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Abstract 

This study tested whether C. elegans has a structural signature consistent with a 

mechanism proposed by the semblance hypothesis: an inter-postsynaptic functional 

link (IPL) between closely apposed postsynaptic terminals where pathways for 

associatively learnable stimuli converge. In three nerve-ring reconstructions of 

180–181 neurons each, the food-sensing ASE, odour-sensing AWC and 

temperature-sensing AFD neurons converged primarily on one interneuron, AIY, 

far more than expected by chance (combined p < 10⁻⁹). As the hypothesis requires, 
nearly all their synapses onto AIY were chemical, more than the background 

electrical connectivity of AIY predicts (p < 10⁻⁶). Because depolarization spreads 
along these neurites, a specific link would require direct contact, so co-location at 

shared reconstructed coordinates was tested. For perception, ASE terminals did not 

co-locate at more sites than chance, but were concentrated at a few sites on AIYR, 

giving about twice the expected number of ASE–ASE pairs under a synapse-level 

null (combined p = 0.005), an excess that depended on the null model. Cross-

modality pairs did not exceed chance, consistent with flexible associations formed 

by few neurons in changing environments. Because the co-located terminals lie on 

a single neuron, IPL mechanisms in C. elegans, if present, may differ from those 

proposed between spines in mammals. These findings are consistent with a 

structural precondition predicted by the semblance hypothesis, but whether IPLs 

form remains to be tested. 

1. Introduction 

The complete synaptic wiring diagram of the 302 neurons of C. elegans was 

reconstructed by serial electron microscopy four decades ago (White et al., 1986), 

yet the wiring diagram alone has not explained behaviour, even in this relatively 
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simple organism (Bargmann and Marder, 2013). Neither anatomical connectivity 

nor computational descriptions of neuronal function have, by themselves, specified 

the physical mechanisms of circuit function (Emmons, 2016; Biswas and 

Fitzgerald, 2022), suggesting that an essential piece may still be missing. Drawing 

on constraints from many findings in mammalian systems, a theoretical approach 

sought a learning mechanism that can generate first-person properties during 

memory retrieval (Vadakkan, 2007, 2013). The postsynaptic terminal (dendritic 

spine) of a chemical synapse is normally kept in its resting state by continuous 

quantal release from its own presynaptic terminal. If two postsynaptic terminals 

become linked during learning by an inter-postsynaptic functional LINK (IPL), an 

inter-LINKed spine cannot distinguish lateral depolarization arriving through the 

IPL from input from its own presynaptic terminal. In this context, when one of two 

associatively learned stimuli reactivates the IPL, a first-person sensation of the 

other stimulus is generated in its absence, termed semblance (Fig. 1A). Perception 

was explained as a modified operation of IPLs in the sensory cortices (Vadakkan, 

2015) (Fig. 1B). 

               

Figure 1. Inter-postsynaptic functional LINK (IPL) mechanism proposed by 

the semblance hypothesis. A first-person property arises when a postsynaptic 

terminal (spine) is depolarized through a route other than its own presynaptic 

terminal. A) During associative learning, an IPL forms between abutted spines 

(postsynaptic terminals) B and D onto which the sensory stimuli 1 and 2 converge. 

B) During memory retrieval, reactivation of the IPL by the cue stimulus (Stimulus 
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1) generates units of first-person property (semblions), whose integration forms 

semblance (memory). Everything within the red circle constitutes virtual first-

person feature.    C) During visual perception, stimuli from two adjacent locations 

on an object form an IPL and generate semblances on both inter-LINKed spines, 

whose integral forms percepton, unit of perception. Modified from Vadakkan, 

2013, 2015.  

The mean inter-spine distance on a dendritic branch exceeds the mean spine 

diameter (Konur et al., 2003), and sister branches often avoid overlapping 

(Grueber and Sagasti, 2010), raising the possibility of interaction between spines of 

different neurons. Abutted spines are spaced at ≤30 nm (Thorne and Nicholson, 

2006; Kinney et al., 2013; Soria et al., 2020; Tønnesen et al., 2023), which 

theoretically allows inter-spine interaction through the extracellular space 

(Vadakkan, 2026). Since ≤30 nm extracellular matrix (ECM) space is near the 
resolution limit of real-time tracking and lies within dense neuropil (Kasthuri et al., 

2015), an alternative is to look for comparable structural features in a simpler, fully 

reconstructed nervous system.  Evolutionary continuity suggests that the capacity 

for internal sensation is an elaboration of an ancient circuit motif (Panksepp, 

2011). If the IPL mechanism is universal, a comparable structural signature is 

expected even in a primitive nervous system such as that of C. elegans. 

1.1. Criteria for IPL-equivalent features in C. elegans 

C. elegans perceives food, odour and temperature and learns associatively: animals 

conditioned by pairing an odour with food later show enhanced chemotaxis toward 

that odour without food (Nuttley et al., 2002). Whether its simple, differently 

organized nervous system shows the structural logic of IPLs can therefore be 

asked, but its neurons differ from mammalian neurons, and these differences set 

four criteria used here. 

1.1.1. Site. C. elegans neurons lack dendritic branches and spines and conduct 

signals along single, unbranched neurites, and the nerve-ring neuropil has no 

organized ECM (Fan et al., 2020), so interaction across ECM space cannot be 

assumed. Instead, sensory inputs converge onto the postsynaptic regions of a third 

neuron, and the membrane surface between those postsynaptic regions is taken as 

the IPL-equivalent site (Fig. 2). The nerve ring contains 181 of the 302 somatic 

neurons (Moyle et al., 2021), and its volumetric connectome at nanometre 
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resolution (Varshney et al., 2011; Jarrell et al., 2012; Cook et al., 2019; Brittin et 

al., 2021; Witvliet et al., 2021) allows these sites to be examined directly.  

                                

Figure 2. Suitable location for an IPL-equivalent change in C. elegans. Boxes 

are cross-sections of neurites in the nerve ring; arrows mark chemical synapses. A) 

Without an organized extracellular matrix (Fan et al., 2020), an IPL between 

postsynaptic sites on two different neurons (Post1 and Post2) is not expected. B) 

The membrane region between two postsynaptic sites on a third neuron (Post), 

where two input neurons (Pre1 and Pre2) synapse, is a suitable location for an IPL-

equivalent change. 

1.1.2. Convergence. If learning-related changes occur where the pathways of 

associated stimuli converge, ASE (food), AWC (odour) and AFD (temperature) 

should converge on a common postsynaptic neuron more than chance predicts. All 

three project to the interneuron AIY, but whether AIY is their primary site of 

convergence among the roughly 180 nerve-ring neurons requires a statistical test. 

Neurons synapse with only about one-third of the neurons they contact (N2U; 

computed from Brittin et al., 2021; Cook et al., 2023), so partners are selected 

rather than set by proximity alone. Whether convergence on AIY exceeds what 

physical contact allows is therefore tested first (Section 3.1).   

1.1.3. Distance. C. elegans has no voltage-gated sodium channels (Bargmann, 

1998), and most of its neurons signal with graded potentials rather than action 

potentials, with some exceptions (Mellem et al., 2008; Liu et al., 2018). Their very 

high input resistance (Lockery and Goodman, 2009) implies a length constant of 

roughly 40–140 µm. Because ASE and AWC terminals occupy only 15–34 µm of 

AIY (Section 3.4), depolarization at any input site is expected to spread through 

the whole input zone. If co-activated terminals could be linked at any separation 

within this zone, reactivating a link would depolarize every terminal in between, 
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generating non-specific semblances. Specificity requires lateral depolarization 

through an IPL to be confined to its partner, so the criterion is the closest 

separation the reconstructions resolve: zero distance, with both terminals on the 

same AIY profile in one section. Synapses from one presynaptic profile are always 

co-activated and so qualify as partners.  

1.1.4. Type and stability. The hypothesis requires chemical synapses for both 

perception and associative learning (Vadakkan, 2013, 2015), whereas 11–12% of 

neuron-to-neuron connections in C. elegans are electrical (White et al., 1986; 

Varshney et al., 2011), so whether sensory inputs onto AIY are predominantly 

chemical is tested. Perception of a survival-critical stimulus such as food is 

expected to favour stable, innately formed links between postsynaptic terminals of 

the same modality (Vadakkan, 2015), so same-modality co-location (ASE–ASE, 

AWC–AWC, AFD–AFD) is examined as a candidate signature of perception. 

Associative links, in contrast, are expected to be short-lasting in C. elegans for two 

reasons: associations can lose relevance in a changing environment, and a small 

number of neurons without dendritic branches or spines may offer few 

combinations for IPL formation. Cross-modality co-location is therefore examined 

as a candidate signature of associative learning, with compound and chained 

structures as more lenient criteria. A co-located coordinate may represent two 

adjacent postsynaptic terminals or one terminal receiving two inputs; both allow 

depolarization through a route other than the terminal’s own presynaptic terminal 
and are interpreted alike (Suppl. File 2). 

2. Materials and Methods 

2.1. Data sources 

Real, three-dimensional (3-D) postsynaptic terminal coordinates were obtained for 

three independently reconstructed adult hermaphrodite specimens: N2U (Cook et 

al., 2019) and Witvliet Datasets 7 and 8 (Witvliet et al., 2021), giving six 

specimen-interneuron combinations (AIYL, AIYR × three specimens). Each 

synapse record includes presynaptic and postsynaptic identity, synapse type 

(chemical or electrical), and the 3-D position of the postsynaptic terminal. All ASE 

terminal coordinates are listed in Suppl. Table S1. 
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2.2. Methods 

2.2.1. Tests for convergence onto AIY and synapse type  

To test whether ASE, AWC and AFD converge on AIY more than chance predicts, 

each neuron receiving chemical synapses in each reconstruction was given a 

convergence score. The score was the smaller of the numbers of synapses the 

neuron received from ASE and from AWC, summed over the left and right 

members of a pair, so that only neurons receiving both inputs score highly. All 

neurons were ranked by score, and the score of AIY was compared with 10,000 

simulations (random seed 42). In each simulation, every sensory synapse was 

reassigned to a neuron in contact with its presynaptic neuron, keeping each sensory 

neuron’s synapse count; targets were weighted either by contact extent or by total 
synaptic input among contacted neurons. Contact was taken from measured 

membrane adjacency for N2U (Brittin et al., 2021) and from skeleton proximity 

(within 500 nm) for Witvliet 7 and 8 (Suppl. Methods). The same test was 

repeated for ASE with AFD, AWC with AFD and all three together.   

Because the semblance hypothesis requires chemical synapses (Section 1.1.4), all 

connections from ASE, AWC and AFD onto AIY were classified as chemical or 

electrical. For each specimen–interneuron combination, the proportion of electrical 

connections among these sensory inputs was compared with that among all 

connections onto AIY using a one-sided Fisher’s exact test, and the six p-values 

were combined (Fisher’s method). Data handling is described in Suppl. Methods. 

2.2.2. Zero-distance co-location test 

For each specimen–interneuron combination, same-modality and cross-modality 

pairs of postsynaptic terminals at a shared coordinate were counted, treating each 

recorded synapse, including repeated records from one presynaptic profile, as a 

separate terminal. A shared coordinate means that both synapses were annotated 

onto the same AIY profile in one electron-microscopy section (section step 80, 50 

and 30 nm in N2U, Witvliet 7 and Witvliet 8, respectively). Significance was 

assessed with an anatomy-preserving null: positions of all terminals on AIY, from 

any presynaptic partner, were held fixed and identity labels reshuffled 10,000 times 

(random seed 42); expected counts are reshuffle means, and p-values were 

combined via Fisher’s method. The three same-modality tests (ASE–ASE, AWC–
AWC, AFD–AFD) were the primary, hypothesis-derived tests; all other analyses 
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were secondary or exploratory. Robustness analyses (summing the two sides 

within each animal, one terminal per presynaptic profile, a pooled count, block-

permutation and spatially restricted nulls, a coordinate-level count and leave-one-

coordinate-out) and the triplet, compound, chained and minimum-structure 

analyses are described in Suppl. Methods.  

2.2.3. Distance structure beyond zero distance 

The zero-distance test was repeated with thresholds from 0 to 50 nm, and same-

modality pairs within 100 to 1000 nm were tested against the same null, with AWC 

and AFD as controls for clustering common to any sensory input (Suppl. 

Methods). 

2.2.4. Bilateral position of sensory inputs, path lengths and feedback connections 

The position of each ASE and AWC terminal was measured as the path distance 

along the AIY skeleton from its cell-body end (Cook et al., 2019; Witvliet et al., 

2021), and ipsilateral and contralateral positions were compared with a one-sided 

Mann–Whitney test, combined via Fisher’s method. The AIYL–AIYR gap 

junction, the extent of AIY occupied by sensory input, feedback connections from 

AIY, AIZ and RIA, and the path lengths of ASE and AWC axons to AIY were 

measured on the same reconstructions (Suppl. Methods).  

3. Results 

3.1. ASE, AWC and AFD converge primarily on AIY, and nearly all their synapses 

onto it are chemical 

Of the 180–181 neurons in each reconstruction of the nerve ring, which contains 

all synaptic partners of ASE, AWC and AFD, AIY received the most convergent 

ASE and AWC input in all three specimens. ASE and AWC made 37–40% and 

23–33% of their chemical synapses, respectively, onto AIY. AIY’s convergence 
score far exceeded that expected from the physical contacts of ASE and AWC in 

every specimen (p < 0.0001 in each; combined p < 10⁻⁹; Fig. 3A; Suppl. Table 

S6), under both nulls and at every contact distance tested. AFD sent 72–93% of its 

chemical synapses to AIY, and AIY was also the top target for ASE with AFD, 

AWC with AFD and all three together (p < 0.0001 in each specimen; combined p < 
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10⁻⁹; Fig. 3A). The convergence of food-, odour- and temperature-sensing input on 

AIY is therefore not a chance outcome of how the neurons contact each other.   

Electrical connections made up 12.2% of all connections in the nervous system 

(Varshney et al., 2011) and 6.6% of all connections onto AIY (27 of 412), but only 

0.9% of ASE, AWC and AFD connections onto AIY (3 of 323; Fig. 3B). Sensory 

inputs onto AIY were therefore electrical less often than AIY’s inputs as a whole 
(combined p < 10⁻⁶; five of six combinations individually significant; Suppl. 

Results). None of the three gap junctions shared an AIY profile with a chemical 

synapse; each lay among chemical inputs from the same sensory neuron, 0.4–1.3 

µm from the nearest one. 

 

Figure 3. Convergence of sensory inputs on AIY and their synapse type. A) 

Convergence score on AIY (the smallest number of chemical synapses from each 

listed sensory pair, summed over AIYL and AIYR), observed and expected from 

physical contact (contact-area null; 10,000 simulations), with the p-value for each 

specimen above each pair. W7 and W8, Witvliet 7 and 8. B) Chemical and 

electrical connections in the whole nervous system (Varshney et al., 2011), from 

all presynaptic partners of AIY, and from ASE, AWC and AFD onto AIY, pooled 

across the six specimen–interneuron combinations.  
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3.2. Zero-distance co-location: dense ASE convergence at a few sites on AIYR; no 

cross-modality excess  

3.2.1. Same-modality pairs 

ASE–ASE terminal pairs shared a coordinate more often than expected under the 

primary per-synapse analysis (combined p = 0.0051; Table 1), driven by AIYR in 

N2U (18 pairs vs. 7.0 expected) and Witvliet 7 (8 vs. 2.1); no AIYL combination 

was significant. The result remained significant after Bonferroni correction within 

the three primary tests (adjusted p = 0.015), though not across all tests reported in 

this study. It also remained significant when the two sides were summed within 

each animal (p = 0.003). AWC–AWC and AFD–AFD pairs were not enriched (p = 

0.868 and 0.479). Pooled across the six specimen–interneuron combinations, ASE–
ASE pairs were 2.1 times more frequent than expected (29 vs. 13.7; p = 0.0007), 

but the 29 pairs arose from 11 coordinates, close to the 10.2 expected (p = 0.43; 

Fig. 4; Suppl. Tables S1 and S7). The excess therefore reflected dense 

convergence at a few sites, chiefly one N2U AIYR coordinate with five ASE 

terminals (10 pairs) and one Witvliet 7 AIYR coordinate with four (6 pairs); nine 

of the 11 sites combined ASEL and ASER terminals. Several co-located terminals 

were repeated synapse records from the same presynaptic profile. The excess was 

not significant when only one terminal per profile was counted at each coordinate 

(combined p = 0.50). When all synapses from each presynaptic profile were kept 

together in a block-permutation test, the pooled excess remained significant (29 vs. 

15.7 expected; p = 0.012), but was not significant when the six combinations were 

combined by Fisher’s method (p = 0.14). When spatial position, presynaptic-

profile structure and synapse number were preserved together, the excess fell to 

about 1.25 times expected and was not significant (p = 0.10–0.12; Suppl. Table 

S8). Groups of three or more same-modality terminals were also not significantly 

enriched (ASE p = 0.053; Suppl. Table S4). These results identify a candidate 

spatial association whose statistical support depends on the null model; they do not 

establish that ASE identity, rather than the spatial arrangement and synaptic 

organization of the presynaptic profiles, accounts for the dense sites. 
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Pair type: Same-

modality 

ASE–ASE,              

p = 0.0051 

AWC–AWC,         

p = 0.868 

AFD–AFD,            

p = 0.479 

Pair type: Cross-

modality 

ASE–AWC,             

p = 0.060 

ASE–AFD,            

p = 1.000 

AWC–AFD,            

p = 0.986 

Table 1. Zero-distance co-location of postsynaptic terminal pairs on AIY. 

Fisher-combined p across the six specimen–interneuron combinations (individual 

values in Suppl. Tables S2 and S3).  

               

Figure 4. Nearest-neighbour postsynaptic terminal distance distributions for 

ASE, AWC, and AFD terminals on AIYR, pooled across all three specimens. 

Exact zero-distance co-location (leftmost bar in each panel) accounts for 30% of 

ASE terminals' nearest neighbours, compared to 9% for AWC and 10% for AFD. 

3.2.2. Cross-modality pairs, compound and chained structures 

No cross-modality pair type reached significance (ASE–AWC: p = 0.060; ASE–
AFD: p = 1.000; AWC–AFD: p = 0.986; Table 1; Suppl. Table S3), and no 

compound or chained structure was found in any specimen, an absence consistent 

with chance. Where a compound structure could form, a small one of 4–6 terminals 

would have reached significance (Suppl. Results).  

3.3. Distance structure beyond zero: clustering is not specific to ASE 

No terminal pairs of any identity occurred between zero and each specimen’s 
minimum non-zero separation (32–83 nm), which matches the section step (30–80 

nm). The ASE result was unchanged for thresholds from 0 to 30 nm and persisted 
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at 100 nm, above the largest section step (p = 0.022), whereas AWC–AWC and 

AFD–AFD pairs were not enriched at either. From 350 to 1000 nm, both ASE–
ASE and AWC–AWC pairs were enriched but AFD–AFD pairs were not, so 

clustering at these wider scales is a general feature of sensory input onto AIY 

(Suppl. Table S5).  

3.4. Search for structural evidence for oscillating potentials 

Brain function depends on oscillations of extracellular potentials within 

characteristic frequency bands (Buzsáki and Draguhn, 2004; Rusalova, 2006). 

Whether the circuitry around AIY has structural features that could support such 

activity was therefore examined. Ipsilateral ASE terminals lay closer to the AIY 

cell body than contralateral terminals in five of six combinations (combined p = 

0.00004), with the two zones overlapping distally; AWC terminals showed no such 

order (combined p = 0.20). ASE and AWC terminals together occupied 15–34 µm 

of AIY, 54–78% of its path length from the cell body. A gap junction joined AIYL 

and AIYR at their distal tips in all three specimens. In all three, AIY synapsed back 

onto ASE directly and onto ASE and AWC through AIZ. RIA, a head interneuron 

that receives AIY input and controls head movement (Hendricks et al., 2012), 

made no synapses back onto AIY, ASE or AWC (Fig. 5). In the two Witvliet 

specimens, the ipsilateral ASE axon also reached AIY by a path 27–32 µm shorter 

than the contralateral axon, a lower bound because the sensory dendrites lie outside 

the reconstructed volumes; AWC showed the same ipsilateral advantage (29–61 

µm; Suppl. Results). 
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Figure 5. Arrangement of sensory inputs on AIY and the connections around 

it. Top: ASEL, ASER and AWC (left and right AWC combined). Middle: 

AIYR and AIYL drawn from the cell body (left) to the far tip (right). ASER 

terminals (triangles) lie closer to the cell body on AIYR and ASEL terminals 

(circles) on AIYL, giving a mirror-image layout; dashed arrows link each ASE 

neuron to its terminals (blue, ASEL; orange, ASER), and in the reconstructions the 

two zones partly overlap. AWC terminals (green ticks) are intermixed without this 

order. AWC inhibits both AIYs through glutamate-gated chloride channels (green 

bar), and odour relieves this inhibition (Chalasani et al., 2007). A gap junction 

couples the far tips of AIYL and AIYR (purple). Blue arrows show feedback 

chemical connections, whose sign is not known from the connectome: AIYR onto 

ASER (2–4 synapses per animal), AIY onto AIZ (23–37) and AIZ onto ASE and 

AWC (6–9). RIA receives input from both AIYs but makes no synapses back onto 

AIY, ASE or AWC. Only connections present in all three specimens are shown. 

Terminal numbers are illustrative; not to scale.  
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4. Discussion 

The semblance hypothesis proposes that units of first-person sensation arise from a 

direct, membrane-level link between postsynaptic terminals of chemical synapses, 

during both perception and associative learning. The hypothesis specifies where, 

between which inputs and at what separation learning-related changes occur, 

predicting convergence, chemical transmission and co-location, so it can be tested 

anatomically. Convergence and chemical transmission were clearly met. Co-

location was found only as dense convergence of food-sensing inputs at a few 

sites, not for cross-modality pairs. This pattern matches the distinction the 

hypothesis draws between perception and associative learning, but the evidence is 

preliminary. Suppl. Table S9 links each prediction to its result and states the 

strength of the evidence.  

4.1. Is the pattern consistent with the IPL mechanism specifically? 

Convergence was the clearest result. Of all the neurons available, the food-, odour- 

and temperature-sensing neurons converged primarily on AIY, the site where the 

hypothesis places learning-related changes, so the choice of AIY is not an 

assumption but a property of the connectome. Nearly all sensory inputs onto AIY 

were chemical, satisfying a necessary condition of the hypothesis that is not 

specific to it, since chemical transmission is also expected in conventional sensory 

circuits. Food is arguably the most survival-critical stimulus for this organism, and 

the hypothesis expects a stable structure for a percept that must not fail. Consistent 

with this, the only co-location signature involved food-sensing ASE neurons and 

took the form of dense convergence at a few sites, while the number of sites did 

not exceed chance.  No cross-modality signature was found, although cross-

modality pairs were present. Since food–odour and food–temperature learning are 

well established in C. elegans (Mori and Ohshima, 1995; Nuttley et al., 2002; 

Torayama et al., 2007), this suggests that associative links, when formed, are not 

retained as stable structures in animals that have not been conditioned. The 

hypothesis expects associative links to remain reversible as environments change, 

particularly on the 2-D surface of an unbranched neurite, which offers less room 

than the 3-D environment of mammalian spines; the data are consistent with this 

expectation but cannot test it.  

 



14 

 

4.2. Clustered organization of synapses on AIY interneuron 

C. elegans synapses are clustered along neurites (Ruach et al., 2023), as in 

clustered plasticity, in which neighbouring synapses on a dendritic branch are 

functionally grouped (Shepherd and Brayton, 1987; Poirazi et al., 2003; Makino 

and Malinow, 2011; Takahashi et al., 2012) through intracellular signals that 

diffuse over several micrometres (Govindarajan et al., 2006; Harvey and Svoboda, 

2007). That model explains how nearby synapses change each other’s strength; not 
how first-person sensation arises. The present data separate the two scales: 

clustering from 350 to 1000 nm was shared by ASE and AWC, whereas only at 

shared reconstructed coordinates did ASE differ from AWC and AFD. Because 

ASEL and ASER respond to opposite changes in salt (Suzuki et al., 2008), co-

located ASEL and ASER terminals may be active together or in alternation.  

4.3. Bilateral ASE–AIY circuitry: testable predictions 

The mirror-image ASE layout, the tip gap junction and the feedback loops (Fig. 5) 

form a bilaterally coupled circuit. Because ASEL and ASER are driven in alternate 

halves of each head swing and promote opposite behaviours (Suzuki et al., 2008), 

and AIY controls speed and turning (Li et al., 2014), the anatomy predicts that 

each AIY responds earlier and more strongly to its ipsilateral ASE (Suppl. Note) 

and that AIYL and AIYR alternate, approximately in antiphase, locked to head 

swings. No oscillation frequency can be predicted, because the signs of the 

feedback synapses are unknown, apart from AWC’s inhibition of AIY (Chalasani 

et al., 2007). Intrinsic oscillation would be shown only by activity that persists or 

cycles in immobilized animals exposed to steady salt. Simultaneous imaging of 

AIYL, AIYR and head-swing neurons during ASEL- or ASER-specific stimulation 

can test these predictions. Equal ipsilateral and contralateral responses or in-phase 

AIY activity would falsify them.  

4.4. Limitations and criteria for functional confirmation 

The interpretations rest on three reconstructed adult animals, and the findings are 

anatomical and statistical only. A shared coordinate places two terminals on the 

same AIY profile within one 30–80 nm section but does not show that their 

membranes touch, so co-location is a proxy for contact, not a measurement of it. 

The ASE–ASE result reflects dense convergence at a few sites and depends chiefly 
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on one N2U AIYR coordinate and on counting repeated synapses from one 

presynaptic profile separately. It was not significant under the most constrained 

null, although that null has limited power. The result was found on AIYR only. 

AIYR also had more zero-distance points of all types (30 vs. 14, 16 vs. 8, 8 vs. 1), 

which may reflect arrangement, annotation or the functional asymmetry of ASEL 

and ASER (Kuramochi and Doi, 2026). The result remains significant after 

correction only within the primary tests. AIYL and AIYR of one animal are not 

independent. The perception–learning distinction is an interpretation for testing, 

because no conditioned animals were reconstructed. Co-location on a neurite is an 

analogy for inter-spine abutment in mammals, and the true IPL distance may be 

smaller than the section thickness. For perception (ASE–ASE), confirming IPLs 

would require higher-resolution electron microscopy showing membrane 

apposition at co-located sites, functional imaging showing that activating one ASE 

input depolarizes its co-located partner more than other terminals on AIY, and 

evidence that disrupting this arrangement impairs food perception. For associative 

learning (ASE–AWC), IPL function would need to be tested in animals 

conditioned to pair an odour with food (Pritz et al., 2023). 

5. Conclusion 

In three C. elegans nerve-ring reconstructions, food-sensing ASE, odour-sensing 

AWC and temperature-sensing AFD inputs converged primarily on AIY, far more 

than their physical contacts predict, and nearly all their synapses onto AIY were 

chemical. ASE terminals were concentrated at a few shared reconstructed 

coordinates on AIYR, giving about twice the expected number of ASE–ASE pairs 

under a synapse-level null (combined p = 0.005). The number of co-location sites, 

however, did not exceed chance, and the excess depended on repeated synapses 

from individual presynaptic profiles. ASE inputs were also arranged in a mirror-

image layout, joined by a gap junction at the AIY tips and embedded in closed 

feedback loops. These observations identify candidate anatomical features relevant 

to the semblance hypothesis but do not establish membrane apposition, IPL 

formation or lateral functional coupling. The absence of cross-modality enrichment 

does not show that associative learning leaves no persistent structure, because 

conditioned animals were not examined. Ultrastructural analysis, replication in 

additional animals, direct tests of lateral coupling and reconstruction of animals 
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conditioned to associate food with an odour are needed to test whether these 

features have the proposed significance.  

Supplementary material   
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S2–S9: rationale for each test, detailed methods and results, convergence tests, co-

location counts on AIY, bilateral circuitry and a summary of predictions and 

evidence.   
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