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ABSTRACT 9 

Coordinated transitions between mutually exclusive motor states are central to behavioral 10 

decisions. During locomotion, the nematode Caenorhabditis elegans spontaneously cycles 11 

between forward runs, reversals, and turns with complex but predictable dynamics. Here we 12 

provide insight into these dynamics by demonstrating how RIM interneurons, which are active 13 

during reversals, act in two modes to stabilize both forward runs and reversals. By 14 

systematically quantifying the roles of RIM outputs during spontaneous behavior, we show that 15 

RIM lengthens reversals when depolarized through glutamate and tyramine neurotransmitters 16 

and lengthens forward runs when hyperpolarized through its gap junctions. RIM is not merely 17 

silent upon hyperpolarization: RIM gap junctions actively reinforce a hyperpolarized state of the 18 

reversal circuit. Additionally, the combined outputs of chemical synapses and gap junctions from 19 

RIM regulate forward-to-reversal transitions. Our results indicate that multiple classes of RIM 20 

synapses create behavioral inertia during spontaneous locomotion. 21 
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INTRODUCTION 22 

Neurons coordinate their activity across networks using a variety of signals: fast chemical 23 

transmitters, biogenic amines, neuropeptides, and electrical coupling via gap junctions (Tritsch 24 

& Sabatini, 2012; Zell et al., 2020; Taylor et al., 2019; P. Liu et al., 2017; Nagy et al., 2019). 25 

Signals from many neurons coalesce to generate large-scale brain activity patterns that are 26 

correlated with movement, while reflecting the animal’s memory, internal state, and sensory 27 

experience (Kato et al., 2015; Musall et al., 2019). The mechanisms for generating stable, 28 

mutually-exclusive activity and behavioral states across networks, while allowing behavioral 29 

flexibility, are incompletely understood.  30 

 31 

The relationships between neurons, synapses, circuits, and behavior can be addressed 32 

precisely in the compact nervous system of C. elegans. Like many animals, C. elegans has 33 

locomotion-coupled, global brain activity states (Kato et al., 2015; Musall et al., 2019; Nguyen et 34 

al., 2016; Venkatachalam et al., 2016). Many of its integrating interneurons and motor neurons 35 

are active during one or more of three basic motor behaviors – forward runs, reversals, and 36 

turns (Figure 1A). A set of interneurons including AIB, AVA, and RIM are active whenever 37 

animals reverse (Gordus et al., 2015; Kato et al., 2015; Nguyen et al., 2016; Venkatachalam et 38 

al., 2016); a different set, AIY, RIB, and AVB, are active during forward runs (Kaplan et al., 39 

2020; Kato et al., 2015; Li et al., 2014; Nguyen et al., 2016); and a set including AIB, RIB, and 40 

RIV are active during sharp omega turns, which typically follow a reversal (Kato et al., 2015; 41 

Nguyen et al., 2016; Venkatachalam et al., 2016; Wang et al., 2020). The functional role of each 42 

integrating neuron can be evaluated by considering the neuron’s regulation of specific locomotor 43 

features, like reversal speed or turn angle, and its influence on locomotor transitions. The AVA 44 

neurons, for example, are backward command neurons that drive reversals; when AVA neurons 45 

are optogenetically depolarized animals reverse, and when AVA neurons are ablated or acutely 46 

silenced reversals are short and infrequent (Chalfie et al., 1985; Gordus et al., 2015; P. Liu et 47 
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al., 2017; Pokala et al., 2014; Roberts et al., 2016). Acute silencing of AVA often causes 48 

aberrant pauses – thwarted reversals – followed by a turn, indicating that AVA neurons are 49 

required for the execution of a reversal, but not for the global dynamics of the forward-reversal-50 

turn sequence (Kato et al., 2015; Pokala et al., 2014). Other neurons in the locomotor circuit are 51 

implicated in transition dynamics. For example, altering AIB and RIB activity can change the 52 

probability and timing of the reversal-to-turn transition without generating abnormal pause states 53 

(Pokala et al., 2014, Wang et al., 2020).  54 

 55 

Among the interneurons in the locomotor circuit, RIM, a pair of motor/interneurons, has both 56 

straightforward and apparently paradoxical functions (Figure 1A). RIM is active during both 57 

spontaneous and stimulus-evoked reversals, and its activity correlates with reversal speed 58 

(Gordus et al., 2015; Kagawa-Nagamura et al., 2018; Kato et al., 2015). RIM releases the 59 

neurotransmitter tyramine, which extends reversals by inhibiting the AVB forward-active 60 

neurons and suppresses head oscillations by inhibiting the head muscles, in both cases through 61 

the tyramine-gated chloride channel LGC-55 (Alkema et al., 2005; Pirri et al., 2009). RIM 62 

tyramine also sharpens reversal-coupled omega turns by activating SER-2, a G protein-coupled 63 

receptor on motor neurons (Donnelly et al., 2013). In addition to these effects on locomotion 64 

parameters, RIM has puzzling effects on behavioral transitions. Optogenetic depolarization of 65 

RIM drives reversals, but ablation of RIM paradoxically increases spontaneous reversals, 66 

indicating that RIM can either induce or suppress reversals (Gordus et al., 2015; Gray et al., 67 

2005; Guo et al., 2009; Lopez-Cruz et al., 2019; Zheng et al., 1999). RIM also mediates 68 

competition between sensory inputs and motor circuits, generating variability in behavioral 69 

responses to external stimuli (Gordus et al., 2015; Ji et al., 2019), and biases choices between 70 

attractive and aversive stimuli (Ghosh et al., 2016; Hapiak et al., 2013; Li et al., 2012; Wragg et 71 

al., 2007). On longer timescales, RIM modulates learning as well as physiological responses to 72 
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temperature or unfolded protein stress (De Rosa et al., 2019; Fu et al., 2018; Ha et al., 2010; Jin 73 

et al., 2016; Ozbey et al., 2020).  74 

 75 

Here we develop an integrated view of RIM’s role in locomotor features, motor transitions, and 76 

behavioral dynamics through cell-specific manipulation of its synapses. In addition to tyramine, 77 

RIM expresses the vesicular glutamate transporter EAT-4, identifying it as one of the 38 classes 78 

of glutamatergic neurons in C. elegans (Lee et al., 1999; Serrano-Saiz et al., 2013). RIM also 79 

forms gap junctions with multiple neurons whose activity is associated with reversals (AIB, AVA, 80 

AVE), as well as neurons active during pauses (RIS) and forward runs (AIY) (Cook et al., 2019; 81 

White et al., 1986)(Figure 1A). eat-4 and gap junction subunits are broadly expressed 82 

throughout the foraging circuit, precluding a simple interpretation of null mutants in these genes 83 

(Bhattacharya et al., 2019; Serrano-Saiz et al., 2013). Therefore, we used a cell-specific 84 

knockout of eat-4 and a cell-specific gap junction knockdown to isolate the synaptic functions of 85 

RIM. By examining behavioral effects of multiple transmitters and gap junctions, we reveal 86 

distinct functions of RIM during reversals, when its activity is high, and during forward 87 

locomotion, when its activity is low. Notably, our results indicate that while RIM depolarization 88 

extends reversals, the propagation of hyperpolarization through RIM gap junctions extends the 89 

opposing forward motor state. This work indicates that a single interneuron class employs 90 

different classes of synapses to shape mutually exclusive behaviors. 91 

 92 

RESULTS 93 

RIM glutamate and tyramine suppress spontaneous reversals and increase reversal 94 

length 95 

The goal of this work was to understand how RIM influences spontaneous behavioral dynamics, 96 

including individual features of locomotion and transitions between motor states. We used an 97 

off-food foraging assay in which forward, reversal, and turn behaviors emerge from predictable 98 
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internal states (Calhoun et al., 2014; Gray et al., 2005; Hills et al., 2004; Lopez-Cruz et al., 99 

2019; Wakabayashi et al., 2004) (Figure 1B). When removed from food and placed on a 100 

featureless agar surface, C. elegans engages in local search, in which a high frequency of 101 

spontaneous reversals limits dispersal from the recently encountered food source. Over about 102 

fifteen minutes, animals spontaneously transition into global search, a state with infrequent 103 

reversals and long forward runs that promotes dispersal (Figure 1C). We recorded animals 104 

throughout this assay, and identified and quantified reversals, turns, forward runs, and pauses 105 

from behavioral sequences (example tracks in Figure 1E). The full dataset is available for 106 

further analysis (https://github.com/BargmannLab/SordilloBargmann2021), and a summary of 107 

results is included in Figure 8.  108 

 109 

We began by examining the effects of RIM glutamate on local search (Figure 1D-E). C. elegans 110 

mutants lacking the vesicular glutamate transporter eat-4 or various glutamate receptors have 111 

abnormal local search behaviors (Baidya et al., 2014; Chalasani et al., 2007; Choi et al., 2015; 112 

Hills et al., 2004; Lopez-Cruz et al., 2019). To selectively inactivate glutamatergic transmission 113 

from RIM, we used an FRT-flanked endogenous eat-4 locus and expressed FLP recombinase 114 

under a tdc-1 promoter, which intersects with eat-4 only in RIM (Lopez-Cruz et al., 2019) (Figure 115 

1–figure supplement 1). The resulting animals lacking RIM glutamate had an increased 116 

frequency of reversals during local search, but not global search (Figure 1E, 2A-B; Figure 2–117 

figure supplement 1).  118 

 119 

RIM is the primary neuronal source of tyramine, whose synthesis requires the tyrosine 120 

decarboxylase encoded by tdc-1 (Alkema et al., 2005). As previously reported, tdc-1 mutants 121 

had an increased reversal frequency during local search (Figure 1E, 2A-B)(Alkema et al., 2005). 122 

tdc-1 is also expressed in RIC neurons, where it is used, together with tbh-1, in the biosynthesis 123 

of the neurotransmitter octopamine (Alkema et al., 2005). tbh-1 did not affect reversal frequency 124 
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 6 

during local search, identifying tyramine as the relevant transmitter for reversals (Figure 2–figure 125 

supplement 2). The RIM glu KO; tdc-1 double mutant was similar to each single mutant (Figure 126 

2A-B). Thus, both of RIM’s neurotransmitters, glutamate and tyramine, suppress spontaneous 127 

reversals. 128 

 129 

Reversals during local search segregate into short reversals of less than half a body length, and 130 

long reversals that average >1 body length (Gray et al., 2005) (Figure 2C-D). Using these 131 

criteria, both short and long reversals increased in frequency in RIM glu KO animals during local 132 

search, but only short reversals increased in frequency in tdc-1 mutants or the RIM glu KO; tdc-133 

1 double mutant (Figure 2D). To better understand this distinction, we conducted an analysis of 134 

the full reversal length distribution (Figure 2E). In fact, both RIM glu KO animals and tdc-1 135 

mutants had decreased reversal lengths compared to wild-type, with a stronger effect in tdc-1 136 

mutants, indicating that RIM glutamate and tyramine both extend reversal length. 137 

 138 

Long reversals are more likely to be followed by an omega turn than short reversals (Chalasani 139 

et al., 2007; Croll, 1975; Gray et al., 2005; Huang et al., 2006; Wang et al., 2020; Zhao et al., 140 

2003) (Figure 2F). The fraction of reversal omegas was reduced in tdc-1 mutants (Figure 2G, 141 

left), while pure reversals that terminate in an immediate forward run increased (Figure 2G, 142 

right). As previously reported, omega turn angles were shallower in tdc-1 mutants (Figure 2H). 143 

By contrast, RIM glu KO animals had normal reversal-omega frequencies and turn angles after 144 

reversals, despite a decrease in reversal length (Figure 2G-H). 145 

 146 

RIM neurotransmitters distinguish reversal and reversal-omega behaviors  147 

Analysis of the frequency distributions of all reversal lengths, speeds, and durations uncovered 148 

additional distinctions between the functions of RIM glutamate and tyramine (Figure 3A-I). First, 149 

while reversal lengths were decreased in a graded fashion by RIM glu KO or tdc-1 (Figure 2E, 150 
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3A), reversal speeds were substantially reduced only in tdc-1 mutants (Figure 3B). tdc-1 and 151 

RIM glu KO had similar decreases in reversal durations (Figure 3C). We found that genetic 152 

markers and background controls could affect these parameters by up to 12%; with that in mind, 153 

we interpret only effect sizes of ≥0.15 in these and other quantitative experiments (see Materials 154 

and methods and Figure 2–figure supplement 1). 155 

 156 

Separating different classes of reversals (Figure 2F-G) revealed that the RIM glu KO decreased 157 

reversal-omega duration but did not affect pure reversal duration (Figure 3D-I). tdc-1 mutants 158 

decreased the duration of reversal omegas, increased the duration of pure reversals, and 159 

decreased the speed of all reversals (Figure 3D-I). RIM glu KO; tdc-1 double mutant animals 160 

resembled tdc-1 mutants.  161 

 162 

Forward runs are heterogeneous compared to reversals, with an exponential distribution of 163 

durations (Figure 2–figure supplement 2) (Wakabayashi et al., 2004). Neither RIM glu KO 164 

animals nor tdc-1 mutants appreciably decreased forward run durations compared to controls 165 

(Figure 2–figure supplement 1, Figure 2–figure supplement 2). Both tdc-1 and tbh-1 mutants 166 

had substantially diminished forward speeds, suggesting a role of octopamine in forward 167 

locomotion (Figure 2–figure supplement 2). Because the octopaminergic RIC neurons were not 168 

the focus of this work, forward speed was not examined further. 169 

 170 

In summary, tyramine affects both the speed and the duration of all classes of reversals, 171 

whereas RIM glutamate only increases the duration of reversals that are coupled to omega 172 

turns. RIM neurotransmitters do not substantially affect forward run durations, consistent with 173 

low RIM activity during forward runs. RIC octopamine increases forward speed.  174 

  175 
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Additional RIM transmitters contribute to global search dynamics 176 

In addition to glutamate and tyramine, RIM expresses multiple neuropeptides (flp-18, pdf-2, and 177 

others) (Bhardwaj et al., 2018; Ghosh et al., 2016; Taylor et al., 2019). Release of both classical 178 

transmitters and neuropeptides is inhibited by the tetanus toxin light chain, which cleaves the 179 

synaptic vesicle fusion protein synaptobrevin (Schiavo et al., 1992). Expression of tetanus toxin 180 

in RIM and RIC under the tdc-1 promoter resulted in defects resembling those of tdc-1 mutants 181 

(Figure 4A-C): reversal frequency increased, while reversal length, speed, and durations 182 

decreased, during local search behavior (Figure 4D-G). Efficient RIM-only promoters are not 183 

available, but expression of tetanus toxin in RIC alone yielded minor defects in reversal 184 

frequency and speed, implicating RIM in the regulation of reversal parameters (Figure 4–figure 185 

supplement 1,  Figure 4–figure supplement 2). RIC tetanus toxin expression reduced forward 186 

locomotion speed to a similar extent as tbh-1 mutants (Figure 4–figure supplement 1). 187 

 188 

The expression of tetanus toxin in RIM and RIC also increased reversals during the global 189 

search period, an effect that was not observed in RIM glutamate KO or tyramine-deficient 190 

mutants (Figure 4A,C). Tetanus toxin expression in RIC alone did not affect global search 191 

(Figure 4–figure supplement 1). These results suggest that a synaptobrevin-dependent 192 

transmitter from RIM, perhaps a neuropeptide, suppresses reversals during global search.  193 

 194 

Artificial hyperpolarization of RIM reveals unexpected functions in forward runs 195 

To relate RIM functions to its membrane potential, we hyperpolarized RIM by expressing the 196 

Drosophila histamine-gated chloride channel (HisCl) under the tdc-1 promoter and exposing the 197 

animals to histamine while off food (Pokala et al., 2014) (Figure 5A-B). Unexpectedly, silencing 198 

RIM with HisCl led to a substantial decrease in spontaneous reversal frequency and a striking 199 

increase in forward run duration, both in wild-type and in tdc-1 mutants (Figure 5C-D). The 200 

effects on reversal frequency were opposite to those of RIM ablation, RIM neurotransmitter 201 
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mutants, or RIM::tetanus toxin expression, all of which increased spontaneous reversal 202 

frequency (Alkema et al., 2005; Gray et al., 2005) (Figures 2-4). The opposite effects of RIM 203 

ablation and acute silencing suggests that RIM has active functions when hyperpolarized that 204 

stabilize and extend forward runs. 205 

 206 

Reversal length, speed, and duration were greatly reduced by hyperpolarization of RIM, effects 207 

that were similar to but stronger than the effect of tdc-1 or tetanus toxin (Figure 5E-G). 208 

Introducing RIM::HisCl into a tdc-1 mutant yielded the stronger reversal defects of the 209 

RIM::HisCl strain (Figure 5E-G). These results suggest that RIM glutamate and tyramine are 210 

released when RIM is depolarized, as expected, to extend reversals and increase reversal 211 

speed. However, the stronger effects of RIM::HisCl indicate that hyperpolarization affects other 212 

targets as well. 213 

 214 

RIM gap junctions stabilize forward runs 215 

To explain the effect of hyperpolarized RIM neurons, we considered the gap junctions that RIM 216 

forms with a variety of other neurons in the local search circuit (Figure 1A). RIM shares the most 217 

gap junctions with AVA and AVE which, like RIM, have high activity during reversals and low 218 

activity during forward runs. We hypothesized that RIM gap junctions stabilize the forward motor 219 

state by propagating hyperpolarizing currents between RIM and AVA (and possibly other) 220 

neurons, thereby preventing their depolarization. 221 

 222 

Invertebrate gap junctions are made up of innexin subunits, which assemble as homo- or 223 

heteromers of eight subunits on each of the two connected cells (Burendei et al., 2020; Oshima 224 

et al., 2016). Most C. elegans neurons express multiple innexin genes; RIM neurons express 225 

eleven innexin genes, including unc-9 (Bhattacharya et al., 2019). unc-9 is expressed in many 226 

classes of neurons, and mutants have strong defects in forward and backward locomotion 227 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2021. ; https://doi.org/10.1101/2021.02.19.431690doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.19.431690
http://creativecommons.org/licenses/by/4.0/


 10 

(Brenner, 1974; Kawano et al., 2011; P. Liu et al., 2017; Q. Liu et al., 2006; Park & Horvitz, 228 

1986; Shui et al., 2020; Starich et al., 2009). To bypass its broad effects, neuronal unc-9 229 

function can be reduced in a cell-specific fashion by expressing UNC-1(n494), a dominant 230 

negative allele of a stomatin-like protein that is an essential component of neuronal UNC-9 gap 231 

junctions (Chen et al., 2007; Jang et al., 2017). We knocked down UNC-9 gap junctions in RIM 232 

by driving unc-1(n494) cDNA under the tdc-1 promoter. While unlikely to inactivate all RIM 233 

innexins and gap junctions, this manipulation should alter unc-9 gap junction signaling in a RIM-234 

selective manner. 235 

 236 

RIM gap junction knockdown animals had superficially coordinated locomotion and exhibited the 237 

characteristic shift from local to global search over time (Figure 6A). However, these gap 238 

junction knockdown animals had a greatly increased frequency of reversals compared to wild-239 

type (Figure 6B). Both short and long reversals were increased in frequency during both local 240 

search and global search, while reversal length, speed, and duration were largely unaffected 241 

(Figure 6C-G, Figure 6–figure supplement 1). The RIM gap junction knockdown also resulted in 242 

a substantial decrease in forward run duration (Figure 6H, Figure 6–figure supplement 1). 243 

Combining the gap junction knockdown with tdc-1 mutation yielded additive effects, with both 244 

forward and reversal parameters altered (Figure 6–figure supplement 2). These results support 245 

the hypothesis that unc-9-containing gap junctions in RIM promote forward locomotion. 246 

 247 

To ask whether the unc-9-containing gap junctions propagate the effects of RIM 248 

hyperpolarization, we crossed the RIM gap junction knockdown into the RIM::HisCl strain. 249 

Combining the RIM gap junction knockdown with RIM hyperpolarization resulted in mutual 250 

suppression of their effects, so that double mutants had a similar reversal frequency and 251 

forward run duration to wild-type animals (Figure 7A-C). These results suggest that forward 252 
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states are stabilized during RIM hyperpolarization in part through unc-9-containing gap junctions 253 

(Figure 7C, Figure 7–figure supplement 1).  254 

 255 

Strong depolarization of RIM engages neurotransmitter-independent functions  256 

Optogenetic depolarization of RIM rapidly increases reversal frequency (Gordus et al., 2015; 257 

Guo et al., 2009; Lopez-Cruz et al., 2019)(Figure 7D). The frequency of optogenetically-induced 258 

reversals was unaffected by tdc-1, RIM glu KO, or the double mutant, whether examined during 259 

local search or during global search (Figure 7D, Figure 7–figure supplement 2). This result 260 

suggests that RIM does not require tyramine or glutamate neurotransmitters to trigger 261 

optogenetically-induced reversals. 262 

 263 

We considered whether RIM gap junctions might propagate optogenetic depolarization to AVA 264 

command neurons. The RIM gap junction knockdown did not affect optogenetically-induced 265 

reversal frequencies during local search, but it did decrease optogenetically-induced reversals 266 

during global search (Figure 7F, Figure 7–figure supplement 2). These results suggest a minor 267 

role for unc-9 gap junctions in the initiation of optogenetically-induced reversals.  268 

 269 

Optogenetically-induced reversals were shorter in RIM glu KO, tyramine-deficient, and RIM gap 270 

junction knockdown animals than in wild-type (Figure 7E, G). Thus, optogenetically-induced 271 

reversals are extended by all RIM synaptic outputs. 272 

 273 

DISCUSSION  274 

A cycle of forward runs interrupted by reversals and turns dominates the spontaneous 275 

locomotion of C. elegans during local search. We show here that RIM generates behavioral 276 

inertia to inform the dynamics of these locomotor states (Figure 8). RIM stabilizes reversals 277 

through its chemical synapses while depolarized and stabilizes forward runs through its gap 278 
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junctions while hyperpolarized. Together with other results (Kawano et al., 2011), our results 279 

suggest that hyperpolarization through gap junctions is a recurrent circuit motif in C. elegans 280 

locomotion. In addition, our results indicate that RIM synapses jointly inhibit the forward-to-281 

reversal transition. 282 

 283 

RIM neurotransmitters cooperate to stabilize reversals 284 

RIM controls specific locomotor features: it increases spontaneous reversal speed and duration 285 

(Gray et al., 2005, this work), suppresses head oscillations during reversals, and sharpens the 286 

omega turns coupled to reversals (Alkema et al., 2005; Donnelly et al., 2013; Pirri et al., 2009), 287 

These functions all rely on the RIM transmitter tyramine, which also increases the length of 288 

reversals evoked by aversive sensory stimuli (Alkema et al., 2005; Pirri et al., 2009). We found 289 

that RIM glutamate increases spontaneous reversal length and duration, but only during the 290 

coupled reversal-omega maneuver, and does not increase reversal speed. Both RIM glutamate 291 

and tyramine also extend reversals evoked by acute depolarization. 292 

 293 

Neurons that release both classical transmitters, like glutamate, and biogenic amines, like 294 

tyramine, can employ them additively, cooperatively, or distinctly. In mice, dopaminergic 295 

neurons that project from the ventral tegmental area to the nucleus accumbens release both 296 

dopamine and glutamate, and either transmitter can support positive reinforcement (Zell et al., 297 

2020). In both Drosophila and mice, the glutamate transporter enhances dopamine loading into 298 

synaptic vesicles for a cooperative effect (Aguilar et al., 2017; Munster-Wandowski et al., 2016). 299 

At a more subtle level, GABA and dopamine co-released from terminals in the mammalian 300 

striatum affect target neurons differently – GABA rapidly inhibits action potentials, while 301 

dopamine modulates activity through slower GPCR pathways (Tritsch & Sabatini, 2012). The 302 

non-additive effects of RIM glutamate and tyramine on spontaneous and optogenetically-evoked 303 
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behavioral dynamics suggest that they act as co-transmitters to cooperatively stabilize reversal 304 

states when RIM is depolarized.  305 

 306 

C. elegans glutamate receptors and tyramine receptors are broadly expressed in the locomotor 307 

circuit. Among RIM’s synaptic targets, the AIB and AVA reversal-promoting neurons express 308 

excitatory AMPA-type glutamate receptors, as does RIM itself (Brockie et al., 2001; Hart et al., 309 

1995; Taylor et al., 2019), and glutamate is released onto AVA during reversals (Marvin et al., 310 

2013). RIM glutamate might reinforce the reversal state by depolarizing AVA, while RIM 311 

tyramine inhibits the competing forward state via the tyramine-gated chloride channel LGC-55 312 

on AVB (Pirri et al., 2009). In addition, the AVB and RIB forward-promoting neurons express a 313 

number of inhibitory glutamate-gated chloride channels (GluCls), and inhibition of AVB could be 314 

a site of RIM glutamate-tyramine convergence (Brockie & Maricq, 2006; Dent et al., 2000; 315 

Taylor et al., 2019). However, AIB, AVA, and RIM also express GluCls that regulate reversals 316 

(Li et al., 2020), and RIM expresses LGC-55 (Taylor et al., 2019). Since all of these receptors 317 

co-exist in a circuit rich in positive and negative feedback (Roberts et al., 2016), cell-specific 318 

knockouts of receptors as well as neurotransmitters may be needed to define their functions 319 

precisely.  320 

 321 

RIM gap junctions stabilize forward runs 322 

For both chemogenetic hyperpolarization and optogenetic depolarization of RIM, the effects on 323 

reversal frequency were opposite to those predicted from RIM ablation. Hyperpolarization led to 324 

an unanticipated increase in forward run durations, pointing to an active function for RIM when 325 

silenced. RIM and its gap junction partners AVA, AVE, and AIB have low activity during forward 326 

locomotion; our results suggest that in the hyperpolarized forward state, RIM gap junctions 327 

inhibit the AVA backward command neurons and possibly others as well (Gordus et al., 2015; 328 

Kagawa-Nagamura et al., 2018; Kato et al., 2015). This hypothesis was supported by the unc-329 
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1(dn) inhibition of unc-9-containing gap junctions in RIM, which shortened the long forward runs 330 

induced by RIM hyperpolarization. Moreover, expression of unc-1(dn) in the wild-type RIM 331 

reduced forward run durations, again, linking these gap junctions in RIM to the hyperpolarized 332 

state. 333 

 334 

Our conclusion that RIM gap junctions stabilize a hyperpolarized state resonates with previous 335 

studies in a different part of the reversal circuit. In addition to their gap junctions with RIM, the 336 

AVA neurons form gap junctions with unc-9-expressing VA and DA motor neurons that drive 337 

backward locomotion. Genetic inactivation of those gap junctions results in defects in forward 338 

locomotion and increases calcium levels in AVA (Kawano et al., 2011). From this result, the 339 

UNC-9-UNC-7 gap junctions were inferred to decrease the activity of AVA based on 340 

hyperpolarizing current flow from VA and DA motor neurons. This role is similar to the role we 341 

propose for gap junctions between AVA and RIM. In fact, the unc-9 innexin expressed in VA/DA 342 

neurons and RIM can form heterotypic gap junctions with the unc-7 innexin expressed in AVA 343 

(Kawano et al., 2011). However, unlike the RIM gap junction knockdown, which acts primarily to 344 

affect the duration of coordinated forward runs, the AVA-motor neuron knockdown results in 345 

highly uncoordinated movement.  346 

 347 

The experiments here, and in Kawano (2011), are limited by the fact that behavior and calcium 348 

imaging do not directly measure gap junction conductances. Moreover, direct measurements of 349 

gap junctions between AVA and VA5 motor neurons indicate that UNC-9-UNC-7 gap junctions 350 

transmit depolarizing current from VA5 to AVA (P. Liu et al., 2017; Shui et al., 2020). That said, 351 

reconstitution in Xenopus oocytes revealed a startling array of properties among UNC-9-UNC-7 352 

gap junctions, depending on which of seven UNC-7 splice forms is expressed (Shui et al., 353 

2020). How innexins and their splice forms contribute to RIM-to-AVA communication, other than 354 

requiring unc-9 function in RIM, remains to be determined. 355 
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 356 

Interactions between chemical and electrical synapses play prominent roles in motor circuits 357 

including the stomatogastric ganglion of crustaceans, the heartbeat circuit in leeches, and rapid 358 

escape circuits in nematodes, arthropods, and fish (Kristan et al., 2005; Marder, 1998; 359 

Szczupak, 2016). Although chemical synapses in these circuits can be either excitatory or 360 

inhibitory, their electrical synapses have mainly been thought to be excitatory. We speculate 361 

that inhibitory electrical synapses resembling those of RIM gap junctions may emerge as 362 

stabilizing elements of other motor circuits with long-lasting, mutually exclusive states. 363 

 364 

Optogenetic depolarization of RIM elicits reversals, an effect that is reciprocal to that of RIM 365 

hyperpolarization. While gap junctions from RIM to AVA could be attractive candidates for this 366 

activity, the overall increase in reversal frequency upon RIM depolarization was only slightly 367 

diminished by the unc-9 gap junction knockdown and unaffected by RIM chemical transmitters. 368 

RIM expresses 11 innexin genes, the most of any neuron (Bhattacharya et al., 2019). RIM gap 369 

junctions may depolarize AVA via innexins that are not affected by the unc-1(dn) transgene, 370 

such as inx-1 (Hori et al., 2018; Li et al., 2020; Wang et al., 2020). Cell-specific knockout of inx-371 

1 and other innexins should provide deeper understanding of RIM gap junctions in AVA, AIB, 372 

AVE, and other neurons.  373 

 374 

RIM regulates motor state transitions 375 

The dynamic functions of RIM in spontaneous motor state transitions during local search are 376 

regulated by the combined action of tyramine, glutamate and gap junction signaling. All of these 377 

synaptic outputs inhibit reversal initiation, even though RIM glutamate and tyramine stabilize the 378 

reversal once it has begun.  379 

 380 
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Among the characterized neurons within the foraging circuit, RIM is the only neuron where 381 

ablation has opposite effects on the initiation and execution of a behavioral state (Gray et al., 382 

2005). The dynamic transition from forward to backward locomotion requires coordinated 383 

activity changes across the circuit, with positive and negative feedback between forward- and 384 

reversal-active neurons (Roberts et al., 2016) (Figure 1A). A role for RIM gap junctions in 385 

preventing reversals is consistent with its proposed action in the hyperpolarized (forward) state, 386 

but tyramine and glutamate release are likely to rely upon depolarization. In one model, a low 387 

level of neurotransmitter release during forward-to-reversal transitions might oppose reversal 388 

initiation, while higher levels promote it. Low-level release would be consistent with the graded 389 

electrical properties of many C. elegans neurons, including motor neurons (Q. Liu et al., 2009) 390 

and RIM (Q. Liu et al., 2018), which can also result in graded transmitter release.  391 

 392 

We note, however, that chronic or developmental effects of tyramine might also contribute to the 393 

increased reversal frequency upon RIM ablation, tdc-1 mutations, or tetanus toxin expression. 394 

Tyramine release during learning can lead to long-term circuit remodeling, and tyramine 395 

mediates systemic responses to starvation and other stresses (De Rosa et al., 2019; Ghosh et 396 

al., 2016; Jin et al., 2016; Ozbey et al., 2020). Reversal frequencies during local search are 397 

regulated by prior experience on bacterial food, including its density and distribution (Calhoun et 398 

al., 2014; Lopez-Cruz et al., 2019); tyramine is a candidate to mediate this longer-term 399 

behavioral effect.  400 

 401 

These transitions, as well as the interactions between RIM, AIB, and RIB that promote 402 

transitions from reversals to omega turns, deserve fuller scrutiny (Wang et al., 2020). Here, we 403 

have focused on high-resolution quantitative analysis of behavioral parameters, extending the 404 

approach of Roberts et al. (2016) and others, to complement the increasingly rich studies of 405 

neuronal activity associated with locomotion (Ji et al., 2019; Kato et al., 2015; Kaplan et al., 406 
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2020; Nguyen et al., 2016; Venkatachalam et al., 2016). Integration of high-resolution behavior 407 

with high-resolution imaging is a critical next step in understanding transition dynamics.  408 

 409 

 410 

MATERIALS AND METHODS 411 

Nematode and Bacterial Culture 412 

In all experiments bacterial food was E. coli strain OP50. Nematodes were grown at room 413 

temperature (21-22°C) or at 20°C on nematode growth media plates (NGM; 51.3 mM NaCl, 1.7% 414 

agar, 0.25% peptone, 1 mM CaCl2, 12.9 μM cholesterol, 1 mM MgSO4, 25 mM KPO4, pH 6) 415 

seeded with 200 µL of a saturated E. coli liquid culture grown in LB at room temperature or at 416 

37°C, and stored at 4°C (Brenner, 1974). All experiments were performed on young adult 417 

hermaphrodites, picked as L4 larvae the evening before an experiment. 418 

 419 

Wild-type controls are derived from the N2 Bristol strain, and an additional wild-type strain 420 

CX0007 was derived by loss of the transgene from CX17882, to maximize the similarity of controls 421 

within an experiment. Mutant strains were backcrossed into N2 at least 3x to reduce background 422 

mutations. Wild-type controls in all figures were matched to test strains for transgenes and co-423 

injection markers. Supplementary file 1 includes full genotypes and detailed descriptions of all 424 

strains and transgenes. 425 

 426 

Molecular Biology and Transgenics 427 

A 4.5 kilobase region upstream of tdc-1 that drives expression in RIM and RIC neurons was used 428 

for all RIM manipulations. In all cases other than the RIM glutamate knockout, these reagents 429 

affect RIC as well as RIM. To separate the functions of the RIM and RIC neurons, we used a 4.5 430 

kilobase region upstream of tbh-1 to drive expression in RIC neurons. Phenotypes specific to the 431 
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tdc-1 transgenes were inferred to have an essential contribution from RIM. See Supplementary 432 

file 1 and Supplementary file 2 for relevant strains and plasmids. 433 

 434 

Transgenic animals were generated by microinjecting the relevant plasmid of interest with a 435 

fluorescent co-injection marker (myo-2p::mCherry, myo-3p::mCherry, elt-2p::nGFP, elt-436 

2p::mCherry, unc-122p::GFP) and empty pSM vector to reach a final DNA concentration of 100 437 

ng/µL. Transgenes were maintained as extrachromosomal arrays. 438 

 439 

Foraging Assay 440 

Off-food foraging assays were performed and analyzed following López-Cruz et al., 2019. Animals 441 

were first preconditioned to a homogenous E. coli lawn to standardize their behavioral state 442 

(Calhoun et al., 2014). The homogenous lawn was made by seeding NGM plates with a thin 443 

uniform layer of saturated E. coli liquid culture ~16 hours before the beginning of the assay. 20 444 

young adult hermaphrodites were placed on this lawn for 45 minutes prior to recording and 445 

constrained to a fixed area of 25 cm2 using filter paper soaked in 20 mM CuCl2. 12-15 of these 446 

preconditioned animals were transferred to an unseeded NGM plate briefly to clear adherent 447 

bacteria, and then transferred to a large unseeded NGM assay plate, where they were 448 

constrained to a fixed area of ~80 cm2 using filter paper soaked in 20 mM CuCl2. Video recordings 449 

of these animals began within 5-6 minutes from food removal to capture local search behavior. 450 

Animals were recorded for 45 minutes as previously described using a 15 MP PL-D7715 CMOS 451 

video camera (Pixelink). Frames were acquired at 3 fps using Streampix software (Norpix), using 452 

four cameras to image four assays in parallel. LED backlights (Metaphase Technologies) and 453 

polarization sheets were used to achieve uniform illumination (López-Cruz et al., 2019). Each 454 

experimental strain was assayed a minimum of six times over two days, with control strains 455 

assayed in parallel. 456 

 457 
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Animals were tracked using custom MATLAB software (BargmannWormTracker) without manual 458 

correction of tracks (López-Cruz et al., 2019, Pokala et al., 2014). Tracker software is available 459 

at:  https://github.com/navinpokala/BargmannWormTracker. 460 

 461 

Quantification of Spontaneous Behavior 462 

Behavioral states were extracted from the State array generated by BargmannWormTracker. 463 

Local search event frequencies per minute were calculated 4-9 min after removal from food. 464 

Global search frequencies per minute were calculated 36-41 min after removal from food. Only 465 

tracks that were continuous for the entire five-minute time interval were included in frequency 466 

analysis. When calculating frequencies, tracks taken on a single day from a single assay plate 467 

were averaged to give a single data point, e.g. in Figure 2B and 2D. 468 

 469 

Distributions of reversal parameters and forward run durations were calculated using events 470 

observed during local search, 4-9 minutes after removal from food. All reversals were included; 471 

only forward runs over 2 s in length were included. Reversal length is the path length calculated 472 

using the X-Y coordinates, worm length, and pixel size extracted from the tracker. Reversal and 473 

forward run speed are the average of mean and median speed extracted from the tracker. 474 

Tracks that were less than 3 minutes long, tracks approaching the copper barrier, and tracks that 475 

did not include a complete reversal or forward run were not included in reversal and forward run 476 

parameter analyses.  477 

 478 

Optogenetic Manipulations  479 

The red-shifted channelrhodopsin ReaChR (Lin et al., 2013) was expressed under the tdc-1 480 

promoter and animals were stimulated during the off-food foraging assay described above, 481 

following López-Cruz et al., 2019. Experimental animals were treated with 12.5 µM all-trans retinal 482 
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overnight and during preconditioning on homogeneous food lawns; control animals were prepared 483 

in parallel on plates that did not contain retinal.  Optogenetic stimuli were delivered with a 525 nm 484 

Solis HighPower LED (ThorLabs) controlled by custom MATLAB software and strobed at a 5% 485 

duty cycle. 2 (Figures 5, Figure 6–figure supplement 1) or 3 (Figures 8, Figure 7–figure 486 

supplement 2) pulses of ~45 µW/mm2 light delivered for 20 s each with a 100-s interpulse interval 487 

starting at 8 or 10 min (local search) and 38 or 40 min (global search). These light intensities 488 

elicited the maximal behavioral effect of ReaChR. Additional lower light intensities (not shown) 489 

were included in each experiment, with pulses always separated by 100 s. 490 

 491 

For behavioral quantification, tracks were aligned around the light pulses and extracted over a 492 

120 s period, with the light pulse delivered at 50-70 s. Only tracks that were continuous for the 493 

entire 120 s period were used. The change in reversal frequency was calculated by subtracting 494 

the mean reversal frequency during an 18-s time window before light onset from the mean 495 

reversal frequency during an 18-s time window during the light pulse. Behavioral parameters were 496 

scored only for the first reversal of duration ≥0.5 s that began during the light stimulation. 497 

 498 

Histamine Treatment 499 

The Drosophila histamine-gated chloride channel HisCl1 was expressed under the tdc-1 500 

promoter. Animals were treated with histamine following Pokala et al., 2014.  Histamine 501 

dihydrochloride (Sigma-Aldrich H7250) was dissolved in Milli-Q® purified water, filtered, and 502 

stored at -20°C.  Histamine solution was added to cooled NGM (45-50°C) for a final concentration 503 

of 10 mM to make assay plates. Animals were habituated and cleaned on NGM plates that did 504 

not contain histamine and then recorded on 10 mM histamine assay plates for 45 minutes. See 505 

Quantification of Spontaneous Behavior above. 506 

  507 
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Statistical Analyses 508 

All statistical analyses were conducted in GraphPad Prism except for the two-sample Kolmogorov 509 

Smirnov test, which was performed in MATLAB. When making multiple comparisons, the p-values 510 

of the two-sample Kolmogorov Smirnov test were adjusted with a Bonferroni correction. The effect 511 

size was calculated for all significant distribution comparisons as the D statistic, which represents 512 

the maximum distance between the empirical cumulative distributions of the data. Because of the 513 

large n values in these experiments, even very small effects reached statistical significance. 514 

Based on control strains (e.g. Figure 2–figure supplement 1), we set a meaningful effect size of ≥ 515 

0.15 as a cutoff for interpreting results, See Supplementary file 3 for the n of all distributions.  See 516 

Supplementary file 4 for a summary of all p-values and statistical tests. 517 

 518 
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Figure 1. Two RIM neurotransmitters affect spontaneous locomotion.  
 755 
(A) RIM synapses with interneurons, motor neurons, and muscle implicated in spontaneous 756 
foraging behavior (Cook et al., 2019; White et al., 1986). Colors of neurons indicate associated 757 
locomotor states based on neural manipulations and functional calcium imaging (Alkema et al., 758 
2005; Gray et al., 2005; Kato et al., 2015; Li et al., 2014; Pokala et al., 2014; Steuer Costa et al., 759 
2019; Wang et al., 2020; Zheng et al., 1999).  760 
(B) Off-food foraging assay.  761 
(C) Mean reversals per minute of wild-type animals in foraging assays. Vertical lines indicate 762 
standard error of the mean. Gray shaded boxes indicate local search (4-9 min off food) and global 763 
search (36-41 min off food) intervals analyzed in subsequent figures. n = 324. 764 
(D) RIM neurotransmitter mutants. RIM glu KO = RIM-specific knockout of the vesicular glutamate 765 
transporter EAT-4 (Figure 1–figure supplement 1). tdc-1, tyrosine decarboxylase mutant, which 766 
lacks tyramine in RIM and octopamine in RIC.  767 
(E) Ethograms of 50 randomly chosen tracks per genotype during minute 5-6 of local search. 768 
Color code: white, forward runs; black, reversals; yellow, omega turns coupled to a reversal; grey, 769 
pauses, shallow turns, and omega turns that were not preceded by a reversal.  770 
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Figure 2. RIM glutamate and tyramine suppress spontaneous reversals and increase 771 
reversal length. 772 
(A) Mean reversals per minute in foraging assays for genotypes analyzed in Figures 2-3. Vertical 773 
dashes indicate standard error of the mean. n = 296-332. 774 
All strains bear tdc-1p::nFLP and the elt-2p::nGFP marker (Figure 2–figure supplement 1, 775 
Supplementary file 1).  776 
(B) Mean frequency of all reversals during local search (4-9 min off food, left) and global search 777 
(36-41 min off food, right).  778 
(C) Normalized probability distribution of wild-type reversal lengths during local search. Short 779 
reversals cover less than 0.5 body lengths.  780 
(D) Mean frequency of long reversals (>0.5 body lengths, left) and short reversals (<0.5 body 781 
lengths, right) during local search. 782 
(E) Normalized probability distribution of mutant reversal lengths during local search, plotted with 783 
WT distributions.  784 
(F) A forward moving animal (0) initiates a reversal (1-2) that is coupled to an omega turn (3) and 785 
terminates in forward movement (4) (reversal omega, left). A forward moving animal (0) initiates 786 
a reversal (1) that terminates in forward movement (2) (pure reversal, right). Yellow dot indicates 787 
nose.  788 
(G) Fraction of all reversals during local search that terminate in an omega turn (left) or forward 789 
movement (right) for each genotype.  790 
(H) Absolute change in direction after a reversal-turn maneuver (including omega and shallower 791 
turns) for each genotype. 792 
(B, D, G, H) Each gray dot is the mean for 12-15 animals on a single assay plate, with 22-24 793 
plates per genotype. Boxes indicate median and interquartile range for all assays. Asterisks 794 
indicate statistical significance compared to WT using a Kruskal-Wallis test with Dunn’s multiple 795 
comparisons test (** = p-value < 0.01, *** = p-value < 0.001, ns = p-value ≥ 0.05). In (C, E) n=1443-796 
2760 events per genotype. The reversal defects in (RIM) tyramine- and (RIC) octopamine-797 
deficient tdc-1 mutants are not shared by octopamine-deficient tbh-1 mutants (Figure 2–figure 798 
supplement 2).  799 
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Figure 3. RIM neurotransmitters differently affect reversal and reversal-omega 
behaviors.  
 800 
(A-C) For all reversals during local search, empirical cumulative distributions of reversal length 801 
(A) reversal speed (B) and reversal duration (C). 802 
(D-F) For reversal-omega maneuvers during local search, empirical cumulative distributions of 803 
reversal length (D) reversal speed (E) and reversal duration (F). 804 
(G-I) For pure reversals during local search, empirical cumulative distributions of reversal length 805 
(G) reversal speed (H) and reversal duration (I). 806 
Asterisks indicate statistical significance compared to WT using a two-sample Kolmogorov 807 
Smirnov test, with a Bonferroni correction (* = p-value < 0.05, *** = p-value < 0.0001, ns = p-value 808 
≥ 0.05). Numbers in figures indicate effect size (See Materials and methods). Although statistically 809 
significant, the smaller effect sizes indicated in gray are similar to values from control strains (e.g., 810 
Figure 2–figure supplement 1), and fall under the 0.15 cutoff for interpretation established from 811 
those controls. For each value, n = 500-3132 events from 22-24 assays, 12-15 animals per assay 812 
(Supplementary file 3). The reversal defects in (RIM) tyramine- and (RIC) octopamine-deficient 813 
tdc-1 mutants are not shared by octopamine-deficient tbh-1 mutants (Figure 2–figure supplement 814 
2).  815 
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Figure 4. Additional RIM transmitters contribute to global search dynamics. 816 
(A) Mean reversals per minute in animals expressing tetanus toxin light chain under the RIM- and 817 
RIC-specific tdc-1 promoter. Defects are milder or absent when tetanus toxin is expressed under 818 
the RIC-specific tbh-1 promoter (Figure 4–figure supplement 1). Vertical dashes indicate standard 819 
error of the mean. n = 103-111. 820 
(B) Ethograms of 50 randomly chosen tracks per genotype during minute 5-6 of local search. 821 
Color code: white, forward runs; black, reversals; yellow, omega turns coupled to a reversal; grey, 822 
pauses, shallow turns, and omega turns that were not preceded by a reversal.  823 
(C) Mean frequency of all reversals during local search (4-9 min off food, left) and global search 824 
(36-41 min off food, right).  825 
(D) Mean frequency of long reversals (>0.5 body lengths, left) and short reversals (<0.5 body 826 
lengths, right) during local search. 827 
(E-G) For all reversals during local search, empirical cumulative distributions of reversal length 828 
(E) reversal speed (F) and reversal duration (G). 829 
(C-D) Each gray dot is the mean for 12-15 animals on a single assay plate. Boxes indicate median 830 
and interquartile range for all assays. Asterisks indicate statistical significance compared to WT 831 
using a Mann-Whitney test (*=p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, ns = p-832 
value ≥ 0.05).  833 
(E–G) Asterisks indicate statistical significance compared to WT using a two-sample Kolmogorov 834 
Smirnov test (*** = p-value < 0.0001). Numbers indicate effect size. For each value, n = 595-1066 835 
events from 8 assays, 12-15 animals per assay (Supplementary file 3).  836 
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Figure 5. Artificial hyperpolarization of RIM extends forward runs and suppresses 837 
reversals. 838 
(A) Mean reversals per minute in animals expressing HisCl in RIM, with (+ his) or without (- his) 839 
histamine treatment. Vertical dashes indicate standard error of the mean. n = 93-109. 840 
(B) Ethograms of 50 randomly chosen tracks per genotype during minute 5-6 of local search. 841 
Color code: white, forward runs; black, reversals; yellow, omega turns coupled to a reversal; grey, 842 
pauses, shallow turns, and omega turns that were not preceded by a reversal.  843 
(C) Mean frequency of all reversals during local search, with or without histamine, in wild-type or 844 
tdc-1 animals expressing HisCl in RIM. Each gray dot is the mean for 12-15 animals on a single 845 
assay plate. Boxes indicate median and interquartile range for all assays. Asterisks indicate 846 
statistical significance compared to WT untreated controls using  a Kruskal-Wallis test with Dunn’s 847 
multiple comparisons test (**=p-value < 0.01, ns = p-value ≥ 0.05). 848 
(D) Durations of forward runs during local search with (solid lines) and without (dashed lines) 849 
histamine, in wild-type or tdc-1 animals expressing HisCl in RIM; empirical cumulative 850 
distributions include all runs ≥ 2 s.   851 
(E-G) For all reversals during local search, empirical cumulative distributions of reversal length 852 
(E) reversal speed (F) and reversal duration (G) with or without histamine, in wild-type or tdc-1 853 
animals expressing HisCl in RIM. 854 
(C, E-G) Asterisks indicate statistical significance compared to WT untreated controls using a two-855 
sample Kolmogorov Smirnov test with a Bonferroni correction (*** = p-value < 0.0001, ns = p-856 
value ≥ 0.05). Numbers indicate effect size. n = 251–579 reversals from 6–8 assays, 12–15  857 
animals per assay (Supplementary file 3).   858 
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Figure 6. RIM gap junctions stabilize forward runs. 859 
(A) Mean reversals per minute in animals bearing an unc-1(n494) dominant negative transgene 860 
to knock down unc-9-containing gap junctions (RIM gap junction KD; note that the tdc-1 promoter 861 
also expresses unc-1(n494) in RIC). Vertical dashes indicate standard error of the mean. n = 77-862 
85. 863 
(B) Ethograms of 50 randomly chosen tracks per genotype during minute 5-6 of local search. 864 
Color code: white, forward runs; black, reversals; yellow, omega turns coupled to a reversal; grey, 865 
pauses, shallow turns, and omega turns that were not preceded by a reversal.  866 
(C) Mean frequency of all reversals during local search (4-9 min off food, left) and global search 867 
(36-41 min off food, right).  868 
(D) Mean frequency of long reversals (>0.5 body lengths, left) and short reversals (<0.5 body 869 
lengths, right) during local search. 870 
(E-G) For all reversals during local search, empirical cumulative distributions of reversal length 871 
(E) reversal speed (F) and reversal duration (G). 872 
(H) Durations of forward runs during local search; empirical cumulative distributions include all 873 
runs ≥ 2 s.  874 
(C-D) Each gray dot is the mean for 12-15 animals on a single assay plate. Boxes indicate median 875 
and interquartile range for all assays. Asterisks indicate statistical significance compared to WT 876 
using  a Mann-Whitney test (* =p-value < 0.05, ** =p-value < 0.01). 877 
(E-H) Asterisks indicate statistical significance compared to WT using a two-sample Kolmogorov 878 
Smirnov test (**=p-value < 0.01, *** = p-value < 0.001, ns = p-value ≥ 0.05). Numbers indicate 879 
effect size. Although statistically significant, the smaller effect sizes indicated in gray are similar 880 
to values from control strains (e.g., Figure 2–figure supplement 1). n = 330-933 reversals from 6 881 
assays, 12-15 animals per assay (Supplementary file 3).  882 
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Figure 7. RIM gap junctions mediate effects of hyperpolarization and depolarization. 883 
(A-C) Behavior of RIM::HisCl and RIM::HisCl; RIM gap junction knockdown animals. 884 
(A) Ethograms of 50 randomly chosen tracks per genotype during minute 5-6 of local search. 885 
Color code: white, forward runs; black, reversals; yellow, omega turns coupled to a reversal; grey, 886 
pauses, shallow turns, and omega turns that were not preceded by a reversal.  887 
(B) Mean frequency of all reversals during local search (4-9 min off food), with or without 888 
histamine. Each gray dot is the mean for 12-15 animals on a single assay plate. Boxes indicate 889 
median and interquartile range for all assays. Asterisks indicate statistical significance compared 890 
to untreated WT controls using a Kruskal-Wallis test with Dunn’s multiple comparisons test (* = 891 
p-value < 0.05, ns = p-value ≥ 0.05).  892 
(C) Durations of forward runs during local search with (solid lines) and without (dashed lines) 893 
histamine; empirical cumulative distributions include all runs ≥ 2 s.  n = 330-819 events from 6-8 894 
assays, 12-15 animals per assay. Asterisks indicate statistical significance compared to WT 895 
untreated controls using a two-sample Kolmogorov Smirnov test, corrected for multiple 896 
comparisons (*** = p-value < 0.0001, ns = p-value ≥ 0.05). Numbers indicate effect size. 897 
(D-G) Effects of RIM::ReaChR activation in wild-type, RIM glu KO, tdc-1 mutants, RIM glu KO; 898 
tdc-1 double mutants, and RIM gap junction knockdown animals. 899 
(D,F) Animals were exposed to light for 20 s (green shading), with or without all-trans retinal pre-900 
treatment, during local search (8-14 min off food, left) or global search (38-44 min off food, right). 901 
Neurotransmitter mutants do not suppress optogenetically-evoked reversals (D). RIM gap 902 
junction knockdown suppresses optogenetically-evoked reversals during global search (F) (*** p< 903 
0.001,  Figure 7–figure supplement 2). Similar results were obtained at lower and higher light 904 
levels. 905 
(E,G) For all reversals induced during the light pulse during local search (8-14 min off food), 906 
empirical cumulative distributions of reversal length. All animals were pre-treated with all-trans 907 
retinal. n = 119-193 reversals from 14-15  assays, 12-15 animals per assay, 2 (E) or 3 (G) light 908 
pulses per assay conducted 8-14 minutes after removal from food (Supplementary file 3). 909 
Asterisks indicate statistical significance compared to controls of the same genotype using a 910 
two-sample Kolmogorov Smirnov test with a Bonferroni correction  (** = p-value < 0.01, *** = p-911 
value < 0.001). Numbers indicate effect size.  912 
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Figure 8. RIM synapses generate behavioral inertia and jointly regulate forward-
to-reversal transitions. 
 913 
(A) Summary of synaptic regulation of spontaneous behaviors (Figures 2-7). (+) indicates that the 914 
normal function of the synapse increases the behavioral parameter (e.g. RIM tyramine increases 915 
reversal speed, because tdc-1 mutant reversals are slower than wild-type). (-) indicates that the 916 
synapse decreases the parameter (e.g. RIM tyramine, glutamate, and unc-1/unc-9 gap junctions 917 
all inhibit reversal initiation, because the mutants have more spontaneous reversals than wild-918 
type). Additional RIM transmitters inhibit reversals during global search (Figure 4), and RIC 919 
octopamine increases forward locomotion speed (Figure 2–figure supplement 2, Figure 4–figure 920 
supplement 1). 921 
(B-C) AVB, AVA, and xIB (AIB + RIB) are representative of the neurons that promote forward 922 
runs, reversals, and omega turns, respectively. AVB and RIB are depolarized during forward runs; 923 
RIM, AVA, and AIB are depolarized during reversals; AIB and RIB are depolarized during turns. 924 
(B) RIM unc-1/unc-9 gap junctions stabilize forward runs by propagating a hyperpolarizing signal 925 
to reversal-promoting neurons. 926 
(C) RIM tyramine and glutamate stabilize reversals by inhibiting forward-promoting neurons and 927 
may also activate reversal-promoting neurons.  928 
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Figure 1–figure supplement 1. CRISPR-Cas9 generated alleles enable RIM-specific 929 
glutamate transporter knockout. 930 
(A) Schematic of the sources of glutamate and tyramine in the C. elegans nervous system. 931 
Adapted from Pereira et al., 2015. 932 
(B) Schematic of cell-specific glutamate transporter knockout genetic strategy. Using CRISPR-933 
Cas9, an FRT site was inserted immediately before the start codon of eat-4 (VGLUT) and let-858 934 
3’-UTR::FRT::mCherry immediately after the stop codon of eat-4. let-858 3’-UTR stops 935 
transcription so mCherry is not expressed. To knock out glutamate release in this edited strain, 936 
nuclear-localized flippase (nFLP) was expressed under a tdc-1 promoter. The intersection of tdc-937 
1 and eat-4 expression is limited to RIM, leading to excision of the eat-4 ORF in RIM, confirmed 938 
by mCherry expression in the targeted cells. 939 
(C) Validation of CRISPR-Cas9 recombination. Top panel: Differential interference contrast (DIC) 940 
(left), mCherry fluorescence (middle), and merged (right) images of animals with edited 941 
endogenous eat-4 (VGLUT) locus. In the edited strain there is no mCherry expression, confirming 942 
that the let-858 3’-UTR stops transcription. Bottom: DIC (left), mCherry (middle), and merged 943 
(right) images for edited eat-4 strain following RIM-specific nFLP expression (tdc-1p::nFLP). 944 
mCherry is expressed only in RIM neurons, the intersection of eat-4 and tdc-1 expression. 945 
mCherry specificity for RIM was confirmed by screening 30 animals. Scale bar is 20 µM.  946 
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Figure 2–figure supplement 1. RIM::nFLP and edited eat-4 do not account for RIM glu KO 947 
phenotype. 948 
(A) Mean frequency of all reversals during local search (4-9 min off food).  949 
(B) Mean frequency of long reversals (>0.5 body lengths, left) and short reversals (<0.5 body 950 
lengths, right) during local search.  951 
(C) Mean frequency of pauses during local search. 952 
(D-F) For all reversals during local search, empirical cumulative distributions of reversal length 953 
(D) reversal speed (E) and reversal duration (F). n = 584-642 reversals per genotype from 8-10 954 
assays, 12-15 animals per assay (Supplementary file 3). 955 
(G-H) For all forward runs ≥2 s in duration during local search, empirical cumulative distributions 956 
of run duration (G) and run speed (H). n = 687-913 runs per genotype from 8-10 assays, 12-15 957 
animals per assay (Supplementary file 3). 958 
(A-C) Each gray dot is the mean for 12-15 animals on a single assay plate, with 22-24 plates per 959 
genotype. Boxes indicate median and interquartile range for all assays. Asterisks indicate 960 
statistical significance compared to elt-2p::nGFP; WT using a Mann-Whitney test (ns = p-value 961 
>= 0.05). 962 
(D-H) Asterisks indicate statistical significance compared to WT using a two-sample Kolmogorov 963 
Smirnov test (* = p-value < 0.05, *** = p-value < 0.0001, ns = p-value >= 0.05). Numbers in figures 964 
indicate effect size (See Materials and methods).  965 
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Figure 2–figure supplement 2. Octopamine affects forward and reversal speed but not 966 
reversal length or frequency. 967 
(A) Mean frequency of all reversals during local search (4-9 min off food).  968 
(B) Mean frequency of long reversals (>0.5 body lengths, left) and short reversals (<0.5 body 969 
lengths, right) during local search. 970 
(C) Mean frequency of pauses during local search. 971 
(D-F) For all reversals during local search, empirical cumulative distributions of reversal length 972 
(D) reversal speed (E) and reversal duration (F). n = 384-532 reversals per genotype from 5-7 973 
assays, 12-15 animals per assay (Supplementary file 3). 974 
(G-H) For all forward runs ≥2 s in duration during local search, empirical cumulative distributions 975 
of run duration (G) and run speed (H). n = 618-636  runs per genotype from 5-7 assays, 12-15 976 
animals per assay (Supplementary file 3). 977 
(I) Forward run durations for genotypes in Figures 1-3 follow an exponential distribution. Y-axis 978 
set at a log10 scale. 979 
(J-K) For all forward runs ≥2 s in duration during local search for genotypes in Figures 1-3, 980 
empirical cumulative distributions of run duration (J) and run speed (K). n = 1898-3132 runs per 981 
genotype from 22-24 assays, 12-15 animals per assay (Supplementary file 3). 982 
(L) Mean frequency of pauses during local search for genotypes in Figures 1-3. 983 
(A-C, L) Each gray dot is the mean for 12-15 animals on a single assay plate, with 5-7 (A-C) or 984 
22-24 (L) plates per genotype. Boxes indicate median and interquartile range for all assays. 985 
Asterisks indicate statistical significance compared to WT using a Mann- Whitney (A-C) or 986 
Kruskal-Wallis test with Dunn’s multiple comparisons test (L) (* = p-value < 0.05, *** = p-value < 987 
0.0001, ns = p-value >= 0.05). 988 
(D-H, J-K) Asterisks indicate statistical significance compared to WT using a two-sample 989 
Kolmogorov Smirnov test with (J,K) or without (D-H) a Bonferroni correction. (* = p-value < 0.05, 990 
*** = p-value < 0.0001, ns = p-value >= 0.05). Numbers in figures indicate effect size (See 991 
Materials and methods).  Although statistically significant, the effect sizes indicated in gray in D, 992 
G, J, and K fell below the 0.15 cutoff for interpretation established using control strains. The tbh-993 
1 mutant (H) accounts for the effect of tdc-1 (K) on forward speed. 994 
 995 
tbh-1 mutants, which are deficient in the synthesis of octopamine, were deficient in reversal speed 996 
to a lesser extent than tdc-1 mutants, without decreasing reversal length. We conclude that 997 
tyramine increases reversal length and speed. tbh-1 mutants had a large reduction in forward 998 
speed, comparable to that of tdc-1 mutants, and also increased pausing rates and decreased 999 
forward run duration.   1000 
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Figure 4–figure supplement 1. Expression of tetanus toxin in RIC does not affect reversal 1001 
length or global search reversal frequency. 1002 
(A) Mean frequency of all reversals during local search (4-9 min off food, left) and global search 1003 
(36-41 min off food, right).  1004 
(B) Mean frequency of long reversals (>0.5 body lengths, left) and short reversals (<0.5 body 1005 
lengths, right) during local search. 1006 
(C-E) For all reversals during local search, empirical cumulative distributions of reversal length 1007 
(C) reversal speed (D) and reversal duration (E). n = 504-733 reversals per genotype from 8 1008 
assays, 12-15 animals per assay (Supplementary file 3). 1009 
(F-G, I-J) For all forward runs ≥2 s in duration during local search, empirical cumulative 1010 
distributions of run duration (F, I) and run speed (G, J) in animals expressing tetanus toxin in RIC 1011 
(F-G) or RIM + RIC (I-J). n = 657-1301 runs per genotype from 8 assays, 12-15 animals per assay 1012 
(Supplementary file 3). 1013 
(H, K) Mean frequency of pauses during local search in animals expressing tetanus toxin in RIC 1014 
(H) or RIM + RIC (K). 1015 
(A-C, H, K) Each gray dot is the mean for 12-15 animals on a single assay plate, with 8 plates 1016 
per genotype. Boxes indicate median and interquartile range for all assays. Asterisks indicate 1017 
statistical significance compared to WT using a Mann-Whitney test (* = p-value < 0.05, ** = p-1018 
value < 0.01, *** = p-value < 0.001, ns = p-value >= 0.05). 1019 
(C-G, I-J) Asterisks indicate statistical significance compared to WT using a two-sample 1020 
Kolmogorov Smirnov test. (** = p-value < 0.01, *** = p-value < 0.0001, ns = p-value >= 0.05). 1021 
Numbers in figures indicate effect size. Although statistically significant, the effect sizes indicated 1022 
in gray in E, F, and I fell below the 0.15 cutoff for interpretation established using control strains. 1023 
 1024 
Expressing tetanus toxin in RIC caused a small increase in both long and short reversals during 1025 
local search and had small effects on reversal parameters. Note that the small effects on reversal 1026 
parameters suggest that RIC is not the critical source of tyramine in Figure 3. RIC tetanus toxin 1027 
had effects similar to tbh-1 mutants on forward and reversal speed and pausing. We conclude 1028 
that RIM tetanus toxin (Figure 4) has significant effects on reversal frequency, length, speed, and 1029 
duration, in local and global search.  1030 
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Figure 4–figure supplement 2. Expression of tetanus toxin in RIM decreases 
reversal-omega coupling and alters reversal omega and pure reversal duration. 
 1031 
(A) Fraction of reversals that terminate in an omega turn (left) and fraction of pure reversals (right) 1032 
for each genotype (see Figure 2F-G). Each gray dot is the mean for 12-15 animals on a single 1033 
assay plate, with 8 plates per genotype. Boxes indicate median and interquartile range for all 1034 
assays. Asterisks indicate statistical significance compared to WT using a Mann- Whitney test 1035 
(*** = p-value < 0.001). (B) For reversal-omega maneuvers (left) and pure reversals (right) during 1036 
local search, empirical cumulative distributions of reversal durations. Asterisks indicate statistical 1037 
significance compared to WT using a two-sample Kolmogorov Smirnov test (*** = p-value < 1038 
0.0001). Numbers in figures indicate effect size. n = 211-647 events per genotype from 8 assays, 1039 
12-15 animals per assay (Supplementary file 3).  1040 
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Figure 6–figure supplement 1. RIM gap junctions affect reversal-omega and 
pausing frequency. 
 1041 
(A) Fraction of reversals that terminate in an omega turn (left) and fraction of pure reversals (right) 1042 
for each genotype (see Figure 2F-G). 1043 
(B) For reversal-omega maneuvers (left) and pure reversals (right) during local search, empirical 1044 
cumulative distributions of reversal durations. n = 116-473 events per genotype from 6 assays, 1045 
12-15 animals per assay (Supplementary file 3). 1046 
(C) Exponential plot of forward run durations. Y-axis set at a log10 scale (see Figure 6H). 1047 
(D) For all forward runs ≥2 s in duration during local search, empirical cumulative distributions of 1048 
run speed.  n = 355-889 runs per genotype from 6 assays, 12-15 animals per assay 1049 
(Supplementary file 3). 1050 
(E) Mean frequency of pauses during local search. 1051 
(A, E) Each gray dot is the mean for 12-15 animals on a single assay plate, with 6 plates per 1052 
genotype. Boxes indicate median and interquartile range for all assays. Asterisks indicate 1053 
statistical significance compared to WT using a Mann- Whitney test (** = p-value < 0.01, ns = p-1054 
value >= 0.05). 1055 
(B, D) Asterisks indicate statistical significance compared to WT using a two-sample Kolmogorov 1056 
Smirnov (*** = p-value < 0.001, ns = p-value >= 0.05). Numbers in figures indicate effect size. 1057 
Effect sizes indicated in gray fall below the 0.15 cutoff for interpretation established using control 1058 
strains. 1059 
 1060 
RIM gap junction KD decreased the fraction of reversal-omegas without altering reversal-omega 1061 
durations.   1062 
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Figure 6–figure supplement 2. RIM gap junctions and RIM tyramine act additively in 1063 
spontaneous local search behavior. 1064 
(A) Mean frequency of all reversals during local search (4-9 min off food).  1065 
(B) Mean frequency of long reversals (>0.5 body lengths, left) and short reversals (<0.5 body 1066 
lengths, right) during local search. 1067 
(C) Mean frequency of pauses during local search. 1068 
(D-F) For all reversals during local search, empirical cumulative distributions of reversal length 1069 
(D) reversal speed (E) and reversal duration (F). n = 691-1432 reversals per genotype from 8-9 1070 
assays, 12-15 animals per assay (Supplementary file 3). 1071 
(G-H) For all forward runs ≥2 s in duration during local search, empirical cumulative distributions 1072 
of run duration (G) and run speed (H). n = 875-1541 runs per genotype from 8-9 assays, 12-15 1073 
animals per assay (Supplementary file 3). 1074 
(A-C) Each gray dot is the mean for 12-15 animals on a single assay plate, with 8-9 plates per 1075 
genotype. Boxes indicate median and interquartile range for all assays. Asterisks indicate 1076 
statistical significance compared to WT using a Kruskal-Wallis test with Dunn’s multiple 1077 
comparisons test (* = p-value < 0.05, ** = p-value < 0.01, *** = p-value < 0.001, ns = p-value ≥ 1078 
0.05). 1079 
(D-H) Asterisks indicate statistical significance compared to WT using a two-sample Kolmogorov 1080 
Smirnov test with a Bonferroni correction (*** = p-value < 0.0001, ns = p-value >= 0.05). Numbers 1081 
in figures indicate effect size. Effect sizes indicated in gray fall below the 0.15 cutoff for 1082 
interpretation established using control strains.  1083 
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Figure 7–figure supplement 1. RIM hyperpolarization affects pure reversals via 
tyramine and gap junctions.  
 1084 
(A,B) For reversal-omega maneuvers (left) and pure reversals (right) during local search, 1085 
empirical cumulative distributions of reversal durations in RIM::HisCl strains, including controls 1086 
(A,B), tdc-1 (A), and RIM gap junction knockdown (B), with and without histamine.  1087 
(A) n = 74-223 events per genotype from 6-8 assays, 12-15 animals per assay (Supplementary 1088 
file 3). 1089 
(B) n = 15-306 events per genotype from 6-8 assays, 12-15 animals per assay (Supplementary 1090 
file 3). 1091 
 1092 
Hyperpolarizing RIM in a wild-type background resulted in pure reversals of ≤1 s that were not 1093 
normally observed during spontaneous behavior. These very short reversals were suppressed 1094 
by tdc-1 mutation and gap junction knockdown.  1095 

Figure 7–figure supplement 1. RIM hyperpolarization affects pure reversals via tyramine
and gap junctions. 
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Figure 7–figure supplement 2. RIM gap junctions support optogenetically-evoked 1096 
reversals. 1097 
(A-F) Effects of RIM::ReaChR activation in wild-type, RIM glu KO, tdc-1 mutants, RIM glu KO; 1098 
tdc-1 double mutants, and RIM gap junction knockdown animals. All animals pre-treated with all-1099 
trans retinal. 1100 
(A, D) Average increase in the fraction of animals reversing during the light pulse during local 1101 
search (8-14 min off food, left) or global search (38-44 min off food, right). Each gray dot is the 1102 
mean for 12-15 animals on a single assay plate. Boxes indicate median and interquartile range 1103 
for all assays. Asterisks indicate statistical significance compared to WT using a Kruskal-Wallis 1104 
test with Dunn’s multiple comparisons test (A) or Mann-Whitney test (D) (*** = p-value < 0.001, 1105 
ns = p-value >= 0.05). 1106 
(B-C, E-F) For all reversals induced during the light pulse during local search (8-14 min), empirical 1107 
cumulative distributions of reversal speed (B, E) and reversal duration (C, F). 1108 
(B-C) n = 159-193 reversals from 14-15 assays, 12-15 animals per assay, two light pulses per 1109 
assay, 10-14 minutes after removal from food (Supplementary file 3). Asterisks indicate statistical 1110 
significance compared to controls of the same genotype using a two-sample Kolmogorov Smirnov 1111 
test with a Bonferroni correction (** = p-value < 0.01, *** = p-value < 0.001). Numbers indicate 1112 
effect size.  1113 
(E-F) n = 119-150 reversals from 12 assays, 12-15 animals per assay, three light pulses per 1114 
assay, 8-14 minutes after removal from food (Supplementary file 3). Asterisks indicate statistical 1115 
significance compared to controls of the same genotype using a two-sample Kolmogorov Smirnov 1116 
test (** = p-value < 0.01, *** = p-value < 0.001). Numbers indicate effect size.  1117 
 1118 
RIM gap junction knockdown, but not RIM chemical synapse mutants, suppressed 1119 
optogenetically-evoked reversals during global search. RIM gap junction knockdown also 1120 
decreased optogenetically-evoked reversal duration. Both RIM gap junction knockdown and 1121 
chemical synapse mutants decreased optogenetically-evoked reversal speed. 1122 
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