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0.1 Supplementary Background

0.1.1 Other names for signal propagation measurements

Previous efforts to measure signal propagation via perturbations have been variously called, “influence mapping” [75],

“projective fields” [76], “evoked brain connectivity” [77] and “functional connectivity” [22]. These are not to be confused with

approaches that measure correlations in neural activity— also often referred to as “functional connectivity.”

0.1.2 Extrasynaptic signaling background

Extrasynaptic signaling, sometimes called “volume transmission” [78], occurs either because the transmitter is released far from

the cleft, for example via dense core vesicle, or because transmitter released at the cleft spills out into the milieu. Extrasynaptic

signaling has been reported for GABA [79, 80], NMDA [81], acetylcholine [82], monoamines [49], and neuropeptides [83]. In

all cases, extrasynaptic signaling is not visible from anatomy and therefore forms additional wireless layers of communication

in the nervous system [49]. We are motivated to investigate extrasyaptic signaling of neuropeptides in particular because

gene expression of neuropeptides and neuropeptide receptors are ubiquitous across not only the C. elegans nervous system

[38, 51, 52] but also in mammalian cortex [50]. Neuropeptides are typically released via dense core vesicles [84] and are not

required to be released at the synaptic cleft. Here we refer to dense-core-vesicle mediated signaling as extrasynaptic because it

is commonly observed far from the synapse, however we cannot exclude the possibility that dense-core vesicles may also be

released at the synapse. In this work we study mutants defective for UNC-31/CAPS, a protein involved in dense core vesicle

release. In C. elegans, defects in UNC-31/CAPS are not expected to disrupt chemical or electrical synapses [53].

Extrasynaptic signaling is often associated with neuromodulation and is assumed to alter excitability or modulate synaptic

properties that change how neurons respond to input [16, 83] often over long timescales, though not always [85]. But
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extrasynpatic transmission can also directly evoke activity in downstream neurons. Our signal propagation measurements are

not designed to directly detect changes to a neuron’s excitability and instead such changes might appear as variability in our

measured responses. But our measurements should detect instances where extrasynaptic signaling evokes activity, and that is

what we observe, Fig. 5b.

0.2 Supplementary Validation

Validation of GUR-3/PRDX-2

We chose to use the GUR-3/PRDX-2 purple-light activatable optogenetic system [24, 25] in combination with GCaMP6s

[26] in order avoid optical crosstalk challenges that are common in other pairs of indicators and actuators [19, 20, 86, 87, 88].

By using the GUR-3/PRDX-2 actuator, we are able to image GCaMP6s at 505 nm [26] without detectable activation [23].

GUR-3/PRDX-2 is a gustatory receptor homolog endogenous to C. elegans and is thought to respond to reactive oxygen species

generated by light. Several lines of evidence provide reassurances that light activation of GUR-3/PRDX-2 evokes neural

signaling as expected. For example, light-activation of GUR-3/PRDX-2 in I2 was shown to inhibit pharyngeal pumping by

release of glutamate [89]. In control experiments with freely moving animals, we observe that light activation of GUR-3/PRDX-

2 expressed in AVA evokes reversals (Extended Data Fig. 2h, methods), as expected [45, 60]. Furthermore, activation of

cholinergic motor neurons M1 during the course of our signal propagation measurements evoked pharyngeal muscle contraction

(Supplementary Video 1). Since M1 is known to release acetylcholine via chemical synapse onto pharyngeal muscles [90, 91]

this is evidence that the stimulation condition we use in our experiments are well suited to evoke typical synaptic release of

classical neurotransmitters.

0.2.1 Spatial Validation of Single Neuron Targeting

To activate single neurons without also activating their neighbors, we spatially restricted the optogenetic excitation volume in

three dimensions to the typical size of a C. elegans cell soma using temporal focusing [92, 19]. We validated our targeting several

ways. We characterized the point-spread function of our spatially restricted 2 photon stimulation spot using fluorescent beads

and showed that it matched our desired size in all three dimensions (Extended Data Fig. 2a). We performed photobleaching

experiments (at reduced power) and showed that only targeted neurons were appreciably photobleached, regardless of whether

we targeted neurons near (Extended Data Fig. 2c) or far from the objective (Extended Data Fig. 2d). We demonstrated in vivo

that stimulation inside the cell soma resulted in evoked calcium transients, but immediately outside the soma (4 microns away)

resulted in no neural activation (Extended Data Fig. 2e).

And notably, an analysis of our signal propagation atlas measurements is also consistent with spatially restricted stimulation.

Stimulation events in the course of our signal propagation measurements often evoked calcium responses in the targeted

neuron, but for neurons in the immediate vicinity of the targeted neuron, ⇠75% of stimulation events did not show obvious

activation (Extended Data Fig. 2i,j), which places a worst-case-scenario extreme upper bound on off-target stimulation at ⇠25%.

In practice, we suspect most of these nearby responses are not the result of off-target stimulation but rather are legitimate

downstream responses that result from the spatially restricted on-target activation of the targeted neuron.
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0.2.2 Temporal Validation of Single Neuron Targeting

By inspecting the timing of stimulation artifacts in our calcium traces, such as those visible in Extended Data Fig. 2e, we

concluded that there is occasionally a temporal jitter of up to one imaging volume (corresponding to 0.5 s) between the time of

the stimulation and the time we report the stimulation to have occurred. This means there can be an up to 1 volume jitter in the

temporal alignment of stimulation to calcium activity in figures such as Fig. 1e and their average response. This has no impact

on measurements of signal propagation time scales (Fig. 5b) or on calculations of the kernels (Extended Data Fig. 6b,d,e-f)

because those are all calculated by comparing only the calcium activity of the upstream and downstream neurons, without

regard to when the stimulus was applied.

0.3 Interpretation of Screen for Extrasynaptic Signaling

The screen for purely extrasynatic signaling identifies only those subset of neuron pairs that pass our statistical threshold

to be deemed functionally connected in WT (q < 0.05) and also our threshold to be functionally non-connected in unc-31

(qeq < 0.05)). Additional neuron pairs likely signal extrasynaptically but don’t meet this stringent thresholds because we lack

sufficient observations. Other pairs likely signal through multiple parallel paths including both synaptic and extrasynaptic ones,

or exhibit co-transmission of both, but these would not necessarily be detected by the screen, which effectively requires all

signaling paths to cease in unc-31.

Given the degree of anatomical connectedness (any neuron is anatomically connected to any other in no more than four

hops) it is striking that we found so many neuron pairs that pass our stringent test for extrasynaptic dependence across all

paths. We note that pairs that pass our screen could include signaling paths that involve synaptic signaling in series with

extrasynaptic signaling, as this would still be purely extrasynaptic dependent. Our screen assumes that the unc-31 mutant is

defective only for dense core vesicle release, as reported [53]. unc-31-dependent defects in any additional signaling modalities,

or unc-31-dependent changes to wiring, would present a confound to interpreting these measurements.

We interpret passing our screen’s criteria (functional connection in WT and a non-functional connection in unc-31)

as evidence of acute extrasynaptic signaling on short timescales (30s or less). An alternative explanation is that instead

neuromodulators regulate neural excitability (possibly on long timescales) in an unc-31-dependent manner and we are merely

observing the presence and absence of this modulation on synaptic signaling. This explanation is not supported by the evidence.

The decrease in signaling in unc-31 cannot be explained by changes to the upstream neuron’s excitability because the upstream

neuron’s autoresponse is measured and required to be present. Similarly, our measurements are inconsistent with a dramatic

decrease in excitability of the downstream neuron in unc-31 because for the vast majority (85%) of the neuron pairs that pass

our screen, the downstream neuron still responds to synaptic inputs from at least one other neuron in unc-31. For example,

AVDR->AVDL appears in our screen (Fig. 5d) yet AVDL still responds to activation of other neurons such as AVJL (q < 0.05

in both WT and unc-31, Fig. 2a, Extended Data Fig. 7a), which is inconsistent with a dramatic decrease in AVDL excitability.

These observations are consistent with our interpretation that the lack of a response results from an unc-31-dependent loss of

acute short-timescale extrasynaptic signaling.
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We note that we cannot rule out an alternative interpretation in which unc-31-dependent neuromodulators specifically 

upregulates the function of some of the synapses onto a downstream neuron but not others and does not alter the upstream 

or downstream neuron’s overall excitability. Under this interpretation we may be observing wired synaptic signaling that is 

no longer upregulated in the unc-31 animal. Although we cannot rule it out, we find this interpretation less compelling because: 

1) it would require unc-31-dependent regulation of an individual synapse to a downstream neuron without also affecting 

other synapses onto it, or their overall excitability, and we are not familiar with molecular mechanisms for this, although they 

may exist, 2) many of the neuron pairs that pass the screen have no direct wired connections suggesting that at best synaptic 

signaling is indirect, and 3) many of the neuron pairs that pass the screen do express appropriate peptide receptor pairs that are 

consistent with extrasynaptic signaling.

0.4 Supplementary Discussion

Our signal propagation map provides a lower bound on the number of functional connections. For example, our analysis has 

fewer observations of neurons whose tagRFP-T expression is consistently too dim or whose color and location pattern is too 

difficult to identify, and so we are less likely to have the statistical power to declare those neurons functionally connected. We 

also are limited to calcium activity in the nucleus, and therefore omit compartmentalized calcium dynamics [93]. And we see 

only neural responses that result in calcium transients. For example, while we see instances of inhibition, we suspect we see 

only those instances in which a tonically active neuron is inhibited.

The neural dynamics we observe are slow but no slower than typical calcium responses to natural stimuli such as odor 

delivery [94]. The slow dynamics likely result from the slow graded potentials in C. elegans [48, 95], the slower calcium 

dynamics of the nucleus [35] and the slow rise and fall time of GCaMP6s [26] and GUR-3/PRDX-2 [24]. We identify fast 

signal transmission, even in slow dynamics, by fitting kernels to relate the dynamics of upstream and downstream neurons.

0.4.1 Potential role in validating predictions from gene expression

Signal propagation measurements may potentially play an important role in validating predictions of peptidergic signaling 

from gene express [51, 52, 96]. The expression of appropriate neuropeptide/GPCR gene combinations indicates only that 

the molecular machinery for extrasynaptic peptidergic signaling is present. By contrast, functional measurements like 

those performed here provide the more direct evidence that extrasyanaptic signaling actually occurs. Moreover functional 

measurements resolve whether such signaling directly evokes neural responses, or for example, whether they only modulate 

neural excitability over longer-timescales.
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Supplementary Material

Supplementary Spreadsheet 1 Microsoft Excel file lists neuropeptide and GPCR combinations for putative purely

extrasynaptic-dependent signaling pairs of neurons. Neuropeptide and GPCR combinations are automatically generated

based on data from [52, 38], following [51].

Supplementary Video 1 M1 stimulation evokes pharyngeal muscle contraction. Video from four animals are shown during

signal propagation measurements. In each example, neuron M1 is optogenetically stimulated for 0.5 s and pharyngeal muscle

contractions are visible by their effect on the location of neighboring neurons. M1 is known to release acetylcholine via chemical

synapse onto pharyngeal muscles [90, 91]. Top panel shows z-projection of tagRFP-T. Bottom panel shows z-projection of

GCaMP6 fluorescence. Crosshairs indicate neuron currently targeted for stimulation.
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