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Abstract

Neuronal circuits damaged or lost following injury can be regenerated in some adult organisms, 

but mechanisms enabling this process are largely unknown. We used the planarian Schmidtea 
mediterranea to study visual system regeneration after injury. We identify a rare population of 

muscle cells tightly associated with photoreceptor axons at stereotyped positions in both uninjured 

and regenerating animals. Together with a neuronal population, these cells promote de novo 
assembly of the visual system in diverse injury and eye transplantation contexts. These muscle 

guidepost-like cells are specified independently of eyes, and their position is defined by an 

extrinsic array of positional information cues. These findings provide a mechanism, involving 

adult formation of guidepost-like cells typically observed in embryos, for axon pattern restoration 

in regeneration.

One sentence summary:

Adult regeneration requires guidepost-like cells for precise wiring of the visual system in 

planarians.

Formation of neural circuits during development requires the orchestration of multiple 

events, such as the specification of neurons, the precise navigation of axons through the 

extracellular environment towards targets, and the generation of specific synapses. The first 

axons to extend in developing nervous systems, known as pioneer axons, grow along 

stereotyped routes and fasciculate with each other to form tracts that are followed by 

subsequent axons. Ablation of pioneer neurons can perturb the guidance of subsequent 
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axons, causing delay or misrouting, although in most cases these axons still locate their final 

targets (1–4).

Growing axons navigate with the assistance of cell-extrinsic guidance cues, such as Netrins 

and their DCC/UNC-40 or UNC-5 receptors; Slits and their Robo receptors; Semaphorins 

and their Plexin receptors; and Ephrins and their Ephrin receptors (5–8). In addition, 

transient cell-cell interactions have important roles in neural circuit assembly. Such 

interactions involve cells referred to as guideposts. Guidepost cells, which were originally 

identified in the grasshopper limb (9, 10), are discrete, early born, and transient specialized 

cell populations located at decision or choice points along axonal trajectories (6, 11, 12). 

Most identified guidepost cells are either glia or neurons (11, 13–16). Upon encountering 

guidepost cells, axon growth cones can change their responsiveness to extracellular guidance 

cues and modify their trajectory (6). In most systems, positioning of guidepost cells at 

choice points along the axonal path is instructed by canonical axon guidance cues 

themselves (5–7) and proper location of guidepost cells is fundamental for precise axonal 

tract development (17–20). Since the discovery of guidepost cells in the grasshopper limb, 

guidepost cells in several other organisms were identified, including midline glia cells in 

Drosophila, floor plate cells in the vertebrate spinal cord, CD44+ neurons and retinal glial 

cells found at the developing optic chiasm in mammals (21–24).

The transient developmental programs that guide pioneer axons to their ultimate targets 

become dispensable once the neuronal circuit is assembled. In regenerative species, 

however, neuronal circuits that are lost to injury must re-establish themselves in the adult 

animal. This presents a puzzle: How can an adult neuronal circuit be formed de novo by 

regeneration in the absence of embryonic and potentially transient guidance mechanisms, 

such as guidepost cells? In some instances, damage to the nervous system can involve repair 

by new neuron production, but is limited by the inability of new neurons to wire correctly 

(25). However, in some other animals, regeneration of the nervous system seemingly 

restores normal function, although study of the regeneration of wiring patterns in highly 

regenerative models is sparse. Animals that have the ability to regenerate their neuronal 

architecture must possess adult mechanism(s) for repairing circuit patterns in the context of 

diverse injuries. To address how this can occur, we studied these mechanisms in the 

planarian Schmidtea mediterranea.

Planarians are freshwater flatworms that belong to the Spiralia superphylum (26). They are 

capable of whole-body regeneration and undergo constant tissue turnover. These processes 

involve neoblasts, a proliferating cell population containing pluripotent stem cells. In 

addition to dividing cells, proper regeneration requires positional information. Genes 

proposed to encode positional information in planarians are predominantly expressed in 

muscle cells in a regionally restricted manner across body axes (27). Whereas the cells and 

molecules guiding the fate choices of stem cells into new differentiated cells in planarian 

regeneration have received substantial attention, the mechanisms by which the architecture 

of the different planarian tissues is restored remains little studied.

We identified a set of muscle cells and neurons tightly associated with the planarian 

photoreceptor axons with guidepost-like attributes. These cells were constitutively present 
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and capable of being regenerated following injury. The positioning of these muscle cells was 

guided by a constitutive system of positional information enabling their replacement at 

suitable positions after injury to promote precision in the regeneration of visual system 

architecture. Our results describe a novel strategy for de novo formation of precise axonal 

projection pattern following injury in the adult.

notum+; frizzled 5/8-4+ muscle cells are tightly associated with the visual 

system

Many planarian species have a pair of true cerebral eyes that are symmetrically located 

dorsal to the cephalic ganglia (28). Planarian eyes contain rhabdomeric photoreceptor 

neurons that extend their axons ipsi- and contralaterally forming an axon bundle, and 

pigmented cells that build an optic cup (Fig. 1A). The visual axons follow a stereotypic path 

that can be visualized using an anti-Arrestin monoclonal antibody (28). Contralateral axons 

defasciculate from ipsilateral axons at choice points and project towards the midline, 

forming the optic chiasm. Both contralateral and ipsilateral axons project ventrally and 

posteriorly to the visual targets in the brain (29, 30).

Using fluorescence in situ hybridizations (FISH) in combination with immunostainings with 

the anti-Arrestin antibody, we noticed a previously unknown and small population of cells 

that were in strikingly close association with the visual system, marked by expression of the 

genes notum and frizzled 5/8-4 (Fig. 1B and C). We found that these cells were mostly 

concentrated in two regions: 1 – near the eye, where the photoreceptor axons form a bundle 

projecting out from the eye and 2 – near the axon choice points, located more ventrally (Fig. 

1B–D). The number of these notum+; frizzled 5/8-4+ cells found in each animal was 

variable, but scaled with animal size (Fig. 1D). In a transverse cross section at the level of 

the eye, these cells were clearly distinguishable from other notum+ cells known to exist in 

the planarian head, such as anterior pole cells (31) and notum+ neurons (32) located at the 

anterior commissure of the brain (Fig. 1E; fig. S1A). The nuclei of the notum+; frizzled 
5/8-4+ cells found near the eye were located dorsal to the nuclei of the notum+; frizzled 
5/8-4+ cells found at the choice points, which were observed immediately dorsal to the 

cephalic ganglia (Movie S1). To make this DV-location distinction clear, we have colored 

these two populations differently in illustrations throughout this article. The clear association 

of these cells at two discrete and important locations near axons of the visual system raised 

the possibility of a role for these previously unidentified cells in visual system wiring.

Planarian eye cells, like all other cell types assessed in this organism, are replaced during 

normal tissue turnover. This process requires neoblasts, the only proliferating somatic cells 

in the animal (33). Neoblasts express the piwi homolog smedwi-1. smedwi-1 transcription 

ceases as cells leave the neoblast state and begin to differentiate, but the SMEDWI-1 protein 

transiently perdures as cells differentiate. An antibody that recognizes SMEDWI-1 therefore 

allows visualization of newly generated cells (34, 35). We observed a small number of 

notum+; frizzled 5/8-4+ cells positive for SMEDWI-1 protein, indicating that these cells are 

constantly specified and replaced in uninjured adult animals (Fig. 1F).

Scimone et al. Page 3

Science. Author manuscript; available in PMC 2021 May 17.

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript

H
H

M
I A

uthor M
anuscript



To determine the identity of notum+; frizzled 5/8-4+ cells, we examined them for co-

expression of different cell-specific markers. These cells did not express the photoreceptor 

neuron marker opsin or the optic cup marker tyrosinase (Fig. 1G; figs. S1B and C); the 

neuronal markers pc2, synapsin, or ChAT(Fig. 1H; fig. S1D); or the planarian glia markers 

if-1 and cali (Fig. 1I). Some fz5/8-4+ ChAT+ cells were found near the eye but did not 

express notum (fig. S1E). Instead, notum+; frizzled 5/8-4+ cells expressed muscle markers 

(Fig. 1J) and could occasionally be detected in cross sections co-labeled with an antibody for 

planarian muscle (6G10; fig. S2A). Muscle cells are broadly distributed within the animal 

(figs. S2A and B); however, notum+; frizzled 5/8-4+ muscle cells were a rare subpopulation 

present in association with visual axons (Movie S2). notum+; frizzled 5/8-4+ cells expressed 

low levels of muscle markers (troponin, tropomyosin, colF-2, mp-1; figs. S2C–E) compared 

to other muscle cell subsets such as body wall, intestinal, and other dorsal-ventral muscle 

cells (36, 37) suggesting that these cells could be specialized muscle cells serving a 

different, e. g., secretory, role. Muscle cells in general are known to secrete signaling factors 

in planarians (27). Despite lower levels of expression of muscle markers per cell, signal from 

pooled probes for canonical muscle markers, such as troponin and tropomyosin, was 

detected in essentially all of the notum+; frizzled 5/8-4+ cells (Fig. 1J; fig. S2F). Whether 

these cells retain contractile function is unknown. notum+ muscle cells associated with the 

visual axons were also found during planarian embryonic development. Such notum+ cells 

were first observed in pre-hatchling stage 7 S. polychroa embryos at the time of optic chiasm 

formation, but not before (Fig. 1K). After hatching, all free-swimming juveniles displayed a 

similar array of notum+ muscle cells and visual axons as did their adult counterparts (Fig. 

1K). The tight association of notum+; frizzled 5/8-4+ muscle cells with visual axons raised 

the possibility of a role for these cells in the wiring of the planarian photoreceptor axons.

Regenerating visual axons project towards notum+; frizzled 5/8-4+ muscle 

cells

We defined notum+; frizzled 5/8-4+ muscle cells near the eye as NMEs: notum+ muscle cells 

near the eye and those at axon choice points NMCs: notum+ muscle cells at the c point (Fig. 

2A). If NMEs and/or NMCs facilitate wiring of photoreceptor axons, they should be present 

before or concurrently with key axon-pathfinding processes and should also be tightly 

spatially associated with such events. To examine this possibility, we studied the 

regeneration of these cells and the dynamics of photoreceptor axons following different 

regenerative challenges.

First, we examined these cells in the context of a unilateral eye resection, which does not 

perturb the preexisting optic chiasm (Fig. 2B; (38)). This injury removed NMEs, but did not 

remove NMCs (Fig. 2B). Within two to four days after eye resection, new photoreceptor 

neurons nucleated dorsally (regenerating the resected eye) and projected their axons 

ventrally and posteriorly. NMC numbers stayed constant during this time (Fig. 2C). Despite 

variance in the relative positions of NMCs with respect to the new photoreceptor neurons 

and in the initial paths of projecting axons, the trajectories of photoreceptor axons 

essentially always coincided with the NMCs (Fig. 2B and D; figs. S3A and B). This tight 

association between NMC position and axon path is consistent with the possibility that 
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NMCs have an attractive influence on photoreceptor axons. NMEs regenerated four days 

after eye resection, suggesting that NMEs are not necessary for early projections during eye 

regeneration following resection, a scenario where NMCs remained present throughout the 

repair process.

We next studied the behavior of photoreceptor axons, NMEs, and NMCs following head 

amputation. In this context, the animals need to regenerate the entire visual system, 

including NMEs and NMCs. Between days two and three after decapitation, we observed 

nucleation of new eyes and the appearance of notum+; frizzled 5/8-4+ cells in close 

proximity to the regenerating eyes (Fig. 2E; fig. S3C). At this early timepoint, the 

regenerating blastema is small, making distinction between notum+; frizzled 5/8-4+ NMEs 

and NMCs not possible. These cells displayed detectable fz5/8-4 transcripts first, followed 

by notum expression (Fig. 2E). At this time, photoreceptor axons from the regenerating eyes 

projected towards where notum+; frizzled 5/8-4+ cells were observed (Figs. 2E and F; figs. 

S3A and C). The pattern of axonal projections and notum+; frizzled 5/8-4+ cell location was 

variable, with some axon tracts projecting anterior-medially and others posteriorly, 

suggesting the initial steps in axonal pattern formation is noisy, but the spatial association of 

axons and notum+; frizzled 5/8-4+ cells was apparent nonetheless. This is consistent with the 

possibility that in the context of de novo visual system formation, these cells have an 

attractive influence on early axonal projections. It is also possible that photoreceptor axons 

and notum+; frizzled 5/8-4+ cells might stabilize each other upon interaction.

We noticed that the population of notum+ neurons in the medial brain, normally located 

ventral to the optic chiasm in a fully formed brain, was in close association with 

photoreceptor axons during early head regeneration. We refer to this third population of cells 

associated with photoreceptor axons during regeneration as notum+ brain cells or NBCs 

(Fig. 2A). NBCs were apparent within three to four days post-amputation at the regenerating 

anterior brain commissure (Fig. 2E; (32)). Visual axons only projected to the midline, 

forming the optic chiasm, after NBCs appeared and despite variation in their paths, they 

were typically associated with NBCs (Fig. 2E and G; figs. S3A and C). This process is 

reminiscent of optic chiasm formation in mouse embryonic development, in which the site 

of the future optic chiasm is first populated by a subset of neurons expressing L1 and CD44. 

Subsequently, retinal ganglion axons grow and project towards the midline using these 

neurons as a landmark or a scaffold (24). Other cell types, such as radial glial cells at the 

optic chiasm, or midline cells in insects have a similar scaffolding role for axons crossing 

the midline during development (39).

In planarian head regeneration, early photoreceptor axonal projections cross the midline 

(Fig. 2E and G; (40)). At the time of optic chiasm formation, the pattern of axonal 

projections with choice points and notum+; frizzled 5/8-4+ cells near them became apparent 

(Fig. 2E). We also observed axonal projections to the brain targets at this time. By day 4 of 

regeneration, the pattern of the photoreceptor axons was similar across animals, indicating 

that initial patterning during de novo regeneration resolves with time into a stereotypical 

pattern. The events that occur can be approximated into the following stages: 1- eye 

nucleation; 2- NME/NMC regeneration, axon bundle formation and projection towards 

NME/NMCs; 3- NBC regeneration; 4- axonal projections towards NBCs and optic chiasm 
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formation; 5- axonal projections towards the visual areas in the brain. The close association 

between photoreceptor axons and NMEs, NMCs, and NBCs in this process is consistent 

with the possibility that these cells have a function in facilitating visual system wiring.

NMEs and NMCs are specified independently of eyes

If NMEs and NMCs have a guidepost-like function, their formation should at least in part be 

independent of the photoreceptor neurons themselves. To examine this possibility, we 

transplanted wild-type eyes (41) at different positions in pre-pharyngeal and post-pharyngeal 

animal regions. We did not observe any cells co-expressing notum and fz5/8-4 near the 

transplanted eyes ten days post-transplantation (Fig. 3A; fig. S4A). Interestingly, we 

observed that axon bundles from transplanted eyes were commonly defasciculated (Fig. 3A; 

fig. S4A). These findings suggest eyes in ectopic locations are insufficient to induce notum+; 
frizzled 5/8-4+ muscle cells.

Planarian eye cells (both photoreceptor neurons and optic cup cells) are specified by the 

transcription factor ovo (42). ovo RNAi animals cannot replace eye cells during normal 

tissue turnover or regenerate eyes after eye resection or decapitation. Nonetheless, NMEs 

and NMCs were both present in uninjured ovo RNAi animals, including in animals 

completely lacking photoreceptor neurons (Fig. 3B). However, their numbers were 

significantly reduced compared to control animals (Fig. 3B), suggesting a potential role for 

photoreceptor axons in the maintenance of normal NME and NMC numbers. Next, to 

determine whether NMEs and NMCs could regenerate independently of eye cells, we 

performed different injuries in ovo RNAi animals. We found that NMEs were able to 

regenerate after unilateral eye resection in ovo RNAi animals, indicating that eye cells were 

not required for NME specification in this context (Fig. 3C). Furthermore, NMEs were still 

observed 30 days after double-eye resection in ovo RNAi animals, suggesting that these cells 

were still specified even when no axons were left (fig. S4B). Moreover, NMEs and NMCs 

also regenerated after decapitation of ovo RNAi animals (Fig. 3D; figs. S4C and D), 

although the total number of NMEs and NMCs in this context was significantly lower 

compared to controls (Fig. 3D). In conclusion, both NMEs and NMCs were observed in 

uninjured or regenerating animals that completely lacked photoreceptor neurons and 

associated axons. Together, these data suggest that NMEs and NMCs can be formed in the 

absence of eyes, but their homeostatic numbers are positively influenced by photoreceptor 

axons.

Axonal projections from transplanted eyes associate with NMEs and NMCs

If visual circuit-associated muscle cells (NMEs and NMCs) have guidepost-like activity, we 

predicted that visual axonal projections should be correlated to their location not just during 

regeneration, but also following eye transplantation in the head. We performed unilateral eye 

transplantations at approximately the original eye position in double-eye-resected ovo RNAi 

recipients (fig. S5A). As shown above (Fig. 3B), some NMEs and NMCs perdured in intact 

ovo RNAi animals allowing assessment of correlation between the location of eye 

projections and NMEs and NMCs. One-to-three days after double-eye resection was not 

sufficient time to eliminate all preexisting photoreceptor axons in ovo RNAi recipients (figs. 
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S5B and C). Axonal projections from all transplanted eyes at this time point were able to 

navigate and follow the stereotypical path (figs. S5B and C). To eliminate a potential role for 

remaining axons in serving as a scaffold for transplanted axons, we transplanted eyes ten to 

twelve days after double-eye resection of ovo RNAi recipients. Within this time window, 

87.5% of the ovo RNAi recipients had no remnant axons left, although some NMEs and 

NMCs were present at the time of transplantation (d0, Fig. 4A). Axons from all transplanted 

eyes were prone to more defasciculation and errors, but projected ipsilaterally and crossed 

the midline in a stereotypical manner (Fig. 4A; fig. S5D). We observed that some NMEs 

were co-transplanted with the wild-type eye, explaining, at least in part, the increased 

number observed in NMEs at day seven following transplantation (Fig. 4B). Importantly, in 

all instances, even when transplanted eyes were slightly mispositioned, the visual axon tracts 

extended towards the NMCs present in recipient animals, and bifurcated at these choice 

points (zoom-ins, Fig. 4A; fig. S5D). Moreover, in some cases, we observed that axons 

locally deviated from the stereotypical route of the main axon bundle towards NMEs or 

NMCs that were present in the recipient animals (zoom-ins, Fig. 4A; fig. S5D). Trace 

mappings of axonal trajectories showed that nearly all axons passed close by NME/NMCs 

(within two cell diameters), and many directly interacted with NMEs/NMCs (Fig. 4C; figs. 

S6A and B). The locations of eyes, axonal projections, and NMEs/NMCs were variable in 

these experiments but tight association of projections with NMEs/NMCs was observed 

nonetheless. These results are consistent with the possibility that NMEs and NMCs might 

attract and/or stabilize visual axons. Moreover, our observations show that formation of an 

optic chiasm in adult planarians does not depend on interactions between the axons coming 

from each eye, as previously shown in vertebrates (23, 39).

Extrinsic axial patterning cues control NME/NMC positioning

If NMEs and NMCs facilitate photoreceptor axonal projection pattern in regeneration, then 

the positioning of these muscle cells should be regulated, at least in part, independently from 

the visual system itself. The fact that NMEs and NMCs can be regenerated independently of 

photoreceptor neurons is consistent with this possibility and suggests that an extrinsic 

mechanism should exist to position these cells. Correct positioning of guidepost cells is 

required for the precise wiring of neural circuits in other organisms. In most examined cases, 

canonical axon guidance cues (Netrins/DCC or Unc-5; Slits/Robo; Semaphorins/Plexins; 

and Ephrins/Ephrin Receptors) also affect guidepost cell positioning (12). To examine the 

role of conserved guidance cues in NME/NMC positioning, we inhibited previously reported 

and newly identified planarian genes encoding guidance cue homologs with RNAi (figs. 

S7A and B). Inhibition of these genes perturbed photoreceptor axonal projections (figs. S8A 

and B, (43–46)) but did not alter overall numbers or position of NMEs/NMCs (figs. S8A–C), 

except when planarian axial patterning was disrupted (see below).

Positional information is essential during both planarian regeneration and normal tissue 

turnover to inform neoblasts and/or their progeny about the location of tissues that need to 

be replaced. In planarians, a variety of signaling molecules known as position control genes 

or PCGs have important roles in axial patterning and constitute adult positional information. 

PCGs are predominantly expressed in muscle cells along different planarian axes (27, 47), 

and inhibition of some PCGs results in striking patterning defects, including 
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hypercephalized, animals with duplication of eyes, or pharynges (33, 47–49). Inhibition of 

PCGs affected the pattern of NMEs and NMCs during normal tissue turnover (Fig. 5A) and 

regeneration (fig. S8A).

The planarian medial-lateral (ML) axis is regulated by medial slit and lateral wnt5, with 

wnt5 restricting slit expression to the midline (50). Inhibition of slit or wnt5 impacted the 

ML positioning of NMEs and NMCs in both uninjured and regenerating animals (Fig. 5A; 

fig. S8A). slit RNAi animals showed a shift of these cells towards the midline, where an 

ectopic or cyclopic eye was observed (Fig. 5A; fig. S8A). roboC RNAi resulted in a similar 

phenotype to that of slit RNAi, suggesting roboC encodes a major Slit receptor (fig. S8A and 

D). wnt5 RNAi animals showed increased numbers of NMEs and NMCs laterally, in 

conjunction with the appearance of ectopic lateral eyes (Fig. 5A). Regenerating wnt5 RNAi 

animals did not form an optic chiasm and NMEs/NMCs were displaced more laterally (fig. 

S8A). ror-1 RNAi resulted in a phenotype similar to that of wnt5 RNAi animals during both 

regeneration and homeostasis (figs. S8A and D), suggesting that ror1 encodes the Wnt5 

receptor in this process.

RNAi of genes involved in the patterning of the anterior-posterior (AP) axis affected the AP 

positioning of NMEs and NMCs (Fig. 5A). notum RNAi causes anteriorization of brain and 

ectopic anterior eye appearance (32), and these animals showed ectopic anterior NMEs and 

NMCs. Because of the axial patterning role of notum, it was not possible to readily 

determine the function of notum within NME and NMCs. nou darake (ndk) RNAi animals 

develop ectopic posterior eyes (47, 48) and shift anterior PCG expression domains 

posteriorly (47). ndk RNAi caused ectopic posterior appearance of NMEs and NMCs. Major 

surgery leading to extensive PCGs shifts in the head fragments (41) also resulted in the 

appearance of ectopic NMEs and NMCs at positions consistent with the locations of ectopic 

de novo eyes (Fig. 5A). In PCG RNAi experiments, NMEs and NMCs were sometimes 

observed in ectopic locations before the nucleation of a new ectopic eye or the projection of 

a new axon bundle (fig. S9A). This is consistent with the possibility that PCG alteration 

itself leads to ectopic positioning of NMEs/NMCs as opposed to these cells being induced in 

ectopic locations only after ectopic eyes or axonal projections appeared.

To further test this hypothesis, we generated posteriorized ndk RNAi animals. After wearing 

off the RNAi, these animals maintained all ectopic posterior eyes and posteriorly expanded 

brain lobes, even though ndk function returns and the PCG map scales back to its normal 

proportions (41). Sagittal amputations at this time result in animals regenerating a side with 

a new eye and brain lobe at the correct scale and anterior position, generating an 

asymmetrical body plan (Fig. 5B and (41)). NMEs and NMCs, under these conditions, only 

regenerated at the correct AP position with respect to the rescaled PCG domains, near the 

regenerating eye within the blastema. Within the uninjured old tissue side, which maintained 

a posteriorly expanded cephalic ganglion and ectopic eyes, NMEs and NMCs were also only 

observed near the eye that was found at the correct position based on the rescaled PCG map. 

i.e., posterior ectopic eyes did not maintain NMEs and NMCs (Fig. 5B; fig. S9B), unlike 

animals that were kept under ndk RNAi conditions (Fig. 5A). These results further indicate a 

role for PCGs, rather than ectopic eyes themselves, in instructing the positioning of newly 

specified NMEs and NMCs.
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Because NMEs and NMCs can be formed in the absence of eyes (Fig. 3D), we inhibited 

both ovo and PCGs at the same time to ask whether the ectopic positioning of NMEs/NMCs 

was still observed in PCG RNAi conditions in the absence of eye formation (Figs. 5C and D; 

figs. S9C and D). In both uninjured or regenerating RNAi animals, NMEs and NMCs were 

mispositioned, regardless of the presence (in control) or absence (in ovo RNAi) of new 

photoreceptor neurons. Taken together, our results indicate that PCGs constitutes a 

positional information system that instructs the positioning of NMEs and NMCs 

independently of eye cells, providing a mechanism to place cells with candidate guidepost-

like function in precise locations.

NMCs are absent in tolloid RNAi animals

Members of the Bmp/TGFβ family have been shown to guide commissural axons of the 

spinal cord in vertebrates ventrally, through repulsion (51, 52). Inhibition of the planarian 

bmp4 homolog did not grossly affect the pathfinding of visual axons during regeneration 

(53). However, inhibition of tolloid, a metalloproteinase which can cleave the Bmp inhibitor 

Chordin in vertebrates and Drosophila (54, 55), resulted in severe defects in the trajectory of 

photoreceptor axons (53). In regenerating tolloid RNAi animals, axons were more 

defasciculated and were not able to cross the midline, resulting in disorganized posterior 

projections (Figs. 6A and B; fig. S10A). The midline cues slit and netrin-2 were normally 

expressed in these animals (fig. S10B). NMEs and NBCs were still present, but NMCs were 

completely absent in regenerating tolloid RNA animals (Fig. 6A). NMCs were also severely 

reduced in tolloid RNAi animals during eye regeneration following double-eye resection 

(fig. S10C) and during homeostasis (Fig. 6C). Under all of these conditions, photoreceptor 

axons showed higher levels of defasciculation.

We next transplanted eyes into tolloid; ovo RNAi recipients, which lack NMCs. 

Independently of the presence or absence of remaining axons (transplantation after three or 

ten days following double-eye resection), wild-type photoreceptor axons were not able to 

robustly project in a fasciculated bundle or cross the midline in tolloid; ovo RNAi recipients 

(Fig. 6D; fig. S10D). These results are consistent with the possibility that NMCs can attract 

and/or stabilize axons to the choice points and facilitate axon bundle formation. Similar 

results were observed when transplanting a wild-type eye into a netrin-1; netrin-2; ovo RNAi 

recipient, or when transplanting an eye from a DCC RNAi animal into an ovo RNAi 

recipient (fig. S10E). Metalloproteinases have been shown to cleave the DCC receptor (56), 

raising the possibility of direct or indirect interaction between Tolloid and DCC in 

planarians. The midline defect in tolloid RNAi animals indicates that additional tolloid-

dependent processes likely exist and affect midline axonal crossing.

arrowhead is required for NBC specification and optic chiasm formation

Specific ablation of CD44-expressing chiasm neurons in mice demonstrated a role for these 

cells in the formation of optic chiasm during embryonic development (57). Cell-specific 

ablation strategies are not currently available in planarians. However, in some instances, 

RNAi of transcription-factor-encoding genes involved in cell-fate specification can be used 

to deplete animals of specific cell populations (34, 42, 58, 59). Inhibition of arrowhead, 
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which is expressed medially to the cephalic ganglia and encodes a Lim homeodomain 

protein, by RNAi resulted in failed regeneration of the optic chiasm and defective axonal 

crossing at the midline (60). arrowhead RNAi did not affect the expression of normal 

midline guidance cues, such as slit (60) and netrin-2 (fig. S11A). Visual axonal projections 

did not overtly follow other axon bundles at the anterior commissure in regenerating 

arrowhead RNAi animals (fig. S11B). We hypothesized that arrowhead might be required for 

the regeneration of NBCs at the anterior commissure, and thereby affect midline crossing of 

visual axons. Indeed, NBCs expressed arrowhead both in intact and regenerating animals 

(Fig. 6E; fig. S11C) and arrowhead RNAi animals failed to regenerate NBCs (Fig. 6F). 

However, we cannot rule out the possibility that other cells specified by arrowhead also 

contribute to optic chiasm formation. Numbers of NMEs and NMCs were not affected in 

arrowhead RNAi animals during head regeneration (Fig. 6F) or after double-eye resection 

(fig. S11D). Intact arrowhead RNAi animals that lost all NBCs during normal tissue turnover 

were still able to properly rewire the visual system after double eye resection (fig. S11D), 

suggesting that NBCs might be dispensable for maintenance of the optic chiasm. 

Importantly, visual axons after double-eye resection perdure for around three days, which 

gives sufficient time for new photoreceptors to regenerate and project their axons to the brain 

targets following the pre-existing axonal tract. Alternatively, the photoreceptor axons could 

also be influenced by the existing brain commissure. In addition, RNAi animals with 

duplicated optic chiasms (notum RNAi animals; (32)) also had ectopic anterior brain 

commissures with a duplication of NBCs (Fig. 6G).

soxP-5 is required for NME/NMC specification

To examine the transcriptomic signature of NMEs and NMCs, we performed single-cell 

RNA sequencing (scRNA-seq) using Drop-seq (61) on cells isolated from the region 

containing the visual system in intact animals (Fig. 6H). Cells were clustered using Seurat 

into 28 clusters, each of which could be assigned to one of the eleven broad tissue classes on 

the basis of tissue-specific gene expression ((62); Fig. 6H). We recovered eight notum+; 
frizzled5/8-4+ cells that were negative for brain markers (pc2 and ChAT) and anterior pole 

markers (foxD), and clustered together with muscle cells (Fig. 6H; fig. S12A; Table S1). We 

performed single-cell-differential expression analysis (SCDE) with these cells, comparing 

their transcriptomes with the transcriptomes of other muscle cells, and identified enriched 

transcripts (Table S2). A similar analysis was also performed for NBCs (Table S3). One of 

the few transcription factors expressed in NMEs and NMCs in the scRNA-seq data was 

soxP-5 (soxP-5 expression was difficult to detect by FISH). soxP-5 was also broadly 

expressed in muscle cells, including muscle progenitors, but not in photoreceptor neurons or 

other cell types (Fig. 6H; fig. S12A; Table S1).

RNAi of soxP-5 led to a significant decrease in the numbers of both NMEs and NMCs in 

uninjured (Fig. 6I) or double eye-resected animals (fig. S12B), indicating it is required for 

production of normal numbers of these specialized muscle cells. After head amputation, 

soxP-5 RNAi animals regenerated head blastemas that were normal in macroscopic size, 

appearance, and brain architecture (fig. S12C). However, these blastemas displayed lower 

numbers of NMEs and NMCs – in most soxP-5 RNAi animals multiple NMEs and NMCs 

did regenerate, but a minority of animals had very few or no detectable NMEs and NMCs 
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(Fig. 6J). In eye-resected soxP-5 RNAi animals, the axonal projection pattern remained 

mostly unaffected, as expected, because new axons could follow existing axonal tracts in 

their development (fig. S12B). In regeneration following amputation, the visual system must 

form de novo, allowing assessment of pattern in animals with reduced NMEs and NMCs. 

Whereas most soxP-5 RNAi animals regenerated the stereotypical axonal projection pattern, 

around 20% of the soxP-5 RNAi animals exhibited defects in this pattern (labeled as 

soxP-5*; Figs. 6K and L; figs. S12D–F). soxP-5* RNAi animals showed ectopic axon 

bundles at the optic chiasm, abnormal fasciculation, and misrouting of the axon bundles at 

the choice points (Figs. 6K and L; figs. S12D and E). We found that the soxP-5* animals 

were those that had a severe reduction in NMEs and NMCs: soxP-5* RNAi animals had 

significantly fewer NMEs (p=0.0029) and NMCs (p=0.02) than did soxP-5 RNAi animals 

with a relatively normal axonal projection pattern (fig. S12F). Normal numbers of muscle 

cells were observed in intact (fig. S12B) and regenerating soxP-5* RNAi animals (figs. 

S13A and B), indicating that soxP-5 is not essential for general muscle regeneration or 

maintenance per se. Furthermore, NBCs, as well as other neuronal subsets, normally 

regenerated in soxP-5* RNAi animals, indicating a specific effect on the muscle cells 

associated with the photoreceptor axons (figs. S13C and D). The correspondence between 

low numbers or absence of NMEs/NMCs and the quality of the regenerated axonal 

projections provides further evidence for a guidepost-like role for these muscle cells. Our 

results suggest that NME, NMC, and NBC guidepost-like cells, together with constitutive 

guidance cues expressed broadly in the animal, contribute to the overall assembly and 

pattern of the precise visual system.

Discussion

Orchestration of precisely wired neural circuits relies on multiple developmental processes. 

Axon pathfinding is a highly precise process and conserved mechanisms of guidance are 

used by different organisms. Guidance mechanisms can act in concert, and include long-

range or local chemoattractants and chemorepellents (guidance cues), transient cell-cell 

interactions (guidepost cells), and fasciculation of axons with pioneer or preceding axon 

tracts that form an initial scaffold. Once the circuit is established, some of these mechanisms 

become dispensable for the maintenance of pattern. The transient nature of these 

developmental mechanisms creates a problem for repair after injury: if an injury removes a 

patterned circuit, the information for bringing the circuit back would be lost, and might 

result in irreparable damage to the nervous system, even if the mechanisms for new neuron 

production existed. However, functional regeneration of the nervous system in some animals 

suggests mechanisms for de novo restoration of the precise pattern of neuronal circuits in 

adults must exist.

We identified a population of muscle cells expressing notum and fz5/8-4 located in close 

proximity to axon tracts at key locations in the planarian visual system. The tight association 

and precise positioning of these muscle cells suggest they have a role in the assembly of the 

planarian visual system. This finding led us to investigate the possible existence of 

guidepost-like cells in nervous system regeneration. Guidepost cells in other organisms are 

often transient neurons or glia. These planarian guidepost-like cells were not only present in 

regeneration, but constitutively maintained in the adult. It is atypical for a muscle cell to 
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exert a guidepost-like role. However, planarian muscle cells are not only contractile, but they 

also secrete extracellular matrix proteins (63) and harbor positional information required for 

regeneration and tissue turnover (27, 47). In addition, specialized subsets of muscle cells 

serve as anterior (64) and posterior organizers (65, 66). Our findings suggest that non-

neuronal connective tissue-like cells can promote neuronal circuit formation in regeneration.

Our results suggest that notum+; frizzled 5/8-4+ muscle cells can locally attract and/or 

stabilize photoreceptor axons, facilitating formation of visual axon bundles, and possibly 

helping with axon sorting at choice points (Fig. 6M). Axon-axon interactions are critical for 

organizing axons into bundles and are required for proper topographic pathfinding. The 

mechanisms involved in axon bundle formation described in other organisms include either 

interactions of adhesion molecules expressed on the axons, or repulsive interactions between 

axons and surrounding tissues (reviewed in (67)). The molecules required in planarians to 

facilitate this process remain unknown, although members of the Immunoglobulin or 

Cadherin superfamilies are appealing candidates to play roles in this process. Guidepost 

cells in other systems exert their function in guiding pioneer axon tracts by secreting 

attractive or repulsive guidance cues. Inhibition of several genes encoding homologs of 

canonical guidance cues did not result in defective attraction of the visual axons towards the 

planarian guidepost-like cells, suggesting that different molecules are at play or that there 

exists some redundancy within the system.

Our findings suggest a model in which guidepost-like cells act in concert with constitutively 

active global axon guidance cues to facilitate precision in the regeneration of the visual 

system.

Our study also identified two different transcription factors required for the specification of 

distinct subsets of cells with guidepost-like attributes. arrowhead, a Lim domain homeobox 

gene, is involved in the specification of NBCs, whereas soxP-5, is required for the 

specification of both NMEs and NMCs. NMEs and NMCs show differences regarding not 

only their position, but also, based on our observations from tolloid RNAi animals, in the 

expression of different programs to exert their function. NMCs were sensitive to tolloid 
inhibition, whereas NMEs remained unaffected. Some of these genes likely regulate systems 

beyond the NMEs/NMCs. Previously identified targets of the Tolloid protease include the 

BMP inhibitor, Chordin, a homolog for which has not been found in planarians. However, 

increasing evidence suggests that members of the Astacin-like family of metalloproteases 

can also process extracellular matrix components, other TGFβ family ligands, and are likely 

candidates for modulating the activity of guidance cues or their receptors (56).

How intermediate target or guidepost cells in different organisms are specified at precise 

locations has not been fully elucidated. Our observations suggest a model in which muscle 

guidepost-like cells are coarsely specified in a permissive region proximal to the eyes, which 

is, at least in part, defined by an axial PCG expression map (Fig. 6M). Density maps for the 

muscle guidepost-like cells suggest that these cells might be maintained only at the positions 

where photoreceptor axons are present, as indicated by their tight association with 

photoreceptor axons. This feature may allow dynamic maintenance of muscle guidepost-like 
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cells in precise locations, and allow regeneration of these cells in the face of an unlimited 

array of regenerative challenges.

Strategies for neuronal patterning in the absence of embryo-specific contexts likely will also 

be crucial to overcome challenges in regenerative medicine. By studying a naturally 

occurring context of de novo formation of a neural system in regeneration, we found that 

small populations of cells, extrinsic to the system itself, provide information to help 

precisely pattern and assemble axonal projections in regeneration. Our results expand the 

diversity of strategies utilized by different organisms to organize and properly build the 

nervous system, especially in the context of injury repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. notum+ fz5/8-4+ muscle cells are tightly associated with the planarian visual system.
(A) Schematic diagram of planarian visual system. (B) notum+ cells associated with visual 

axons. (C) Co-expression and (D) density map (top) of notum and fz5/8-4 in cells associated 

with visual axons. Dark pink, cells near the eye; light pink, cells at choice points. Bottom: 

Graph shows positive correlation between number of cells associated with visual circuit and 

animal size (length). Red line, best fit for linear regression. (E) Transverse cut (red line) 

shows nuclei position of three notum+ cell subsets. Yellow dotted line, notum+ fz5/8-4+ 

cells. Dorsal, top; ventral, bottom. (F) SMEDWI-1 expression in a cell associated with visual 
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circuit indicates recent specification. (G-J) notum+ cells associated with visual axons do not 

express eye-specific markers (G), neuron-specific markers (H), or glia-specific markers (I), 

but express muscle-specific markers (J; pool: troponin, tropomyosin, colF-2, colF-10). (K) 

Muscle notum+ cells are associated with visual axons in Schmidtea polychroa embryos. 

Cartoon shows embryonic stages. White arrows point to notum+ cells associated with visual 

circuit. Cartoon red box shows location of image taken.

Scale bars, 50μm (B, C, E, G, H, I, J, K) and 10μm for all zoom-ins (C, F, H, I, J).
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Figure 2. notum+ fz5/8-4+ muscle cells are associated with regenerating visual axons.
(A) Illustrations show NME, NMC, and NBC positions across different axes. (B) 

Regeneration of visual system at different timepoints following unilateral eye resection. 

Bottom: zoom-ins of visual axonal projection examples (1-4) 2-4 days after eye resection. 

Dotted outline, NMEs/NMCs. Left cartoon shows surgical procedure: head decapitation 

(dotted line; day −3) and unilateral eye resection three days later (d0; red line). Red box, 

location of image taken. Right cartoons summarize events observed following eye resection. 

(C) Graph shows no change in NMC numbers between resected and control sides. (D, F, G) 
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Circular plots show tracing of photoreceptor axonal trajectories (lines) from independent 

right eyes during regeneration (d2 to d4) of a resected eye (D) or decapitation (F, G). 

Colored dots represent NMCs (D), NMEs/NMCs (F) or NBCs (G). (E) Regenerating visual 

system following decapitation. Dotted line in left cartoon indicates amputation line, red box 

shows location of image taken. Illustrations (right) summarize events observed after 

decapitation. Blue arrows, axons; white arrows, NMEs and/or NMCs, dark pink arrows or 

dots, NMEs; light pink arrows or dots and black arrows, NMCs. Orange dots or dotted 

outline, NBCs; white arrows, NMEs/NMCs; yellow arrows NMEs/NMCs expressing only 

frizzled 5/8-4.

Scale bars, 50μm (B, D-G).
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Figure 3. Visual axons are not required for NME and NMC specification but maintenance.
(A) NMCs are observed associated with original visual axons but not with axons from 

transplanted eyes. Cartoon on left shows location of transplanted eyes. (B) NMEs/NMCs are 

present in uninjured animals with few or no visual axons (ovo RNAi). Right top: Density 

map shows NME/NMC distributions in an idealized visual system cartoon. n indicates 

number of animals mapped. Right bottom: Graph shows NME/NMC numbers in uninjured 

RNAi animals. Regeneration of NMEs (C) and NMEs/NMCs (D) in ovo RNAi animals after 

eye resection (C) or head amputation (D). Bottom left: Mapping shows NME/NMC 
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distributions in an idealized visual system cartoon. n indicates number of animals mapped. 

Bottom right: Graph shows NME/NMC numbers. Red box shows location of image taken. 

Dark pink arrows or dots, NMEs; light pink arrows or dots, NMCs.

Scale bars, 100μm (A) and 50μm (B-D).
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Figure 4. NMEs and NMCs facilitate visual system patterning after eye transplantation.
(A) Top: NMEs/NMCs are still present 10-12 days after double-eye resection in ovo RNAi 

animals before a wild-type eye is transplanted (left). Complete (middle) or incomplete 

(right) recapitulation of stereotypical visual axonal projections after eye transplantation in 

double-eye resected ovo RNAi animals. Cartoon on left shows summarized surgical 

procedure: animals were RNAi fed 8 times (8F), double-eye resection performed, and wild-

type eye transplanted 10 to 12 days after eye resection. Animals were fixed just before (d0) 

or 7 days after (d7) transplantation. Cartoons show axonal tracings of the image shown 

above and position of NMEs, NMCs, and NBCs. Below: zoom-ins (white dotted box) 

showing axonal projections from transplanted eyes in close association with NMEs/NMCs 

(black arrows). (B) Graph shows NME/NMC numbers before and after transplantation. (C) 

Cartoons show examples from A (i-viii) of NME/NMC associations with visual axons. 

Numbers of cells that contact an axonal tract or found within two cell-diameter distance to 

the axonal tract are shown. Bottom: axonal tracing observed near 48 NMEs/NMCs after 

transplantation. Dark pink arrows or dots, NMEs; light pink arrows or dots, NMCs.

Scale bars, 50μm (A).
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Figure 5. Axial patterning is required for positioning of NMEs and NMCs.
(A) Left: Visual system and NMEs/NMCs in different uninjured RNAi conditions or 

following surgery. Right top: Density map shows NME/NMC distributions in an idealized 

visual system illustration. n indicates number of animals mapped. Right bottom: Heatmap 

shows numbers of NMEs/NMCs in each quadrant. (B) Top: Illustration summarizing 

experimental procedure. Middle: Rescaling of ndl-2 PCG expression, maintenance of 

posteriorized brain lobe in old tissue, and regeneration of normal size brain lobe in blastema. 

Bottom: NMEs/NMCs are present near eyes located at the correct position following PCG 

rescaling (1) but not near ectopic posterior eyes (2) in an ndk RNAi animal. White arrows 

point to brain lobes or neurons (cintillo+). (C) Mapping shows NME/NMC distributions in 

an idealized visual system cartoon of uninjured PCG RNAi animals in the presence (control) 

or absence (ovo RNAi) of eyes. n indicates number of animals mapped. Heatmap shows total 
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number of NMEs/NMCs located in each quadrant. slit RNAi leads to medialization, notum 
RNAi leads to anteriorization, and ndk; ndl-4 RNAi leads to posteriorization of NME and 

NMCs – in each case independently of eyes. (D) wnt5 RNAi animals show lateralized a 

NME/NMC distribution, whereas slit RNAi animals show medialized cell distribution 

independently of visual axons during regeneration. Dotted lines in cartoons show amputation 

planes. Dark pink arrows or dots, NMEs; light pink arrows or dots, NMCs; blue arrows, 

visual axons.

Scale bars, 50μm(A), 100μm (B).
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Figure 6. tolloid, arrowhead, and soxP-5 are required for specification of guidepost-like cells and 
precise wiring of the visual system.
(A) Defasciculation of visual axons (white dotted circle) and absence of NMCs in a 

regenerating tolloid RNAi animal. Right graph shows NME/NMC numbers after head 

regeneration. (B) Graph shows axonal projection width in RNAi animals. (C) Graph shows 

NME/NMC numbers in uninjured animals. (D) Lack of NMCs and inability of transplanted 

eyes to cross the midline in tolloid RNAi animals. Right graph shows NME/NMC numbers 

after transplantation. (E) NBCs expressed the transcription factor arrowhead in intact (left) 

or regenerating (right) animals. (F) Left: Absence of NBCs and lack of optic chiasm (dotted 
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circles) in a regenerating arrowhead RNAi animal. Middle: Graph shows normal NME/NMC 

numbers in regenerating arrowhead RNAi animals. Right: Mappings show distribution of 

NMEs/NMCs in an idealized visual system, n indicates total number of animals mapped. (G) 

slit+; arrowhead+ cells (white arrows) in ectopic anterior brain commissures in a notum 
RNAi animal coinciding with ectopic optic chiasm. (H) scRNA-sequencing analysis of cells 

from region depicted in left cartoon. Left: t-SNE representation of clustered cells (dots) 

colored based on planarian cell types. Middle: t-SNE representation of clustered muscle 

cells expressing notum; fz5/8-4 (red). Right: t-SNE plot colored by expression of the 

transcription factor soxP-5(I, L) Graph shows total NME/NMC numbers in uninjured (I) or 

regenerating (J) RNAi animals. (K) Visual system in presence of normal (middle) or 

severely reduced (right, soxP-5*) numbers of NMEs/NMCs. (L) Graphs show number of 

axon bundles at the midline (left), number of NMEs/NMCs (right) in soxP-5* RNAi 

animals. (M) Model summarizing findings (see text for details). Dark pink arrows or dots, 

NMEs; light pink arrows or dots, NMCs.

Scale bars, 50μm (A, D, E, F, G, K).
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