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Proprioceptive feedback is critically needed for locomotor control, but how this information is incorporated into central proprioceptive processing circuits remains poorly understood. Circuit organization emerges from the spatial distribution of synaptic connections between neurons. This distribution is difficult to discern in model systems where only a few cells can be probed simultaneously. Therefore, we turned to a relatively simple and accessible nervous system to ask: how are proprioceptors’ input and output synapses organized in space, and what principles underlie this organization? Using the Drosophila larval connectome, we generated a map of the input and output synapses of 34 proprioceptors in several adjacent body segments (5–6 left-right pairs per segment). We characterized the spatial organization of these synapses, and compared this organization to that of other somatosensory neurons’ synapses. We found three distinguishing features of larval proprioceptor synapses: (1) Generally, individual proprioceptor types display segmental somatotopy. (2) Proprioceptor output synapses both converge and diverge in space; they are organized into six spatial domains, each containing a unique set of one or more proprioceptors. Proprioceptors form output synapses along the proximal axonal entry pathway into the neuropil. (3) Proprioceptors receive few inhibitory input synapses. Further, we find that these three features do not apply to other larval somatosensory neurons. Thus, we have generated the most comprehensive map to date of how proprioceptor synapses are centrally organized. This map documents previously undescribed features of proprioceptors, raises questions about underlying developmental mechanisms, and has implications for downstream proprioceptive processing circuits.
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Introduction

Locomotion critically requires feedback from multiple morphological types of proprioceptors that sense different features of the body’s posture and movement (Rossignol et al., 2006; Mendes et al., 2013; Akay et al., 2014; Bidaye et al., 2017). While loss of one type or another separately has minimal effect, the loss of multiple types produces severe locomotor deficits (Hughes and Thomas, 2007; Akay et al., 2014; Santuz et al., 2019), demonstrating that information from multiple proprioceptive neuron types is combined centrally for locomotor control. Despite their importance for locomotion, relative to other sensory neurons, little is understood about how proprioceptive neurons are anatomically organized once they project into the central nervous system (CNS). The question of sensory mapping has long been fundamental to our understanding of sensory processing (Hubel and Wiesel, 1962; Knudsen et al., 1987; Giessel and Datta, 2014; Hildebrandt, 2014); but we know little about whether, or what form of, topographical maps exist for this essential sense.

Decades of work on proprioceptive circuits has built up a general picture of how proprioceptive afferents project into the CNS. These studies have largely relied on single-neuron tracing and electrophysiological approaches (Scheibel and Scheibel, 1969; Burrows, 1975; Brown and Fyffe, 1978, 1979; Hustert, 1982; Conradi et al., 1983; Watson and Bazzaz, 2001) and recently have been complemented by genetic techniques, especially in mice and flies (Smith and Shepherd, 1996; Sürmeli et al., 2011; Niu et al., 2013; Agrawal et al., 2020). Certain anatomical principles regarding afferent projections hold across animal systems: first, like afferents of other sensory systems, proprioceptors receive synapses from inhibitory neurons (Pearson and Goodman, 1981; Burrows and Matheson, 1994; Clarac and Cattaert, 1996; Eggers et al., 2007; Wilson, 2013; Fink et al., 2014; Chen et al., 2021). Second, proprioceptive afferents are largely segregated from exteroceptive afferents (Brown, 1981; Murphey et al., 1985; Pflüger et al., 1988). Third, afferent projections diverge based on proprioceptor type (Brown, 1981; Murphey et al., 1985). Fourth, individual proprioceptor afferents often project to multiple locations (Burrows and Pflüger, 1988; Jankowska, 2008). Lastly, in addition to diverging, proprioceptors can converge in their connectivity, providing common input to downstream neurons that receive synapses from multiple proprioceptor types (Lundberg, 1979; Jankowska, 1992; Gebehart et al., 2021).

Beyond these principles, however, prior mapping efforts have revealed a complicated spatial organization of proprioceptor afferents (Scheibel and Scheibel, 1969; Edgley and Jankowska, 1987; Pflüger et al., 1988; Prasad and Weiner, 2011; Wu et al., 2021) that does not resemble the structured, feature-based mapping seen in other sensory systems. In part because of this complexity, we have only a partial understanding of afferent anatomy, even in what is arguably the best characterized of any proprioceptive CNS region, the locust thoracic ganglia (Tyrer and Gregory, 1982; Pflüger et al., 1988; Bidaye et al., 2017). Two limitations have impeded the anatomical mapping of proprioceptors into the CNS. First, only a single cell or cell type is typically mapped at a time, providing a piecemeal rather than integrative representation of how proprioceptive central axonal projections are anatomically organized (Fyffe and Light, 1984; Smith and Shepherd, 1996; Bidaye et al., 2017). This is particularly problematic for understanding the extent and form of divergence and convergence. Second, most mapping studies do not characterize the anatomical synapses, which are the actual sites of chemical information transfer; this gap may obscure organizational principles that would emerge at the synaptic level of anatomy. We could therefore gain substantially from mapping all proprioceptors simultaneously at synaptic resolution.

This study aims to map the input and output synapses of all types of Drosophila larval proprioceptors. Comprehensive mapping at the synaptic level of detail is possible in this system thanks to the availability of an electron micrographic dataset and connectome (Saalfeld et al., 2009; Ohyama et al., 2015; Schneider-Mizell et al., 2016). Moreover, because larvae are a relatively transparent genetic model, they are amenable to non-invasive, light-based techniques for probing circuit function, such as calcium imaging and optogenetic manipulation (Jovanic et al., 2016; He et al., 2019; Vaadia et al., 2019; Tadres and Louis, 2020). Non-invasive techniques are especially important for studying how the sensing of self-movement by proprioceptors tunes locomotive behavior. Therefore, a better understanding of proprioceptors in Drosophila larvae will ultimately complement and enable developmental and functional studies of proprioception, locomotion, and the underlying circuit-level mechanisms. Like other animals, Drosophila larvae have multiple types of proprioceptors which sense various features of movement (Grueber et al., 2002; Suslak and Jarman, 2015; He et al., 2019; Vaadia et al., 2019); these proprioceptors are critically needed for larval locomotion (Hughes and Thomas, 2007; Song et al., 2007). Also as in other systems, functional (Hughes and Thomas, 2007) and anatomical (Schrader and Merritt, 2000; Grueber et al., 2002, 2007) evidence suggests we will likely observe convergence among proprioceptor output synapses. However, we do not know to what extent output synapses will intermingle in space, nor what other features may organize their inputs. Therefore, we asked how proprioceptor synapses are organized, using the larval connectome to answer this question.

In this study, we reviewed and added to the available connectomic data for larval proprioceptors (Ohyama et al., 2015). We focus on six proprioceptive neurons: dorsal bipolar dendrite (dbd), ventral bipolar dendrite (vbd), dorsal dendritic arbor D (ddaD), dorsal dendritic arbor E (ddaE), ventral posterior dendritic arbor (vpda), and dmd1 (Ghysen et al., 1986; Grueber et al., 2003). First, we describe output synapse locations; we find that, as a rule, Drosophila larval proprioceptors have synapses distributed along the incoming afferent, at both proximal and distal locations of the axon (Figure 1). We then map the distribution of proprioceptors in three consecutive body segments. Generally, the output synapses for each type of proprioceptor are organized according to a principle of left-right segmental somatotopy (Figure 2). Next, we map the overlap among output synapses from all proprioceptors within a single segment. Drosophila larval proprioceptor output synapses intermingle extensively in space; different combinations of output synapses contribute to six different spatial domains. Every proprioceptor type contributes synapses to at least two domains, and all but two domains have synapses from two or more proprioceptor types. This details the specific topography of convergence and divergence in the larval proprioceptive system (Figure 3). We also map proprioceptors’ input synapses, finding little evidence of presynaptic inhibition onto Drosophila larval proprioceptors (Figure 4). Finally, we compare the inputs and outputs of the proprioceptive neurons to other larval somatosensory neurons: those of chordotonal and class IV multidendritic neurons (Figures 5, 6). The principles of proximal axonal output, segmental somatotopy, and minimal presynaptic input do not apply broadly to larval somatosensory neurons. Thus, we have identified a suite of anatomical features that distinguish Drosophila larval proprioceptors from other larval somatosensors.
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FIGURE 1
First abdominal segment proprioceptor output synapses are distributed along the proximal and distal axon. (A) Diagrams of larval body plan, of proprioceptive neuron somata and dendrites at the larval body wall (adapted from Cheng et al., 2010; Vaadia et al., 2019), and of views of the larval CNS. The same six proprioceptive neurons are present in each abdominal hemisegment (here, A1 left). They project to neuropil segment A1 in the CNS, highlighted in pink. (B) Transverse view of reconstructed skeletons (axonal projections) in A1 of the larval connectome: proprioceptive neurons (blue), chordotonal neurons (gray), and class IV multidendritic neurons (black). Dashed pink lines demarcate the “central domain” of proprioceptive outputs. Dashed gray line: midline. (C) Three views of output synapses in the CNS made by each left side proprioceptor. Gray lines: neuron skeletons. Spheres: output synapse locations. Top subpanels: left side views; middle subpanels: top-down views; bottom-subpanels: transverse views, looking from the tail toward the head. Gray mesh: outline of larval CNS. Pink mesh: outline of A1 left side region of neuropil. (D) Distribution of output synapses along the mediolateral axis for left side A1 neurons shown in (C). Proportion of that neuron’s outputs made in 1 μm bins along the X-axis of the connectome. Views in (B,C) generated using CATMAID (Saalfeld et al., 2009). In (A): scale bars = 50 μm; (B,C): scale bars = 10 μm; scale bars equal for all axes. Throughout, dashed vertical lines: midline. D, dorsal; V, ventral; A, anterior; P, posterior; L, left side; T3, A1, A2, body segment abbreviations.
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FIGURE 2
Proprioceptors show hemisegmental, but not dorsoventral or within-class, somatotopy. (A) Each proprioceptive neuron’s output synapses from segments T3–A2 or T3–A3 (for ddaD and vbd). Diagram: color scheme for neurons’ outputs from each segment; all other proprioceptor outputs plotted in gray. Note that vbd does not exist in T3. Top-down views are shown for each neuron type individually. Both left and right side neurons’ outputs are plotted. Black (unfilled) arrowheads show locations of segmental overlap for vbd neurons. Scale bars are same for all views. (B) Three views of output synapses from A1 proprioceptive neurons colored by approximate dorsoventral dendrite position at the body wall (diagram). For left side view only, right side neurons are plotted in gray. (C) Two views of output synapses from A1 class I multidendritic neurons, colored according to diagram. (D) Two views of output synapses from A1 bipolar dendrite class neurons, colored according to diagram. (E) Two views of output synapses from stretch-sensing T3–A2 dbd neurons (blue), compared to contraction-sensing proprioceptor output synapses (gray). Throughout: scale bars = 10 μm. Dashed vertical lines: midline.
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FIGURE 3
Proprioceptor outputs converge in unique combinations in multiple spatial regions. (A) Two views of overlap in output synapses from segments T3–A2, colored according to diagram. (B) Three views of overlap in output synapses from all six left side proprioceptors in A1, colored according to diagram. Right side outputs plotted in gray. (C) Summary diagram of six spatial domains where unique combinations of A1 proprioceptor outputs converge, names and contributing A1 proprioceptors given beneath image. Note that some of these domains will also contain outputs from T3 or A2 proprioceptors. (D) Corresponding dendritic “receptive fields” of the six spatial domains in (C). Depicted for each spatial domain are the segment and cell type identity of the neurons that typically contribute output synapses in that area. Throughout: scale bars = 10 μm.
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FIGURE 4
Proprioceptors receive few input synapses. (A) Two views of input synapses onto proprioceptive neurons in T3, A1, and A2, colored by cell type according to diagram. Output synapses from same neurons shown in gray. Scale bars = 10 μm. Dashed vertical line: midline. (B) Paired bar plots of input and output synapse counts for each proprioceptive neuron in A1. Dark bars: input synapse counts; light bars: output synapse counts. Counts are shown independently for left and right side A1 neuron of each type. (C) Stacked bar plot of input synapses onto each proprioceptive neuron, summed across T3, A1, and A2. Bottom bars (dark): total input synapses in T3-A2 from sensory neurons. Top bars (light): total input synapses in T3-A2 from other (non-sensory or unidentified) neurons.
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FIGURE 5
Chordotonal (cho) neurons make fewer axonal outputs than proprioceptors, show partial hemisegmental somatotopy, and receive more inputs than proprioceptors. (A) Diagram of cho dendrites at the body wall in segment A1, and two views of output synapses made by A1 cho neurons in the CNS, colored according to diagram. Black (unfilled) arrowheads indicate locations of axonal output synapses. (B) Percentage of all output synapses that are made along the proximal axon (see section “Materials and methods”) by each proprioceptive and cho neuron in A1. Left bars in each pair: left-side A1 neuron; right bars in each pair: right-side A1 neuron. (C) Top-down view of output synapses made by all cho neurons that have been reconstructed in segments T3, A1, and A2, colored according to diagram. (D) Top-down views of output synapse locations for two example cho neurons in segments T3, A1, and A2. Proprioceptor output synapses plotted in gray for comparison. (E) Top-down view of input synapses onto all cho neurons in segment A1, colored according to diagram. Output synapses made by the same neurons plotted in gray. (F) Paired, grouped bar plot of input and output synapse counts for each proprioceptive and chordotonal neuron in A1. Left bars in each pair (dark): input synapse counts; right bars in each pair (light): output synapse counts. Left pair of bars in each group: left-side A1 neuron; right pair of bars in each group: right-side A1 neuron. Throughout: scale bars = 10 μm. Dashed vertical lines: midline.
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FIGURE 6
Class IV multidendritic (md cIV) neurons make fewer axonal outputs than proprioceptors, show no hemisegmental somatotopy, and receive more inputs than proprioceptors. (A) Diagram of md cIV dendrites at the body wall in segment A1, and two views of output synapses made by A1 md cIV neurons in the CNS, colored according to diagram. Black (unfilled) arrowheads indicate locations of axonal output synapses. (B) Percentage of all output synapses that are made along the proximal axon by each proprioceptive and md cIV neuron in A1. Left bars in each pair: left-side A1 neuron; right bars in each pair: right-side A1 neuron. (C) Top-down view of output synapses made by all md cIV neurons in segments T3, A1, and A2, colored according to diagram. (D) Top-down views of output synapse locations for the example md cIV neuron ddaC in segments T3, A1, and A2. Proprioceptor output synapses plotted in gray for comparison. (E) Top-down view of input synapses onto all md cIV neurons in segment A1, colored according to diagram. Output synapses made by the same neurons plotted in gray. (F) Paired bar plot of input and output synapse counts for each proprioceptive and md cIV neuron in A1. Left bars in each pair (dark): input synapse counts; right bars in each pair (light): output synapse counts. Left pair of bars in each group: left-side A1 neuron; right pair of bars in each group: right-side A1 neuron. Throughout: scale bars = 10 μm. Dashed vertical lines: midline.


Taken together, our results reveal anatomical features that are potentially unique to larval proprioceptive processing. They open avenues to study the development and functional organization of proprioceptive circuits and offer an example of the utility of the larval connectome for uncovering fundamental cell biological observations.



Materials and methods


Dataset

The electron micrograph/connectome dataset used in this study is a CNS reconstruction from a 6-h-old first-instar larva, first described in Ohyama et al. (2015).



Defining proprioceptive, chordotonal, class IV multidendritic, motor neurons

In general, we used the names assigned by annotators to assign reconstructed skeletons and the nodes attached to them into classes, as follows: Proprioceptive neurons: names beginning with “dbd,” “vbd,” “ddaD,” “ddaE,” “vpda,” or “dmd1.” Chordotonal neurons: names beginning with “lch5,” “v’ch,” or “vch.” md cIV neurons: names beginning with “ddaC,” “v’ada,” or “vdaB.” Motor neurons: names beginning with “MN,” which we further restricted to completely reconstructed, published motor neurons from segment A1 (see below).

We report on 138 total neurons. 104 were previously published, and 34 are new to this publication. See Supplementary Table 1 for details. To confirm the identities of unpublished neurons, we compared their morphology to light level examples (Merritt and Whitington, 1995; Schrader and Merritt, 2000; Grueber et al., 2002, 2007). For details of matching neurons in light-level data, see both Wreden et al. (2017) and Wang et al. (2022). In addition, we compared each neuron in other segments to the A1 example of the same name and to its left-right hemisegment sister neuron. The skeletons of identified neurons were reviewed to greater than 90% (with the exception of some published motor neurons).



Data processing and analyses

Connectomic information, including synapse (”node”) locations and presynaptic and postsynaptic neuron identities, was extracted from CATMAID using the pymaid library.1

Visual representations of synapse locations were made either using MATLAB or using CATMAID’s 3D viewer tool. All “output” node locations plotted were presynaptic node locations (corresponding to the location annotated for the sensory neuron). All “input” node locations plotted, conversely, were postsynaptic node locations.

Other analyses were performed using MATLAB. MATLAB code for the visualizations and analyses will be made available on our Github.2



Defining segment and side

We restricted visualizations and analyses using information about a neuron’s segment and side of origin, which we likewise obtained from the names assigned by annotators. We searched names for a tag containing segment and side, e.g., “_a1r.” For all counts of input and output synapses, neurons were restricted either to those in T3, A1, and A2, or to those in A1 alone.



Defining sensory inputs

To obtain the population of sensory neurons that synapse onto proprioceptors/chordotonals/md cIVs (Figures 4–6), we defined sensory neurons as follows:


1.Any proprioceptor, chordotonal, or md cIV neuron, as defined above.

2.Additionally include any “es” neuron: any names beginning with “les,” “v’es,” or “ves.”

3.Additionally include any miscellaneous (partially identified) sensory neuron: any names containing the terms “(class I),” “(class 1),” or “sensory.”



Finally, we manually inspected the list of returned neuron names that met these criteria, to ensure that no obviously non-sensory neurons were accidentally returned.



Defining spatial domains

Spatial domains formed by A1 output synapses were determined by eye, using the following criteria:

Dorsal domain: all synapses proximal to where the dbd axon projects ventrally, in a more-or-less vertical line (See below for corresponding coordinates).

Ventral domains: all synapses proximal to where the axons turns to project dorsally (or anteriorly, in the case of the vbd axon) (See below for corresponding coordinates). A gap of about one micron in the Z (A-P) axis separates the clusters of synapses assigned to ventral-anterior vs. ventral-posterior domains.

On the left side, A1L synapses assigned to any of the dorsal or ventral axonal domains correspond to those lateral to (greater than) X = 65000 nm, in CATMAID coordinates.

On the right side, A1R synapses assigned to the dorsal domain correspond to those dorsal to (less than) Y = 67000 nm. A1R synapses assigned to the two ventral domains lie lateral and ventral to a line drawn through (48000, 85000) and (38000, 75000) in the X, Y plane.

Midline domain: all synapses medial to the major antero-posterior tracts of the central domains. This corresponds to synapses with X positions between 53000 and 58500.

Central domain: synapses distal to the dorsal or ventral domains that group together in a cluster toward the medial part of the A1 neuropil.

This corresponds to synapses encompassed by the following ranges: X positions between 58500 and 65000 (L), or between 47000 and 53000 (R); Y positions (D-V) between 68000 and 84000; Z positions between 115000 and 125000.

Central posterior domain: all synapses posterior to the A1 segment of neuropil, with Z positions posterior to (greater than) 130000.




Results


Output synapses of Drosophila larval proprioceptors show a complex spatial organization

Proprioceptors provide essential feedback about the body’s movements, but how this information is incorporated into central proprioceptive processing circuits remains poorly understood. Here, we ask what principles underlie the spatial organization of proprioceptor input and output synapses in Drosophila larvae. To begin, we review specifics of the Drosophila larval body and how it moves: Drosophila larvae are left-right symmetrical and segmented, with much of the muscular and sensory anatomy repeated across body segments (Figure 1A; Ghysen et al., 1986; Bodmer and Jan, 1987; Campos-Ortega and Hartenstein, 1997). All three major modes of locomotion in Drosophila larvae—forward crawling, reverse crawling, and lateral rolling—involve sequential contraction of adjacent segments (Heckscher et al., 2012; He et al., 2022; Cooney et al., 2023). Segments are grouped into regions, including the anterior thorax with segments T1–T3 and the midbody abdomen with segments A1-A7. The nerve cord mirrors this organization: neuronal somata and axons and dendrite-rich central neuropil are grouped into regions corresponding to each body segment.

To monitor the movement of the larval body, in the periphery, each body segment contains left-right pairs of somata and dendrites belonging to six proprioceptors: ddaD, ddaE, vpda, dbd, vbd, and dmd1. The neurons from each segment initially project into that segment’s region of the neuropil (Figure 1A). Within the neuropil, proprioceptive neurons terminate in a region more dorsal compared to other somatosensory neurons’ projections, herein the ”central domain” (Figure 1B; Merritt and Whitington, 1995; Schrader and Merritt, 2000; Landgraf et al., 2003). The available Drosophila larval connectome (Ohyama et al., 2015) allows the discovery of proprioceptor synapse locations with nanometer resolution. In the connectome, proprioceptor axons and synapses in A1 were already reconstructed (Heckscher et al., 2015; Schneider-Mizell et al., 2016; Zarin et al., 2019b). Due to the intersegmental nature of Drosophila locomotion (Heckscher et al., 2012), however, we need a map of proprioceptor synapses from multiple adjacent segments. Here, we reviewed the existing A1 annotations and added T3, A2, and in some cases, A3 proprioceptive neurons (see Figure 2). We sought to understand the spatial organization of proprioceptor output synapses through the following main lenses: individual proprioceptors within a segment (Figure 1); comparing individual proprioceptor types across segments (Figure 2); what information converges in spatial domains of the neuropil (Figure 3); inputs onto proprioceptors (Figure 4); and which features are common to Drosophila larval somatosensory neurons and which are unique to proprioceptors (Figures 5, 6). Finally, we examined the synapses from proprioceptors onto motor neurons to understand whether features of proprioceptor output synapse organization are predicted by the locations of monosynaptic sensorimotor reflex arcs (Figure 7).
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FIGURE 7
Subset of dorsal domain output synapses form monosynaptic reflex arcs onto motor neurons. (A) Two views of all output synapses made by A1 proprioceptive neurons. Synapses onto motor neurons colored in blue. (B) Stacked bar plot of output synapses in the three proximal axonal domains. Darker bars: synapses that contact motor neurons. Lighter bars: synapses that do not contact motor neurons. Counts for left- and right-side domains given separately. (C) Counts of A1 motor neurons receiving 0, 1, 2, or 3 input synapses from proprioceptors. No motor neuron received more than 3 such input synapses. (D) Table of proprioceptor synapse counts onto the seven motor neurons receiving direct proprioceptor input. Note that dbd accounts for all proprioceptor input. Rightmost column: percentage of all input synapses onto the motor neurons that come from dbdL/R. Bottom row: percentage of all output synapses made by dbd L and dbd R that are onto motor neurons. (E) Diagram of muscle targets of the two A1 motor neurons receiving bilateral proprioceptor input. Lighter blue: RP2 targets, dorsal muscles 1, 2, 3, 4, 9, 10, 19, 20 (Hoang and Chiba, 2001). Darker blue: MN-4 target, dorsal muscle 4. Although dbd is shown for reference in the adjacent segment, dbd’s motor neuron targets (and their muscle targets) are all located in the same segment. Throughout: scale bars = 10 μm. Dashed vertical lines: midline.




Proprioceptor output synapses are distributed along the length of the axon

To begin our characterization, we describe the positions of output synapses made by each A1 proprioceptor (Figures 1C, D). We looked for the distribution of outputs along the axon and whether synapses respect approximate midline and segment boundaries. The six proprioceptors under study belong to three morphological classes, which we use to organize the following description of their outputs. We give counts for the left side neuron of each left-right pair, although right side counts are similar (Supplementary Table 2).

Two proprioceptor types belong to the bipolar dendrite class, dbd and vbd; these have dorsal and ventral dendrites, respectively. dbd is the only proprioceptor to project into the neuropil along a dorsal route (Figure 1; Schrader and Merritt, 2000), and is also the only stretch receptor of the six (Tamarkin and Levine, 1996; Simon and Trimmer, 2009; Suslak and Jarman, 2015; He et al., 2019; Vaadia et al., 2019). dbd projects medially along the dorsal route until it reaches the proprioceptor domain. It then descends ventrally and bifurcates, sending branches both anterior (into neuropil segment T3) and posterior (Schrader and Merritt, 2007). dbd A1L makes 12 of its synapses (16%) along the proximal axonal entry route, with the remaining synapses in the dorsal portion of the A1 central domain. vbd projects into the neuropil along the more posterior of two ventral entry routes. While still ventral to the central domain, vbd bifurcates, sending one branch anterior (into neuropil segment T3), and the other dorsal toward the midline of A1, which it crosses. vbd is the only proprioceptor to cross the midline. vbd A1L makes 27 of its synapses (37%) along the proximal axonal entry route, 8 of its synapses ventrally at a medial location on the way to T3, 8 anteriorly in segment T3, 10 in the A1 proprioceptor domain, and the remaining 20 near the A1 midline. We conclude that neurons of the bipolar dendrite class distribute their synapses along both the proximal and distal axons upon entering the neuropil.

Three proprioceptor types belong to the class I multidendritic neurons (herein md cI), ddaD, ddaE, and vpda; these have dorsal-posterior, dorsal-anterior, and ventral dendrites, respectively (Figure 1A; Grueber et al., 2007). ddaD and ddaE project into the neuropil along the anterior of the two ventral entry routes. Both project medially until the central domain, then turn and project dorsally. At this point, ddaD makes synapses in the A1 central domain, while ddaE turns again and projects posteriorly, making synapses in the A2 central domain (Supplementary Figure 1). ddaD and ddaE A1L both make synapses along their proximal entry route (19 and 7% of their total output synapses, respectively), but tend to make fewer relative to the other proprioceptors (Figures 1C, 2A; see also Figure 5B). vpda projects into the neuropil along the posterior of the two ventral entry routes and projects medially until the A1 central domain. Then, it turns dorsally and again posteriorly, making synapses in the A2 central domain. vpda A1L makes 12 of its synapses (32%) along the proximal entry route and the remaining synapses posterior to the A1 central domain. We conclude that, like the bipolar dendrite class of neurons, md cI proprioceptors also have synapses along both proximal and distal axons.

One proprioceptor type, called dmd1, is not grouped into morphological classes with the other neurons (Grueber et al., 2003). dmd1 projects into the neuropil along the anterior of the two ventral entry routes, then medially until the A1 central domain, and again dorsally. dmd1 A1L makes most of its synapses in a narrow dorsoventral column that stays within the A1 central domain, with the remaining 4 synapses (10%) along the proximal entry route. We conclude that dmd1 proprioceptors also have synapses along both proximal and distal axons.


Do output synapse locations differ in other segments?

In Drosophila larvae, anterior-posterior differences exist among body segment muscles and sensory neurons (Ghysen et al., 1986; Bodmer and Jan, 1987; Campos-Ortega and Hartenstein, 1997). Moreover, different body segments can participate differently in larval behaviors (Lahiri et al., 2011; Heckscher et al., 2012). Therefore, there are likely to be differences in proprioceptor output synapse number or organization between segments. We find the following differences: first, segment T3 lacks a vbd neuron. Second, dmd1 neurons from T3 make more synapses along the proximal axon entry route than abdominal dmd1 neurons. Third, vpda neurons from T3 make more lateral synapses than abdominal vpda neurons. Lastly, ddaD neurons from A2 follow a different pattern than those from A1 or T3, projecting anteriorly and making synapses extending into the central domain of A1. ddaD from A3 shows a pattern similar to ddaD from A2. In contrast, three proprioceptors—dbd, ddaE, and dmd1—did not display segment-specific characteristics. We conclude that a subset of proprioceptors has segmentally specific output synapses, and this segmental specificity is distinctive for each neuron.

In summary, proprioceptor output synapses are distributed along the length of the axon. This distribution is most often into two groups: typically, a smaller set of output synapses along the proximal axon and a higher concentration of output synapses at the distal tips. Two of the six (ddaD and dmd1) respect A1 hemisegmental bounds, while the other four extend beyond the anterior or posterior boundary of A1, and vbd alone crosses the midline (Figure 1C). Additionally, the output synapse distributions seen in A1 are generally representative, but certain proprioceptors display segment-specific features (Figure 2A).




Proprioceptor output synapses, regardless of type, morphological class, or function, show hemisegmental somatotopy

Having characterized output synapse locations for individual proprioceptors from a single segment and compared these across segments, we next compared within-segment output synapse locations across proprioceptor types. We looked for spatial organization in any of the following forms: (1) Many sensory systems display a form of somatotopy in which relative sensor positions are maintained centrally. Since different larval proprioceptors monitor different dorsal-ventral positions within a segment’s body wall, we might see a corresponding map of output synapses in the neuropil. (2) Beyond somatotopy within a segment, we might see somatotopic organization across segments, since segments can be considered anterior-posterior “units” of the larval body. We might additionally see organization that keeps the information from each side of the body (left and right) spatially separated, potentially to be used in left-right symmetrical circuits. (3) Outputs may be organized within a morphological class (e.g., bipolar dendrite neurons). In the peripheral body wall, somatosensory dendrites from the same morphological class send dendrites to different regions of space by a mechanism of active avoidance (Grueber and Sagasti, 2010). Analogous mechanisms may separate within-class outputs in the CNS. (4) Outputs may be organized by function. In the case of larval proprioceptive neurons, function and morphological class are not synonymous (He et al., 2019; Vaadia et al., 2019). Here, we ask which of the above principles, if any, govern where individual proprioceptors form their output synapses.


1: no evidence for dorsal-ventral somatotopy within segments

Because the larval body wall is roughly two-dimensional, we consider somatosensory dendrites as having a Dorsal-Ventral (D-V) or Anterior-Posterior (A-P) mapping. Two of the proprioceptors cover the full A-P extent of the segment with their dendrites; these could not readily be classified as “anterior” or “posterior.” Therefore, we compare all proprioceptors within a segment, focusing on D-V mapping. We grouped the six proprioceptors into three groups based on their relative dendrite positions. All groups intermingle extensively in the A1 central domain (Figure 2B and Supplementary Figure 2). We did not observe any axis along which there was a conservation of order from the periphery. We conclude that there is no evidence of a dorsoventral somatotopy among proprioceptors.



2: proprioceptor synapses display hemisegmental somatotopy

Here, we looked for somatotopy at the level of hemisegments, where a hemisegment refers to the right or left half of a single segment. Comparing the output synapse locations of T3, A1, and A2 segment proprioceptors, all individual dorsal proprioceptor types (dbd, ddaD, ddaE, and dmd1) display little overlap (Figure 2A and Supplementary Figure 3). Ventral proprioceptors are an exception: (1) vbd synapses from A1 and A2 overlap in the A1 midline (Figure 2A, arrowheads), and this pattern continues for vbd synapses from A2 and A3. (2) vpda synapses from T3 and A1 overlap in a ventral-lateral region (Figure 2A), but the pattern does not continue further posterior. We conclude that, in general, individual proprioceptors of the same type have little overlap in their output synapse positions and thus observe hemisegmental somatotopy.



3: bipolar dendrite but not multi-dendritic class I output synapses are separated within their morphological class

Proprioceptors comprise multiple morphological classes. At the body wall, dendrites from neurons within a morphological class are well separated. Here, we ask whether a similar separation applies to the outputs within the CNS. Among the morphological class of md cI neurons (ddaE, ddaD, vpda), output synapses intermingle extensively (Figure 2C). ddaD and ddaE synapses overlap in the ventral region of their shared axonal entry route. Within the central domain, ddaD synapses also overlap extensively with ddaE and vpda synapses from the next anterior segment (Supplementary Figure 1). By contrast, among bipolar dendrite neurons, outputs are largely separated: dbd outputs remain at the dorsal margins of the central domain, while most vbd outputs are either more ventral or medial than dbd outputs (Figure 2D). Overall, we conclude that within-class separation of output synapse locations is seen for bipolar dendrite, but not for md cI proprioceptors, and thus does not represent a general principle in organizing proprioceptor outputs.



4: stretch receptors partially separate their outputs from those of contraction receptors

Proprioceptive synapses might be organized centrally following their function, rather than by morphological class per se. In many systems, morphological class and function are linked (Tuthill and Azim, 2018), but in larval Drosophila, they are not. For instance, dbd and vbd are in the same morphological class, but dbd is the only known stretch receptor among all proprioceptors, including vbd (Vaadia et al., 2019). We compared dbd’s output synapse locations to those of the remaining five, contraction-sensing proprioceptors. dbd’s outputs along the dorsal axon entry route are well separated from those of other proprioceptors (Figure 2E). By contrast, the remainder of dbd’s outputs are in the A1 central domain, in close proximity to outputs of ddaD, dmd1, and occasionally vbd. Therefore, we see a partial separation of stretch and contraction neuron outputs.

Overall, the main organizing principle that applies to all proprioceptors, regardless of type, morphological class, or function, is hemisegmental somatotopy.




Proprioceptor output synapses display a convergent and divergent spatial organization

Information from a single proprioceptive sensor is rarely used in isolation; rather, combinations of proprioceptors are thought to convey information about the state of a body region (Bosco and Poppele, 2001; Jankowska, 2008). There is functional evidence in Drosophila larvae that proprioceptive information is used in combination (Hughes and Thomas, 2007). Further, given our observations (Figure 1) that proprioceptors distribute their synapses widely along their axons, including areas beyond the previously described “central domain” (Figure 1; Merritt and Whitington, 1995; Zlatic et al., 2009), we expect proprioceptive information is likely distributed and combined in space. We first examined adjacent segments to determine where synapse outputs overlap in space (Figure 3A). There is extensive interdigitation across segments, much of which seems to occur in the central domain region of each segment; e.g., outputs from both adjacent segments contribute to the A1 central domain. We next looked within a single hemisegment (A1 L or R) at the outputs of the six proprioceptors from that hemisegment to identify where these outputs converge (Figure 3B). We noticed convergence in the A1 central domain and in multiple locations more ventrolateral and more posterior. Finally, we combined these approaches to determine which neurons contribute to the cross-segment overlap and in which spatial domains (Figure 3C), described below.

A1 proprioceptors contribute to six spatial domains (some of which also contain outputs from T3 and/or A2 proprioceptors). For each domain, based on the neurons that contribute output synapses, we reconstructed the domain’s expected “receptive field” at the body wall (Figure 3D). The domains, their contributing proprioceptors, and predicted receptive fields are as follows: (1) The dorsal domain in A1 receives information from only one A1 proprioceptor (dbd), and forms along dbd’s dorsal axonal entry route; this domain is predicted to contain information about segment stretch. (2) The midline domain in A1 also receives information from only one A1 proprioceptor (vbd), but forms at the distal tips of vbd axons rather than along the proximal entry route. A2 vbd also contributes to this domain. The midline domain is predicted to contain bilateral information about ventral contraction. In contrast to the dorsal and midline domains, (3) the ventral-anterior and (4) ventral-posterior domains in A1 receive information from multiple proprioceptors. These domains, which are along the ventral axonal entry routes, are predicted to contain information about dorsal contraction and ventral contraction, respectively. (5) The central domain receives information from multiple A1 proprioceptors and proprioceptors originating in adjacent body segments. This combination of outputs is predicted to contain a complex mixture of information about the contraction of multiple segment boundaries; because two of the contributing neurons are direction-selective (He et al., 2019; Vaadia et al., 2019), the activity of outputs in this domain likely depends on the direction of movement. (6) The central posterior domain is the final domain to contain synapses from A1 proprioceptors; it is the equivalent of the A1 central domain but in the next posterior segment (A2). The same predictions hold for this domain’s receptive field and the information it contains.

In general, we find complex patterns of proprioceptive information converging in space, often along the axonal entry routes. Each proprioceptor contributes outputs to multiple spatial domains, and most spatial domains contain only proprioceptive information from within the segment, but the central domain contains information from multiple adjacent segments.



Few presynaptic inputs onto Drosophila larval proprioceptors

Presynaptic inhibition onto proprioceptive afferents is widespread across species (Clarac and Cattaert, 1996; Rudomin and Schmidt, 1999; Azim and Seki, 2019). In many cases, proprioceptive circuits use inhibition to scale the magnitude of incoming sensory signals, which may be needed to encode a wide dynamic range and/or avoid fatiguing the sensors (Straka et al., 2018; Tuthill and Azim, 2018; Skandalis et al., 2021; Gebehart et al., 2022). In addition, inhibition of proprioceptive feedback may be needed to modify motor reflexes such that they do not occur at inappropriate times (Eccles et al., 1962; Burrows, 1996; Rossignol et al., 2006; Fink et al., 2014). Therefore, presynaptic inhibition is widely thought to be necessary for proprioception, and it is reasonable to expect presynaptic inhibition of Drosophila proprioceptors. However, remarkably, proprioceptors in A1 reportedly receive few presynaptic inputs (Schneider-Mizell et al., 2016). To confirm and extend these findings, we looked for presynaptic inputs onto Drosophila larval proprioceptors in other segments. Where possible, we asked if inputs were likely to be excitatory or inhibitory. Compared to inputs, we confirm A1 proprioceptors receive few inputs (Figures 4A, B). In A1, the most input synapses received by any single proprioceptor is five (onto R side dmd1; Figure 4B). This pattern holds true across segments (Supplementary Table 2). Moreover, multiple proprioceptors do not appear to receive any input synapses. On average, a proprioceptor’s number of inputs is only 2% of the number of its outputs. Indeed, the 34 proprioceptive neurons in segments T3, A1, and A2 receive only 38 synaptic inputs between them (Figure 4A). We find that the 38 synaptic inputs come from 32 presynaptic neurons, at least 15 of which are other sensory neurons (Figure 4C). Drosophila somatosensory neurons are expected to be excitatory (Ohyama et al., 2015). In summary, we confirm there are few input synapses onto proprioceptive neurons. Additionally, we find that many presynaptic partners are most likely excitatory. Overall, there is little evidence for pre-synaptic inhibition of larval proprioceptors.



Comparisons among somatosensory modalities

So far, we have uncovered three features that describe the anatomy of Drosophila larval proprioceptors: (1) they form output synapses along axon routes into the nerve cord; (2) they receive few presynaptic inputs; and (3) individual proprioceptor types follow the principle of hemisegmental somatotopy. Given that features 1 and 2 are both surprising and potentially functionally significant (Clarac and Cattaert, 1996; Cover and Mathur, 2020), we next wanted to see whether these features were common to other Drosophila larval somatosensors. Therefore, we looked for the above three features in two additional classes of Drosophila larval somatosensory neurons (Figure 1B): chordotonal neurons (“chordotonals”) and class IV multidendritic neurons (”md cIVs”) (Ghysen et al., 1986; Bodmer and Jan, 1987; Grueber et al., 2002), which have been annotated in the connectome by other groups (Ohyama et al., 2015; Jovanic et al., 2016). The chordotonals in abdominal body segments comprise seven neurons: five lateral chordotonal (lch) neurons, found in a cluster together at the body wall (Figure 5A); one additional lateral chordotonal (v’ch); and two ventral chordotonals (vch) (Ghysen et al., 1986). The md cIV neurons in abdominal body segments comprise three neurons; their highly elaborate dendritic arbors tile most of the body surface (Figure 6A). Previous work has characterized their axonal projections into the neuropil (Merritt and Whitington, 1995; Schrader and Merritt, 2000; Grueber et al., 2007; Zlatic et al., 2009). Here, we evaluate the spatial organization of their output synapses, focusing on comparing patterns to those found in proprioceptors.


Compared to proprioceptors, other somatosensory neurons make fewer output synapses along the proximal-distal axis of their central axon

Having observed that proprioceptors form a substantial fraction of their output synapses along axonal entry routes, we looked for the presence of chordotonal and md cIV output synapses along these neurons’ axonal entry routes. From the chordotonal neurons in A1, we counted 11 output synapses along the incoming axon, compared to 846 total outputs (1.3%) (Figures 5A, B). This percentage remains at 1.0% when including chordotonals in segments T3–A2. Meanwhile, from the md cIV neurons in A1, we counted 4 output synapses along the incoming axon, compared to 294 total outputs (1.3%) (Figures 6A, B), and this percentage remains at 1.4% when including md cIV neurons in T3–A2. We conclude that, compared to proprioceptors, both chordotonals and md IV neurons make few output synapses along their axon routes into the central neuropil. The synapses along the axons thus appear to be a feature specific to proprioceptors.



Comparison of somatotopic organization of neurons from one class

We next asked whether hemisegmental somatotopy applies to chordotonal neurons. First, we characterized the outputs of left-right chordotonals originating in segment A1. Chordotonal synapses are organized into columns that run anteroposterior, closely resembling their previously characterized axonal trajectories (Merritt and Whitington, 1995). The outputs from A1 chordotonal neurons largely remain within the A1 neuropil segment and never cross the midline (Figure 5A). This columnar form of spatial organization is unlike any form of organization displayed by the Drosophila larval proprioceptors. Next, we mapped output synapses from chordotonal neurons in three adjacent segments, T3–A2. Some, but not all, chordotonal neurons in these segments restrict their outputs to their own segment of neuropil (Figures 5C, D and Supplementary Figure 4); We also found extensive overlap across segments for many chordotonals originating in segments posterior to A2 (not shown). However, hemisegmental somatotopy is present for a subset of chordotonal neurons (lch5-1 and lch5-3: Supplementary Figure 4). We conclude that hemisegmental somatotopy is less common among chordotonals compared to proprioceptors.

We performed the same set of analyses for md cIV neurons. First, outputs from all three md cIV neurons originating in segment A1 intermingle extensively (Figure 6A). This is reminiscent of the spatial organization of proprioceptors belonging to md cI (ddaD, ddaE, and vpda), but not other types of proprioceptors. Further, md cIV neurons rarely restrict their outputs to a single segment of neuropil (Figures 6C, D and Supplementary Figure 5); instead, outputs from adjacent segments overlap both lateral to and at/across the midline (Supplementary Figure 5). We checked this pattern for md cIV neurons annotated in other segments thus far and confirmed that the general rule is for a neuron to form synapses across its own segment of neuropil, plus at least one adjacent segment (not shown). We therefore see no evidence of hemisegmental somatotopy among md cIVs, in contrast to proprioceptors.

We conclude that hemisegmental somatotopy is present for outputs from a subset of chordotonal neurons and absent for outputs from md cIV neurons. This feature, which was common among proprioceptors (except for vbd), is therefore not a general feature of somatosensory neurons.



Most Drosophila larval somatosensory neurons have abundant presynaptic input

As noted earlier, presynaptic input onto sensory neurons is a common feature of many sensory systems. However, there are a small number of presynaptic inputs onto larval proprioceptors (Figure 4B). To test whether this small number of input synapses is a general feature of larval somatosensory processing, we investigated the inputs onto chordotonal and md cIV neurons. These analyses confirm and extend those of Jovanic et al. (2016) and Gerhard et al. (2017). First, we visualized the input synapses onto chordotonal and md cIV neurons in segments T3, A1, and A2. Compared to proprioceptors (Figure 4A), chordotonal and md cIV neurons receive input synapses broadly throughout their arbors (Figures 5E, 6E). Next, we quantified the total input and output synapses for chordotonal and md cIV neurons in segment A1, as this segment has a complete set of reconstructed sensory neurons (Figures 5F, 6F and Supplementary Table 3). While overall numbers of output synapses are comparable in magnitude across each of the three classes— proprioceptors, chordotonals and md cVIs—the numbers of input synapses are much smaller among proprioceptors than among the other two classes. As a result, the ratio of input to output synapses is also noticeably smaller for proprioceptors. While the mean input-to-output ratio for A1 proprioceptors (expressed as a percentage) is only 2.6%, for A1 chordotonals it is 54.4%, and for A1 md cIVs it is 30.9%. The relative lack of presynaptic input appears to be a unique feature of larval proprioceptors.

In summary, we identify unique anatomical features of larval proprioceptive neurons that set them apart from other somatosensors: (1) they form output synapses along axon routes into the nerve cord; (2) they receive very few presynaptic inputs; and (3) individual proprioceptor types follow the principle of hemisegmental somatotopy.




A subset of dorsal proximal output synapses belong to monosynaptic reflex arcs from proprioceptors to motor neurons

Among the best-characterized circuits in neuroscience are monosynaptic reflex arcs between proprioceptors and motor neurons, which are important in many systems for the fast retraction or stabilization of limbs (Tuthill and Azim, 2018). However, in non-limbed animals, few direct connections between proprioceptors and motor neurons have been described. A notable exception is a caterpillar, Manduca sexta, in which proprioceptor-to-motor neuron direct connections have been reported (Tamarkin and Levine, 1996). Because the proximal output synapses are an unusual feature of proprioceptors (compared to chordotonals and md cIVs), we asked whether their presence might be accounted for by direct connections to motor neurons. In other words, are the three proximal domains (dorsal, ventral-anterior, and ventral-posterior domains) the locations of monosynaptic connections between sensory and motor neurons?

We looked for synapses from proprioceptors onto motor neurons from A1, the only segment in which motor neurons have been comprehensively reconstructed and annotated (Zarin et al., 2019b). Other authors have reported a small number of direct connections from dbd neurons to motor neurons (Schneider-Mizell et al., 2016; Zarin et al., 2019a); we reviewed these annotations to double-check for any missing proprioceptor to motor neuron synapses. We could find only one additional synapse from proprioceptors in A1 onto motor neurons, bringing the reported total from 10 to 11 (Figure 7). We confirmed that, in this EM dataset, no connections are reported between chordotonal or md IV neurons and motor neurons (data not shown).

We found that, of the three proximal domains, only synapses in the dorsal domain innervated A1 motor neurons (Figures 7A, B). As this domain exclusively contains output synapses from dbd, we confirmed that only dbd proprioceptive neurons directly synapse onto motor neurons in A1. Of the 12 proximal synapses in the left-side dorsal domain, 5 contact motor neurons, or 42%. (These 5 output synapses innervate 6 motor neurons; in Drosophila larvae, one pre-synapse typically contacts multiple post-synaptic neurons). Of the 16 proximal synapses in the right-side dorsal domain, 4 contact motor neurons, or 25%.

We conclude that synapses onto motor neurons can only account for a small fraction of the proprioceptors’ proximal axonal synapses, and only from dbd neurons.


Direct connections from proprioceptors to motor neurons show the expected connectivity for a monosynaptic reflex arc

We next asked whether the synapses from proprioceptors onto motor neurons show the expected connectivity for monosynaptic reflex arcs. Monosynaptic reflex arcs typically enable “corrective” reflexes: for instance, when proprioceptive feedback signaling an increase in muscle stretch (e.g., from muscle spindles) causes increased activation of motor neurons that innervate the muscle in question, counteracting the stretch (Rossignol et al., 2006). Similarly, since the only monosynaptic sensory-to-motor connections observed so far in larvae are from dbd neurons, which are dorsally positioned longitudinal stretch sensors (Schrader and Merritt, 2000; Suslak and Jarman, 2015), we might expect the motor neuron targets to be those that innervate dorsal longitudinal muscles, whose elongation would promote dbd activity and whose contraction would inhibit dbd activity.

We therefore evaluated which motor neurons received input from dbd in A1 R and L. Of all 56 motor neurons with complete annotations in A1, 49 received no dbd input (Figure 7C). A total of four motor neurons received a single input synapse, and only 3 received more than one input synapse. These synapse counts are low: dbd input accounted for no more than 1.5% of any motor neuron’s inputs, and conversely, synapses onto motor neurons (combined) accounted for less than 1.5% of all dbd output synapses.

The identities of the motor neurons receiving any dbd inputs are shown in Figure 7D. Only two motor neurons received dbd inputs on both sides of the midline: both left- and right-side RP2 and MN-4 motor neurons received synapses from the ipsilateral dbd neuron. Because they are consistent on both sides, we consider these synaptic partnerships more likely to be genetically pre-specified and to recur in other body segments (Ohyama et al., 2015). In support of this conjecture, we looked for the (incompletely reconstructed) RP2 motor neuron in two additional hemisegments, T3L and A2R, and confirmed the existence of a small number of synapses from dbd onto RP2 in these hemisegments (data not shown). Both MN-4 and RP2 show the expected connectivity for a stretch-countering reflex arc: MN-4 innervates a lateral longitudinal muscle close to dbd’s dendritic field. RP2, also known as the dorsal type Is motor neuron, innervates several dorsal muscles (Figure 7E). Activity of either motor neuron could, presumably, cause the body segment to shorten along the longitudinal axis and counter the stretch sensed by dbd.

Finally, we note that the three A1 motor neurons receiving dbd inputs on just one side of the midline, MN-1, MN-18, and MN-21/22, all innervate dorsal muscles (Hoang and Chiba, 2001); however, MN-18 and MN-21/22 innervate muscles with a transverse orientation, whose contraction would not directly counter longitudinal stretch.

We conclude that the synapses from dbds onto motor neurons in A1, while few in number, generally show the expected connectivity for a monosynaptic reflex arc.





Discussion

Circuits that process proprioceptive information are essential to locomotor control. In this study, we describe the anatomical organization of the first stage of proprioceptive processing circuits: the input and output synapses of proprioceptors. We identified four anatomical features that differentiate Drosophila larval proprioceptors (Figures 1–4) from other somatosensory neurons (Figures 5, 6). (1) All Drosophila larval proprioceptors project to a region of the CNS that is dorsal to other somatosensory projections, in agreement with previous reports (Merritt and Whitington, 1995; Schrader and Merritt, 2000; Zlatic et al., 2009). All but vbd project to a common region, the “central domain” (Figures 1, 3). (2) Nearly all proprioceptor types display hemisegmental somatotopy, meaning their own outputs do not cross the midline and tend to repeat, but do not overlap, across adjacent segments (Figure 2). (3) Drosophila larval proprioceptors make proximal and distal output synapses along the axon, leading to the complex mapping of proprioceptive outputs into multiple spatial domains (Figures 1, 3). The presence of proximal output synapses in proprioceptors cannot be explained by these neurons’ connections to motor neurons (Figure 7). (4) Drosophila larval proprioceptors receive few presynaptic inputs, in agreement with previous reports (Schneider-Mizell et al., 2016), and we newly conclude that few inputs are inhibitory (Figure 4). In summary, we have described the spatial logic and distinctive features that characterize the organization of Drosophila larval proprioceptive synapses.


Potential limitations of our mapping efforts

Here, we focus on six proprioceptive neurons: dbd, vbd, ddaD, ddaE, vpda, and dmd1 (Ghysen et al., 1986; Orgogozo and Grueber, 2005). We do not wish to argue that these are the only neurons that sense proprioceptive information in the Drosophila larva. We focus on this set because they are widely agreed to be proprioceptive in nature (Tamarkin and Levine, 1996; Simon and Trimmer, 2009; He et al., 2019; Vaadia et al., 2019). However, in adult insects, chordotonal neurons are proprioceptive (Burrows, 1996; Field and Matheson, 1998; Mamiya et al., 2018), and in larvae, chordotonal and md cIV neurons may respond to self-movement (Ainsley et al., 2003; Caldwell et al., 2003; Song et al., 2007). Significant anatomical differences exist between the six “proprioceptive neurons,” chordotonal neurons, and md cIV neurons. These differences do not rule out that chordotonal or md cIV neurons encode proprioceptive information, but they do raise questions about how different anatomies arise during development and how they contribute to different circuit-level properties.

This study takes advantage of an EM dataset of the larval CNS to gain nanometer-resolution insight into the cell biological, morphological, and spatial features of proprioceptive neurons. We use EM data to generate a detailed map of larval proprioceptor inputs and outputs across three body segments, the most complete map of its kind. However, EM datasets come with their own set of limitations (Morgan and Lichtman, 2013): first, we cannot assume synapses are functional or determine their strengths, which might lead us to overlook patterns related to functional connectivity. Second, reconstructions are subject to occasional annotation errors. Lastly, the EM dataset is from one animal at one developmental stage and may reflect idiosyncrasies in this animal’s development or transient patterns (e.g., synapses that will be pruned over time; although see Gerhard et al., 2017).

Finally, we have not described proprioceptors’ postsynaptic partners in this study, leaving open many important lines of follow-up inquiry (see below). The number of postsynaptic partners is likely to be in the hundreds, as in Drosophila, each presynaptic site can contact multiple postsynaptic sites, each potentially belonging to a unique neuron.



Novel insights into proprioceptor output synaptic divergence and convergence

Proprioceptive processing circuits have long been thought to be characterized by the properties of divergence and convergence (Bosco and Poppele, 2001; Jankowska, 2008; Tuthill and Azim, 2018). At the anatomical level, divergence and convergence have largely been understood by examining the projection patterns of individual proprioceptor afferents, leading to identification of regions of the CNS innervated by different sensory types (Eccles et al., 1957; Murphey et al., 1985; Merritt and Whitington, 1995; Smith and Shepherd, 1996; Niu et al., 2013; Lai et al., 2016). In this study, thanks to the larval EM dataset, we can demonstrate the existence of both convergence and divergence at the level of proprioceptive outputs in space and describe patterns in how specific proprioceptor types converge and diverge at this level. These descriptions are a first step in unraveling the spatial complexity of the larval proprioceptive system and extracting organizational principles, discussed below.


Divergence

Anatomical divergence of larval proprioceptive output synapses is underpinned by two main strategies.

First, hemisegmental somatotopy segregates the outputs of (most) proprioceptive types across adjacent segments. Hemisegmental somatotopy may be important from the point of view of downstream partners. A limited number of downstream partners have been identified in other studies, including both local interneurons (e.g., Jaam neurons) and intersegmental interneurons (e.g., late-born Even-skipped Lateral interneurons; Heckscher et al., 2015). The presence of both local and intersegmental downstream partners implies that proprioceptive information is likely both to be used within a segment and to be simultaneously distributed to other segments. In the case of local downstream neurons, whose dendrites are largely restricted to one segment of neuropil, a matching restriction of partner proprioceptor synapses could help establish segmentally repeated circuits that are responsible for the local implementation of a proprioceptive processing computation (Thomas et al., 1984; Clark et al., 2018). Such local computations have been suggested for, e.g., computing a local bending angle or correcting left-right asymmetries (Heckscher et al., 2015; Vaadia et al., 2019). Other somatosensory neurons (e.g., nociceptors) do not respect the principle of hemisegmental somatotopy, implying that such local output restrictions may be more important for proprioceptive processing than for other somatosensory processing circuits.

Second, individual proprioceptors distribute output synapses along their axons at both proximal and distal locations. In the case of dbd, only the proximal synapses contact motor neurons (Figure 7), suggesting a potential separation of downstream partners by synapse location. However, we cannot currently determine whether this finding is the exception or the rule. Furthermore, most proprioceptor types distribute synapses into multiple domains, one of which is typically the central domain (Figure 3 for domain definitions). The exception is vbd, whose outputs are not distributed to the central domain but instead contribute to the midline domain. This raises the additional question of why vbd alone locates its outputs in this region: does it participate in distinct proprioceptive processing circuits from other proprioceptors? Future analysis of downstream partners should help resolve these questions.



Convergence

Anatomical convergence of output synapses reveals interesting patterns regarding what proprioceptive information could be combined in space. There are six proprioceptor types in Drosophila larvae, whose outputs could be spatially combined in many patterns. However, given the total number of possibilities, we find evidence for a rather limited number of combinations. Five domains consist of interdigitated outputs from multiple proprioceptor types (Figure 3). Only in the central and midline domains are outputs combined from multiple segments. Furthermore, in these domains, we do not see indiscriminate mixing of all proprioceptors; rather, some proprioceptors appear to “skip” the domains in their own segment of neuropil and form outputs only in adjacent segments. The limited number of output combinations and specificity in how neurons converge across segments may indicate combinations of feedback signals that are important to integrate into downstream circuits (Levinsson et al., 2002; Willis and Coggeshall, 2004). For instance, in the case of the central domain, convergence may create an area where locomotor-related proprioceptive feedback is integrated. Outputs in this domain likely encode information related to contraction of the current segment (dmd1), as well as information about the movement of either of the adjacent boundaries: movement forward of the anterior boundary (ddaE, and plausibly vpda, from the anterior segment), or movement backward of the posterior boundary (ddaD from the posterior segment) (He et al., 2019; Vaadia et al., 2019). This information could signal that a locomotor wave is progressing from the segment in question into the next.

Using our current dataset, in which a large fraction of proprioceptors’ downstream targets have yet to be identified and reconstructed, we cannot currently confirm whether spatial convergence corresponds to shared downstream target neurons or, conversely, whether spatial divergence leads to unique downstream neurons. This lacuna leaves many interesting questions to be answered. For instance, how unique are the downstream target neurons that receive input from each distinct spatial domain? Is spatially divergent proprioceptive information kept separated at the level of these second-order interneurons, or instead combined by these neurons across spatial domains and/or hemisegments? A few examples have already been described of downstream interneurons that make their own outputs on both sides of the midline and/or across segment boundaries, including some of the Even-skipped Lateral neurons (Heckscher et al., 2015) and the A27h neuron (Fushiki et al., 2016), both of which contribute to coordinating (hemi-)segmental contractions during locomotion. Examples are also known of downstream interneurons, such as Jaam interneurons, that receive proprioceptive inputs from both the left and right side of a segment (Heckscher et al., 2015). Either type of second-order interneuron connectivity could quickly combine proprioceptive information that was spatially segregated at the level of sensory outputs. We note that, even in cases where downstream target neurons combine information across multiple spatial domains (such as the Jaam neurons), the local divergence/convergence of proprioceptive subtypes we describe may still be important for local dendritic computations (Clarac and Cattaert, 1996; Hao et al., 2009; Pouille et al., 2013; Wilson, 2013).

Thus, from the functional perspective, an important next step will be to identify and reconstruct all downstream targets of proprioceptive neurons. This will help elucidate the extent to which spatial convergence and divergence of proprioceptive synapses actually represent integration or distribution of proprioceptive signals, respectively. From the developmental perspective, an important next step will be to understand the genetic control of synapse placement, in cases both of convergence and divergence.




Little pre-synaptic inhibition onto larval proprioceptors

Presynaptic inhibition has been repeatedly described across proprioceptive systems and is considered a near-universal feature of proprioceptive sensory processing (Rudomin and Schmidt, 1999; Tuthill and Azim, 2018). Presynaptic inhibition of proprioceptive feedback is thought to play many roles in motor control, including reducing the gain of proprioceptive signals, stabilizing reflexes, and preventing oscillations that could otherwise be caused by delayed feedback (Rudomin and Schmidt, 1999; Rossignol et al., 2006; Windhorst, 2007; Fink et al., 2014). Here, we found few inputs to proprioceptors alongside evidence that many inputs are excitatory rather than inhibitory (Figure 4). This suggests that larval proprioceptors are distinctive, likely being subject to little to no presynaptic inhibitory control. What aspects of Drosophila larval body or behavior could explain this? In contrast to most proprioceptive systems that have been studied in depth (e.g., adult fly), larvae lack limbs; they move primarily using peristaltic contractions of consecutive body segments (Heckscher et al., 2012). This difference in body form and locomotor strategy could lead to differences in the organization of locomotor circuits that obviate the need for reflex stabilization or phase-dependent gating. Indeed, the “mission accomplished” model proposed for the role of proprioceptive feedback in larval locomotion does not apparently depend on presynaptic inhibition (Hughes and Thomas, 2007; Pehlevan et al., 2016). Alternatively, gain control may be important for some aspects of proprioceptive processing but implemented without presynaptic inhibition: via properties of the sensory neurons themselves or of their interaction with the body that reduce synaptic transmission depending on the animal’s behavioral state or the neuron’s firing history (Tuthill and Azim, 2018; Dickerson et al., 2021). Future modeling and experiments are needed to determine what properties of proprioceptors, or properties of proprioceptive processing, differentiate this sensory modality in larvae from other somatosensory modalities.




Conclusion

Altogether, our results provide the most comprehensive and detailed map to date of a proprioceptive system’s earliest stage of central organization. This map opens the door to developmental and functional studies that will ultimately elucidate the relationship between the anatomical and functional organization of proprioceptive networks, a relationship that is fundamental for understanding how proprioception contributes to larval motor control.
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Supplementary Figure 1
Output synapses in the “central posterior” domain (see Figure 3), corresponding to the “central domain” of segment A2. Top, body wall diagram: dendritic “receptive field” of the contributing neurons. Two views plotted below; contributing neurons colored according to body wall diagram. Note contribution of synapses from neurons in both adjacent segments. Spatial position values along axes are given in nm.

Supplementary Figure 2
Distributions of A1 proprioceptor output synapses along left-right (L-R/mediolateral) axis, top panel; along dorsal-ventral (D-V) axis, middle panel; and along anterior-posterior (A-P) axis, bottom panel (Direction of axis relative to CNS shown in insets). Left-side proprioceptors in left set of 3 panels; right-side proprioceptors in right set of 3 panels. Each proprioceptor’s output distribution plotted as the proportion of outputs in 1 μm bins, colored according to legend. Midline plotted as vertical dashed line.

Supplementary Figure 3
Anterior-posterior distributions of output synapses from individual proprioceptors from segments T3, A1, and A2 (or T3-A3, ddaD, and vbd only). Each segment’s output distribution plotted as the proportion of outputs in 1 μm bins; segments colored according to legend. Direction of the A-P axis shown relative to CNS at bottom.

Supplementary Figure 4
(A) Top-down views of output synapses from all T3, A1, and A2 chordotonals (that have been annotated), colored according to diagram. All chordotonals combined, with proprioceptor output synapses plotted in gray for spatial context, in top panel. Individual chordotonals’ T3–A2 outputs, with other chordotonals’ outputs plotted in gray, in lower set of panels. (B) Anterior-posterior (A-P) distribution of output synapses from individual chordotonals from segments T3, A1, and A2. (Direction of axis relative to CNS shown at bottom). Each segment’s output distribution plotted as the proportion of outputs in 1 μm bins; segments colored according to legend.

Supplementary Figure 5
(A) Top-down views of output synapses from all T3, A1, and A2 md cIV neurons (that have been annotated), colored according to diagram. All md cIVs combined, with proprioceptor output synapses plotted in gray for spatial context, in top panel. Individual md cIVs’ T3-A2 outputs, with other md cIVs’ outputs plotted in gray, in lower set of panels. (B) Individual md cIV neuron’s output synapses, this time colored by side and segment identity, according to legend. Other md cIVs’ outputs plotted in gray. Note output synapses spanning multiple segments and sometimes crossing midline. (C) Anterior-posterior (A-P) distribution of output synapses from individual md cIV neurons from segments T3, A1, and A2. (Direction of axis relative to CNS shown in inset). Each segment’s output distribution plotted as the proportion of outputs in 1 μm bins; segments colored according to legend.

Supplementary Table 1
Summary CATMAID information for neurons used in this paper.

Supplementary Table 2
Input and output synapse counts for each proprioceptive neuron in segments T3, A1, and A2, on the left and right side. Where both inputs and outputs entries are 0, the neuron did not exist in the annotated dataset.

Supplementary Table 3
Input and output synapse counts for each chordotonal and class IV multidendritic neuron in segments T3, A1, and A2. Where both inputs and outputs entries are 0, the neuron did not exist in the annotated dataset.


Footnotes

1     https://github.com/navis-org/pymaid

2     https://github.com/HeckscherLab/proprio-synapse-org


References

Agrawal, S., Dickinson, E. S., Sustar, A., Gurung, P., Shepherd, D., Truman, J. W., et al. (2020). Central processing of leg proprioception in Drosophila. Elife 9:e60299. doi: 10.7554/elife.60299

Ainsley, J. A., Pettus, J. M., Bosenko, D., Gerstein, C. E., Zinkevich, N., Anderson, M. G., et al. (2003). Enhanced locomotion caused by loss of the Drosophila DEG/ENaC protein pickpocket1. Curr. Biol. 13, 1557–1563. doi: 10.1016/s0960-9822(03)00596-7

Akay, T., Tourtellotte, W. G., Arber, S., and Jessell, T. M. (2014). Degradation of mouse locomotor pattern in the absence of proprioceptive sensory feedback. Proc. Natl. Acad. Sci. U.S.A. 111, 16877–16882. doi: 10.1073/pnas.1419045111

Azim, E., and Seki, K. (2019). Gain control in the sensorimotor system. Curr. Opin. Physiol. 8, 177–187. doi: 10.1016/j.cophys.2019.03.005

Bidaye, S. S., Bockemühl, T., and Büschges, A. (2017). Six-legged walking in insects: How CPGs, peripheral feedback, and descending signals generate coordinated and adaptive motor rhythms. J. Neurophysiol. 119, 459–475. doi: 10.1152/jn.00658.2017

Bodmer, R., and Jan, Y. N. (1987). Morphological differentiation of the embryonic peripheral neurons in Drosophila. Rouxs Arch. Dev. Biol. 196, 69–77. doi: 10.1007/bf00402027

Bosco, G., and Poppele, R. E. (2001). Proprioception from a spinocerebellar perspective. Physiol. Rev. 81, 539–568. doi: 10.1152/physrev.2001.81.2.539

Brown, A. G. (1981). Organization in the spinal cord. Berlin: Springer. doi: 10.1007/978-1-4471-1305-8

Brown, A. G., and Fyffe, R. E. (1978). The morphology of group Ia afferent fibre collaterals in the spinal cord of the cat. J. Physiol. 274, 111–127. doi: 10.1113/jphysiol.1978.sp012137

Brown, A. G., and Fyffe, R. E. (1979). The morphology of group Ib afferent fibre collaterals in the spinal cord of the cat. The J. Physiol. 296, 215–226. doi: 10.1113/jphysiol.1979.sp013001

Burrows, M. (1975). Monosynaptic connexions between wing stretch receptors and flight motoneurones of the locust. J. Exp. Biol. 62, 189–219. doi: 10.1242/jeb.62.1.189

Burrows, M. (1996). The neurobiology of an insect brain. Oxford: Oxford University Press, doi: 10.1093/acprof:oso/9780198523444.001.0001

Burrows, M., and Matheson, T. (1994). A presynaptic gain control mechanism among sensory neurons of a locust leg proprioceptor. J. Neurosci. 14, 272–282. doi: 10.1523/jneurosci.14-01-00272.1994

Burrows, M., and Pflüger, H. J. (1988). Positive feedback loops from proprioceptors involved in leg movements of the locust. J. Comp. Physiol. 163, 425–440. doi: 10.1007/BF00604897

Caldwell, J. C., Miller, M. M., Wing, S., Soll, D. R., and Eberl, D. F. (2003). Dynamic analysis of larval locomotion in Drosophila chordotonal organ mutants. Proc. Natl. Acad. Sci. U.S.A. 100, 16053–16058. doi: 10.1073/pnas.2535546100

Campos-Ortega, J. A., and Hartenstein, V. (1997). The embryonic development of Drosophila melanogaster. Berlin: Springer. doi: 10.1007/978-3-662-22489-2

Chen, C., Agrawal, S., Mark, B., Mamiya, A., Sustar, A., Phelps, J. S., et al. (2021). Functional architecture of neural circuits for leg proprioception in Drosophila. Curr. Biol. 31, 5163–5175.e7. doi: 10.1016/j.cub.2021.09.035

Cheng, L. E., Song, W., Looger, L. L., Jan, L. Y., and Jan, Y. N. (2010). The role of the TRP channel NompC in Drosophila larval and adult locomotion. Neuron 67, 373–380. doi: 10.1016/j.neuron.2010.07.004

Clarac, F., and Cattaert, D. (1996). Invertebrate presynaptic inhibition and motor control. Exp. Brain Res. 112, 163–180. doi: 10.1007/bf00227635

Clark, M. Q., Zarin, A. A., Carreira-Rosario, A., and Doe, C. Q. (2018). Neural circuits driving larval locomotion in Drosophila. Neural Dev. 13:6. doi: 10.1186/s13064-018-0103-z

Conradi, S., Cullheim, S., Gollvik, L., and Kellerth, J.-O. (1983). Electron microscopic observations on the synaptic contacts of group Ia muscle spindle afferents in the cat lumbosacral spinal cord. Brain Res. 265, 31–39. doi: 10.1016/0006-8993(83)91330-6

Cooney, P. C., Li, W., Huang, Y., Hormigo, R., Tabachnik, T., Hillman, E. M. C., et al. (2023). Neuromuscular basis of Drosophila larval escape behavior. bioRxiv [Preprint]. doi: 10.1101/2023.02.01.526733

Cover, K. K., and Mathur, B. N. (2020). Axo-axonic synapses: Diversity in neural circuit function. J. Comp. Neurol. 529, 2391–2401. doi: 10.1002/cne.25087

Dickerson, B. H., Fox, J. L., and Sponberg, S. (2021). Functional diversity from generic encoding in insect campaniform sensilla. Curr. Opin. Physiol. 19, 194–203. doi: 10.1016/j.cophys.2020.11.004

Eccles, J. C., Eccles, R. M., and Lundberg, A. (1957). The convergence of monosynaptic excitatory afferents on to many different species of alpha motoneurones. J. Physiol. 137, 22–50. doi: 10.1113/jphysiol.1957.sp005794

Eccles, J. C., Kostyuk, P. G., and Schmidt, R. F. (1962). Presynaptic inhibition of the central actions of flexor reflex afferents. J. Physiol. 161, 258–281. doi: 10.1113/jphysiol.1962.sp006885

Edgley, S. A., and Jankowska, E. (1987). Field potentials generated by group II muscle afferents in the middle lumbar segments of the cat spinal cord. J. Physiol. 385, 393–413. doi: 10.1113/jphysiol.1987.sp016498

Eggers, E. D., McCall, M. A., and Lukasiewicz, P. D. (2007). Presynaptic inhibition differentially shapes transmission in distinct circuits in the mouse retina. J. Physiol. 582, 569–582. doi: 10.1113/jphysiol.2007.131763

Field, L. H., and Matheson, T. (1998). Chordotonal organs of insects. Adv. Insect Physiol. 27, 1–56. doi: 10.1016/s0065-2806(08)60013-2

Fink, A. J. P., Croce, K. R., Huang, Z. J., Abbott, L. F., Jessell, T. M., and Azim, E. (2014). Presynaptic inhibition of spinal sensory feedback ensures smooth movement. Nature 509, 43–48. doi: 10.1038/nature13276

Fushiki, A., Zwart, M. F., Kohsaka, H., Fetter, R. D., Cardona, A., and Nose, A. (2016). A circuit mechanism for the propagation of waves of muscle contraction in Drosophila. Elife 5:e13253. doi: 10.7554/eLife.13253

Fyffe, R. E., and Light, A. R. (1984). The ultrastructure of group Ia afferent fiber synapses in the lumbosacral spinal cord of the cat. Brain Res. 300, 201–209. doi: 10.1016/0006-8993(84)90831-x

Gebehart, C., Hooper, S. L., and Büschges, A. (2022). Load non-linearly modulates movement reflex gain in an insect leg via a distributed network of identified nonspiking interneurons. bioRxiv [Preprint]. doi: 10.1101/2022.02.24.481822

Gebehart, C., Schmidt, J., and Büschges, A. (2021). Distributed processing of load and movement feedback in the premotor network controlling an insect leg joint. J. Neurophysiol. 125, 1800–1813. doi: 10.1152/jn.00090.2021

Gerhard, S., Andrade, I., Fetter, R. D., Cardona, A., and Schneider-Mizell, C. M. (2017). Conserved neural circuit structure across Drosophila larval development revealed by comparative connectomics. Elife 6:e29089. doi: 10.7554/elife.29089

Ghysen, A., Dambly-Chaudière, C., Aceves, E., Jan, L.-Y., and Jan, Y.-N. (1986). Sensory neurons and peripheral pathways in Drosophila embryos. Rouxs Arch. Dev. Biol. 195, 281–289. doi: 10.1007/bf00376060

Giessel, A. J., and Datta, S. R. (2014). Olfactory maps, circuits and computations. Curr. Opin. Neurobiol. 24, 120–132. doi: 10.1016/j.conb.2013.09.010

Grueber, W. B., and Sagasti, A. (2010). Self-avoidance and tiling: Mechanisms of dendrite and axon spacing. Cold Spring Harb. Perspect. Biol. 2:a001750. doi: 10.1101/cshperspect.a001750

Grueber, W. B., Jan, L. Y., and Jan, Y. N. (2002). Tiling of the Drosophila epidermis by multidendritic sensory neurons. Development 129, 2867–2878. doi: 10.1242/dev.129.12.2867

Grueber, W. B., Jan, L. Y., and Jan, Y. N. (2003). Different levels of the homeodomain protein cut regulate distinct dendrite branching patterns of Drosophila multidendritic neurons. Cell 112, 805–818. doi: 10.1016/s0092-8674(03)00160-0

Grueber, W. B., Ye, B., Yang, C.-H., Younger, S., Borden, K., Jan, L. Y., et al. (2007). Projections of Drosophila multidendritic neurons in the central nervous system: Links with peripheral dendrite morphology. Development 134, 55–64. doi: 10.1242/dev.02666

Hao, J., Wang, X., Dan, Y., Poo, M., and Zhang, X. (2009). An arithmetic rule for spatial summation of excitatory and inhibitory inputs in pyramidal neurons. Proc. Natl. Acad. Sci. U.S.A. 106, 21906–21911. doi: 10.1073/pnas.0912022106

He, L., Borjon, L., and Tracey, W. D. Jr. (2022). The motor pattern of rolling escape locomotion in Drosophila larvae. bioRxiv [Preprint]. doi: 10.1101/2022.11.03.514605

He, L., Gulyanon, S., Mihovilovic Skanata, M., Karagyozov, D., Heckscher, E. S., Krieg, M., et al. (2019). Direction selectivity in Drosophila proprioceptors requires the mechanosensory channel Tmc. Curr. Biol. 29, 945–956.e3. doi: 10.1016/j.cub.2019.02.025

Heckscher, E. S., Lockery, S. R., and Doe, C. Q. (2012). Characterization of Drosophila larval crawling at the level of organism, segment, and somatic body wall musculature. J. Neurosci. 32, 12460–12471. doi: 10.1523/jneurosci.0222-12.2012

Heckscher, E. S., Zarin, A. A., Faumont, S., Clark, M. Q., Manning, L., Fushiki, A., et al. (2015). Even-skipped+ interneurons are core components of a sensorimotor circuit that maintains left-right symmetric muscle contraction amplitude. Neuron 88, 314–329. doi: 10.1016/j.neuron.2015.09.009

Hildebrandt, K. J. (2014). Neural maps in insect versus vertebrate auditory systems. Curr. Opin. Neurobiol. 24, 82–87. doi: 10.1016/j.conb.2013.08.020

Hoang, B., and Chiba, A. (2001). Single-cell analysis of Drosophila larval neuromuscular synapses. Dev. Biol. 229, 55–70. doi: 10.1006/dbio.2000.9983

Hubel, D. H., and Wiesel, T. N. (1962). Receptive fields, binocular interaction and functional architecture in the cat’s visual cortex. J. Physiol. 160, 106–154.2. doi: 10.1113/jphysiol.1962.sp006837

Hughes, C. L., and Thomas, J. B. (2007). A sensory feedback circuit coordinates muscle activity in Drosophila. Mol. Cell. Neurosci. 35, 383–396. doi: 10.1016/j.mcn.2007.04.001

Hustert, R. (1982). The proprioceptive function of a complex chordotonal organ associated with the mesothoracic coxa in locusts. J. Comp. Physiol. 147, 389–399. doi: 10.1007/bf00609673

Jankowska, E. (1992). Interneuronal relay in spinal pathways from proprioceptors. Prog. Neurobiol. 38, 335–378. doi: 10.1016/0301-0082(92)90024-9

Jankowska, E. (2008). Spinal interneuronal networks in the cat: Elementary components. Brain Res. Rev. 57, 46–55. doi: 10.1016/j.brainresrev.2007.06.022

Jovanic, T., Schneider-Mizell, C. M., Shao, M., Masson, J.-B., Denisov, G., Fetter, R. D., et al. (2016). Competitive disinhibition mediates behavioral choice and sequences in Drosophila. Cell 167, 858–870.e19. doi: 10.1016/j.cell.2016.09.009

Knudsen, E. I., Lac, S., and Esterly, S. D. (1987). Computational maps in the brain. Annu. Rev. Neurosci. 10, 41–65. doi: 10.1146/annurev.ne.10.030187.000353

Lahiri, S., Shen, K., Klein, M., Tang, A., Kane, E., Gershow, M., et al. (2011). Two alternating motor programs drive navigation in Drosophila larva. PLoS One 6:e23180. doi: 10.1371/journal.pone.0023180

Lai, H. C., Seal, R. P., and Johnson, J. E. (2016). Making sense out of spinal cord somatosensory development. Development 143, 3434–3448. doi: 10.1242/dev.139592

Landgraf, M., Sánchez-Soriano, N., Technau, G. M., Urban, J., and Prokop, A. (2003). Charting the Drosophila neuropile: A strategy for the standardised characterisation of genetically amenable neurites. Dev. Biol. 260, 207–225. doi: 10.1016/s0012-1606(03)00215-x

Levinsson, A., Holmberg, H., Broman, J., Zhang, M., and Schouenborg, J. (2002). Spinal sensorimotor transformation: Relation between cutaneous somatotopy and a reflex network. J. Neurosci. 22, 8170–8182. doi: 10.1523/jneurosci.22-18-08170.2002

Lundberg, A. (1979). Multisensory control of spinal reflex pathways. Prog. Brain Res. 50, 11–28. doi: 10.1016/s0079-6123(08)60803-1

Mamiya, A., Gurung, P., and Tuthill, J. C. (2018). Neural coding of leg proprioception in Drosophila. Neuron 100, 636–650.e6. doi: 10.1016/j.neuron.2018.09.009

Mendes, C. S., Bartos, I., Akay, T., Márka, S., and Mann, R. S. (2013). Quantification of gait parameters in freely walking wild type and sensory deprived Drosophila melanogaster. Elife 2:e00231. doi: 10.7554/elife.00231

Merritt, D., and Whitington, P. (1995). Central projections of sensory neurons in the Drosophila embryo correlate with sensory modality, soma position, and proneural gene function. J. Neurosci. 15, 1755–1767. doi: 10.1523/jneurosci.15-03-01755.1995

Morgan, J. L., and Lichtman, J. W. (2013). Why not connectomics? Nat. Methods 10, 494–500. doi: 10.1038/nmeth.2480

Murphey, R. K., Bacon, J. P., and Johnson, S. E. (1985). Ectopic neurons and the organization of insect sensory systems. J. Comp. Physiol. 156, 381–389. doi: 10.1007/bf00610730

Niu, J., Ding, L., Li, J. J., Kim, H., Liu, J., Li, H., et al. (2013). Modality-based organization of ascending somatosensory axons in the direct dorsal column pathway. J. Neurosci. 33, 17691–17709. doi: 10.1523/jneurosci.3429-13.2013

Ohyama, T., Schneider-Mizell, C. M., Fetter, R. D., Aleman, J. V., Franconville, R., Rivera-Alba, M., et al. (2015). A multilevel multimodal circuit enhances action selection in Drosophila. Nature 520, 633–639. doi: 10.1038/nature14297

Orgogozo, V., and Grueber, W. B. (2005). FlyPNS, a database of the Drosophila embryonic and larval peripheral nervous system. BMC Dev. Biol. 5:4. doi: 10.1186/1471-213x-5-4

Pearson, K. G., and Goodman, C. S. (1981). Presynaptic inhibition of transmission from identified interneurons in locust central nervous system. J. Neurophysiol. 45, 501–515. doi: 10.1152/jn.1981.45.3.501

Pehlevan, C., Paoletti, P., and Mahadevan, L. (2016). Integrative neuromechanics of crawling in D. melanogaster larvae. Elife 5:e11031. doi: 10.7554/elife.11031

Pflüger, H. J., Bräunig, P., and Hustert, R. (1988). The organization of mechanosensory neuropiles in locust thoracic ganglia. Phil. Trans. R. Soc. Lond. B. 321, 1–26. doi: 10.1098/rstb.1988.0090

Pouille, F., Watkinson, O., Scanziani, M., and Trevelyan, A. J. (2013). The contribution of synaptic location to inhibitory gain control in pyramidal cells. Physiol. Rep. 1:e00067. doi: 10.1002/phy2.67

Prasad, T., and Weiner, J. A. (2011). Direct and indirect regulation of spinal cord Ia afferent terminal formation by the γ-protocadherins. Front. Mol. Neurosci. 4:54. doi: 10.3389/fnmol.2011.00054

Rossignol, S., Dubuc, R., and Gossard, J.-P. (2006). Dynamic sensorimotor interactions in locomotion. Physiol. Rev. 86, 89–154. doi: 10.1152/physrev.00028.2005

Rudomin, P., and Schmidt, R. F. (1999). Presynaptic inhibition in the vertebrate spinal cord revisited. Exp. Brain Res. 129, 1–37. doi: 10.1007/s002210050933

Saalfeld, S., Cardona, A., Hartenstein, V., and Tomančák, P. (2009). CATMAID: Collaborative annotation toolkit for massive amounts of image data. Bioinformatics 25, 1984–1986. doi: 10.1093/bioinformatics/btp266

Santuz, A., Akay, T., Mayer, W. P., Wells, T. L., Schroll, A., and Arampatzis, A. (2019). Modular organization of murine locomotor pattern in the presence and absence of sensory feedback from muscle spindles. J. Physiol. 597, 3147–3165. doi: 10.1113/jp277515

Scheibel, M. E., and Scheibel, A. B. (1969). Terminal patterns in cat spinal cord III. Primary afferent collaterals. Brain Res. 13, 417–443. doi: 10.1016/0006-8993(69)90258-3

Schneider-Mizell, C. M., Gerhard, S., Longair, M., Kazimiers, T., Li, F., Zwart, M. F., et al. (2016). Quantitative neuroanatomy for connectomics in Drosophila. Elife 5:e12059. doi: 10.7554/elife.12059

Schrader, Š., and Merritt, D. J. (2000). Central projections of Drosophila sensory neurons in the transition from embryo to larva. J. Comp. Neurol. 425, 34–44. doi: 10.1002/1096-9861(20000911)425:1<34::AID-CNE4<3.0.CO;2-G

Schrader, Š., and Merritt, D. J. (2007). Dorsal longitudinal stretch receptor of Drosophila melanogaster larva – fine structure and maturation. Arthropod. Struct. Dev. 36, 157–169. doi: 10.1016/j.asd.2006.08.014

Simon, M. A., and Trimmer, B. A. (2009). Movement encoding by a stretch receptor in the soft-bodied caterpillar, Manduca sexta. J. Exp. Biol. 212, 1021–1031. doi: 10.1242/jeb.023507

Skandalis, D. A., Lunsford, E. T., and Liao, J. C. (2021). Corollary discharge enables proprioception from lateral line sensory feedback. PLoS Biol. 19:e3001420. doi: 10.1371/journal.pbio.3001420

Smith, S. A., and Shepherd, D. (1996). Central afferent projections of proprioceptive sensory neurons in Drosophila revealed with the enhancer-trap technique. J. Comp. Neurol. 364, 311–323. doi: 10.1002/(sici)1096-9861(19960108)364:2<311::AID-CNE9<3.0.CO;2-8

Song, W., Onishi, M., Jan, L. Y., and Jan, Y. N. (2007). Peripheral multidendritic sensory neurons are necessary for rhythmic locomotion behavior in Drosophila larvae. Proc. Natl. Acad. Sci. U.S.A. 104, 5199–5204. doi: 10.1073/pnas.0700895104

Straka, H., Simmers, J., and Chagnaud, B. P. (2018). A new perspective on predictive motor signaling. Curr. Biol. 28, R232–R243. doi: 10.1016/j.cub.2018.01.033

Sürmeli, G., Akay, T., Ippolito, G. C., Tucker, P. W., and Jessell, T. M. (2011). Patterns of spinal sensory-motor connectivity prescribed by a dorsoventral positional template. Cell 147, 653–665. doi: 10.1016/j.cell.2011.10.012

Suslak, T. J., and Jarman, A. P. (2015). Stretching the imagination beyond muscle spindles - stretch-sensitive mechanisms in arthropods. J. Anat. 227, 237–242. doi: 10.1111/joa.12329

Tadres, D., and Louis, M. (2020). PiVR: An affordable and versatile closed-loop platform to study unrestrained sensorimotor behavior. PLoS Biol. 18:e3000712. doi: 10.1371/journal.pbio.3000712

Tamarkin, D. A., and Levine, R. B. (1996). Synaptic interactions between a muscle-associated proprioceptor and body wall muscle motor neurons in larval and adult Manduca sexta. J. Neurophysiol. 76, 1597–1610. doi: 10.1152/jn.1996.76.3.1597

Thomas, J. B., Bastiani, M. J., Bate, M., and Goodman, C. S. (1984). From grasshopper to Drosophila: A common plan for neuronal development. Nature 310, 203–207. doi: 10.1038/310203a0

Tuthill, J. C., and Azim, E. (2018). Proprioception. Curr. Biol. 28, R194–R203. doi: 10.1016/j.cub.2018.01.064

Tyrer, N. M., and Gregory, G. E. (1982). A guide to the neuroanatomy of locust suboesophageal and thoracic ganglia. Phil. Trans. R. Soc. Lond. B. 297, 91–123. doi: 10.1098/rstb.1982.0035

Vaadia, R. D., Li, W., Voleti, V., Singhania, A., Hillman, E. M. C., and Grueber, W. B. (2019). Characterization of proprioceptive system dynamics in behaving Drosophila larvae using high-speed volumetric microscopy. Curr. Biol. 29, 935–944.e4. doi: 10.1016/j.cub.2019.01.060

Wang, Y., Wreden, C. C., Levy, M., Meng, J. L., Marshall, Z. D., MacLean, J., et al. (2022). Sequential addition of neuronal stem cell temporal cohorts generates a feed-forward circuit in the Drosophila larval nerve cord. Elife 11:e79276. doi: 10.7554/elife.79276

Watson, A. H., and Bazzaz, A. A. (2001). GABA and glycine-like immunoreactivity at axoaxonic synapses on 1a muscle afferent terminals in the spinal cord of the rat. J. Comp. Neurol. 433, 335–348. doi: 10.1002/cne.1143

Willis, W. D. Jr., and Coggeshall, R. E. (2004). Sensory mechanisms of the spinal cord. New York, NY: Springer.

Wilson, R. I. (2013). Early olfactory processing in Drosophila: Mechanisms and principles. Annu. Rev. Neurosci. 36, 217–241. doi: 10.1146/annurev-neuro-062111-150533

Windhorst, U. (2007). Muscle proprioceptive feedback and spinal networks. Brain Res. Bull. 73, 155–202. doi: 10.1016/j.brainresbull.2007.03.010

Wreden, C. C., Meng, J. L., Feng, W., Chi, W., Marshall, Z. D., and Heckscher, E. S. (2017). Temporal cohorts of lineage-related neurons perform analogous functions in distinct sensorimotor circuits. Curr. Biol. 27, 1521–1528.e4. doi: 10.1016/j.cub.2017.04.024

Wu, H., Petitpré, C., Fontanet, P., Sharma, A., Bellardita, C., Quadros, R. M., et al. (2021). Distinct subtypes of proprioceptive dorsal root ganglion neurons regulate adaptive proprioception in mice. Nat. Commun. 12:1026. doi: 10.1038/s41467-021-21173-9

Zarin, A. A., Mark, B., Cardona, A., Litwin-Kumar, A., and Doe, C. Q. (2019a). A Drosophila larval premotor/motor neuron connectome generating two behaviors via distinct spatio-temporal muscle activity. bioRxiv [Preprint]. doi: 10.1101/617977

Zarin, A. A., Mark, B., Cardona, A., Litwin-Kumar, A., and Doe, C. Q. (2019b). A multilayer circuit architecture for the generation of distinct locomotor behaviors in Drosophila. Elife 8:e51781. doi: 10.7554/elife.51781

Zlatic, M., Li, F., Strigini, M., Grueber, W., and Bate, M. (2009). Positional cues in the Drosophila nerve cord: Semaphorins pattern the dorso-ventral axis. PLoS Biol. 7:e1000135. doi: 10.1371/journal.pbio.1000135


OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Distinctive features of the central synaptic organization of Drosophila larval proprioceptors



		Introduction



		Materials and methods



		Dataset



		Defining proprioceptive, chordotonal, class IV multidendritic, motor neurons



		Data processing and analyses



		Defining segment and side



		Defining sensory inputs



		Defining spatial domains







		Results



		Output synapses of Drosophila larval proprioceptors show a complex spatial organization



		Proprioceptor output synapses are distributed along the length of the axon



		Do output synapse locations differ in other segments?







		Proprioceptor output synapses, regardless of type, morphological class, or function, show hemisegmental somatotopy



		1: no evidence for dorsal-ventral somatotopy within segments



		2: proprioceptor synapses display hemisegmental somatotopy



		3: bipolar dendrite but not multi-dendritic class I output synapses are separated within their morphological class



		4: stretch receptors partially separate their outputs from those of contraction receptors







		Proprioceptor output synapses display a convergent and divergent spatial organization



		Few presynaptic inputs onto Drosophila larval proprioceptors



		Comparisons among somatosensory modalities



		Compared to proprioceptors, other somatosensory neurons make fewer output synapses along the proximal-distal axis of their central axon



		Comparison of somatotopic organization of neurons from one class



		Most Drosophila larval somatosensory neurons have abundant presynaptic input







		A subset of dorsal proximal output synapses belong to monosynaptic reflex arcs from proprioceptors to motor neurons



		Direct connections from proprioceptors to motor neurons show the expected connectivity for a monosynaptic reflex arc











		Discussion



		Potential limitations of our mapping efforts



		Novel insights into proprioceptor output synaptic divergence and convergence



		Divergence



		Convergence







		Little pre-synaptic inhibition onto larval proprioceptors







		Conclusion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
, frontiers | Frontiers in Neural Circuits






OPS/images/fncir-17-1223334-g001.jpg
— /) lllllllllllll =
SN A PN b, e
| RSO -
.:r( m
N oc -~
NS oL
- e
So>
e )
O -T TN N VAN
= At SN [
Q0 m 1T S V‘ .._...;~ I
[ » - PX ] / <~
55 AN 2 T
g @ v [ 1 o S
p .,‘..\..._‘ X Ko\ 3 -
% | TSN | SN S © = o <+
N Kt Sk 2 o (@)
%)
&
o e & A VA, O Jiat® s = R A P % o€ TSN N NN I i
w
= |
Qw35 ® T
© © T VB
coT £EQ8 oo
TTT O > >
st S i e o _ il
SRR
|
I
| e “
=K ! - .
O "'lllll'll.‘\ b d
Pe! e > a » &
- ]
a e
g Ls P T
P 8 Ty S 23
1
) 2 =
- -
. et
[ ] B N e i 72,2 o "GV AV 51, . 84 V% VAR <o = SN R L i
]
;< P_ _
] R = d m.u
.- :L.PI.... lllll ! £ .W.u
Al . :
] S — - m.
[l e ©
] e, ' \ 5 e
] ). A ..Qlw
< A - o ®©
<« ' n_u
]
A .. w - _-
ks n E ®
= Qs 2
S 3
C,, - £ _
oo e &)
A i = ' : : L1~ T T
PRI -
sl o
A uoiodoud ndino








OPS/images/fncir-17-1223334-g003.jpg
A

D

-

e - - -

R side

body wall:
dorsal

midline

top-down:

1: dorsal (dbd)

2: midline (vbd)

3: ventral-anterior
(dmd1, ddaD, ddaE)

4: ventral-posterior
(vbd, vpda)

5: central

(dbd, dmd1, ddaD)
6: cenftral posterior
(ddaE, vpda)

ventral-
anterior

ventral-

posterior

A1

£

o
u%'.
|—°__'\

~t
A . ——— .
L V
central

T3 A1 A2
ESESES
. - __o@_:

3

SEFE

|

I
|
|
|
\

central
posterior
2

-

El
—— " N——
|






OPS/images/fncir-17-1223334-g002.jpg
3 A1 A2 A3 obwre: A vbd

o - - "™ ' 2t
IEVZEIZEIS ' N “ YL E
| : $ : i : A1 :P ‘
| A2 n g . Y
| ——— | — O | —— O | i > 2 i )
A3 . . ~ ‘;}‘,
: : : | n: other b } e 3 'pgi" il
| e %8 ® % .
\ I h I : proprio ‘ g ’e 'M.‘ it
i i | TN | T outputs / A TL )
A\ _____ IN_ IN_ IN_ ,p ’ g ..:‘:,. ot Ip
ddaE vpda dmd1
A ~: ° \'? e ‘0 > QOJ?' E "g s ® ". ’,.. ,‘ 1“{ i "?~ : r‘ ‘ E ’ .’
I ' o e o | : ”» ' .
S, . ° ' . £ : : 2 . r : A’O Y
‘ S 33 i S 2 o )
. ” I - f&ué g »° “:3.*‘% ™H ‘g : ﬁ.% Q. ¢ L
1 R | i : ’
. roo ) {' | k|4 B
8
B A7 transverse: L side: top-down:
=3 =" ddaD . e~ D , D 39 ;
; ' ddaE A y (i - ;
i I R .
—ee—|dmd1 ¥ l ) 5 ! _ | 4 33;__ s - ey
I 1dbd ‘ . \ e >
| | ol r‘ > %‘&" 'jg’.s - [
: vpdA - PE L | s 2 .
. ' vbd Wtk R side o « % 4
|—— LTI \ outputs e " \ !
\ ) & ! b
“““ A &
C D
_’é_\ z N transverse: top-down: Al transverse: top-down:
£ X : D : A 0 . D
| F 1 00D | : i al 3
I | ddaE : - ’ | | . ' :
| | | ] [ i w-et® , | :
| | : .. | \——e—— dbd R Jy o DL
l vpdA ‘s:g . . v | | - ' - Rl i 517
'. . N a4 '. : \ | :
\ | - Y tie P i Jubd |~ |1 [ V :
. ) ‘e __ ) & !
E 13 A1 A2
transverse: L side:
---\,—- - I )
Ei3EISES e L [°
| - I & Soce > . .
@ 'V & 1+ & !contraction “T.7% ! . ',\‘b r.
| | |— | il P B W
T e 7 iR AN
BB X N
\ I h l .
\ nN—o— n—o— | : 1V \%







OPS/images/fncir-17-1223334-g005.jpg
A B
A1 Ich5-1 top-down: A1 transverse: A1 ©
iy '
j Ich5-2/4 A . D R
. g g‘. Ich5-3 = @
I %% !lch55 ; =
——°o—, Vv'ch . .
' gV 1 vchAB gl ©
| i q (A -;;
i % | L
: E: proprio ' "y a
\ | output @ | 3
TT777 cho 000000 P I Vs
output ———a%
C 13 A1 A2
ERESES E 73 A1 A2 fopdown:
o AU A A SE(IEIE
| 4 &\ &« Y ; $ |
| & , ¢ @) | s
: ) s ' : :
: N 2 3 | :
SRS SHSlmpuhtp St ! h I |
cho output 0@® . __,"\ . R _,' |
D cho output @ =
T3 A1 A2 top-down: cho input 000000®
M = = =0 :
| ‘l % h % ‘ SR A F
| %g g E' g A ; i .
_ Qg | 8 | & | 3 LY 4 1 outputs (A1)
| o -y
:( 'S { : .‘% . _ = inputs (A1)
| | % Al Sl
" N o 2 "‘"i.‘ i w‘?‘ ‘&. 3 "(é) _
e LY ' q .} T
proprio output @ & I O
Ich5-1 output @@ @ i \ 93’_ =
| (U
T3 A1l A2  top-down: % _
P G h a NS e A R : 40
{ / { |
SEIZEIZE O Py s A
SFISFRE Lt -
: / " ST }?1V§ﬂ U
\ : & 0
h % Y .9 .
|\\-_—/'\\___/'\\___J ‘ ) i . I sLoé?sobrbo @Q,/b O %5(»&6&%'6\60;5
proprio output @ i N \c'§\ W N ©

Ich5-5 output @@






OPS/images/fncir-17-1223334-g004.jpg
A top-down:

T3 A1 A2 i
FHFEF T E
\\.,‘-_ . ;' ”Q) i ©
dbd proprio i
vbd output @ I
gggg proprio &
vpda input
dmd1 ©0000e |
B

80 7 == inputs (A1)

- == OUtputs (A1)

72]
= i
—

Q
O -

)

Q 40 -

@®
- -

7

() 1mia | I . -

(@

synapse counts

10

L side:
A
.o pe ] 's o
r %e e
L i @
P ‘ o

dbd vbd ddaD ddaE vpda dmd1

mm Sensory inputs
(T3, A1, A2)

== Other inputs
(T3, A1, A2)






OPS/images/fncir-17-1223334-g007.jpg
A
top-down: transverse:
E A |
s e
oo ° B 5
i P i
@® A1 proprioceptor output onto motor neuron
@ other A1 proprioceptor output
C D
50 - 49
7))
-
= 7 MNs
> receiving
c 25 | proprio
2 (dbd)
<
5 4 2 y
0770 1 g o

iInput synapses from A1 proprioceptors

50 7 == OUtputs onto
motor neurons
D z
= == Other outputs
=
o,
O
()
wn
£
®
o
>
w
<
V
O =
L R L R L R
dorsal ventral ventral
domain anterior posterior
domain domain
dbd  dbd other total % of MN's
A1L A1R proprioceptor | inputs inputs
MN-1 L 1 0 0 1 0.3%
MN-18 L 1 0 0 1 0.3%
MN-21/22R| O 1 0 1 0.5%
1s RP2 L 1 0 0 1 0.3%
1s RP2 R 0 2 0 2 0.8%
MN-4 L 3 0 0 3 1.5%
MN-4 R 0 2 0 2 1.3%
total 6 5 0
outputs
% of dbd's
outputs | 14%  1:2%

RP2 target MN-4 & RP2 target






OPS/images/fncir-17-1223334-g006.jpg
B
top-down: A'1 transverse: A,1 S50
ddaC ' ! o
v'ada A | D3 T
vdaB | =
: 5 -
proprio - <l ? . £
output : | 2 o : .v @ 7
md clV . | 3
output ek P V *Ci; .
\ p @ - —_—
S LR LR

‘</ R

top-down:

:-"Q.

'3?

s 390°°°

L

;'i‘,it;-e; .' ‘.
| ° —I P md clV output @

md clV input @ ® ®

D
y : F 120

) T _3_ o A_1_ » A_2_ ) top-down:. | = outputs (A1)
" :,, |', || “2 .‘E }3 - A — - InpUtS (A1)
: ! b % ‘ £

| : = d
: : ; ‘..: { oy S 0
: l \ ',"’} 3 =
\ A ! : vy 5]
A A

proprio output @ e
ddaC output @ @ @ Lo, \ 3






OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neural Circuits







