus on developing an
imaging chip device that allows for independent control of [O>] in the head and tail regions of the worm.
This would enable the presentation of rising oxygen stimuli separately to the head and tail, mimicking
natural conditions where the worm encounters regions of high [O-] that repel either the head or tail first.
Such conditions would likely elicit opposite avoidance reactions, including reversed locomotion and

accelerated forward locomotion, respectively.

Overall, according to our results multiple oxygen sensory neurons are involved in the detection of the
rising ambient [O;] including URX, IL2 AQR in the head of the worm and PQR neuron in the tail. Such
a variety of oxygen sensory neuron classes evidence for the idea that [O,] must be an ethologically
important stimulus for C. elegans. Diversity of the oxygen sensory neuron classes might serve for
detecting different features within the stimulus landscape and thus be implicated in executing different
behavioral reactions. Thus, future research should aim to reveal more about the role of different classes

of the oxygen sensory neurons in the sensorimotor processing.

An essential experiment within the scope of my project would involve implementing laser ablation
techniques to disable URX, IL2, AQR, and PQR neurons. This experiment would provide valuable
insights into the distribution of functions among these neurons and shed light on their respective roles
in mediating the organism's response to oxygen stimuli. By systematically disabling different
combinations of neurons, we can discern their individual and collective contributions to the observed
behavioral changes. This approach would help unravel the intricate network of interactions between
these sensory neurons and provide a more detailed understanding of their involvement in generating

specific sensorimotor responses.

4.4 Reversal motor response in the whole-brain imaging experiments

4.4.1 Premotor interneuron AVA entrains the oxygen stimulus in the whole-brain imaging
experiments

Next, we planned to describe the motor response triggered by the oxygen stimulus, utilizing the whole-
brain imaging assay. Similarly, to the analysis of behavioral data, our focus was on the onsets of reversal
locomotion states, as they were hypothesized to represent the reaction to increased [O-]. We recognized
that animals being paralyzed and immobilized in the chip device might not display the same response
as was previously identified under behavioral experimental cconditions. Due to the immobilization of

animals within the chip device channel and paralysis achieved via the histamine paralysis technology,
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we were unable to obtain direct motor behavior readouts, unlike in the behavioral experiments. To
circumvent this constraint, we turned our attention to the activity of premotor interneurons. A set of
interneurons, encompassing the AVA, AVE, and AVD interneurons, has been previously identified as
playing significant role in orchestrating reversal locomotion (Chalfie et al., 1985; Zheng et al., 1999).
Specifically, in numerous previous studies the AVA interneuron has been noted to be particularly
pivotal for reversal locomotion. There is a reliable correlation between the AVA activity rises and
periods of reversal locomotion, as demonstrated in recordings from freely moving animals (Kato et al.
2015; Laurent et al. 2015; Gordus et al. 2015; Larsch et al. 2013; Kawano et al. 2011; Ben Arous et al.
2010; Chronis, Zimmer, and Bargmann 2007). Furthermore, a substantial body of evidence from both
ablation (Chalfie et al., 1985; Gray et al., 2005; Piggott et al., 2011) and optogenetic activation studies
(Schmitt et al. 2012; Gordus et al. 2015) underscore its indispensable and causative role in reversal
locomotion. Therefore, in imaging experiments, AVA neuron can provide an apt representation of the

reversal locomotion state.

While scrutinizing the time series of AVA neuronal activity, we echoed our methodology from the
behavioral data analysis by focusing on the initiation of reversal locomotion states, which were
hypothesized to indicate the reaction to enhanced [O:] levels. To achieve that we employed a semi-
automatic approach to annotate traces of neuronal activity, identifying the "rise," "high," "fall," and
"low" phases in a manner akin to previous methodologies (Kato et al., 2015). The "rise" and "fall"
phases were defined as the time points at which their time derivatives exceeded a small positive
threshold or dipped below a negative threshold, respectively. The periods between the corresponding
"rise" and "fall" phases were designated as the "high" and "fall" phases. Finally, the time points of “rise”
onsets were identified, and these time series were subsequently used for further analysis (see Methods
for more details). Further, we used quantification of the cumulative probability of the “rise” onsets over
stimulus trials as this measure provided us with the overall response probability robust to variable on
the individual trial basis timing. This analysis procedure was the same for the sensory neurons and AVA

neuron.

A critical discovery arising from this analysis is that AVA activity entrains the 21% [O;] stimulus
between 4 to 10 seconds from the onset of the stimulus. This phenomenon was initially uncovered
through a comparative investigation of AVA activity dynamics in response to both the [O>] upshift and
downshift conditions (fig. 7C,G). A crucial aspect of my project involved validating the entrainment of
the oxygen stimulus through the utilization of control datasets featuring a constant [O;] level throughout
the recording. As the internal control derived from the periodic stimulus, the AVA activity could have
potentially been affected in two ways: firstly, it might have been influenced by the historical context
and previous [O-] shifts, and secondly, it could have been influenced by the [O»] downshift stimulus,

which served as the control condition. Hence, it was essential to discern the influence of the [O:] upshift
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on AVA activity dynamics in contrast to the spontaneous activity dynamics observed under the
conditions of a constant [O,] level. Importantly, we showed that each of the three oxygen stimulus
paradigms influenced the AVA activity dynamics distinctly (fig. 8B,C). Nevertheless, the magnitude
of these changes was modest. This made it possible to use the AVA activity traces from recordings with
stable 11% and 21% [O;] stimulus as a control for stimulus entrainment in the periodic [O:] stimulus
tests. Crucially, when comparing the AVA activity in the periodic stimulus paradigm to controls, we
verified the enhancing effect of the periodic shift from 11% to 21% [O:] on the frequency of AVA rises
within the 10 seconds upon the stimulus onset (fig. 8E). Overall, these findings prove that worms
respond to the [O:] upshifts with a fictive reversal locomotion response in the whole-brain imaging
assay, reproducing our previous observations from behavioral experiments. Notably, these results align
with previous observation from our laboratory, wherein it was demonstrated that the identical oxygen
stimulation during imaging experiments enhances the likelihood of the global neural state associated

with reversal motor behavior (Kato et al. 2015).

4.4.2 Characterization of the reversal response for the individual animals reveals inter-
individual variability

In our subsequent analysis, we sought to determine the responsiveness of the worms at the individual
level within the imaging experimental assay. Our findings demonstrated a median "Hit" probability of
approximately 0.4. Notably, this is less than the corresponding metric observed in behavioral
experiments, which displayed a "Hit" probability of roughly 0.72. This suggests a diminished response
likelihood in the imaging experiments when compared with behavioral experiments (compare fig. 7E
and fig. 2D). Following the behavioral findings, we also examined if individual worm traits influenced
the variability in “Hit” trial probability. Using a theoretical binomial model based on our experimental
mean, we compared it with the observed "Hit" probabilities. Worms with “Hit” probabilities between
~0.2 and ~0.5 matched the binomial model, implying no influence from unique traits. However, outliers
(values at 0 and 0.8-0.9) suggested idiosyncratic responses. This contrasts with behavioral data, where
all responses fit the binomial model, underscoring potential differences in worm reactions between

freely moving and constrained imaging conditions (compare fig. 7E and fig. 2D).

In this context, it is important to mention that for subsequent pan-neuronal analysis, we chose five
datasets based on their recording quality. This selection ensured that we could identify the maximum
number of individual neurons and extract their activity time series efficiently. Importantly, this selected
subpopulation of animals (fig. 7D, bars highlighted in orange versus all bars) included individuals
representing all ranges of the responsiveness spectrum described above and was comparable by means
of the AV A response entrainment (fig. 7F). Thus, we assumed that the datasets subset selected for the

pan-neuronal analysis could be used as a representative for the general population. However, in future
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research, it would be prudent to select individuals whose response rate falls within the range predicted
by the binomial model. This approach would mitigate the incorporation of worms exhibiting potential
unique traits of brain anatomy or physiology, ensuring a more uniform data set used for the pan-neuronal

analysis.

4.4.3 Discrepancy between behavioral and imaging reversal response might be explained by the
difference in the stimulus profile and restrained animal’s conditions

Importantly, in the imaging experiments, AVA entrained to the stimulus only within the 10-second
post-stimulus time window (fig. 8E). This contrasts with our behavioral experiments results, where we
observed a bimodal reversal response pattern: an initial strong reversal response followed by a
secondary low-frequency reversal up-modulation starting 10 seconds after stimulus onset and
continuing throughout the stimulus trial. Thus, the imaging experiments reveal only the response
component corresponding to the first component of the behavioral reaction (compare fig. 1B - D with
fig. 7B,C and fig. 8E). Another disparity between the imaging and behavioral results is that the imaging
experiment revealed inter-individual variability in the reversal response rate, which contrasts with the

results obtained from freely moving animals in behavioral assays (compare fig. 7E and fig. 2D).

The above-mentioned discrepancies between the reversal response patterns in the behavioral and
imaging essays could be explained by a combination of factors that distinguish conditions of behavioral

and imaging experiments.

First, the actual oxygen stimulus profile differs between the behavioral chamber and the imaging chip
device (fig. 3F). In the imaging chip device, the [O;] increases rapidly over the initial 10 seconds, then
stabilizes and maintains a high plateau for the remainder of the 21% [O-] duration. Thus, in the imaging
experiments, the worms transiently react to the rising [O-] levels following the first derivative of the
stimulus profile (fig. 3E). In contrast, in the behavioral chamber, the [O,] gradually increases
throughout the entire period (fig. 3F). Interestingly, our behavioral results remind results of previous
studies, which showed that the worm population exhibited enhanced reversal behavior as long as the

[O:] level was rising and remained elevated (Busch et al., 2012; Rogers et al., 2006).

Also, the higher response probability in the behavioral experiments in this context might mean that
steadily increasing [O-] is more likely to evoke reversal response in comparison to the sharp step
increase observed in the imaging chip device. This hypothesis can be validated through subsequent
experiments by modulating the rate of change (dC/dT) of the [O:] stimulus during the imaging sessions.
Such experimentation should afford an estimation of the optimal stimulus that evokes the reversal

response and provide insights into the processing of stimulus features.
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Second, the physical confinement within the canal of the imaging chip device has been recognized to
influence AVA activity, leading to extended states of high plateaus, which could in turn modify the
response to the oxygen stimulus (Kato et al. 2015). This environment may have ethological significance,
mirroring scenarios where C. elegans becomes ensnared within the constraining rings of the predatory
fungi, Drechslerella doedycoides — a natural predator of C. elegans (Maguire et al., 2011). Our
hypothesis posits that such a state could signify the worm's continuous efforts to initiate reversal
locomotion in the absence of proprioceptive feedback confirming successful movement. This specific

scenario could consequently alter the worm's sensitivity to the oxygen stimulus.

In conclusion, in this study we succeeded to establish a whole-brain imaging experimental paradigm
where C. elegans worms reacted to the presentation of the elevated oxygen stimulus with a fictive
reversal locomotion detected by the means of the AVA activity. Although, the observed response
characteristics diverged somewhat from those previously established in the behavioral essay, this
innovative approach provided us with a possibility to investigate the neural mechanisms underpinning

sensorimotor transformations in C. elegans using the acquired whole-brain Ca*" imaging datasets.

4.5 The comparison of sensory and motor responses reveals the phenomenon of
response variability

A pivotal finding in my research concerns the observed difference in the over-trial response probability
between the oxygen sensory neuron, which reflects sensory processing, and the AV A neuron, indicative
of the motor command output in the sensorimotor transformation pathway. Crucially, every identified
oxygen sensory neuron demonstrated a robust response to the 21% [O;] stimulus throughout the
stimulation trials (fig. 6B). The URX neuron, in particular, exhibited the most consistent response
characteristics compared to other oxygen sensory neurons. Its response probability approached an
approximate value of 1 within a timeframe of ~ 5 seconds after stimulus initiation. This suggests that,
under the experimental conditions utilized for imaging, worms can consistently detect the oxygen
stimulus. Repeated stimulus presentations further highlight an almost deterministic reaction of the URX
neuron to the oxygen stimulus, with only minor variations in the timing of response initiation (fig. 6A
- C). Conversely, the motor response, as inferred from the AVA neuron activity, achieved only a
probability of approximately 0.6 within the predefined 10-second timeframe (figs. 7F, 9A), which was
identified as the period when the AVA response is entrained by the oxygen stimulus (fig. 8E). This
suggests that, despite the near-deterministic sensory encoding, the motor output exhibited significant
variability across trials. This underscores the inherent probabilistic aspect of the sensorimotor

transformation process.
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This observed divergence between the consistent sensory response and the probabilistic
motor response (fig. 9A) aligns with the prevailing perspective in the field that the nervous system does
not simply operate as a linear input-output apparatus. This underscores the significance of endogenous
activity in contributing to response variability. It is widely recognized that variability in an organism's
response to repeated presentations of a specific stimulus can be detected, even under stringent laboratory
conditions. This variability manifests across various scales, ranging from individual synapses to

comprehensive behavioral patterns of the entire organism (Maye et al. 2007; Bell 2014).

This phenomenon can be interpreted from two perspectives: one posits that it arises as a byproduct of
the intrinsic chaotic nature of neural network behavior (Sabarathinam et al., 2013), resulting in response
inaccuracies. Conversely, the alternative hypothesis proposes that this variability fulfills an ethological
role, serving as an adaptive trait that enhances an animal's ability to cope with environmental conditions
by introducing innovative elements into its behavioral strategies (Brembs, 2011b). Numerous examples
across various species demonstrate how behavioral variability facilitates the ethological function of the
animal in such instances as escape behavior (Domenici et al., 2008; Domenici & Blake, 1993; Driver
& Humphries, 1988; Eaton et al., 1981), exploration behavior (Brembs, 2011b; Charnov, 1976;
Humphries et al., 2010) and learning (Chaisanguanthum et al., 2014; Olveczky et al., 2005; Tumer &
Brainard, 2007). Further, besides the question of the functional role of the response variability the
question of the neuronal sources of this variability is of a great interest in neuroscience as it represents
one of the basic properties of the brain physiology and thus can shed a light on the basic principles of
brain functioning. Several hypotheses have been advanced regarding the neuronal origins of response
variability within the nervous system. These theories posit that such variability can emerge at different
levels. At the sensory system level, for instance, stochastic noise might enhance the detection of low-
amplitude signals, albeit at the expense of accuracy. Additionally, this variability can be introduced
during synaptic transmission or at subsequent neuronal stages within the sensorimotor processing
pathway (Barlow, 1972; Barlow et al., 1971; Benzi et al., 1981; Bialek, 2003; Lillywhite & Laughlin,
1979; Longtin et al., 1991)

Importantly, there is abundant evidence suggesting that the current internal state of a biological system
at the time of stimulus presentation can decisively influence the system's response (Barlow, 1972;
Barlow etal., 1971; Benzi et al., 1981; Bialek, 2003; Lillywhite & Laughlin, 1979; Longtin et al., 1991).
This phenomenon has been documented across diverse species, including examples such as flies, where
the spontaneous activity of the ellipsoid body underlies the variability in walking behavior (Martin,
Faure, and Ernst 2001; Sorribes et al. 2011), and humans, where fluctuations in the activity of the default

network (Martin, Faure, and Ernst 2001; Sorribes et al. 2011) are predictive of response variability.
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With its relatively simple nervous system and defined connectome, C. elegans can serve as an
exemplary model organism for exploring the neuronal underpinnings of this phenomena at the scale of
single neurons. A notable example is the study by Gordus et al. (2015), which shares significant parallels
with our current work (Gordus et al. 2015). This study established that C. elegans demonstrates a
significant level of variability in motor responses to attractive odors, despite the reliable detection by
the AWC sensory neuron. Importantly, through an examination of the preselected subcircuit engaged
in odor perception, which comprises three interneurons (AIB, RIM, and AVA) chosen based on existing
connectome knowledge, scientists succeeded in identifying the origin of this response variability. They
traced it back to a specific RIM interneuron, thus highlighting the critical role of these neuron in the
observed variability. The authors hypothesized that the presence of this variability in response could
prevent the reversal circuit from becoming overly deterministic, which could potentially be
maladaptive. This hypothesis aligns with previously discussed perspectives on the ethological

implications of response variability.

Therefore, our research goal was to elucidate the neuronal underpinnings of the observed response
variability within the oxygen sensation sensorimotor circuit. Importantly, our investigation was not
confined to a subset of preselected neurons. Instead, we had an advantage to have access to
comprehensive whole-brain imaging datasets, which provided us the opportunity to devise an unbiased

methodology for identifying the sources of response variability.

4.6 AVA intrinsic state history as a factor affecting the response variability

Another pivotal concept, along with its associated analytical method aligned with the notion of response
dependency on the brain's internal state, was articulated in the manuscript emerging from our laboratory
(Kaplan et al., 2018). The hypothesis posited that the intrinsic state of premotor interneurons, which are
tasked with generating motor command responses like AVA neuron, may influence the reaction to a
given stimulus. This was exemplified in the study's exploration of sensorimotor transformation in
response to an attractive odorant stimulus, where organisms are anticipated to display a reversal
response upon the removal of the odorant. Specifically, findings indicated that when AV A neuron is in
a "high" activity state during the stimulus presentation, it fails to generate a response. This could be
attributed to AVA's bi-stability: if the neuron is already in a high activity state, it cannot further increase
its activity. Conversely, a low, inactive state predisposes AVA neuron for response generation.
Consistent with this notion, the paper also introduced an analytical technique that stratifies trials based
on the AVA's intrinsic state at the time of stimulus presentation. By clustering trials in this manner, it
allows for a more homogeneous grouping of neuronal data within each cluster. This stratified analysis

can yield a more nuanced understanding of the brain's information processing principles. For example,
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for the purpose of further analysis in these studies, only the trials wherein the AVA was in its inactive

state during stimulus presentation were considered.

Importantly, the above-mentioned study by Gordus et al. (2015) also made similar observations in the
context of their experiments (Gordus et al. 2015). While they employed a comparable analytical
approach, their research primarily centered on the suppression of reversal interneuron activity.
Consequently, they selected trials wherein these neurons exhibited a "high" activity state during
stimulus presentation. This was imperative for them to observe any off-reactions, given that neurons in

the "low" activity state cannot undergo further suppression.

In the present study, we not only replicated but also expanded upon this method by examining the
impact of activity history preceding the stimulus. Our findings underscored that the intrinsic activity
state of the AVA at the time of stimulus presentation plays a crucial role in the system responsiveness
(fig. 9B left panel). Notably, we also observed that the activity history preceding the stimulus influences
the system responsiveness to the introduced oxygen stimulus. Specifically, the the inactive "low" state
duration was found to be positively correlated with the likelihood of response to the presented oxygen

stimulus.

Further results from this analysis when applied to control datasets with stable [O.], indicate that
spontaneous reversal commands are generated stochastically, without a discernible dependence on past
history (fig. 9B middle and right panels). This aligns with numerous experimental and theoretical
studies emphasizing the significance of stochastic processes in the brain (Braun, 2021; Deco et al.,
2009; Rolls & Deco, 2010). In particular, firing sequences of neurons in mammalian brain can be
characterized by Poisson distributions which means that despite a neuron exhibiting a consistent firing
rate, the precise moments of its spikes appear to be random and independent (Jackson, 2004) This
inherent randomness introduced in the neuronal network might enhance the efficiency of the decision-
making mechanisms (Churchland et al., 2008). On the other hand, this observation provides a control
for the results from the periodic stimulus datasets making it evident that prestimulus history of the AVA
intrinsic activity influence only the responsiveness to the stimulus but does not increase the likelihood

of spontaneous AVA activation.

It is crucial to emphasize that all premotor interneurons are categorized into either a forward or reversal
command state ensemble (Chalfie et al., 1985; Varshney et al., 2011; White et al., 1986). Furthermore,
as previously discussed, the global brain state continually transitions through states corresponding to
various motor commands (Kato et al. 2015). AV A specifically represents the pool of reversal premotor
interneurons (Chalfie et al., 1985; Zheng et al., 1999), and its activity is known to closely correlate with

the reversal behavior in the freely moving worms (Kato et al. 2015; Laurent et al. 2015; Gordus et al.
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2015; Larsch et al. 2013; Kawano et al. 2011; Ben Arous et al. 2010; Chronis, Zimmer, and Bargmann
2007). Therefore, it is essential to consider an alternative framework to understand the above described
findings. Specifically, if we view AVA activity as just one means of reading the instantaneous brain-
wide motor command state, then it is plausible to propose that it is the global brain state and its prior
history that could determine the system's responsiveness. Therefore, future research efforts should aim
to untangle the contributions of individual interneurons versus their collective dynamics in shaping

responses to sensory stimuli.

In conclusion, although the motor command state plays a role in the observed response variability, it
explains only part of it (fig. 9B, left panel). This indicates the presence of other factors influencing this
variability. Therefore, we extended our study by conducting a pan-neuronal analysis to identify these
additional sources, with the aim of providing a more comprehensive understanding of neural response

dynamics.

4.7 A “Hit-Miss; Evoked-Spontaneous”-triggered average analysis pipeline allows for a
thorough exploration of the whole-brain imaging datasets

In our further analysis of the pan-neuronal datasets, we aimed to achieve two primary objectives. Firstly,
our interest lay in identifying neurons potentially integral to the decision-making process. We aimed to
elucidate the underlying neuronal activity patterns linked to this mechanism and assess their potential
influence on the inherent response variability observed in our established sensorimotor paradigm.
Secondly, we sought to distinguish between neurons whose activities primarily reflect sensory-related
information and those associated with motor-related information. This differentiation is pivotal in

understanding each neuron's functional role within the designated sensorimotor circuit.

To realize these objectives, we developed an automated analysis pipeline designed for the outlined
purposes. Our approach capitalized on a key experimental design attributes and properties of the oxygen
sensorimotor transformation chain previously discovered in this project. Firstly, the open-loop
experimental design ensured that outcomes did not influence the presented stimulus. Secondly, the
observed intrinsic response variability together with presence of the spontaneous AVA activity (fig. 6),
were an advantage to our analysis. Collectively, these characteristics ensured that the motor response
was not entirely synchronized with the stimulus, which aided in differentiating sensory from motor-

related neuronal information.

To develop this analysis approach, a critical step involved differentiating between the trials where the
animal exhibited successful sensorimotor transformation against those where no response was evident

which we called “Hit” and “Miss” trials respectively (fig. 10A). Similar conceptual approach is widely
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used in neuroscience among different species and different recording techniques to reveal decision
making mechanism correlates (Crochet et al., 2019; Fotowat et al., 2011; Goodale et al., 2021). Our
primary criterion for this categorization revolved around the observation that the AVA was entrained
by the stimulus within a 10 seconds timeframe post stimulus onset (fig. 8E). Hence, trials where AVA
activation occurring within this time window were assumed to be significantly influenced by the
stimulus, in contrast to activations post this threshold, which bore similarities to the spontaneous
activation rate derived from control datasets. Consequently, we labeled trials exhibiting AV A activation
within this 10-second period as “Hit” trials, while others were categorized as “Miss” trials. It is
important to note that some AVA activations occurring beyond this threshold might still be stimulus-
driven, possibly reflecting the late response component observed in our behavioral experiments (fig. 1).
However, due to our inability to statistically validate this late response, our investigation primarily
centered on the early component, representative of rapid sensorimotor transformation. This part of the
analysis has been completed by applying event-triggered average separately for the “Hit” and “Miss”
trials and developing a further stimulus-triggered average analysis which automatically reveals

statistically significant differences in the neuronal response at these two clusters (fig. S3, Table S1).

A further extension of our analytical approach aimed to elucidate the functional role of neurons within
the designated sensorimotor pathway, tracing from sensory reception to motor execution. This
analytical step was accomplished by employing triggered average analysis, utilizing stimulus time
points and motor response time points as key reference events used in further triggered average analysis
(fig. 10A). Additionally to aforementioned separation of stimulus-triggered trials into “Hit” and “Miss”
categories, motor response events were divided into "Evoked" and "Spontaneous" categories,
contingent on their occurrence within the aforementioned critical 10-second window (see Methods).
This methodology was predicated on the notion that it would enable the determination of whether a
neuron predominantly conveys sensory-related, motor-related, or a hybrid of both types of information.
A comparable methodology has been successfully applied in zebrafish whole-brain imaging studies.
Researchers in this field employed regressors based on both stimulus and behavioral parameters to
unravel the functional organization of neuronal circuits (Ahrens et al., 2012; Feierstein et al., 2015;
Portugues et al., 2014). This approach allowed them to create detailed functional brain maps, clearly

distinguishing regions linked to sensory input from those associated with specific behavioral responses.

In summary, we created an automated “Hit-Miss; Evoked-Spontaneous”-triggered average analysis
pipeline, facilitating a thorough investigation of pan-neuronal datasets to unveil the neuronal
foundations of sensorimotor transformation and the distinctive signatures of decision-making
mechanisms. All the subsequent results in this project (figs. 11 - 24, S3, S4, Tables S1,2) were derived
from this analysis algorithm. Crucially, the analytical algorithm formulated in this study exhibits

significant versatility. It is structured in a manner that permits ready adaptability for subsequent
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investigations involving varied stimulus paradigms, as well as diverse analytical techniques beyond just
event-triggered averages. As a testament to its adaptability, within the current project, we have already
leveraged this framework to evaluate the onset timing of neuronal activity, contextualized within the

"Hit" versus "Miss" trial distinctions (figs. 13, 17D, 22E, 23B, 24).

4.8 Overview of the results of the “Hit-Miss; Evoked-Spontaneous”-triggered average
analysis

4.8.1 The activity profiles of sensory neurons and primary interneurons are predominantly
associated with the stimulus

Firstly, we focused on the oxygen sensory neurons and primary interneurons. The "Hit-Miss; Evoked-
Spontaneous"-triggered average analysis revealed that the oxygen sensory neurons exhibited activity
primarily related to the stimulus and not to the motor state (compare fig. 11 and fig. 12). Emphasizing
the nontrivial aspect of this finding is important, given the substantial body of research across a variety
of animal species that underscores substantial modulation of neuronal activity in the primary sensory
regions of the brain caused by motor activity (Aimon et al., 2019; Chiappe et al., 2010; Fujiwara et al.,
2017; Musall et al., 2019; Niell & Stryker, 2010; Salkoff et al., 2020; Steinmetz et al., 2019; Stringer et
al., 2019).

Remarkably, all identified primary interneurons, comprising AUA, PVP, and RMG neurons, also
exhibited a sensory-related activity pattern primary associated with a stimulus (compare fig. 15
and fig. 16). Moreover, average activation profiles of primary interneurons resembled those of the
sensory neurons. In particular, AUA and RMG neurons exhibited relatively steep activation slopes,
similar to those observed in URX and IL2 neurons. Conversely, PVP neurons have a gradual linear
activation slope, much like the AQR and PQR sensory neurons (compare fig. 5B and fig. 14). This
correspondence aligns with the connectome pattern, where AUA and RMG neurons receive inputs from
URX sensory neurons through both chemical synapses and gap junctions, while PVP neurons form gap

junctions with AQR and PQR sensory neurons (Macosko et al., 2009; White et al., 1986).

The results are particularly intriguing given the expectation that primary interneurons would display
activity patterns associated with higher-order computations during stimulus processing. One possible
explanation might be that the stimulus used in this study did not fully engage the circuit’s functional
repertoire. Therefore, further experiments employing a more elaborated stimulus landscape, such as
varying [O:] gradients and non-periodic stimulus timing, are essential to comprehensively explore the

roles played by these primary interneurons.
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An alternate explanation might involve limitations of nuclear Ca** imaging, which may not fully capture
neuronal activity, particularly when it is confined to neurites and involves localized subcellular
processes. This type of compartmentalized activity has been observed in specific C. elegans neurons,
where signaling occurs within neurite segments independently of the soma, enabling nonlinear
integration and postsynaptic transmission without altering somatic activity (Clark et al. 2006; Chalasani

et al. 2007; Hendricks 2012; Li et al. 2014; Ruach et al. 2023).

4.8.2 Sensory neurons and primary interneurons activity suppression suggests several
alternative neuronal mechanisms

However, it is crucial to note that we observed a motor-related suppression of the baseline activity at
“Spontaneous” AVA-triggered trials which was consistent across sensory and primary interneurons
(figs. 12, 16). Interestingly, the precise pattern and time course of this suppression varied across
neuronal classes. Nevertheless, we propose three alternative hypotheses which might provide

generalized explanation for this phenomenon.

First, this activity suppression might reflect a potential feedback mechanism such as corollary discharge
(Cullen 2004; Poulet and Hedwig 2007; Fukutomi and Carlson 2020; Busse et al. 2017; Crapse and
Sommer 2008; Busse 2020) which precludes potential sensory and related interneuron activity at the
time of the reversal locomotion. In the current research activity patterns of [12L, PQR, PVP and RMGL
neurons align with this hypothesis as their suppression initiated simultaneously with the onset of the

reversal motor command (figs. 12, 16).

The second hypothesis proposes that we observe a spontaneous down-modulation in the activity of
oxygen sensory neurons reflected in the primary interneurons, which could potentially facilitate the
initiation of AV A activation. This hypothesis is consistent with the activity patterns observed in sensory
neurons URXR, IL2R, AQR and interneurons RMGR, AUAL, where a reduction in activity was noted
just before the initiation of the reversal motor command. Notably, for URXR, IL2R, and RMGR
neurons, this reduction reached its lowest point precisely at the moment coinciding with the onset of

the reversal motor command.

Our third hypothesis combines the corollary discharge mechanism with the observation that sensory
neurons URXR, IL2R, AQR and interneurons RMGR, AUAL are getting suppressed before the AVA
reversal commands initiation. This hypothesis proposes the existence of an alternative neuronal source
that initiates the decision to reverse locomotion prior to activating the reversal command interneurons.
This proposition is supported by our finding that reversal interneurons share the same activation onset

times (compare AVA and AVE neurons activity patterns at figs. S3, S4), indicating the necessity to
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investigate sources outside the pool of reversal interneurons. Such an alternative source may have the

potential to activate reversal command interneurons while priorly suppressing sensory and interneurons.

Importantly, we also observed down-modulation of BAG neuron activity during "Spontaneous" trials
(fig. 12). This is consistent with previous research demonstrating that RIM neurons suppress BAG
neuron activity during reversal motor states, inhibiting the perception of self-generated CO, traces
(Riedl et al., 2022). However, our current results show that RIM activation onset aligns with AVA
premotor neuron activation onsets at "Spontaneous" trials (fig. S4), and thus cannot initiate the BAG
suppression that starts prior to AV A activity onset (fig. 12). Therefore, alternative neuronal mechanisms
should be investigated further. Given the potential limitations in the temporal resolution of the Ca**

imaging technique, these results should be interpreted with caution and subject to further investigation.

4.8.3 Sensory neurons and primary interneurons activity modulation reflects the sensorimotor
transformation

An important goal in conducting this analysis was to uncover a neuronal mechanism underlying the
motor responses variability. On the first place we asked if the variability in the response amplitudes of
oxygen sensory neurons and primary interneurons (fig. SA) could determine it. Initially, we
hypothesized that stronger sensory neuron or interneuron activation might lead to a higher probability
of a motor response, which would result in greater average response amplitudes during "Hit" trials
compared to "Miss" trials. Contrary to our hypothesis, we discovered that several oxygen sensory
neurons, including URXL, 112, and PQR neurons, exhibited lower activation in “Hit” trials compared
to “Miss” trials (fig. 11) and the same pattern was observed for the RMGL primary interneuron

(fig. 15).

We have formulated two alternative explanations to account for this unexpected observation. The first
hypothesis revolves around the idea that the amplitude difference between "Hit" and "Miss" trials could
play a causal role in motor responses. In this scenario, it is plausible that stronger activation of oxygen
sensory neurons and primary interneurons might be suppressive for the motor response. This hypothesis
is particularly relevant to the IL2R neuron since its activation started significantly earlier than the onset
of AVA activity and peaked simultaneously with the onset of AVA activity (fig. 12). Furthermore, this
hypothesis echoes a previously formulated idea suggesting that a spontaneous reduction in the activity

of oxygen sensory and primary interneurons could potentially facilitate the initiation of AVA activation.

Our second hypothesis pertains to the URXL, IL2L, PQR, and RMGL neurons, which exhibited activity
beginning shortly before and peaking after the onset of AVA activity (figs. 12, 16). This temporal
pattern suggests that the observed amplitude differences between 'Hit' and 'Miss' trials (figs. 11, 15)

may reflect a feedback mechanism originating from motor-command interneurons or other elements of
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the sensorimotor circuit. Furthermore, for IL2L, PQR, and RMGL neurons, this interpretation aligns
with the previously proposed suggestion that the down-modulation of sensory and associated

interneuron activity during 'Spontaneous' trials reflects a feedback signal such as a corollary discharge.

Further, we found that AUA, PVP, and RMGR neurons showed no significant amplitude difference
between 'Hit' and 'Miss' trials (fig. 15), contrary to expectations. This is notable because their average
activity mirrored that of the sensory neurons (fig. 14), which is consistent with the established
connectome (White et al., 1986) and previous findings indicating that sensory neurons drive activity in

primary interneurons (Busch et al., 2012; Laurent et al., 2015; Nichols et al., 2017; Oda et al., 2017).

One possible explanation relates to the potential limitations of nuclear Ca** imaging in scenarios
involving compartmentalized neurite activity, as previously discussed. Alternatively, these interneurons
might perform active computations similar to normalizing or binarizing the sensory input, potentially
filtering out some amplitude-related information. Such a mechanism would allow downstream circuits
to operate on a simplified, thresholded representation of the sensory landscape, potentially supporting

robust behavioral responses despite variability in input strength.

4.8.4 The onset timing analysis highlights the motor response resilience to fine-scale sensory
modulations and further supports the suppressive corollary discharge hypothesis

The onset timing analysis of oxygen sensory neurons and RMG neurons ( which emerged as the most
intriguing candidates among the primary interneurons) received particular attention. Notably, we
discovered that the variation in activation onset latencies across different trials did not influence the
motor response (figs. 13A, 17D). This underscores the system's robustness in effectively managing

minor fluctuations in sensory input.

Furthermore, a noteworthy discovery was made regarding the over-trials response variability in all
detected oxygen sensory neurons, except for IL2L neuron (fig. 13B). This variability was found to have
no correlation with the system's responsiveness. This implies that the motor response variability does
not depend on the slight variations observed in the oxygen sensory neurons or primary interneurons.
Furthermore, this finding reinforces the results obtained from the average amplitude analysis, as it
suggests that amplitude differences should not be attributed to the neurons missing more trials in “Hit”

or “Miss” trials.

Importantly we observed lower probability of the IL2L and RMGL activations at “Hit” trials compared
to “Miss” trials (figs. 13B, 17C). Firstly, this indicate that the average response amplitude difference
discussed above might be at least partially explained by the neuron being inactive at the “Hit” trials.

Secondly, the onset of this suppression as estimated by the cumulative response probability coincided
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with the onset of the AVA activation period. This finding comes along and further contribute to the
above developed concept that the IL2L and RMGL neurons could potentially receive inhibitory
corollary discharge signals from motor command interneurons or other potential elements within the
sensorimotor pathway. Importantly, the similarity in activity patterns between RMG and IL2L could

potentially be explained by their interconnectedness through gap junctions (White et al., 1986).

Moreover, it is crucial to emphasize that all the “Hit” versus “Miss” trials disparities observed in activity
patterns must be solely attributed to the response decision and may not be connected to the history of
the intrinsic activity state of AVA neurons, which, in turn, is associated with their responsiveness. This
assertion is supported by the control analysis, which demonstrated that the impact of the AVA neurons'

prior inactivity, preceding the 21% [O:] stimulus, on their response was minimal (fig. 18).

4.8.5 Neuronal activity prior to the 21% [O:] stimulus may contribute to the reversal response
decision-making mechanism

In the course of this project, we made a remarkable discovery involving the identification of an
interneuron pair located in the posterior section of the lateral ganglion. This interneuron displayed a
unique activity pattern, characterized by a gradual increase in its activity levels during periods of 11%
[O2] (fig. 14). It is noteworthy that no neuron with a similar activity pattern has been documented in the
existing literature on C. elegans. Interestingly, the location of this interneuron which was in the
proximity to RIM neuron posterior to it suggests that it could potentially correspond to the AIZ
interneuron. However, it is important to note that the AIZ neuron has not been previously described as
having oxygen-related activity, although one study indicates its involvement in the CO; - related
response (Guillermin et al.,, 2017). Until further clarification this neuron has been temporarily

designated with the putative name "X" neuron.

Notably, the activity of the "X" neurons displayed stronger activation during the 11% [O-] periods that
preceded the "Hit" trials when compared to the "Miss" trials (fig. 15). Intriguingly, another noteworthy
observation related to the BAG sensory neuron complements this finding. The BAG neuron is
recognized for its role in sensing decrease in [O:] and regulating corresponding behavioral reactions.
Interestingly, we observed a pattern of sharper BAG activation during the "Hit" trials as opposed to the
"Miss" trials (fig. 11). Considering that both the "X" neuron and BAG neuron showed increased activity
preceding the "Hit" trials, it leads us to hypothesize that the internal state of the circuit prior to the 21%
[O2] stimulus might play a defining role in the system's response or alternatively response strength to
the preceding [O>] downshift might influence the subsequent response to the [O»] upshift. However, it
is crucial to emphasize that the observed amplitude difference was not statistically significant.
Additionally, this trend could potentially reflect the history of the intrinsic activity
AVA activity (fig. 18).
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4.8.6 Head motor neurons might function as a gating mechanism in the sensorimotor
transformation chain

Through “Hit-Miss; Evoked-Spontaneous”-triggered average analysis, we made another notable
discovery regarding the newly identified head motor neurons (HMN1,2 and 3), located near the SMDD
neurons in the ventral ganglion. These neurons displayed periodic activity that partially overlapped with
the head bending-related activities of SMDD and SMDYV neurons, as well as the forward locomotion-

related activity of RIB neurons.

When considering HMN1, 2, 3 neurons alongside with RID neuron, which is known to be involved in
the forward locomotion circuit (Chew et al., 2018; Lim et al., 2016; Mori et al., 2019), their activity
appears to integrate both sensory and motor information (figs. 20, 21). This suggested their potential
role in coordinating motor responses to stimuli and contributing to decision-making mechanisms.
Importantly, the down-modulation of HMN and RID neurons started before the onset of AVA activity
rise in both "Spontaneous" and "Evoked" trials, with "Evoked" trials corresponding to "Hit" trials from
the stimulus-triggered average analysis. This further suggests that the activity of HMN and RID neurons

may play a causative role in the response of pre-motor neurons.

Next, HMNI1, 2, 3 together with RID neurons exhibited opposite activity patterns during "Hit" versus
"Miss" trials. Their activity decreased below the baseline in "Hit" trials and increased above the baseline

in "Miss" trials.

Based on this finding, we formulated a hypothesis that HMN and RID neurons may serve as a gating
mechanism. In short, we assumed that their activity up-modulation could prevent a reversal motor
response, while their activity suppression might enable it. Notably, research on C. elegans provides
examples where a single neuron can exert opposing effects within the same neural circuit. For instance,
the RIM interneuron demonstrates the ability to both enhance and suppress the activity of AVA and
AVE reversal interneurons through different synaptic and extrasynaptic mechanisms, depending on the

RIM neuron's activity state (Li et al. 2023).

4.9 Forward locomotion signal potentially provides a phasic framework gating the
system response

A further noteworthy discovery emerged with a focus on the RIB and AVB interneurons, both described
in the literature for their involvement in the forward locomotion circuit (Chalfie et al. 1985; Zheng et
al. 1999; Tsalik and Hobert 2003; Gray, Hill, and Bargmann 2005; Li et al. 2014; Kato et al. 2015;
Wang et al. 2020). As anticipated, it was observed that both RIB and AVB neurons exhibited a decrease

in activity in response to the onset of a 21% [O] stimulus (fig. S1). This aligns with their established
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inverse relationship with the AVA neuron (Faumont et al. 2011; Kato et al. 2015), which showed an

increased average activity when exposed to the 21% [O-] stimulus (fig. S1).

Further, two significant and unexpected observations were made via the “Hit-Miss; Evoked
Spontaneous”-triggered average analysis. Firstly, it revealed that this down-modulation occurred in
both “Hit” and “Miss” trials. Notably, this phenomenon was most pronounced in the RIB neuron
(fig. 22A). This result is surprising considering the conventional perspective that RIB's involvement in
forward locomotion suggests it should only be found in “Hit” trials. It is important to mention that the
down-modulation observed in “Miss” trials is transient and exhibits a lower amplitude compared to the
prolonged and more pronounced down-modulation seen in “Hit” trials. Secondly, closer examination
of the average RIB activity, detected “low-amplitude” baseline activity modulations, and their down-

modulations preceded “Hit” trials, while up-modulations preceded “Miss” trials (fig. 22A).

Following these findings, we have developed a concept in which the RIB neuron might play a crucial
role in providing a reference framework for the oxygen sensorimotor circuit's response during reverse

locomotion response to the 21% [O;] stimulus. This concept is primarily founded on several key facts.

First, RIB is a second-layer interneuron (Gray et al., 2005) which receives a majority of inputs from the
AUA interneuron and send major part of outputs to the AVE pre-motor interneuron (White et al., 1986).
The AUA interneuron, as documented in the literature (Busch et al., 2012; Laurent et al., 2015; Nichols
etal., 2017) and in the current research, is recognized as a component of the oxygen sensorimotor circuit
and conveys stimulus-related signal (figs. 14, 15). On the other hand, the AVE neuron plays a crucial
role in the reversal locomotion circuit (Chalfie et al., 1985; Zheng et al., 1999) and directly synapses
onto motor neurons in the ventral cord (Chalfie et al., 1985; Varshney et al., 2011; White et al., 1986).
Thus, from a connectome standpoint, the RIB neuron is strategically situated to be able to mediate
interactions between oxygen sensory neurons and the reversal motor circuit. Furthermore, the empirical
findings derived from the "Hit-Miss, Evoked Spontaneous" analysis showed that the RIB neuron
combines sensory and motor-related information within its activity (compare figs. 22A and 23A, S3
and S4). These facts suggest the involvement of the RIB neuron in the oxygen sensorimotor

transformation circuit.

Second, earlier studies from our laboratory revealed that the onset of reversals is consistently preceded
by a deceleration of forward locomotion being proposed as a preparatory event (Kato et al. 2015).
Aligning with this, RIB down-modulation is known to precede forward to reverse locomotion transition,
reflecting a strong correlation between its activity level and the speed of forward locomotion (Kato et
al. 2015; Li et al. 2014). Our current study also demonstrated consistent results with the down-

modulation of RIB activity preceding AVA activity rise (figs. 22C, 23, S4). Therefore, it is theoretically
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plausible that RIB may play a defining role in regulating AVA activity. In particular, we posit that the
deceleration preparatory events, as delineated by RIB activity, might offer a gating time window for the

system to react with a reversal locomotion command to the oxygen stimulus.

Lastly, our results demonstrated that the down-modulation of RIB activity in response to the 21% [O2]
stimulus had a significantly shorter latency in "Hit" trials compared to "Miss" trials (fig. 22E). In
contrast, sensory neurons maintained stable activity onset latencies (fig. 13A). This caused an alteration
in the relative onset timing between RIB and sensory neurons, with the RIB down-modulation preceding
sensory neuron responses in "Hit" trials (fig. 24). This is a significant discovery, suggesting that RIB
activity down-modulation may not solely arise from oxygen sensory neuron inputs but could also
provide a framework for it. Coupled with above mentioned observation that the "low-amplitude" down-
modulation component precedes "Hit" trials, whereas up-modulation precedes "Miss" trials (fig. 22A),
these results strongly suggest a phase relationship between RIB activity and sensory activation. This

relationship may play a crucial role in regulating the initiation of the reversal motor response.

In summary, we propose that the phase of "low-amplitude" spontaneous RIB modulations defines a
gating time window for the system to respond with a reversal locomotion command to the oxygen
stimulus. Specifically, the down-modulation phase aids in facilitating this response, whereas the up-
modulation phase acts as an inhibitory mechanism. Additionally, the 21% [O-] stimulus can induce a
transient down-modulation of RIB activity independently of the "low-amplitude" modulation phase.
This suggests that sensory neurons in "Miss" trials may still transmit information triggering a
deceleration event, although insufficient to initiate a reversal response. Furthermore, when the 21% [O-]
stimulus aligns with the RIB "low-amplitude" down-modulation phase, it results in stronger RIB
activity down-modulation, which triggers the reversal motor response. Lastly, activation of the reversal
premotor interneurons further interacts with RIB activity, leading to prolonged and more pronounced

down-modulation, thereby further facilitating reversal locomotion.

The concept of neuronal activity phase-locking is well established in the existing literature. Notably, a
recent study conducted in our laboratory introduced a new concept, supported by experimental
evidence, suggesting that the functional organization of the C. elegans nervous system operates within
a hierarchical neuronal dynamics framework (Kaplan et al. 2020). According to it, each subsequent level
of activity in this hierarchy is intricately synchronized with the preceding one in terms of phase
relationships. Consequently, it is reasonable to assume that the organism's response to external stimuli
also might depend on its phase relationship to the ongoing behavior and corresponding brain activity. In
line with this assumption, it has been found that the head motor neurons of C. elegans which drives phasic
head movements set a framework which gates olfactory perception via the RIA interneuron (Ouellette et

al., 2018). This mechanism enables the worm to adapt its motor response appropriately to spatially
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asymmetric input. Importantly, similar mechanisms related to phasic behaviors have been observed in
other species as well. For instance, in mice, the act of respiration during sniffing acts as a gate for olfactory
perception, and a similar gating mechanism is evident during whisking (Eggermann et al., 2014;

Rothermel et al., 2014).

It is important to emphasise that this mechanism exhibits a probabilistic nature, functioning as a
facilitator rather than a strict determinant. Our results provide evidence that, in fraction of instances,
early RIB down-modulations can be associated with “Miss” trials. Conversely, in some instances
reversal motor response can be induced even outside the preferred RIB phase. This suggests the
existence of additional mechanisms that can either hinder or facilitate the reversal reaction, potentially
encompassing factors previously mentioned in this manuscript, such as the AVA state and sensory

neuron activation amplitude, among others.

Further studies are necessary to delve deeper into the role of RIB neurons in the oxygen sensorimotor
circuit. First, it is important to consider that the difference in the latency timing of the RIB down-
modulation onset in “Hit” versus “Miss” trials may be attributed to the presence of the “low-amplitude”
component in “Hit” trials. Therefore, further analysis is required to separate “low-amplitude” and “high-
amplitude” modulation components and independently estimate the timing of their dynamics. Next,
further experiments should include optogenetic manipulations. It would be crucial to investigate
whether inhibiting RIB neurons shortly before the 21% [O:] stimulus facilitates the reversal motor

response and, conversely, if activating RIB neurons impedes it.

4.10 Conclusion and further perspectives

This project sought to investigate the sensorimotor transformation involved in the avoidance response
of C. elegans to elevated ambient [O;]. The primary goals were twofold: firstly, to identify and
thoroughly describe the specific neuronal circuits implicated in this process, and secondly, to reveal the
neural activity patterns responsible for sensorimotor transformation and understand their functional

role.

Throughout the project, we designed an effective experimental paradigm to investigate sensorimotor
transformation in C. elegans, leveraging the advantages of whole-brain Ca*" imaging. We subsequently
developed a complementary analysis algorithm that enables unbiased identification of neurons involved

in information processing and distinguishes between sensory- and motor-related neural activity.

The approach employed in this study yielded intriguing results elucidating the neurological processes

involved in the sensorimotor transformation in C. elegans. Firstly, we successfully identified sensory
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and interneurons participating in the studied sensorimotor circuit. Our findings revealed that various
classes of sensory neurons exhibit distinct response profiles, potentially contributing to reactions to
different stimulus features. Surprisingly, upon estimating information content, we discovered that
interneurons primarily contain sensory-related information and may not introduce significant novel
elements. We hypothesize that they might become engaged with more complex stimuli, a hypothesis to

be tested in future experiments.

Conceptually, with reference to the theoretical perspectives contrasting the Input-Output and
Coordination views, our findings provide support for the latter. Specifically, we identified several
signatures suggestive of feedback mechanisms that may modulate the responsiveness of sensory and
interneurons depending on the current behavioral state of the circuit. This observation aligns with the
concepts of feedback regulation and corollary discharge, providing evidence in favor of the
Coordination View. Moreover, our findings demonstrated an interaction between stimulus
responsiveness and the internal state of the system, particularly in relation to AVA activity, further

supporting this perspective.

The revelation of response variability immediately prompted inquiries into its neural sources.
Significantly, we identified several potential candidate neurons, including sensory and interneurons,
that could potentially influence responses. Notably, we made a particularly intriguing discovery
concerning the second-layer interneuron RIB, known for its involvement in governing forward
locomotion. Our observations suggest that the phase of the low-amplitude spontaneous RIB
modulations defines the gating time window for the system to respond with a reversal locomotion
command to the oxygen stimulus. This concept of phase relation is well-documented in existing
literature and, notably, has been introduced in a recent study conducted in our laboratory, which
proposes that the functional organization of the nervous system in C. elegans adheres to a hierarchical
neuronal dynamics framework (Kaplan et al. 2020). These discoveries necessitate comprehensive
testing in future experiments, with a particular emphasis on incorporating optogenetic manipulation of
the RIB neuron. This approach is crucial for examining the causal role of its activity phases in

influencing the responsiveness of the circuit.

Several notable constraints were present in this study. Firstly, the employed setup, with worms
immobilized in the channel of the microfluidic chip device, is acknowledged to influence the worm's
brain activity. Our current study also presented experimental evidence of distinct reaction patterns in
worms constrained within the chip device compared to freely moving worms. Therefore, future
investigations should include imaging experiments on specific candidate neurons under conditions
where worms are freely moving, enabling the study of the sensorimotor processes under circumstances

similar to the natural environment for the animal. Another significant limitation was the use of a
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repetitive stimulus with a simple pattern. In future experiments, it would be beneficial to alter the
stimulus, introducing a more intricate and non-repetitive landscape. Such modifications could enhance
engagement for neurons within the sensorimotor circuit and potentially provide deeper insights into its

functional organization.

Additionally, when interpreting the gathered results, it is essential to proceed with caution, considering
that our approach relied exclusively on a readout based on nuclear activity. Given the recent revelation
of neural activity compartmentalization in C. elegans (Clark et al. 2006; Chalasani et al. 2007;
Hendricks 2012; Li et al. 2014; Ruach et al. 2023), it is important to note that employed methodology
did not allow for the detection of potential computations occurring within the neurites. While this
constraint is challenging to avoid in whole-brain imaging experiments, future studies might explore

focusing on specific candidate neurons to delve into a more detailed level of neurite computations.
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5. Methods

5.1 Worm culture and strain

Worms were maintained under standard conditions at 20°C on nematode growth medium (NGM) plates
seeded with E. coli (OP50 strain) as a food source (Brenner, 1974). All behavioral and imaging
experiments were performed on young adult (1 day post L4 stage, one row of eggs) hermaphrodites of

C. elegans, utilizing the same transgenic strain.

Name Genotype Construct (plasmid no.) and injection
concentrations

ZIM2107 mzmEx496, mzmls38; mzmls52; Pmyo-2::HisCl::SL2::mCherry — 10 ng/uL;
lite-1 (ce314); npr-1 (ad609); Pmyo-3::HisCl - 20ng/ul:
PFip-17::mCherry - 1.5ng/uL;
Punc-31::NLSGCaMPof (pTS100, codon-

optimized and with introns) - 2.5ng/ulL

The ZIM2107 transgenic line carried the /ite-1 mutation (ce314), which decreases sensitivity to blue
light and UV radiation (Edwards et al. 2008; J. Liu et al. 2010; Gong et al. 2016). Additionally, the
genetic backgrounds of mzmEx496; [Pmyo-2::HisCl::SL2::mCherry] and mzmls38; [myo-3::HisCl;
pFlp-17::mCherry] facilitated histamine-induced paralysis of the pharyngeal and body wall muscles,

respectively.

5.2 Behavioral experiments

Behavioral experiments (figs. 1,2) were performed as described previously (Kato et al., 2015). 20-25
young adult hermaphrodite worms were picked onto an NGM assay plate that had been seeded with E.
coli OP50 food the day prior to the experiment. The 25 mm x 25 mm assay arena was bordered with
Whatman paper soaked with 20 mM CuCl2 to repel and keep worms from escaping the arena. Next,
worms on the assay plate were habituated to the experimental room conditions for 1 hour before
recording. Further, worms were preincubated at 11% [O;] for 5 min before recordings were started to
accustom them to the gas flow. Recording started with 450 seconds of 11% [O.] gas flow which was
followed by periodic steps of [O2] between 21% (30-second periods) and 11% (60-second periods)
repeating 16 times and resulting in 1890 seconds long recording. Throughout the experiment constant
gas flow (50mL/min) was delivered using a custom plexiglass device of 39mm x 39mm x 0.7mm, which

was positioned on top of the arena (Hums et al., 2016). Gas mixtures were balanced using N to maintain
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constant gas flow. Gas flow was controlled using a static gas mixer connected to mass flow controllers
(Vogtling Instruments) using Micro-Manager software. Behavior arenas were illuminated with red
LEDs and recorded at time resolution of 10fps with 5 megapixel CMOS cameras (Teledyne DALSA),
resulting in pixel resolution of 0.0129 mm/pixel. Movie analysis and behavior detection was performed
using MATLAB-based (Mathworks) custom image processing and tracking software as described
previously (Hums et al., 2016; Kaplan et al., 2020; Ramot et al., 2008; Zimmer et al., 2009)Using this
methodology, we obtained six experimental recording datasets. They contained 438 traces of worm
behavior overall. Considering that each trace was spending across 16 stimulus trials it resulted in 7008
trials. For all calculations except the cumulative probability (fig. 1D) time series of reversal onsets were

binned by averaging into 10 frames, which equals to 1 second time interval.

Whole experiment reversal frequency and stimulus-triggered average frequency (fig. 1A,C). For
these analyses we were estimating experiment-to-experiment variability. Sample sizes were the number

of experiments.

For the whole experiment reversal frequency (fig. 1A) we calculated frequency of the reversal onsets
across all worm traces detected within each experiment per each 1 second time bin. For this all missing
values (NaN values corresponding to time frames where an animal was not tracked) were excluded from
this analysis. Then, the mean between experiments and SEM was calculated and used

for plots.

For the stimulus-triggered average onsets frequency (fig. 1C) theoretical stimulus upshifts time
points from the stimulation protocol were used. Reversal onsets time series were aligned to these events
and averaged among all trials from all traces within each experiment resulting in the reversal onset
probability for each dataset. Then, the mean of the reversal onset probability between experiments and

SEM was calculated and used for plots.

For estimation of the baseline reversal rate we used initial 450 seconds 11% [O:] stimulation baseline.
Simulated triggering time points with periodicity corresponding to the real periodic stimulus were fitted
to that period (5 trials 90 seconds duration each) (fig. 1C magenta line) and used for the further triggered
average calculations which was done by the same algorithm as calculations of the stimulus period data.
For the reversal onsets cumulative probability analysis (fig. 1D magenta line) stimulus grid was
modified into 60 seconds periods (with equal 30 seconds simulated 11% and 21% [O;] periods) in order

to increase control data sample (7 trials 60 seconds duration each).

For the next analyzes traces from all 6 recording datasets were pooled together and treated regardless

of the dataset.
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Cumulative probability of the reversal onsets (fig. 1D). This analysis has been done on the unbinned
reversal onsets time series in order to capture potential fine time scale fluctuations. We aligned all traces
from all experimental datasets to the stimulus event times as described in the stimulus-triggered
average frequency section. Then we calculated reversal onsets cumulative probability for the 30
seconds time window corresponding to the 21% [O-] period starting from the [O:] upshift onset. To
compare reversal dynamic upon [O-] upshifts and downshifts, the same calculation has been done for
the first 30 seconds of 11% [O:] periods starting from the [O2] downshift onset. Additionally, the same

procedure was applied to the 450 seconds 11% [O-] baseline period as described above.

Statistical test for the cumulative probability analysis (fig. 1D). We tested whether the delta value
i.e., difference, between the cumulative probability values for the 21% [O:] periods and the 450 seconds
11% [O] baseline period was significantly different from random. Cumulative probability value for the
21% [O»] periods and the 11% [O:] baseline period were averaged within the 2 seconds time windows
centered around the time point =10 sec. Then resulted value were subtracted from each other ( “21%
[O] periods” — “11% [O:] baseline period”). Obtained delta value was stored for the further statistical
analysis to test whether “21% [O-] periods” and “11% [O:] baseline period” values represent different
distributions generating significant i.e., non-random delta values. Next, we resampled the data from the
original “21% [O:] periods” and “11% [O:] baseline period” clusters. For that we combined “21% [O]
periods” and “11% [O:] baseline period” clusters together into one matrix and then selected randomly
(“randperm” MATLAB function) n trials (with n = n original “21% [O;] periods” trials) and the
remaining n' trials (with n' =n “11% [O:] baseline period” trials) forming two control clusters. Then,
the cumulative probability of the reversal onsets procedure for the 30 seconds time window
corresponding to the 21% [O:] period was applied to the data in control clusters and delta values were
calculated according to the procedure described above. This procedure was repeated 1076 times to
obtain an average random distribution of delta values. The p value was defined as the fraction of delta
values from the random resampled distribution that are at least as large in absolute value as the
experimental delta value. Significance level based on the adjusted p values is depicted with stars: ***,

p <0.001.

For the separation analysis (fig. 2) we used only trials with no missing values (NaN) during the whole
21% [O»] period (n trials = 1245). We divided the whole 21% [O;] stimulus time window into two
periods: 0 to 10 seconds starting from the 21% [O:] stimulus onset and from 10 seconds to the 60
seconds (end of the trial). This division was based on the distribution of the reversal onsets peaks. Based
on the reversal onsets timing relating to the 10 seconds threshold we predefined four clusters. “Early”
- onsets occurring only during first 10 seconds, “Late” onsets — occurring after first 10 seconds, “Early

and Late” — trials with reversal onsets occurring in both time windows and “None” — trials with no
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reversals. Then, all trials were sorted according to these criteria and stimulus-triggered average was
done for each cluster independently (fig. 2A). For this all trials from the corresponding cluster were

aligned to the 21% [O] stimulus onsets and averaged.

For the “Hit” probability analysis (fig. 2D) we selected only traces with no missing values (NaN) at
any of the 21% [O-] period (from all 16 trials) — which resulted in n = 28 traces (448 trials) each
corresponding to an individual worm. “Hit” trials were defined by the presence of the reversal onset
within first 10 seconds period starting from the 21% [O,] stimulus onset. Thus, “Hit” trials include two
clusters from the previous classification: “Early” and “Early and Late”. Then, we calculate frequency
of those trials per worm trace (n of “Hit”/ 16 (N of trials)). Resulting frequencies from 28 traces are
presented as a histogram (fig. 2D). To estimate the individual worms’ proportions from the same

subset of data we also quantified proportion of each type of trials for each individual worm (fig. 2C).

5.3 Oxygen dye recordings

Tris-(4,7-diphenyl-1,10-phenanthrolin)-ruthenium(II)-dichlorid-Komplex water solution (1:30) was
used for the experimental measurements of the [O>] profile in the behavioral chamber and imaging chip
devices. Imaging was performed with an inverted compound microscope (Zeiss Axio Observer.Z1)

using EMCCD cameras (iXon3,Andor) with mCherry setting.

Stimulus for calibration measurements was composed of three calibration periods and two periodic
stimulus periods in-between. During the calibration period [O:] rose from 0% to 35% in 7 steps
increasing by 5% on each step. Each step lasted for 25 seconds, except of the first step where [O2]
changed from the 11% baseline to 0% which was set to 60 seconds. Periodic stimulus consisted of up-

and downshifts of [O,] between 11% and 21% (30 seconds duration of each step) repeating 25 times.

We acquired n = 4 recordings in the behavioral chamber. All three calibration periods within each
recording were averaged resulting in a trial average (fig. 3A). Then, the intensity value within the last
6 frames (2 seconds) time window at each concentration step were averaged. This average values then
were used for fitting an exponential function to estimate the [O.] function over the dye intensities
(MATLAB “fit” function with a setting “exp1” was used for this procedure) (fig. 3B). Two periods of
the periodic 11-21% [O;] fluctuation were also averaged for each recording resulting in a recording
average. Then, the [O,] trace was reconstructed by applying an obtained model on the recording average
dye intensity trace from the [O;] fluctuation period. Next, resulting reconstructed traces among all
recordings (n = 4) were averaged resulting in the average reconstructed estimate of the [O,] stimulus

(fig. 3C).
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For the stimulus-triggered average [O:] trace stimulus upshifts initiation time points from the
stimulation protocol were used. Reconstructed average [O:] trace was aligned to these events and
averaged among all trials (n = 25). Then, the trials mean value and SEM was calculated and used for
plots (fig. 3D). First derivative of the [O2] average trace was calculated for each trial separately using

Maltab function “diff”. Then, the mean value over trials and SEM were used for the plot (fig. 3E)

For the comparison of the oxygen flow in the behavioral chamber device and chip (fig. 3F) we used
separate recordings with a different stimulus paradigm. We acquired 4 recordings in the behavioral
chamber device and 5 recordings in the chip devices (3 chip devices). Stimulus consists of two
repetitions of [O;] shifts from 11 to 21 % with each step lasting for 360 seconds. Values of the dye
fluorescence intensity were averaged across all chamber- and all chip- recordings respectively, then
stimulus-triggered average [O:] trace was calculated similarly to the approach described above. For the

depiction we used fragment from -10 to +30 seconds around the upshift time point (fig. 3F)

5.4 Whole-brain Ca** imaging

Whole-brain Ca*" imaging experiments (figs. 4 - 24, S1 - S4) were performed as described previously
(Kato et al. 2015). The same genetic strain (ZIM2107) of C. elegans and age group (young adult
hermaphrodites) as used in the behavioral assays were employed for the experiments. Importantly, this
strain expresses the pan-neuronal genetically encoded Ca®" indicator GCaMP6f (Chen et al., 2013) and
contains a mutation in the /ite-1 gene (ce3 14 allele) that diminishes responsiveness to UV and blue light

(Gong et al. 2016; Liu et al. 2010; Edwards et al. 2008).

Notably, current research utilized a novel paralysis technique where worms were paralyzed using
histamine via the Drosophila histamine-gated chloride (HisCl) channels (Pokala et al., 2014) expressed
in the body wall and pharyngeal muscles (myo-2::, myo3::hisCl). In contrast to tetramisole, which
paralyzes worms by causing the contraction of the body wall muscles, HisCl method paralyzed worms
by relaxing their muscles. Importantly, previous research in our laboratory has shown that worms
paralyzed using the HisCl method maintain cyclic global brain activity (Salazar Thula, 2024). Notably,
C. elegans neither synthesizes nor uses histamine as a neurotransmitter, and exogenous histamine has
minimal impact on the behavior of wild-type worms (Chase & Koelle, 2007; Pokala et al., 2014).
Therefore, this approach is preferable compared to the previously used tetramisole in our lab, which
acts as a nicotinic acetylcholine receptor agonist (Martin et al. 2012) and may potentially disrupt the
function of cholinergic neurons in the worm's brain, such as the URX and IL2 neurons (Pereira et al.,

2015).
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Animals were imaged using custom microfluidic two-layer PDMS device (fig. 4A) to regulate the [O2]
environment (Zimmer et al., 2009). The device's curved worm channels ensured immobilization and
lateral alignment of the animals (Kato et al. 2015; Schrodel et al. 2013; Caceres et al. 2012). This curved
design minimized the necessary imaging area by aligning the animal’s head and tail, allowing for
simultaneous imaging of all neurons in the head and tail ganglia, the retro vesicular ganglion, and

multiple motor neurons along the ventral cord (fig. 4B).

The microfluidic device assembly and worm loading procedure were conducted as described in previous
studies (Hums et al., 2016; Zimmer et al., 2009). Briefly, the worm channel of the microfluidic device
was connected to a syringe containing nematode growth medium (NGM) buffer mixed with 20 mM
histamine to maintain paralysis throughout the experiment and E. coli OP50 suspension to simulate the
'on-food' conditions of previously tested behavioral experiments (his-NGM-OP50 buffer). The OP50
concentration in the buffer was determined by measuring the optical density at 600 nm (OD600) with a

biophotometer device. The absorbance was set to value 1.6, with an allowed margin error of 10%.

All components were connected using Tygon tubing (0.02 in ID, 0.06 in OD; Norton) and 23G Luer-
stub adapters (Intramedic). Constant gas flow of an O, and N, mixture (50 ml/min) was supplied via a
gas mixer connected to mass flow controllers (Vogtling Instruments), controlled by LabView software.
The baseline [O2] was set to 11%, to which the worms were exposed for approximately 5 minutes during
the setup of the microfluidic device on the microscope stage and the initiation of recording, thereby
replicating 5 min 11% [O:] gas flow habituation used in behavioral assays. The oxygen stimulus
protocol was identical to that used in the behavioral experiments. Recording began with 450 seconds of
11% [O2] gas flow, followed by periodic steps of [O:] alternating between 21% (30-second periods)

and 11% (60-second periods), repeated 16 times, resulting in a total recording duration of 1890 sec.

Worms were transferred to the experimental room approximately lh before the beginning of
experiments to allow habituation to the conditions of the room. Worms were picked onto NGM agar
mixed with 20 mM histamine plates seeded with E. coli OP50 and allowed to feed for 30-45 minutes,
the time required to induce paralysis, which was monitored visually. Next, paralyzed individual worm
were picked on a food-free NGM agar plate and placed into a drop of his-NGM-OP50 buffer. Then,
worm was loaded into Tygon tubing filled with his-NGM-OP50 buffer by manually applying a vacuum
with a syringe to draw individual worms into the tubing. This tubing was subsequently reconnected to
the worm inlet of the microfluidic PDMS device, where the worm was pushed into the microfluidic

device and positioned in the curved channel under visual control using a microscope.

After this, the microfluidic chip device was placed and adjusted in the imaging microscope setup.

Recording began approximately 10 minutes after loading the worm. We used an inverted confocal
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microscope, Zeiss Axio Observer.Z1, equipped with a Yokogawa CSU-X1 spinning disk, an EMCCD
camera (Photometrics Evolve 512), and a 40x/1.2 LD LCI Plan-Apochromat water-immersion objective
(Zeiss), all controlled by VisiView software (Visitron Systems GmbH). The exposure time was set to
10 ms, with 2 pm steps between Z-planes controlled by a Piezo stage (P-736 PInano, Physik Instrumente
GmbH). These settings allowed for an imaging rate of 4.26—4.54 volumes per second with 14-15 Z-

planes, resulting in high-resolution data of neuronal activity in the head and tail ganglia.

Neuronal time series extraction was performed as previously described (Kato et al. 2015) by tracking
the intensity maxima in each volume over time and calculating the fluorescence intensities (F) for
individual cells (fig. 4C). The background intensity (FO) was determined as the average fluorescence
intensity throughout the recording. Following background subtraction, AF/FO was computed for each
neuron, followed by bleach correction using linear detrending and exponential fitting. Further, an
additional bleach correction stage was introduced in our analysis, using a cumulative sum-based

adjustment of the trace intensity values.

In each recording, we detected 97-156 neurons (mean: 121.8, std: 21.1); the remaining neurons were
likely inactive during recording, resulting in very low fluorescence levels. Additionally, some neurons
might have been excluded due to artifacts or difficulties in distinguishing the activities of neighboring

neurons. It is also possible that the transgene is not expressed in a small subset of neurons.

Further, we performed neuronal identification according to the previously described methodic (Kato
et al. 2015), which involved evaluating their anatomical positions, topographical relationships with
neighboring neurons (http://www.wormatlas.org), characteristic activity patterns, and our prior
knowledge from red fluorophore expression in specific marker lines as detailed in earlier studies (Skora,
Mende, and Zimmer 2018; Nichols et al. 2017; Kato et al. 2015; Kaplan et al. 2020). This classification
was further refined with recent advancements using (Uzel et al., 2022). We successfully identified
between 44 and 61 neurons per recording (mean: 54.8, std: 6.7). Across the five recorded datasets, we

identified a total of 86 neuronal classes, which were subsequently used for further analysis.

Importantly, [O2] stimulation protocol in the current experiments facilitated identification of the
primary oxygen sensory (URX,AR,PQR and IL2) and primary interneurons (RMG, AUA, PVP) which
were exhibiting prominent and reliable response to the [O2] stimulus. Additionally, by screening the
results of the stimulus-triggered average analysis we identified new neuronal pair with activity linked
to the oxygen stimulus it activated during the 11% [O2] periods similar to BAG neurons (figs. 14, S1).
We gave it a putative name “X” neuron. This neuron was identified in all 5 five datasets used for the

pan-neuronal analysis, although in two of these datasets, only a single “X” neuron from the pair was
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detected. “X” neuron was located posterior to the RIM neuron in the posterior section of the lateral
ganglion, though its exact position and distance from RIM varied across datasets. Based on its location,
we suggest that it may correspond to the AIZ interneuron. Interestingly, although the AIZ interneuron
hasn’t been linked to oxygen-related activity before, one study has suggested its role in response to CO>

(Guillermin et al., 2017).

We acquired a total of 14 whole-brain imaging datasets, of which 5 were of sufficient quality for further
pan-neuronal analysis. These datasets were selected based on the reliable tracking and detection of most
neurons, allowing for further neuronal identification and comprehensive analysis. However, all 14
datasets exhibited well-detectable traces of AVA neuronal activity, making them suitable for focused
AVA neuron activity analysis. Additionally, we acquired a cohort of control recordings consisting of
10 datasets at stable 11% [O2] and 10 datasets at stable 21% [O-], each with a recording duration of
1890 seconds to match the length of the periodic stimulus recordings. These datasets were used for
AV A-focused analysis. For each dataset, we identified the highest-quality AVA neuron from the left-
right pair (AVAL\AVAR) and used that neuron for further analysis.

To calculate stimulus-triggered averages of neuronal activity (figs. 5B, 14, 19, S1) theoretical
stimulus upshifts time points from the stimulation protocol were used. Z-scored fluorescence (dF/F0)
time series for the neuron of interest were aligned to these events. This was done for all recording
datasets (n datasets = 5) where the neuron of interest was identified. Then, the aligned time series from
all the trials of all recordings involved were concatenated together. Then, the mean of the z-scored
fluorescence time series and SEM was calculated and used for plots. This procedure was performed

systematically for all identified neurons (fig. S1).

Neuronal activity rise onsets analysis traces of neuronal activity were semi-automatically annotated
to detect “rise”, “high”, “fall” and “low” phases similarly as described previously (Kato et al., 2015).
“Rise” and “fall” phases were defined as time points when their time derivative was greater than a small
positive threshold or smaller than a negative threshold, respectively. “High” and “fall” phases were
defined as periods between corresponding “rise” and “fall” phases. Next, traces were inspected and
annotation errors were corrected manually. Then, the time points of the rise onsets were detected and

time series of neuronal rise onsets were used for the further analysis (fig. 6).

Treating the URX neurons pair. In one of the recording datasets from 5 used for the pan-neuronal
analysis we could not identify URXL neuron, but the URXR neuron which is a contralateral neuron

from the pair was identified. Thus, we used time series of the URXR neuron from this dataset and



Methods 122

combined them with results for URXL neuron from the rest of the datasets. Hence, for the analyses

where the combined data were used, we denoted it as a URXL\R neuron.

Cumulative probability of the oxygen sensory neurons activity rise onsets (fig. 6B). This procedure
was implemented in the similar way as for the cumulative probability of the reversal onsets described
above. Time series of neuronal rise onsets were used for this analysis. We calculated rise onsets
cumulative probability for the 30 seconds time window corresponding to the 21% [O;] period starting
from the [O2] upshift onset. It is important to note that some neurons had multiple rise onsets during the

same stimulation trial, thus resulting cumulative probability might reach values above 1.

For the sensory neurons rise onsets timing analysis (fig. 6C) we considered only the first neuronal
activity rise onset for each trial in case more than one was present. We quantified timing of the rise
onsets counting from the onset of the 21% [O;] stimulus at each trial. Median value and 25th and 75th

percentile values were depicted as a box plot.

5.5 AVA neuron activity analysis

For the analysis in this section we used 14 whole-brain imaging recordings, including 5 recordings
which were also used for the pan-neuronal analysis. For each dataset we identified the best quality AVA
neuron in the left-right pair (AVAL\R) and were using it for the further analysis. Next, we selected only
“AVA low/fall 0 sec” trials for the further analysis, this condition means that the AVAL\R neuron was

in a “low” or “fall” activity state at the moment of the 21% [O.] stimulus onset.

Cumulative probability of the AVA neurons activity rises onsets. This procedure was implemented
in the similar way as for the cumulative probability of the oxygen sensory neurons activity rise
onsets. For this analysis we selected only the first activity rise following the stimulus onsets (for both
11% to 21 % and 21% to 11% [O»] transition). Thus, the cumulative probability could only reach the
maximum value of 1. First, we calculated rise onsets cumulative probability for the 30 seconds time
window corresponding to the 21% [O:] period starting from the [O,] upshift onset. To compare reversal
dynamic upon [O:] upshifts and downshifts, the same calculation has been done for the first 30 seconds
of 11% [O,] periods starting from the [O] downshift onset. Then, the cumulative probability values for
two time epochs were plotted on top of each other. This was done separately for all the 14 datasets (fig.
7C) and for 5 datasets (fig. 7G) out selected for the pan-neuronal analysis. For the fig.7F we compared
rise onsets cumulative probabilities from the 21% [O,] periods for the full set of 14 datasets versus 5

datasets out selected for the pan-neuronal analysis.
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To control the entrainment of the stimulus (fig. 8) in the periodic stimulus datasets we developed a
procedure in which we used theoretical stimulus upshifts time points from the periodic stimulation
protocol to align AVAL\R activity traces from the 11% and 21% [O2] control recordings (fig. 8D shows
the example of aligned rise onsets traces for the stable 11% [O2] datasets). Then the cumulative
probability of the AVA neurons activity rise onsets procedure was applied for the 30 seconds time
window starting from the fictitious [O2] upshift onset and corresponding to the fictitious 21% [O2]
period. Finally, cumulative probability values for both type of controls (11% and 21% stable [O2]) were

plotted and compared to the one from the periodic stimulus datasets (fig. 8E).

Statistical test for the cumulative probability analysis (fig. 8E). We tested whether the delta value
i.e., difference, between the cumulative probability values for the periodic stimulus datasets (“Periodic
stimulus™) and each of the control (11% and 21% stable [O2] datasets, “Control”) was significantly
different from random. Cumulative probability value for the periodic stimulus datasets and the control
were averaged within the 2 seconds time windows centered around the time point =10 sec. This time
was chosen based on the observation that the difference between cumulative probabilities for the
“Periodic stimulus” and both of the “Control” conditions was peaking around the 10 seconds from the
21% [O:] stimulus onset (fig. 8E). Then resulted value were subtracted from each other (“Periodic
stimulus” — “Control”). Obtained delta values were stored for the further statistical analysis to test
whether “Periodic stimulus” and “Control” values represent different distributions generating
significant i.e., non-random delta values. Next, we resampled the data from the original “Periodic
stimulus” and “Control” clusters. For that we combined “Periodic stimulus” and “Control” trials clusters
together into one matrix and then selected randomly (“randperm” MATLAB function) n trials (with n
= n original “Periodic stimulus” trials) and the remaining n' trials (with n' = n “Control” trials) forming
two control clusters. Then, the cumulative probability of the AVA neurons activity rise onsets
procedure for the 30 seconds time window corresponding to the 21% [O-] period was applied to the
data in control clusters and delta values were calculated according to the procedure described above.
This procedure was repeated 1076 times to obtain an average random distribution of delta values. The
p value was defined as the fraction of delta values from the random resampled distribution that are at
least as large in absolute value as the experimental delta value. This control procedure was done
separately for the “Periodic stimulus” vs 11% [O2] “Control” and “Periodic stimulus” vs 21% [O2]
“Control”. To correct for multiple comparisons, statistical significance was determined by the
Benjamini-Hochberg-Yekutieli procedure (Benjamini & Yekutieli, 2001). Significance level based on

the adjusted p values is depicted with stars: **** p <(0.0001 (fig. SE).

For the AVAL\R phase duration quantification (fig. 8B,C) AVAL\R traces were annotated as

described above in the neuronal activity rise onsets analysis. Then, “rise, “high” and “fall” phases
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were combined together into the “rise-high-fall” state. Then, the onsets and offsets of this state were
detected. Next, durations of the “rise-high-fall” states were quantified as “offset time” — “onset time”;
only complete activity cycles were considered for the analysis. “Low” phases were quantified as “onset
time” — “offset time”. This procedure was performed for the “Periodic stimulus” and each of the
“Control” (11% and 21% [O-] ) datasets. Resulting durations were presented as box plots: the central
mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points not considered outliers,

and the outliers are plotted individually using the '+' marker symbol.

Statistical test for the AVAL\R phase duration quantification (fig. 8B,C). For all three conditions
(“Periodic stimulus”, 11% and 21% [O,] “Control”) we tested whether the delta value i.e., difference,
between their median values was significantly different from random. This procedure was done
systematically between all conditions. First, median values for the two tested conditions were subtracted
from each other and obtained delta values were stored for the further p-values quantification. Next, we
resampled the data from the original clusters. For that we combined data in two clusters together and
then selected randomly (“randperm” MATLAB function) n trials (with n = n original events for
Condition#1) and the remaining n' trials (with n' = n events for Condition#2) forming two control
clusters. Then, the delta value between median values for that clusters were quantified. This procedure
was repeated 1076 times to obtain an average random distribution of delta values. The p value was
defined as the fraction of delta values from the random resampled distribution that are at least as large
in absolute value as the experimental delta value. To correct for multiple comparisons, statistical
significance was determined by the Benjamini-Hochberg-Yekutieli procedure (Benjamini & Yekutieli,
2001). Significance level based on the adjusted p values is depicted with stars: **, p < 0.01; **** p <
0.0001.

For each of the “Periodic stimulus” datasets (n =14) we quantified the “Hit” trials probability. “Hit”
trials were defined by the presence of the AVAL rise onset within the 10 seconds period starting from
the 21% [O»] stimulus onset (Similarly to the “Hit probability” analysis in the behavioral
experiments). This time threshold was chosen based on the observation that the difference between
cumulative probabilities for the “Periodic stimulus” and both of the “Control” conditions was peaking
around the 10 seconds from the 21% [O-] stimulus onset (fig. 8E). Then, we calculate the probability
of the “Hit” trials per each recording (n of “Hit”/ 16 (N of trials)). Resulting probabilities from 28 traces
are presented as a bar plot (fig. 7D) and a histogram (fig. 7E). Also, we calculated a binomial probability
density function with a probability of success for each trial set equal to the mean value (0.42) from the

experimental results (fig. 7E).
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Cumulative probabilities of the AV A activity onsets for different past history conditions (fig. 9B).
For this analysis we sorted all trials based on the past history of the AVAL neuron. Three clusters were
predefined for sorting: “0 sec”, “30 sec”, “50 sec” - corresponding to the timing for which AVAL neuron
was in a “low” or “fall” state prior to the 21% [O:] stimulus onset. “0 sec” condition means that AVAL
neuron was in a “low’ or “fall” state at the moment of the 21% [O>] stimulus onset. Then the cumulative
probability of the AV A neurons activity rise onsets procedure was applied to each cluster separately.
In particular, we calculated rise onsets cumulative probability for the 30 seconds time window
corresponding to the 21% [O:] period starting from the [O] upshift onset. The same procedure was
applied to the AVAL\R activity from the 11% and 21% [O.] “Control” datasets. For this we used
theoretical stimulus upshifts time points from the periodic stimulation protocol as a fictitious stimulus
times. The rest of the procedure was done the same as described above for the periodic stimulus datasets.
Then, cumulative probability values for all conditions were plotted on top of each other separately for

the periodic stimulus datasets and two control set of datasets (fig. 9B).

Stimulus-triggered averages of neuronal activities sorted by different AVAL past history
conditions. For this analysis we sorted all trials for each neuron of interest based on the past history of
the AVAL neuron at the corresponding trial. Three clusters were predefined for sorting: “0 sec”, “30
sec” and “50 sec” - corresponding to the timing for which AVAL neuron was in a “low” or “fall” state
prior to the 21% [O-] stimulus onset. “0 sec” condition means that AVAL neuron was in a “low’ or
“fall” state at the moment of the 21% [O,] stimulus onset. Then the stimulus-triggered averages of
neuronal activity procedure was applied to each cluster separately. Finally, averaged times series from

all clusters were plotted on top of each other (fig. 18).

5.6 “Hit-Miss; Evoked-Spontaneous”-triggered average analysis

“Hit-Miss; Evoked-Spontaneous”-triggered average analysis (figs. 10-12, 15, 16, 20, 21, 22A, 23A,
S3, S4) is a variation on the triggered average analysis. This analysis was done for all recording datasets

(n datasets = 5) where the neuron of interest was identified This analysis consisted of two parts.

First part is a modified stimulus-triggered averages of neuronal activity (see Methods above). For
this theoretical stimulus upshifts time points from the stimulation protocol were used. First, we selected
only “AVA low 0 sec” trials for the further analysis, this condition means that the AVAL neuron was
in a “low” or “fall” activity state at the moment of the 21% [O>] stimulus onset. Then, all the trials were
split into the “Hit” and “Miss” clusters. “Hit” trials were defined by the presence of the AVAL rise
onset within the 10 seconds period starting from the 21% [O-] stimulus onset (Similarly to the “Hit
probability” analysis in the behavioral experiments). On a residual basis, “Miss” trials included trials

with AVAL rise onset appearing after the 10 seconds period starting from the 21% [O,] stimulus onset
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and trials with no AVAL rises during the whole 21% [O;] period. Then, the stimulus-triggered
averages of neuronal activity was applied in the way described above separately for the “Hit” and
“Miss” trial clusters resulting in the “Hit” and “Miss”-triggered averages. Finally, averaged fluorescent
time series and SEM for “Hit” and “Miss” clusters were plotted on top of each other for all analysed

neurons separately (figs. 11, 15, 20, 22A, S3).

Second part is a triggered averaging of neuronal activity with AVAL rise onsets used as a triggering
time points. AVAL neuron activity was chosen as a readout of the system’s response based on the
previous research (Kato et al. 2015) showing that AV A activity tightly correlates with the reversal motor
behavior in freely moving C. elegans. For this analysis time series of the AVAL rise onsets obtained in
neuronal activity rise onsets analysis were used. All the AVAL rises were split into the “Evoked” and
“Spontaneous” clusters. “Evoked” AVA rises were defined by the presence of the AVAL rise onset
within first 10 seconds period starting from the 21% [O:] stimulus onset. Thus, the “Evoked” cluster
corresponded to the “Hit” trials from the stimulus-triggered average classification. On the other hand,
the “Spontaneous” cluster was defined on a residual basis, and included AVAL rises occurring within
21% [O:] periods after 10 seconds epoch and all the AVAL rises occurring within the 11% [O:] periods
except of the initial 450 seconds 11% [O:] baseline period. Importantly, “AVA low 0 sec” were
preselected for the AVA “Evoked” trials, AVA “Spontaneous” trials were selected out of all trials.
Then, the stimulus-triggered averages of neuronal activity was applied in the way described above
using the AVAL rise onsets time points separately for “Evoked” and “Spontaneous” clusters resulting
in the “Evoked” and “Spontaneous”-triggered averages. For this modification of the stimulus-triggered
averages of neuronal activity we used time window of +30 seconds centred around each triggering
time point. Finally, averaged fluorescent time series and SEM for “Spontaneous” and “Evoked” clusters

were plotted on top of each other for all analysed neurons separately (figs. 12, 16, 21, 23A, S4).

Statistical test for the “Hit-Miss; Evoked-Spontaneous”-triggered average analysis (Tables 1, 2).
For all identified neurons in the analysis, we tested whether the delta between the average amplitude of
neuronal activity at “Hit” and “Miss” clusters was significantly different from random. First, we split
the whole trial time window into the pre- and post- triggering time point epochs (corresponding to the
pre- and post- stimulus time for the stimulus-triggered averages and pre- and post- AV A rise onset time
for the AVA rise onsets-triggered averages). Further procedures were performed separately for each of
those time epochs within the 30 seconds time window. Next, the average “Miss” and “Hit” cluster’s Z-
scored fluorescence (dF/F0) time series were smoothed to avoid the influence of local activity
fluctuations (“smooth” MATLAB function, smoothing parameter = 15 frames). Smoothed “Miss”
average time series were subtracted from the smoothed “Hit” average. Then, we detected time points
corresponding to the maximum and minimum values of the resulted difference. Original average time

series for “Hit” and “Miss” clusters were averaged within the 15 seconds time windows centered around
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these time points and resulted value were subtracted from each other (“Hit” — “Miss”). Obtained delta
values were stored for the further p-values quantification. Next, we resampled the data from the original
“Hit” and “Miss” clusters. For that we combined “Hit” and “Miss” trials clusters together into one
matrix and then selected randomly (“randperm” MATLAB function) n trials (with n = n original “Hit”
trials) and the remaining n' trials (with n' = n “Miss” trials) forming two control clusters. Then, the
stimulus-triggered averages of neuronal activity procedure was applied to the data in control clusters
and delta values between the average control time series was calculated according to the procedure
described above for the previously defined maximum and minimum time points. This procedure was
repeated 10”5 times to obtain an average random distribution of delta values. The p value was defined
as the fraction of delta values from the random resampled distribution that are at least as large in
absolute value as the actual delta value. To correct for multiple comparisons, statistical significance was
determined by the Benjamini-Hochberg-Yekutieli procedure (Benjamni and Yekutieli, 2001). This

LR I3

procedure was applied to the p values within four categories (“pre-triggering min”, “pre-triggering
max”, “post-triggering min’ “post-triggering max”) separately. Significance level based on the adjusted
p values is depicted with stars: *, p < 0.05; **, p <0.01; *** p <0.001, **** p < 0.0001(figs. 10-12,
15, 16, 20, 21, 22A, 23A). The same procedure was performed for the AVA rise onsets-triggered

“Evoked” versus “Spontaneous”-triggered averages.

5.7 “Hit-Miss” neuron’s activity onsets timing analysis for the oxygen sensory neurons
and RMG neuron analysis

This analysis was performed in the same way for all oxygen sensory neurons and RMG neurons. For
the stimulus related activity rise onsets timing on “Hit-Miss” trials analysis the time series of the
neuronal activity onsets were aligned in the respect to the 21% [O>] stimulus onsets as described in the
“Hit-Miss” analysis section. Then, we quantified time latencies between the 21% [O.] stimulus onsets
and the first following activity rise onsets at each trial for each neuron. This procedure was done
separately for the “Hit” and “Miss” trials clusters. Finally, the results were depicted as a histogram with

data quantified in the 0.5 seconds time bins (figs. 13A, 17D).

Cumulative probability of the neurons activity rise onsets for “Hit-Miss” trials were quantified in
a similar way as was described above for the cumulative probability of the AVA neurons activity
rise onsets. In the current modification this procedure was done separately for the “Hit” and “Miss”
trials clusters. The cumulative probability values for the “Hit” and “Miss” trials were plotted on top of

each other separately for each neuron of the interest (figs. 13B, 17C).

Statistical test for the cumulative probability analysis (figs. 13B, 17C). We tested whether the delta

value i.e., difference, between the cumulative probability values for the “Hit” and “Miss” trial’s pools
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was significantly different from random. Cumulative probability value for the periodic stimulus datasets
and the control were averaged within the 2 seconds time windows centered around the time point = 7
seconds for the IL2R neuron and 6 seconds for the RMGL neuron. These time points were chosen since
the difference between cumulative probabilities for the “Hit” and “Miss” trial’s pools was reaching
maximum there. Next, the computations were performed in the same way as was described above in
the statistical test for the cumulative probability analysis of the section AVA neuron activity
analysis. Significance level based on the adjusted p values is depicted with stars: *, p < 0.05; **, p <

0.01.

5.8 RIB neuron analysis methods

For the analysis of the forward command neurons activity, we focused on the RIBL neuron. First,
activity states of the RIBL neuron were annotated as was described above in the neuronal activity rise
onsets analysis section. Here we detected time points of the fall onsets, then time series of neuronal fall
onsets were used for further analysis. Importantly, similarly as in the AVA neuron activity analysis

section we selected only “AVA low/fall 0 sec” trials for all the further procedures.

Cumulative probability of the RIBL neurons activity fall onsets (fig. 22C) were quantified in a
similar way as was described above for the cumulative probability of the AVA neurons activity rise
onsets. This procedure was done for the 30 seconds of the 21% [O.] period and for the whole 60 seconds
of the 11% [O:] period. The cumulative probability values for the RIBL fall onsets and AVAL rise

onsets (calculated before) were plotted on top of each other.

For the stimulus related RIBL fall onsets timing analysis (fig. 22E) time series of the RIBL activity
fall onsets were aligned in the respect to the 21% [O;] stimulus onsets as described in the “Hit-Miss”
analysis section. Then, we quantified time latencies between the 21% [O:] stimulus onsets and the first
following RIBL fall onsets at each trial. For this we considered only the RIBL fall onsets occurring
within the 5 seconds time window following the 21% [O:] stimulus onset. This procedure was done
separately for the “Hit” and “Miss” trials clusters. Finally, the results are depicted as a histogram with
data quantified in the 0.5 seconds time bins. In the same way we quantified timing of the activity rise

onsets for the oxygen sensory neurons (fig. 24A).

For the AVAL rise onset related RIBL fall onsets timing (fig. 23B) the time series of the RIBL
activity fall onsets were aligned in the respect to the AVAL rise onsets as described in the “Evoked-
Spontaneous”-triggered average analysis section. Then, we quantified time latencies between the
AVAL rise onset and the nearest RIBL fall onset at each trial in the + 10 seconds time window centered

around the AVAL rise onset. This procedure was done separately for the “Evoked” and “Spontaneous”



Methods 129

trials clusters. Finally, the results were depicted as a histogram with data quantified in the 0.5 seconds

time bins.

We quantified trial-by-trial differences between the timing of the RIB fall onsets and
corresponding sensory neuron rise onsets (fig. 24B). For this procedure we used previously
quantified time latencies of the RIBL and oxygen sensory neurons with relation to the 21% [O;]
stimulus onset. Then the values of the RIBL fall onsets latencies were subtracted from the values of the
latencies for the oxygen sensory neurons at the corresponding trial. This procedure was done separately
for the “Hit” and “Miss” trials clusters. Finally, the results were depicted as a histogram with data

quantified in the 0.5 seconds time bins.

Statistical test for the onsets timing quantifications (figs. 22E, 23B, 24A) described in this section
were performed in the next way: in each case we tested whether the difference between the median
values for the “Hit” and “Miss” (or “Evoked” versus “Spontaneous”) trial clusters values was
significantly different from random. First, median values for the two tested conditions were subtracted
from each other and obtained delta values were stored for the further p-values quantification. Next, we
resampled the data from the original clusters. For that we combined data in two clusters together and
then selected randomly (“randperm” MATLAB function) n trials (with n = n original events for
Condition#1) and the remaining n' trials (with n' = n events for Condition#2) forming two control
clusters. Then, the delta value between median values for that clusters were quantified. This procedure
was repeated 10”6 times to obtain an average random distribution of delta values. The p value was
defined as the fraction of delta values from the random resampled distribution that are at least as large
in absolute value as the experimental delta value. Significance level based on the adjusted p values is

depicted with stars: n.s, p > 0.05; *, p <0.05; **, p <0.01; *** p <0.001, **** p <0.0001.
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Figure S1. Stimulus-triggered averages of neuronal activity of all identified neurons
Each panel corresponds to a particular neuron. Within each panel trials averages of neuronal activity are depicted. Shaded
areas represent + SEM. Vertical line at 0 seconds represents the transition between 11% and 21% [O,] periods.
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Figure S2. Characterization of the oxygen sensory neurons activation onset timing
(A) Raster plots showing the onsets of the rises of neuronal activity of the AQR, PQR and IL2R oxygen sensory neurons.
Each horizontal line corresponds to a single stimulation trial. Vertical dashed line at 0 seconds denotes transition from the
11% to 21% [O,]. (B) Scatter plots showing the rise onset times for different pairs of oxygen sensory neurons. Color code
indicate data coming from the individual datasets. Insets within each scatter plot show the color code corresponding to
individual datasets and the correlation coefficient calculated between the rise onset times of the indicated neuron pairs for
each dataset. Number on top of each scatter plot is a correlation coefficient calculated between the rise onset times of an
indicated pair of neurons across all datasets.



Supplementary Materials 132

AIBL AIBR “X’L “X"R ALA
4 4 4

;M
i
}
.

2 2 2 2 2
6 30 0 30 60 -30 0 30 6 30 0 30 -60 30 0 30 60 30 0 30
ALNL ALNR AQR AS10 ASJL

4 4 4 4 4
2 2 2 / 2 2
0 0 0 0 0 o
2 2 2 2 2
60 30 0 30 60 -30 0 30 6 30 0 30 60 30 0 30 -60 30 0 30
ASKL ASKR AUAL AUAR AVAL
4 4 4 4 4
2 2 2 2 2
0 0 o R 0 NN

2 2 -2 2 2
60 3 0 30 60 -3 0 30 60 30 0 30 -0 30 0 30 -60 30 0 30
AVAR AVBL AVBR AVEL AVER

4 4 4 4 4
2 I 2 2 2 2
0 —Al.: 0 e BRSO 0 i ) -
2 2 -2 2 -2
60 30 0 30 60 30 0 30 60 30 0 30 60 30 0 30 -60 30 0 30
AVFL AVFR AVKL AVKR AWCL
4 4 4 4
2 2 2 2 2
0 0 0 0 0
2 2 -2 2 2

&
S

-30 0
BAGL BAGR 4 DAO01 DA07 DA09

w
=]
&
=1
)
w
=]
=]
w
S
.
@
=]
.
W
=]
=]
w
=]
&
=1
)
w
=]
o
w
S
.
)
=]
.
@
=]
o
w
=]

dF/F (z-score)
o N
| N
(= N

&
S
)
&
=)
o
w
=]
&
S
)
&
S
S
w
=)
.
&
S
&
=]
o
w
=]
&»
S
)
&
S
o
w
=)
.
&
S
:
&
=]
<)
w
=)

o N oA
o N
4
\

o N &

L ¥

o N o
2
>

| .
AW |
o N A

-2

&
S
,
&
S
<)
w
=]
&
S
)
&
S
S
w
=}
\
&
S

-30 0 30 -6 -30 -30
IL2R oLabpL OLQDR oLQvL

o
o
w
(=]
|
[=2]
o
o
w
o

o N B
%r—
o N B
(= N
o N B
o N b

2 2 -2 2 2

60 -30 0 3 60 30 0 30 6 30 0 30 60 30 0 30 60 30 0 30
OLQVR PDA PHAL PHAR PQR

4 4 4 4 4

2 2 2 2 2

0 0 0 0 0 \______

-2 -2 2 -2 2

60 -30 0 3 60 30 0 30 6 30 0 30 60 30 0 30 60 30 0 30

PVCL PVCR PVNL PVNR 4 PVPL

o N B
{
o N B
(= N
g
o N B
£
o N

{

-2

»
S
:
I
S
o
w
=]
&
S

-30 0 30 60 -30 0 30 60 -30

o
w
o
'
j=2]
o
'
]
o
o
w
o

Peri-AVA rise onset time (sec)



Supplementary Materials 133

I Hit” cluster
I Viss® cluster

PVPR RIBL RIBR RID RIML
4 4 4 4
2 2 2 2 2 |
0 0 WM 0 wv, 0 0 e | AN
2 2 -2 2 -2
60 30 0 30 60 30 O 30 60 -30 0 30 60 -30 0 30 -60 -30 0 30
RIMR RIS RIVL RIVR RMGL
4 4 4 4 4
2 2 2 2 2
¢
0 AN o 9+ 0 h«—*‘ OF—* 0 L
2 2 -2 -2 -2
60 30 0 30 60 -3 0 30 60 -30 0 30 B0 -30 0 30 60 -30 0 30
RMGR HMN1L HMN1R HMNSL, HMN3R!
4 4 4 4 4
2 2 2 2 2
0 0 0 - 0 0
—_ 2 2 -2 -2 -2
o 60 30 0 30 60 30 0 30 60 -30 0 30 60 -0 0 30 -60 -30 0 30
Q HMN2L HMN2R SMDDL SMDDR SMDVL
3 4 4 4 4 4
N 2 2 2 2 2
N
w 0 I (1 e S, - ) 0 M; 0
[y 2 2 2 2 2
© 60 30 0 30 60 -3 0 30 60 -30 0 30 60 -30 0 30 60 -30 0 30
SMDVR URXL URXR URYDL URYDR
4 4 4 4 4
2 2 2 h.. 2 2
0 (N NS 0 L..—::a!:-.u M 0 0
2 2 -2 -2 2
60 3 0 30 6 -3 0 3 -6 30 0 30 60 30 0 30 -60 30 0 30
URYVL URYVR VAO1 VA02 VA10
4 4 4 4 4
2 2 2 2 2
0 m:: orm-ﬁ"& 0 M-ﬂ 0 N 0
2 2 -2 -2 2
60 30 0 30 60 30 0 30 60 -30 0 30 60 -0 0 30 -60 -30 0 30
VA11 VA12 VBO1 VB02 . VB11
2 2 2 2 2
() SN R O, 0 Pt N 0
2 2 -2 -2 -2
60 30 0 30 60 -3 0 30 60 -30 0 30 60 -0 0 30 -60 -30 0 30
VD13
4
2
0 ny
2

Peri-stimulus time (sec)

Figure S3. “Hit-Miss” stimulus-triggered averages of neuronal activity of all identified neurons

Each panel corresponds to a particular neuron. Within each panel trials averages of neuronal activity for “Hit” and “Miss”
clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical line at 0 seconds represents the
transition between 11% and 21% [O-] periods. Green bars represent the 15 seconds time windows where statistical tests
were performed.
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“Evoked” cluster

I Spontaneous” cluster
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Figure S4. “Evoked-Spontaneous” AVA-triggered averages of neuronal activity of all identified neurons

Peri-AVA rise onset time (sec)

Each panel corresponds to a particular neuron. Within each panel trials averages of neuronal activity for “Evoked” and
“Spontaneous” clusters are depicted with different color-code. Shaded areas represent + SEM. Vertical line at 0 seconds
represents the transition between pre- and post- AVA rise onset time periods. Green bars represent the 15 seconds time
windows where statistical tests were performed.
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NeuronlD N Hit N Miss | Pre Max |Pre Min |Post Max| Post Min
AIBL 16 19 n.s n.s n.s n.s

AIBR 17 18 n.s n.s n.s

"X"L 30 21 n.s n.s n.s

"X"R 19 19 n.s n.s 7,08E-03
ALA 23 27 n.s n.s n.s

ALNL 17 8 n.s n.s n.s 2,21E-03
ALNR 5 7 n.s n.s 3,55E-02
AQR 24 26 n.s n.s n.s n.s

AS10 23 17 n.s n.s 5,25E-04

ASJL 11 2 n.s n.s n.s n.s

ASKL 35 28 n.s n.s 3,33E-02
ASKR 12 11 n.s n.s n.s n.s
AUAL 35 28 n.s n.s n.s
AUAR 7 8 n.s n.s n.s n.s

AVAL 35 28 n.s <1lE-06 |n.s
AVAR 35 28 n.s n.s <1E-06 |n.s

AVBL 24 16 n.s n.s <1E-06
AVBR 24 16 n.s n.s 6,62E-04
AVEL 35 28 n.s n.s 2,10E-03 n.s

AVER 35 28 n.s n.s 1,58E-03 |n.s

AVFL 12 15 n.s 1,32E-02
AVFR 7 8 n.s n.s n.s n.s

AVKL 17 18 n.s 7,47E-03
AVKR 17 18 n.s 8,40E-03
AWCL 7 8 n.s n.s n.s

BAGL 35 28 n.s n.s n.s
BAGR 23 27 n.s n.s n.s
DAO1 12 15 n.s n.s 2,58E-02 n.s
DA07 12 15 n.s n.s 1,35E-03

DAO9 17 8 n.s n.s n.s
DBO1 12 15 n.s n.s 7,47E-03
DB02 35 28 n.s n.s <1E-06
DBO7 23 17 n.s n.s 4,51E-03
DVA 24 16 n.s n.s <1E-06
DVC 5 7 n.s n.s 1,47E-02
IL2L 35 28 1,07E-02 n.s 1,04E-02
IL2R 28 20 n.s n.s 3,42E-02
oLQbL 18 10 n.s n.s n.s n.s
OLQDR 7 8 n.s n.s n.s n.s
oLQvL 7 8 n.s n.s n.s n.s
OLQVR 7 8 n.s n.s n.s

PDA 35 18 n.s n.s n.s n.s

PHAL 24 16 n.s n.s n.s n.s
PHAR 24 16 n.s n.s n.s

PQR 35 28 n.s n.s n.s 1,65E-02
PVCL 5 7 n.s n.s

PVCR 5 7 n.s n.s

PVNL 19 9 n.s n.s 1,36E-02
PVNR 19 9 n.s n.s 3,58E-03
PVPL 12 25 n.s n.s n.s n.s

PVPR 7 8 n.s n.s n.s n.s
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NeuroniD N Hit N Miss | Pre Max Pre Min |Post Max|Post Min

RIBL 35 28 n.s n.s <1E-06
RIBR 35 28 n.s n.s <1E-06
RID 23 17 n.s n.s 1,40E-03
RIML 35 28 n.s n.s <1E-06 |n.s
RIMR 35 28 n.s n.s <1E-06 n.s

RIS 30 21 n.s n.s n.s n.s

RIVL 35 28 n.s n.s n.s n.s

RIVR 17 18 n.s n.s n.s
RMGL 35 28 1,42E-02 |n.s 4,16E-03
RMGR 28 20 n.s n.s n.s n.s
HMN1L 23 27 n.s n.s n.s 9,17E-04
HMN1R 35 28 n.s n.s <1E-06
HMN3L 35 18 n.s n.s <1E-06
HMN3R 35 18 n.s n.s <1E-06
HMN2L 46 30 n.s n.s <1E-06
HMN2R 24 26 n.s n.s 3,61E-04
SMDDL 35 28 n.s n.s n.s n.s
SMDDR 35 28 n.s n.s n.s 1,99E-02
SMDVL 23 27 n.s n.s n.s 1,78E-02
SMDVR

URXL 23 27 n.s n.s 2,30E-03
URXR 12 11 3,64E-02 n.s 1,06E-03
URYDL 28 20 n.s n.s n.s
URYDR 23 13 n.s n.s n.s n.s
URYVL 23 13 n.s 1,23E-02

URYVR 23 13 n.s n.s n.s n.s
VAO1 12 25 n.s n.s n.s n.s
VAO02 12 1 n.s n.s n.s n.s
VA10 7 8 n.s n.s n.s

VA1l 12 1 n.s n.s n.s n.s
VA12 12 1 n.s n.s n.s n.s
VBO1 35 28 n.s n.s <1E-06
VB02 35 28 n.s n.s 1,40E-03
VB11 12 15 n.s n.s 1,06E-03
VD13 35 18 n.s <1E-06 |n.s

Table S1. Results of statistical tests for the “Hit-Miss” stimulus-triggered averages analysis (related to fig. S3)
Second and third columns: Number of “Hit” and “Miss” trials (correspondingly) used for the statistical test and for the
triggered average analysis (fig. S3). Fourth to seventh columns: p-values for resampling statistical test of deltas between
the average amplitude of neuronal activity at “Hit” and “Miss” trials. Fourth column: statistical test performed at the pre-
stimulus time window for instances where the average amplitude value for “Hit” trials exceeded those for “Miss” trials.
Fifth column: statistical test performed at the pre-stimulus time window for instances where the average amplitude value
for “Miss” trials exceeded those for “Hit” trials. Sixth column: statistical test performed at the post-stimulus time window
for instances where the average amplitude value for “Hit” trials exceeded those for “Miss” trials. Seventh column: statistical
test performed at the post-stimulus time window for instances where the average amplitude value for “Miss” trials exceeded
those for “Hit” trials. Empty cells indicate cases where statistical was not performed since such instance didn’t exist. P
values were corrected for multiple comparisons (Methods).
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NeuroniD N Evoked | N Spontaneous Pre Max |Pre Min |Post Max|Post Min
AIBL 16 49 n.s n.s n.s n.s
AIBR 17 50 n.s n.s n.s 2,58E-02
"X"L 30 68 n.s n.s <1E-06
"X"R 19 54 n.s n.s <1E-06
ALA 23 74 n.s n.s n.s
ALNL 17 36 n.s n.s n.s
ALNR 5 21 n.s n.s n.s n.s

AQR 24 75 n.s 3,97E-03 |<1E-06 |n.s
AS10 23 60 n.s n.s n.s

ASJL 11 14 n.s n.s n.s
ASKL 35 89 n.s <1E-06 |n.s 8,54E-04
ASKR 12 29 n.s n.s n.s n.s
AUAL 35 89 n.s 6,62E-04 |<1E-06 |n.s
AUAR 7 25 n.s n.s n.s n.s
AVAL 35 89 n.s n.s n.s n.s
AVAR 35 89 n.s n.s n.s n.s
AVBL 24 61 n.s n.s n.s 5,26E-03
AVBR 24 61 n.s n.s n.s 2,58E-02
AVEL 35 89 n.s 4,97E-03 |n.s 4,75E-04
AVER 35 89 n.s n.s <1E-06
AVFL 12 46 n.s n.s n.s n.s
AVFR 7 25 n.s n.s n.s n.s
AVKL 17 50 4,97E-03 <1E-06
AVKR 17 50 7,94E-03 <1E-06
AWCL 7 25 n.s n.s n.s
BAGL 35 89 <1E-06 |n.s <1E-06
BAGR 23 74 1,70E-03 n.s 1,44E-02
DAO1 12 46 n.s n.s n.s
DAO7 12 46 n.s n.s n.s
DAO9 17 36 n.s n.s n.s <1E-06
DBO1 12 46 n.s n.s n.s n.s
DB02 35 89 n.s n.s n.s
DBO7 23 60 n.s n.s n.s

DVA 24 61 n.s n.s 2,41E-02
DVC 5 21 n.s n.s n.s 2,85E-03
IL2L 35 89 n.s 6,62E-04 |<1E-06 |n.s

IL2R 28 64 n.s n.s <1E-06 |n.s
oLQDL 18 39 n.s n.s n.s n.s
OLQDR 7 25 n.s n.s n.s
oLQvL 7 25 n.s n.s n.s n.s
OLQVR 7 25 n.s n.s n.s n.s

PDA 35 75 n.s n.s n.s n.s
PHAL 24 61 n.s n.s n.s n.s
PHAR 24 61 n.s n.s n.s n.s

PQR 35 89 <1E-06 |<1E-06 |n.s
PVCL 5 21 n.s n.s
PVCR 5 21 n.s n.s n.s
PVNL 19 40 n.s n.s n.s
PVNR 19 40 n.s n.s n.s
PVPL 12 60 n.s 3,53E-02 |n.s
PVPR 7 25 n.s <1E-06 |n.s
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NeuroniD
RIBL
RIBR
RID
RIML
RIMR
RIS
RIVL
RIVR
RMGL
RMGR
HMN1L
HMN1R
HMN3L
HMN3L
HMN2L
HMN2L
SMDDL
SMDDR
SMDVL
SMDVR
URXL
URXR
URYDL
URYDR
URYVL
URYVR
VAO1
VA02
VA10
VA1l
VA12
VB0O1
VB02
VB11
VD13

N Evoked |N Spontaneous Pre Max |Pre Min

35
35
23
35
35
30
35
17
35
28
23
35
35
35
46
24
35
35
23

23
12
28
23
23
23
12
12
7

12
12
35
35
12
35

89
89
60
89
89
68
89
50
89
64
74
89
75
75
103
75
89
89
74

74
29
64
43
43
43
60
15
25
15
15
89
89
46
75

n.s
n.s

n.s
n.s
n.s

n.s
n.s

n.s
n.s
n.s
n.s
n.s

n.s
n.s

n.s
n.s
n.s

n.s
n.s

n.s

n.s

n.s

n.s

n.s

n.s
<1E-06
n.s
1,83E-02
n.s

n.s

n.s
4,97E-03
n.s

n.s

n.s
7,94E-03

4,97E-03
n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s

n.s
n.s

n.s
n.s

Post Max
n.s

n.s
3,15E-04
n.s

n.s

n.s

n.s

n.s
<1E-06
3,53E-02
n.s

n.s

n.s
1,89E-02
4,58E-03
n.s

n.s

n.s
1,89E-02

<1E-06
<1E-06

n.s
n.s
n.s

n.s
n.s
n.s
n.s
n.s
n.s
n.s

Post Min
n.s
n.s
n.s
1,17E-03
4,75E-04
n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
1,88E-02
2,56E-02
n.s
n.s
n.s

n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
n.s
6,10E-03
2,11E-02
n.s
n.s
1,14E-02

Table S2. Results of statistical tests for the “Evoked-Spontaneous” AVA-triggered averages analysis (related to fig.

S4)

Second and third columns: Number of “Evoked” and “Spontaneous” trials (correspondingly) used for the statistical test and
for the triggered average analysis (fig. S4). Fourth to seventh columns: p-values for resampling statistical test of deltas
between the average amplitude of neuronal activity at “Evoked” and “Spontaneous” trials. Fourth column: statistical test
performed at the pre-stimulus time window for instances where the average amplitude value for “Evoked” trials exceeded
those for “Spontaneous” trials. Fifth column: statistical test performed at the pre-stimulus time window for instances where
the average amplitude value for “Spontaneous” trials exceeded those for “Evoked” trials. Sixth column: statistical test
performed at the post-stimulus time window for instances where the average amplitude value for “Evoked” trials exceeded
those for “Spontaneous” trials. Seventh column: statistical test performed at the post-stimulus time window for instances
where the average amplitude value for “Spontaneous” trials exceeded those for “Evoked” trials. Empty cells indicate cases
where statistical was not performed since such instance didn’t exist. P values were corrected for multiple comparisons

(Methods).
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