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Introduction

Glial cells act as support cells in vertebrate nervous system, with different types assuming different functions. Radial glia, for example, are progenitors for numerous types of central nervous system (CNS) neurons and glial cells, while astrocytes interact with multiple neuronal types and play a crucial homeostatic role by regulating cell metabolism, synaptic connections and ion balance. Oligodendrocytes, like the peripheral Schwann cells, produce myelin sheaths that insulate axons, accelerate the transmission of nerve impulses, while also performing some metabolic functions. Despite an ever-increasing body of knowledge on vertebrate glia, the study of glial cells in invertebrates is still in its infancy. With the exception of the main invertebrate model systems Caenorhabditis elegans and Drosophila melanogaster, information on invertebrate glia is limited mainly to anatomical descriptions [START_REF] Hartline | The evolutionary origins of glia[END_REF]. It has thus proven difficult to make useful comparisons between taxa. In addition, invertebrates are highly diverse in terms of neural organizations, and the glial cell types identified in any one group are difficult to compare with vertebrate glia [START_REF] Coles | Glial cells: invertebrate[END_REF][START_REF] Ortega | Neurons and glia cells in marine invertebrates: an update[END_REF]. Supposed radial glia homologs have, however, been identified in most deuterostome taxa, which would include, in addition to vertebrates, hemichordates, echinoderms, cephalochordates and tunicates. Putative glia in these taxa are characterized by apical cell bodies and long basal processes containing bundles of intermediate filaments. The latter can span the whole thickness of the nerve cord and terminate in enlarged end-feet [START_REF] Bone | The central nervous system in amphioxus[END_REF][START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF][START_REF] Mackie | The nervous system in adult tunicates: current research directions[END_REF][START_REF] Mashanov | Organization of glial cells in the adult sea cucumber central nervous system[END_REF][START_REF] Viehweg | Secretory radial glia in the ectoneural system of the sea star Asterias rubens (Echinodermata)[END_REF]. The evolutionary origin of radial glia may well predate the divergence of bilaterians, since glial cells with similarities to echinoderm and vertebrate radial glia have recently been identified in some protostome lineages [START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF].

In vertebrates, radial glia are a key element of neural development. They differentiate early in neurogenesis and serve as neural stem cells [START_REF] Alexandre | Neurons derive from the more apical daughter in asymmetric divisions in the zebrafish neural tube[END_REF][START_REF] Malatesta | Isolation of radial glial cells by fluorescentactivated cell sorting reveals a neural lineage[END_REF]. Their processes span the ventricular zone, which allows them to act as a scaffolding along which newborn neurons are guided to their final positions [START_REF] Hatten | Mechanisms of glial-guided neuronal migration in vitro and in vivo[END_REF]. In mammals, most radial glia disappear at the end of neurogenesis, differentiating into neurons, ependyma or parenchymal glia, e.g. astrocytes or oligodendroglia [START_REF] Fogarty | A subset of oligodendrocytes generated from radial glia in the dorsal spinal cord[END_REF][START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. However, radial glia do persist in a few regions of the adult brain, as in the wall of the lateral ventricle, where they have a continuing role as neural stem cells [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF].

In contrast to mammals, radial glia persists in most regions of the adult CNS in fish, amphibians and reptiles, in particular in species characterized by so-called laminar brains (as defined by [START_REF] Butler | Comparative Vertebrate Neuroanatomy: Evolution and Adaptation[END_REF]), including, for example, chimaeras, gars, coelacanths and amphibians. Laminar brains are virtually devoid of ependymal cells and parenchymal astrocytes [START_REF] Jurisch-Yaksi | Radial glia in the zebrafish brain: functional, structural, and physiological comparison with the mammalian glia[END_REF][START_REF] Kálmán | GFAP-immunopositive structures in spiny dogfish, Squalus acanthias, and little skate, Raia erinacea, brains: differences have evolutionary implications[END_REF], and radial glia thus appear to replace these in establishing the ependymal barrier and for some astrocytic functions (reviewed in [START_REF] Jurisch-Yaksi | Radial glia in the zebrafish brain: functional, structural, and physiological comparison with the mammalian glia[END_REF]. In the adult, this population is referred to as ependymo-radial glia [START_REF] Becker | Neuronal regeneration from ependymo-radial glial cells: cook, little pot, cook![END_REF].

The distinction between radial glia, ependymal cells and astrocytes across vertebrates is therefore not straightforward [START_REF] Götz | Radial glial cells[END_REF], but one key feature that does appear to distinguish radial glia from ependymal cells and astrocytes is the role played by the former as a neural progenitor, both during embryogenesis and in the adult. The brains of vertebrates with conspicuous radial glia are thus characterized by a high regenerative capacity, while those of adult mammals, which lack radial glia, respond to brain injury with glial scarring [START_REF] Kroehne | Regeneration of the adult zebrafish brain from neurogenic radial glia-type progenitors[END_REF]. Similar observations have been made in adults of the sea cucumber, an echinoderm, where radial glia proliferation in response to traumatic injury produces both glial cells and neurons [START_REF] Mashanov | Radial glial cells play a key role in echinoderm neural regeneration[END_REF].

In this study, we characterized glial cell development in cephalochordates, commonly called amphioxus or lancelets, the earliest branch of the chordate lineage [START_REF] Delsuc | Tunicates and not cephalochordates are the closest living relatives of vertebrates[END_REF][START_REF] Putnam | The amphioxus genome and the evolution of the chordate karyotype[END_REF] and hence the best living proxy for the last common ancestor of all chordates, which also include tunicates and vertebrates. Amphioxus and vertebrates share a stereotypical body plan with a dorsal CNS, a notochord, segmented body muscles, pharyngeal slits and a post-anal tail (Fig. 1A-B). The CNS of developing amphioxus has been extensively studied from both an ultrastructural [START_REF] Lacalli | Frontal eye circuitry, rostral sensory pathways and brain organization in amphioxus larvae: evidence from 3D reconstructions[END_REF](Lacalli, , 2002a;;[START_REF] Lacalli | Landmarks in the anterior central nervous system of amphioxus larvae[END_REF][START_REF] Wicht | The nervous system of amphioxus: structure, development, and evolutionary significance[END_REF] and a molecular point of view [START_REF] Albuixech-Crespo | Molecular regionalization of the developing amphioxus neural tube challenges major partitions of the vertebrate brain[END_REF][START_REF] Candiani | The cholinergic gene locus in amphioxus: molecular characterization and developmental expression patterns[END_REF][START_REF] Candiani | A neurochemical map of the developing amphioxus nervous system[END_REF][START_REF] Zieger | The origin of dopaminergic systems in chordate brains: insights from amphioxus[END_REF][START_REF] Zieger | Retinoic acid signaling and neurogenic niche regulation in the developing peripheral nervous system of the cephalochordate amphioxus[END_REF]). Yet, while its neuronal cell types are well characterized, an unequivocal identification of glial cells has not, to date, been available.

The amphioxus neural tube is thin and un-vascularized, with cell bodies lining the central canal except in the case of a few specific neuronal cell types that migrate from that location (Fig. 1C, see [START_REF] Wicht | The nervous system of amphioxus: structure, development, and evolutionary significance[END_REF] for details). The surface of neural tube appears uniform, except for an anterior swelling called the cerebral vesicle. Similar to the situation in jawless vertebrates, neurites are not myelinated. In the absence of external morphological landmarks, position relative to somite boundaries is commonly used to mark anteroposterior position along the nerve tube [START_REF] Wicht | The nervous system of amphioxus: structure, development, and evolutionary significance[END_REF], but molecular markers have proven useful for subdividing the brain-like region of the anterior cord into a rostral hypothalamoprethalamic (HyPTh), an intermediate diencephalo-mesencephalic (DiMes) and a caudal rhombencephalon-spinal (RhSp) region [START_REF] Albuixech-Crespo | Molecular regionalization of the developing amphioxus neural tube challenges major partitions of the vertebrate brain[END_REF]. The HyPTh corresponds to the anterior cerebral vesicle as defined by morphological criteria and includes the frontal eye complex, homologous to vertebrate paired eyes [START_REF] Vopalensky | Molecular analysis of the amphioxus frontal eye unravels the evolutionary origin of the retina and pigment cells of the vertebrate eye[END_REF], and the infundibular organ, a glial-related secretory structure. The DiMes is located between the infundibular organ and the end of somite pair 1 and includes the lamellar body, a photoreceptor homologous to vertebrate pineal organ [START_REF] Bozzo | The HMGA gene family in chordates: evolutionary perspectives from amphioxus[END_REF], and the primary motor center [START_REF] Lacalli | Frontal eye circuitry, rostral sensory pathways and brain organization in amphioxus larvae: evidence from 3D reconstructions[END_REF]. Caudal to the first somite pair is the RhSp, which is relatively uniform in cell composition compared to more anterior regions of the amphioxus CNS.

Several types of putative glial cells have been described in amphioxus. In premetamorphic larvae (Fig. 1D), for example, ependymoglial and ependymal cells are distinguishable by the respective presence and absence of intermediate filament bundles [START_REF] Lacalli | Floor plate, glia and other support cells in the anterior nerve cord of amphioxus larvae[END_REF] and morphologically resemble vertebrate radial glia [START_REF] Götz | Radial glial cells[END_REF]. In addition, floor and roof plate cells, performing glia-like support functions, are easily identified and a category of non-neuronal glia-like cells arise at the ventral midline in close association with the floor plate, the midline glia [START_REF] Lacalli | Floor plate, glia and other support cells in the anterior nerve cord of amphioxus larvae[END_REF]. The long axial processes formed by the latter imply a possible role in axonal guidance, but this has not been confirmed experimentally.

In the amphioxus adult CNS (Fig. 1C), putative glial cells have been reported that bridge between the neural canal and basal lamina via long radial processes. Such cells have been called ependymal glia [START_REF] Bone | The central nervous system in amphioxus[END_REF], ependymal cells [START_REF] Castro | Neuronal organization of the brain in the adult amphioxus (Branchiostoma lanceolatum): a study with acetylated tubulin immunohistochemistry[END_REF], radial glia [START_REF] Wicht | The nervous system of amphioxus: structure, development, and evolutionary significance[END_REF] or tanycytes [START_REF] Obermüller-Wilén | A neurosecretory system in the brain of the lancelet, Branchiostoma lanceolatum[END_REF]. Here, we will use the term ependymo-radial glia for amphioxus adults, which is consistent with the nomenclature used in adult vertebrates [START_REF] Becker | Neuronal regeneration from ependymo-radial glial cells: cook, little pot, cook![END_REF]. Small parenchymal cells, called Schneider glia, have also been identified in the dorsal nerve cord [START_REF] Bone | The central nervous system in amphioxus[END_REF]. In the amphioxus peripheral nervous system, small cells, called Müller glia, are associated with dorsal nerves and motor neurons contacting the muscles [START_REF] Bone | The central nervous system in amphioxus[END_REF]. Glial cells are also said to ensheathe sensory neurites that innervate the adult tail, similar to vertebrate non-myelinating Schwann cells [START_REF] Holland | The sensory peripheral nervous system in the tail of a cephalochordate studied by serial blockface scanning electron microscopy[END_REF]. Given that amphioxus lacks a definite neural crest, the peripheral glia-like cell populations are likely of intramedullary origin.

In addition to the homology of specific glial cell types, the functions of amphioxus glia remain almost completely unknown. For example, there is no evidence for or against amphioxus glia-like cells acting as neural stem cells. In ascidian tunicates, ependymal cells of the larva produce neurons during metamorphosis [START_REF] Horie | Ependymal cells of chordate larvae are stem-like cells that form the adult nervous system[END_REF], but early differentiating neurons arise directly from the neuroepithelium. But in amphioxus, proliferation sites and rates of proliferation are incompletely documented. From the work of [START_REF] Holland | Stage-and tissue-specific patterns of cell division in embryonic and larval tissues of amphioxus during normal development[END_REF], proliferation rates in the nerve cord appear to decrease at the mid-neurula stage, but possible problems with penetration of the probe mean that actual proliferation rates may be much higher. This suggests that there is much that remains to be determined about the rates and localization of cell division within the embryonic CNS in amphioxus, making it more difficult to explain the precise distribution of glia and neurons along the axis of the developing nerve cord.

Here, we present the first in-depth characterization of glial cell development in amphioxus and demonstrate that a very specific subset of cells expresses markers of vertebrate astroglia and radial glia. Our anatomical data provide evidence for the occurrence of one or two rounds of cell division of each ependymal and floor plate cell between embryonic and pre-metamorphic stages. The molecular data also provide evidence for the existence of a pool of undifferentiated progenitor cells in the dorsal neural tube and support the notion that the differentiation of dorsal cells is considerably delayed with respect to ventral cells, as is the differentiation in the posterior neural tube relative to more anterior regions.

Materials and Methods

Animals

Adults of the European amphioxus (Branchiostoma lanceolatum, Pallas 1778) were collected at the previously described site at Argelès-sur-Mer, France [START_REF] Fuentes | Preliminary observations on the spawning conditions of the European amphioxus (Branchiostoma lanceolatum) in captivity[END_REF]. Following spawning, eggs were fertilized in vitro, and embryos and larvae were reared and fixed for whole mount in situ hybridization according to published protocols [START_REF] Bozzo | Whole mount in situ hybridization and immunohistochemistry for studying retinoic acid signaling in developing amphioxus[END_REF]. Embryos and larvae were staged according to [START_REF] Carvalho | An updated staging system for cephalochordate development: one table suits them all[END_REF].

2.2

Sequence identification and phylogenetic analysis BLAST searches of the B. lanceolatum genome using the Ensembl Metazoa browser (metazoa.ensembl.org/Branchiostoma_lanceolatum/Info/Index) and of the B. lanceolatum transcriptome using the MARIMBA database (marimba.obs-vlfr.fr/blast) were performed to identify B. lanceolatum orthologs of the vertebrate glial markers scospondin (sspo), glutamine synthase (GS), excitatory amino acid transporters (EAATs), GFAP/vimentin and olig. The corresponding sequences of B. floridae and B. belcheri were obtained, respectively, from JGI (genome.jgi.doe.gov/Brafl1/Brafl1.home.html) and LanceletDB (http://genome.bucm.edu.cn/lancelet/). Alignments of amino acid sequences were performed using ClustalW in the MEGALIGN program from Lasergene (DNASTAR) and alignments were subsequently improved manually. Phylogenetic trees were calculated with the maximum likelihood (ML) and neighbor-joining (NJ) methods using MEGA X (Kumar et al., 2018). The appropriate evolutionary models for phylogenetic inference were identified using Model Selection as implemented in MEGA X (Kumar et al., 2018). The accession numbers of the sequences used for the phylogenetic analyses are listed in Table S1.

B. lanceolatum genes were amplified from cDNA prepared from adults, embryos and larvae. Total RNA was extracted using TRI Reagent (Sigma-Aldrich, 93289) following the manufacturer's instructions. First-strand cDNA was synthesized from 0.5-1 μg total RNA using the SuperScript first-strand synthesis system (Invitrogen, 18080051) and Oligo(dT) primers. RT-PCR reactions were performed with specific primers listed in Table S2. The PCR products were cloned into the pCRII-TOPO vector (Invitrogen, K4600J10) and sequenced with T7 and M13 reverse primers.

2.3

In situ hybridization, light microscopy and 3D reconstruction Gene expression patterns were determined using whole mount in situ hybridization of B. lanceolatum embryos and larvae as previously described [START_REF] Bozzo | Whole mount in situ hybridization and immunohistochemistry for studying retinoic acid signaling in developing amphioxus[END_REF]. Digoxigeninlabeled riboprobes were synthesized in vitro from linearized plasmid DNA according to the manufacturer's instructions (Roche). Probe specificity was assessed by BLASTing the target regions of the probes against the B. lanceolatum transcriptome data accessible in the MARIMBA database (marimba.obs-vlfr.fr/blast). Because the coding sequences of oliga and oligc clones were too similar to allow discrimination, we synthesized an additional probe set targeting the divergent 3'-UTR regions. Information regarding the length of the probes and the primers used in this study is provided in Table S2. The nucleotide sequences of the clones used to synthesize the probes are included in Table S3. Specificity of the in situ hybridization procedure was ensured by hybridizing at 60°C and by stringent washes using high SSC concentrations, as detailed in [START_REF] Bozzo | Whole mount in situ hybridization and immunohistochemistry for studying retinoic acid signaling in developing amphioxus[END_REF]. Sense probes were synthesized and used as negative controls (data not shown). The results obtained by in situ hybridization were further corroborated by analyzing the transcriptomes of B. lanceolatum eggs, embryos and larvae [START_REF] Marlétaz | Amphioxus functional genomics and the origins of vertebrate gene regulation[END_REF]. This stage-specific analysis of the expression of the marker genes used in this study is provided in Fig. S1. Specimens were counterstained with Ponceau S, dehydrated in an ethanol series, embedded in Spurr resin and sectioned at 3 µm using a Leica RM2145 microtome equipped with glass knives. Double in situ hybridization was performed according to [START_REF] Candiani | Detection of mRNA and microRNA expression in basal chordates, amphioxus and ascidians[END_REF] with the difference that AP-conjugated antibodies were diluted 1:5,000. To ensure the reproducibility of the observed gene expression patterns, staining with each probe was performed on at least 20 specimens per stage, pooled from different fixation batches. For each probe and stage, at least three specimens were selected for serial sectioning.

Whole mounts were imaged using an Olympus IX70 inverted microscope equipped with a Color View II camera. Adobe Photoshop CS4 was used for minor adjustments and to perform focus-stacking of whole mount samples. Sections were imaged using a Leitz Laborlux S upright microscope equipped with a Moticam 3+ camera. For 3D reconstructions, a complete series of cross-sections was aligned using Adobe Photoshop CS6. Based on the resulting stack of images, 3D models of anatomy plus gene expression were created using the Amira software (Thermofisher).

Confocal images were acquired with a Leica TCS SP8 microscope using the following parameters: Hoechst (excitation 405 nm, emission 420-480 nm), Fast Red (excitation 552 nm, emission 565-590 nm), NBT/BCIP (excitation 638 nm, emission 700-800 nm) [START_REF] Bozzo | Whole mount in situ hybridization and immunohistochemistry for studying retinoic acid signaling in developing amphioxus[END_REF]. Raw data were analyzed with Fiji [START_REF] Schindelin | Fiji: an open-source platform for biological-image analysis[END_REF]. Single images were assembled into figures using Adobe Photoshop CS4.

2.4

Electron microscopy B. lanceolatum T1 stage embryos fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 over-night at 4°C and postfixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 hour at 4°. After three washes in buffer, samples were dehydrated in a graded ethanol series and embedded in an epoxy resin (Sigma-Aldrich). Sections were obtained with an Ultrotome V (LKB) ultramicrotome. Semithin sections (1 µm) stained with toluidine blue were verified under a light microscope before producing ultrathin sections (60-70 nm) counterstained with uranyl acetate and lead citrate. Ultrathin sections were subsequently analyzed with a Tecnai G 2 (FEI) transmission electron microscope operating at 100 kV. Images were captured with a Veleta (Olympus Soft Imaging System) digital camera. Additional TEM data, on B. floridae, are from a previously prepared serial section series through the anterior nerve cord of a 12-day larva, extending from the frontal eye to the end of somite pair 2, methods as described by [START_REF] Lacalli | Landmarks in the anterior central nervous system of amphioxus larvae[END_REF].

Results

Until now there have been no molecular markers available for glial cells in amphioxus. To compile a molecular toolkit, we searched the genomic and transcriptomic resources available for the European amphioxus, B. lanceolatum for orthologs of the main marker genes of vertebrate glial cells (Table 1). We found sequences related to vertebrate EAATs, GFAP/vimentin, sspo, GS and olig (Fig. S1, Table S3). Astroglial cells (i.e., astrocytes), the most abundant glia in vertebrates, are characterized by active glutamate recycling and thus by the presence of glutamine synthetase (GS) and sodium-dependent glutamate/aspartate transporters, EAAT1/GLAST and EAAT2/GLT-1 [START_REF] Anlauf | Glutamine synthetase as an astrocytic marker: its cell type and vesicle localization[END_REF][START_REF] Chaudhry | Glutamate transporters in glial plasma membranes: highly differentiated localizations revealed by quantitative ultrastructural immunocytochemistry[END_REF]. Intermediate filament proteins, such as vimentin and GFAP, are commonly used to discriminate between undifferentiated and mature astroglia [START_REF] Bramanti | Biomarkers of glial cell proliferation and differentiation in culture[END_REF]: immature astrocytes use vimentin as the major intermediate filament which is replaced by GFAP upon astrocyte differentiation. vimentin is also expressed by early radial glia, but not by neuroepithelial cells, and is thus one of the earliest markers of the glial cell lineage [START_REF] Götz | Radial glial cells[END_REF]. In addition, we analyzed the amphioxus homolog of scospondin (sspo), which encodes the secreted glycoprotein sspo, the main component of Reissner's fiber. sspo has been proposed to be a conserved marker of radial glia in all bilaterians [START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF].

Since amphioxus does not produce myelin, we limited our search of oligodendrocyte markers to olig transcription factors. In vertebrates, the olig gene family members olig1, olig2 and olig3 have important roles in the specification of oligodendrocytes, motor neurons and dorsal interneurons. olig1 and olig2 are thus expressed by progenitors and mature oligodendrocytes, and, in zebrafish, olig2 is further expressed by a subset of radial glial cells that persist into adulthood and maintain the ability to produce oligodendrocytes [START_REF] Kim | Notch-regulated oligodendrocyte specification from radial glia in the spinal cord of zebrafish embryos[END_REF]. olig3 marks progenitor cells of the dorsal spinal cord that will produce interneurons [START_REF] Müller | The bHLH factor Olig3 coordinates the specification of dorsal neurons in the spinal cord[END_REF].

To distinguish between glial and neuronal lineages, we examined the expression of the neural markers hu-elav and synapsin relative to that of the glia markers [START_REF] Candiani | The synapsin gene family in basal chordates: evolutionary perspectives in metazoans[END_REF][START_REF] Satoh | Early development of amphioxus nervous system with special reference to segmental cell organization and putative sensory cell precursors: a study based on the expression of pan-neuronal marker gene Hu/elav[END_REF]. To provide a morphological context for interpreting the molecular results, ultrastructural surveys were carried out on comparable developmental stages and combined with information from TEM sections of an older, 12-day larva.

Phylogeny and expression of scospondin in developing amphioxus

We first focused on the sspo gene, for which we retrieved a single amphioxus sequence from our database queries. Phylogenetic analysis (Fig. S2) shows that a single sspo gene is found in the genomes of all chordates so far investigated, and the tree further revealed the presence of a single sspo gene in cnidarians. As in vertebrates, the amphioxus sspo gene encodes a very large glycoprotein of the thrombospondin family. Expression of sspo during amphioxus development was already detectable at the N3 stage in the anterior neural tube (Fig. 2A). By the T1 stage, sspo transcripts were still limited to the anterior neural tube, to an unpaired median structure in the posterior cerebral vesicle. This wedge-shaped domain (Fig. 2B) consisted of at least five cells, occupying a medioventral position in the cerebral vesicle (Fig. 2C), and persisted to the L1 larvae stage (Fig. 2D). By then, the labeled cells were elongated and inclined anteriorly towards the neuropore (Fig. 2E,F), as is characteristic of the infundibular cells at this stage. Taken together, the position of the signal and the morphology of the cells strongly suggest that sspo marks the infundibular organ [START_REF] Lacalli | Landmarks in the anterior central nervous system of amphioxus larvae[END_REF][START_REF] Olsson | The infundibular organ of the lancelet (Branchiostoma lanceolatum, Acrania): an immunocytochemical study[END_REF], which would appear then to be the only source of Reissner's fiber in embryos and young larvae.

Phylogeny and expression of EAAT genes in developing amphioxus

Excitatory amino acid transporters (EAATs) are required for the regulation of synaptic activity in the vertebrate CNS. In mammals, there are five EAAT genes (EAAT1-5), with EAAT1 (or GLAST) and EAAT2 (or GLT-1) predominantly expressed in glial cells, while EAAT3, EAAT4 and EAAT5 are exclusively expressed in neurons. Our in silico analyses identified three amphioxus EAAT genes: a clear EAAT2 ortholog plus two additional EAATs (EAATa and EAATb), which were more closely related to the vertebrate EAAT1, EAAT3, EAAT4 and EAAT5 subfamilies (Fig. S3). In situ hybridization analyses suggested that only two of the three amphioxus EAAT genes were expressed during early development. We thus obtained expression patterns only for EAAT2 and EAATa, but not for EAATb. EAATa expression was detectable in the forming somites at the N3 stage (Fig. 3A-C). At the T0 stage, EAATa was expressed in a subset of somite cells dorsolaterally, in proximity of the overlying ectoderm (Fig. 3D-F). In T1 embryos, EAATa was further expressed in a group of floor plate cells at the level of somite pairs 3 and 4 and just anterior to the first pigment spot (Fig. 3G,H). Double in situ hybridization of EAATa and hu-elav revealed that the EAATa-positive cells in the somites were located close to, but not in contact with, ectodermal sensory neurons (ESNs) (Fig. 3I). These experiments further showed that EAATa and hu-elav expression did not co-localize in the CNS (Fig. 3J,K). Amphioxus EAAT2 was first expressed at the T0 stage, in the CNS (Fig. S4). In T1 embryos, EAAT2 expression was further detectable in a population of ESNs in the mid-trunk region (Fig. 4A,H) that are known to be soxb1c-positive and glutamatergic [START_REF] Zieger | Retinoic acid signaling and neurogenic niche regulation in the developing peripheral nervous system of the cephalochordate amphioxus[END_REF]. In the CNS, EAAT2 expression extended roughly from somite pair 1 through somite pair 6 (Fig. 4A). Stretching from the posterior cerebral vesicle to the first pigment spot (at the junction somite pairs 4 and 5), EAAT2 was continuously expressed in the floor plate (Fig. 4C-F). EAAT2 was also expressed in mediolateral cells of the neural tube (Fig. 4B-E, Movie S1), in a position where ultrastructural analyses of older larvae had previously identified ependymoglial and ependymal cells that resembled vertebrate radial glial cells [START_REF] Lacalli | Floor plate, glia and other support cells in the anterior nerve cord of amphioxus larvae[END_REF]. Double staining of EAAT2 and hu-elav demonstrated that the EAAT2-positive ESNs in the periphery also expressed hu-elav, while the EAAT2-positive floor plate and mediolateral cells in the CNS did not (Fig. 4H-J), strongly supporting their glial nature. Since, in vertebrates, EAAT2 is expressed by radial glia and astroglia, the mediolateral EAAT2-positive cells of amphioxus CNS might thus be homologous to radial glia and/or astroglia. Further posteriorly, at the level of somite pair 6, EAAT2 transcripts were present in a few ventrolateral cells of the neural tube (Fig. 4G).

In the L1 larva, EAAT2 expression in the CNS still extended from the posterior cerebral vesicle to roughly the end of somite pair 6 (Fig. 4K). ESNs were also conspicuously stained, particularly in rostrum, oral plexus and mid-trunk region (Fig. 4K,O). In addition, a weak signal was detectable in the preoral pit (Fig. 4K). In the neural tube, EAAT2 was expressed by floor plate and mediolateral cells, both of which were characterized by slender and elongated cell bodies compared to those of ventrolateral cells (Fig. 4L-N). We further found that EAAT2 was detectable in more ventrolateral cells than at earlier developmental stages (Fig. 4L-O). Of note, an antibody raised against the rat EAAT1 protein labeled a subset of ESNs in amphioxus L1 larvae (Fig. 4P). Given that only amphioxus EAAT2 was expressed in ESNs, it seems likely that the antibody recognized the amphioxus EAAT2 protein.

Phylogeny and expression of glutamine synthetase in developing amphioxus

Our database searches retrieved single GS gene candidates in all assayed taxa, including amphioxus, and the phylogenetic analysis yielded a tree with an expected branching pattern, placing the amphioxus GS sequence at the base of a clade with the ascidian plus vertebrate sequences (Fig. S5). In developing amphioxus, the GS gene was first expressed by in situ hybridization at the N3 stage, in the anterior CNS and weakly in mesoderm and endoderm (Fig. 5A,B). In T1 embryos, GS transcripts were found in the cerebral vesicle and in scattered floor plate, ventrolateral and mediolateral cells of the RhSp (Fig. 4C-H), in the same region where EAAT2 was expressed (Fig. 5D-F). This suggests that at least some of the amphioxus glial cells share similarities with vertebrate astroglia. Expression was particularly conspicuous in lateral cells of the anterior cerebral vesicle, closely associated with the glutamatergic neurons of the frontal eye complex (Fig. S6). GS was also expressed in the first pigment spot as well as the tail bud region (Fig. 5C,G). At the L1 stage, neural expression was detected in the frontal eye complex, in the floor plate and in ventrolateral and mediolateral cells of the RhSp (Fig. 5I-M).

Phylogeny and expression of GFAP/vimentin-like genes in developing amphioxus

Animal intermediate filaments are subdivided into six types (I through VI), and GFAP and vimentin are type III intermediate filaments. It has previously been shown that the amphioxus genome contains 26 genes encoding intermediate filaments [START_REF] Karabinos | The cephalochordate Branchiostoma genome contains 26 intermediate filament (IF) genes: implications for evolution of chordate IF proteins[END_REF]. Our phylogenetic analyses revealed that six of them were closely related to a clade including both vertebrate type III and IV intermediate filaments: IF B1, IF B2, IF A1, IF A2, IF A3 and IF N2, according to the nomenclature proposed by [START_REF] Karabinos | The cephalochordate Branchiostoma genome contains 26 intermediate filament (IF) genes: implications for evolution of chordate IF proteins[END_REF]. Of these, IF N2 branched at the base of the vertebrate type III and IV intermediate filaments, while the other five amphioxus sequences formed an independent clade, indicating that these genes might have originated by lineage-specific duplication (Fig. S7). We were able to retrieve sequence information for five of the six genes from the B. lanceolatum genome. Based on the available transcriptome data [START_REF] Marlétaz | Amphioxus functional genomics and the origins of vertebrate gene regulation[END_REF], three of these genes (IF N2, IF B1 and IF B2) were expressed during development (Fig. S1).

While the IF B2 gene was exclusively expressed in the notochord of the larva (Fig. S8), IF B1 was widely expressed in different territories of both embryo and larva (Fig. 6). IF B1 transcripts were first detectable at the N4 stage in the somites and in a few cells of the anterior CNS, at level of the DiMes (Fig. 6A-C). In T0 and T1 embryos, IF B1 was strongly expressed in somites (Fig. 6D-G), ventral mesoderm (Fig. 6F) and scattered cells of the nerve cord (Fig. 6D-F). Expression was detected at contact points of neural tube and somites, as shown by colocalization of IF B1 and synapsin (Fig. 6H,L). In the CNS, IF B1 was further co-expressed with synapsin in ventral cells of the posterior cerebral vesicle (Fig. 6H,I,K) as well as in ventrolateral cells at more posterior levels (Fig. 6H,L,M). At T0 and T1 stages, IF B1 and synapsin were also detectable in most ESNs (Fig. 6D,G,H,). In the L1 larva, IF B1 was still expressed in the posterior cerebral vesicle and in ventrolateral cells of the neural tube, but not in ESNs (Fig. 6N-T). Outside the CNS, expression of the gene was detectable in the endoderm, in particular around the mouth and in the dorsal roof of the pharynx, as well as in the mesoderm lining the body cavities (Fig. 6N-T). However, we found virtually no expression in the somites. IF N2 was first expressed at the T0 stage (Fig. S9). At the T1 stage, the gene was expressed dorsally in cerebral vesicle and neural tube, in ESNs of the mid-trunk region as well as in the tail bud (Fig. 7A-F). Double in situ hybridization experiments revealed that IF N2-positive cells in the CNS did not co-express hu-elav (Fig. 7G-H). Expression of IF N2 was subsequently downregulated along the neural tube and persisted only in the dorsal cerebral vesicle (Fig. 7I,J). However, transcription of IF N2 in ESNs and tail bud was maintained (Fig. 7I,K). Expression of IF N2, the best candidate for an amphioxus GFAP/vimentin homolog, in cells not expressing markers of neuronal commitment suggests that the dorsal neural tube of developing amphioxus contains a pool of undifferentiated neural precursors.

Phylogeny and developmental expression of olig genes in developing amphioxus

Vertebrates generally have four olig genes (olig1-4), with olig4 having been lost in amniotes. We also identified three olig genes in amphioxus that, in our phylogenetic tree, formed a single clade at the base of the vertebrate olig genes (Fig. S10). We named these amphioxus genes oliga, oligb and oligc, with the letters corresponding to the B. floridae orthologs [START_REF] Ren | Step-wise evolution of neural patterning by Hedgehog signalling in chordates[END_REF]. Our in situ hybridization experiments revealed that the three amphioxus olig paralogs have remarkably similar expression patterns during development (Fig. S11). We thus decided to use the gene with the most conspicuous signal for our detailed expression analyses, which was oliga, and to refer to the observed patterns as those of amphioxus olig.

At the N0 stage, olig transcripts were widely distributed in median and lateral cells of the neural plate (Fig. 8A,B). By the N2 stage, olig expression was downregulated along the future floor plate, but remained expressed in paired domains (Fig. 8C) that correspond to the basal and alar plates [START_REF] Albuixech-Crespo | Molecular regionalization of the developing amphioxus neural tube challenges major partitions of the vertebrate brain[END_REF]. At the N3 stage, the olig pattern changed into a series of small cell clusters, and the olig-positive cells of the basal and alar plates adopted, respectively, ventrolateral and dorsal positions in the forming neural tube (Fig. 8D-E). In the most posterior part of neural plate, olig was expressed in all cells except in those of the floor plate (Fig. 8F). This differential expression pattern was even more evident at the N4 stage (Fig. 8G-J). In N4 embryos, olig expression in the dorsal and ventral cell clusters was out of register, with dorsal cells located at somite boundaries and ventral cells at the level of the somites (Fig. 8G, Fig. S11). Double in situ hybridization experiments revealed that the ventrolateral cells co-expressed the VAChT gene (encoding the vesicular acetylcholine transporter), a marker of cholinergic neurons [START_REF] Candiani | The cholinergic gene locus in amphioxus: molecular characterization and developmental expression patterns[END_REF], while the dorsal cells did not (Fig. 9A-C). Contrary to previous reports [START_REF] Beaster-Jones | Expression of somite segmentation genes in amphioxus: a clock without a wavefront?[END_REF], olig expression was not detected in somites.

At the T0 stage, olig was expressed, anteriorly, in five pairs of cells organized roughly in register with the somites and, posteriorly, in scattered cells along the neural tube (Fig. 8K). By the T1 stage, a new group of olig-positive cells appeared in the anterior cerebral vesicle (Fig. 8L-M). While the cells of the most anterior cell pair were located in the DiMes in a mediolateral position (Fig. 8N), the cells of the other four pairs were all in the RhSp and in a ventrolateral position (Fig. 8O-P). The ventral position of these four cell pairs and the fact that they co-expressed VAChT (Fig. 9D-G) suggest that the olig-positive cells in the RhSp are motor neurons. The posterior olig domain became more conspicuous at the T1 stage, the signal extending from somite pair 6 to the tail bud, with olig expressed by most cells of the neural tube, excepting the floor plate (Fig. 8L,Q). In L1 larvae, olig was expressed in the anterior cerebral vesicle, posterior and dorsal to the frontal eye complex (Fig. 8R,S) and by mediolateral clusters of cells in the RhSp (Fig. 8T-W). The posterior expression domain extending to the tail bud was also maintained (Fig. 8R). In sum, olig expression in the developing amphioxus nervous system is complex and dynamic, marking both differentiated and undifferentiated cell populations.

Ultrastructure of the developing amphioxus nerve cord

Serial TEM sections through the nerve cord of a 12-day larva, available from previous studies of B. floridae [START_REF] Lacalli | Frontal eye circuitry, rostral sensory pathways and brain organization in amphioxus larvae: evidence from 3D reconstructions[END_REF][START_REF] Lacalli | Landmarks in the anterior central nervous system of amphioxus larvae[END_REF][START_REF] Lacalli | Floor plate, glia and other support cells in the anterior nerve cord of amphioxus larvae[END_REF], were re-examined in order to provide a more meaningful anatomical context for assessing the molecular results described above. Most of the glia-like cells identified at this stage (Fig. 10) appear to be involved in maintaining the shape and structure of the cord itself. This included the roof plate and floor plate, each of which consists of a single file of cells. The floor plate cells were distinctive and easily identified based on location and their pyramidal shape, evident even at the T1 stage (Fig. 11A,C). Glia-like cells with irregular branching processes developed subsequently in association with the floor plate. These are referred to as axial glia by [START_REF] Lacalli | Floor plate, glia and other support cells in the anterior nerve cord of amphioxus larvae[END_REF], who found six such cells in the nerve cord to the end of somite pair 2 in a 12-day specimen, all attached to the central canal adjacent to floor plate, and two to three cells per somite pair more caudally in younger larvae. The latter cells were typically found embedded in the neuropile, but their proximity to the ventral midline suggested the latter as their most likely place of origin, ruling out lateral or more dorsally positioned glial precursors as a source.

The other structural feature of interest in the 12-day nerve cord is the presence of a lateral zone of lozenge-shaped cells with basal end feet that attached to the basal lamina on each side at or just below the mid-point of the cord as measured along its dorsoventral axis (Fig. 11B,D). These are categorized here as belonging to a class broadly characterized as "support cells", which typically occur in compact groups of three to four cells of radial glialtype morphology, including ependymoglial cells, whose basal process contained a densely stained fiber bundle, or ependymal cells, with no visible fiber bundle. The fiber-containing cells usually occur in pairs (Fig. 10A,B), though three were found together in some cases. Counting the number of individual fiber-containing cells to the end of somite pair 2, and excluding the most dorsal examples, we found 18 on the right side and 20 on the left. Compared to about 10 EAAT2-positive cells (n = 5) on each side of the floor plate over the same distance at the T1 stage (Fig. 4A), this implies that one further round of cell division is required subsequent to T1 before enough precursors are in place to account for the clusters observed at 12 days. It was not obvious whether the cells without fibers, i.e., the lateral ependymal cells as we define them here, were in fact differentiated cells or undifferentiated precursors for something else. Their position and morphology at this stage are consistent with their performing an accessory support function, while the same cannot be said of the assortment of other non-neural cells we found in the ependymal layer, including the rather dense, compact cells that occupied the spaces between the much larger ventral neurons. For the floor plate itself, the EAAT2 staining showed an average of 13 cells at T1 (n = 5), compared with 34 floor plate cells and 6 axial glia in the 12-day specimen, which implies between one and two further divisions is needed to account for the observed number of floor plate cells at 12 days, despite the fact that the T1 floor plate cells look fully differentiated (Fig. 11C). If the latter do continue to divide after the T1 stage, it seems unlikely they would retract their extensive basal end-feet to do so. This could explain why the divisions, as judged from apex morphology, are mainly transverse or oblique, which may be the only way to reliably divide the basal compartment of the cell so that each daughter cell still bridges the midline.

The basal projections from lateral ependyma and ependymoglial cells form, in effect, a barrier between the ventrolateral neuropile on each side and the dorsal fiber tracts, which contain peripheral sensory fibers, and the cell bodies of intramedullary dorsal bipolar neurons. The barrier is breached at numerous points (vertical bars in Fig. 10B), so the neuropile and dorsal tracts communicate, especially in the regions with significant sensory input to interneurons involved in the locomotory response. Groups of support-type cells also occur more dorsally. Their end feet and fibers attach to the lamina more dorsally than the lateral clusters, in a few cases passing above rather than below the dorsal tracts. It has proven difficult to document these fully, as the fiber bundles were often quite small, which makes it difficult to decide, for example, if the cell with the broad apex on the right between sections 1000 and 1070 (Fig. 10C) is an ependymoglial type comparable to more ventral examples, or something else. In fact, cells facing the central canal lumen in this more dorsal region often have expanded apices that comprise a large fraction of the region of contact between the apposed sides of the nerve cord epithelium, suggesting a structural role whether the cells contain fiber bundles or not.

Because most of the cells in the nerve cord retain their apical cilium and connection to the central canal, the pattern formed by their apices is potentially a better guide to division patterns and lineage relationships than the locations of the cell body. Apex length can, in fortuitous circumstances, be used to identify when, in relation to nerve cord elongation, a differentiated neuron completes its final division. This requires that the plane of division be close to transverse, which was unfortunately not the case with most support cells, which can be seen in the preponderance of narrow apices oriented with the long axis of the cord (Fig. 10C). Among these are cells that almost certainly arose from the same precursors, e.g., the paired ependymoglial cells on either side between sections 1050 and 1120. Their apices are parallel and of similar length, implying that they are sister cells of a division that divided the cell apex lengthwise in equal halves. We also noted a tendency for dorsal support cells to have quite small apices in some instances, consistent with at least some of these arising later in development. There were exceptions, however, including the cell mentioned above (apex between 1000 and 1070), and because of these and other apparent anomalies, we have not yet found a way of consistently identifying clusters of lineage-related cells from data of this type.

Discussion

The glial cells of amphioxus embryos and young larvae were identified and characterized here by combining ultrastructure with gene expression analyses of orthologs of the main vertebrate glial markers: sspo, EAATs, GS, GFAP/vimentin and olig. Our results demonstrate the presence of glial cells and identify local domains of cell proliferation and differentiation in the nerve cord. In the sections that follow, we discuss the implications of our findings in relation to amphioxus neural development and the evolution of glia in chordates more generally.

scospondin is produced only by the infundibular organ in amphioxus

scospondin (sspo) is a phylogenetically ancient glycoprotein that, in most metazoans, is secreted by specialized cells of the nervous system (Table 2) [START_REF] Gobron | SCO-spondin is evolutionarily conserved in the central nervous system of the chordate phylum[END_REF][START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF][START_REF] Holmberg | The origin of Reissner's fibre in an appendicularian, Oikopleura dioica[END_REF][START_REF] Mashanov | The central nervous system of sea cucumbers (Echinodermata: Holothuroidea) shows positive immunostaining for a chordate glial secretion[END_REF][START_REF] Olsson | The development of Reissner's fibre in the brain of the salmon[END_REF][START_REF] Olsson | Reissner's fiber in ascidian tadpole larvae[END_REF][START_REF] Olsson | The infundibular organ of the lancelet (Branchiostoma lanceolatum, Acrania): an immunocytochemical study[END_REF]. In vertebrates, sspo is secreted into the lumen of the central nervous system and aggregates to form a thread-like structure, called Reissner's fiber, which extends caudally to the terminal ampulla of the spinal cord, where it is disassembled (Obermüller-Wilén & [START_REF] Obermüller-Wilén | The Reissner's fiber termination in some lower chordates[END_REF][START_REF] Troutwine | The Reissner fiber Is highly dynamic in vivo and controls morphogenesis of the spine[END_REF]. During development, sspo is first produced by the floor plate, which expands laterally at the midbrain-hindbrain boundary, forming the flexural organ [START_REF] Meiniel | The lengthening of a giant protein: when, how, and why?[END_REF][START_REF] Olsson | The development of Reissner's fibre in the brain of the salmon[END_REF]. Later in development, the subcommisural organ differentiates from the roof plate at the diencephalon-mesencephalon border and starts producing sspo. Eventually, the subcommisural organ becomes the only source of Reissner's fiber. In amphioxus, immunohistochemical studies of larvae and adults have identified the infundibular organ, a likely homolog of the vertebrate flexural organ [START_REF] Olsson | The development of Reissner's fibre in the brain of the salmon[END_REF], as the source of Reissner's fiber [START_REF] Gobron | SCO-spondin is evolutionarily conserved in the central nervous system of the chordate phylum[END_REF][START_REF] Olsson | The infundibular organ of the lancelet (Branchiostoma lanceolatum, Acrania): an immunocytochemical study[END_REF], which, as in vertebrates, extends caudally in the central canal to the terminal ampulla [START_REF] Olsson | Structure and development of Reissner's fibre in the caudal end of amphioxus and some lower vertebrates[END_REF].

In zebrafish, it has been demonstrated by sspo knockout experiments that Reissner's fiber is essential for establishing a straight anteroposterior body axis [START_REF] Cantaut-Belarif | The Reissner fiber in the cerebrospinal fluid controls morphogenesis of the body axis[END_REF][START_REF] Rose | SCO-spondin defects and neuroinflammation are conserved mechanisms driving spinal deformity across genetic models of idiopathic scoliosis[END_REF][START_REF] Troutwine | The Reissner fiber Is highly dynamic in vivo and controls morphogenesis of the spine[END_REF]. This process is likely mediated by GABAergic sensory neurons that are in direct contact with the cerebrospinal fluid (Orts-Del'Immagine et al., 2020). Reissner's fiber has further been implicated in the transport of small signaling molecules [START_REF] Gobron | SCO-spondin: a new member of the thrombospondin family secreted by the subcommissural organ is a candidate in the modulation of neuronal aggregation[END_REF][START_REF] Meiniel | The lengthening of a giant protein: when, how, and why?[END_REF] that regulate developmental patterning events along the anteroposterior axis [START_REF] Driever | Developmental biology: Reissner's fiber and straightening of the body axis[END_REF]. It is conceivable that Reissner's fiber has similar functions during axis extension in the amphioxus larva. The earliest expression of sspo in the infundibular organ of the cerebral vesicle would thus mark both the anterior limit and the developmental origin of Reissner's fiber in amphioxus.

Outside chordates, there is no clear evidence for structures comparable to Reissner's fiber or instances of fibrous secretory products involving sspo proteins. However, expression of sspo in non-chordates is frequently used as an argument for the presence of glia-like cells (Table 2). In hemichordates and echinoderms, for example, glia-like cells producing sspo are scattered in the neural parenchyma [START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF][START_REF] Mashanov | The central nervous system of sea cucumbers (Echinodermata: Holothuroidea) shows positive immunostaining for a chordate glial secretion[END_REF], and sspo is secreted from the apical surface of the neuroepithelium without forming a recognizable fiber [START_REF] Mashanov | The central nervous system of sea cucumbers (Echinodermata: Holothuroidea) shows positive immunostaining for a chordate glial secretion[END_REF]. sspo expression has been suggested as an ancestral feature of glial cells, shared by both deuterostomes and protostomes [START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF], but to test this hypothesis, one would need to better characterize the sspo-expressing glia-like cells in nonchordates and to assess their function.

Neurons, glia and precursor cells occupy different dorsoventral domains in the amphioxus neural tube

From our ultrastructure results, a typical cross-section of the anterior RhSp region of late-stage amphioxus embryos contains 6-8 cells. The dorsal and ventral midline are occupied, respectively, by a single roof plate and a single floor plate cell, while large dorsolateral, mediolateral and ventrolateral cells lie between these on each side of the neural tube (Fig. 11A,C). All cells contact the central canal at this stage, which is filled with their cilia (Fig. 11C). Virtually all ventrolateral cells are synapsinand hu-elav-positive and thus are neurons, some of which already express specific neurochemical markers [START_REF] Candiani | A neurochemical map of the developing amphioxus nervous system[END_REF] and are therefore terminally differentiated. In older amphioxus larvae, we have identified two types of radial glia-like cells in the mediolateral domain (Fig. 11B,D), which are distinguishable by the presence or absence of intermediate filament bundles [START_REF] Lacalli | Floor plate, glia and other support cells in the anterior nerve cord of amphioxus larvae[END_REF] and named, respectively, ependymoglial and ependymal cells [START_REF] Lacalli | Landmarks in the anterior central nervous system of amphioxus larvae[END_REF]. At the T1 stage, these mediolateral cells express EAAT2, but not hu-elav. Given that EAAT2 is expressed by both radial glia and astroglia in vertebrates (reviewed in [START_REF] Götz | Radial glial cells[END_REF], these results strongly suggest that the mediolateral cells in the amphioxus nerve cord are glia and not neurons. However, although all mediolateral glia cells of amphioxus express EAAT2, they are probably a heterogeneous population of cells, since only a subset expresses GS and some of them express olig at the larval stage. Thus, while the glial cells expressing both EAAT2 and GS are very similar to vertebrate astroglia, there appear to be other cells in the mediolateral population in amphioxus where comparison with vertebrate glia is less straightforward.

Type III intermediate filaments have been considered a landmark of radial glia in both vertebrates and non-chordate deuterostomes [START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF]. IF N2 encodes the amphioxus intermediate filament most closely related to vertebrate type III intermediate filaments, including the glia markers GFAP and vimentin. During amphioxus development, IF N2 is transiently expressed by roof plate and dorsolateral cells from the anterior neuropore to the posterior tip of the neural tube. Although these cells do not express markers of neuronal commitment, they also do not co-express any of the glial markers. This observation supports the idea that the IF N2-positive cells represent a pool of neural precursors destined to contribute to neural tube growth in later larvae and possibly even through metamorphosis [START_REF] Lacalli | Sensory systems in amphioxus: a window on the ancestral chordate condition[END_REF]. Amphioxus IF N2 might thus be a marker of undifferentiated neural cells, more similar in function to vertebrate vimentin than to vertebrate GFAP. Support for this hypothesis comes from structural analyses of IF N2 proteins that found IF N2 to be more similar to vimentin than to GFAP [START_REF] Karabinos | The cephalochordate Branchiostoma genome contains 26 intermediate filament (IF) genes: implications for evolution of chordate IF proteins[END_REF] and from IF N2 expression in parts of the embryo characterized by the presence of undifferentiated neural cells, such as the tail bud (Henrique et al., 2015) and the neurogenic niche of ESNs located in the mid-trunk region [START_REF] Zieger | Retinoic acid signaling and neurogenic niche regulation in the developing peripheral nervous system of the cephalochordate amphioxus[END_REF]. These results also cast doubts on the reliability of intermediate filaments as markers for glial cells, at least in invertebrates, although it has previously been shown that GFAP even fails to label the majority of astroglial cells in cartilaginous fish [START_REF] Anlauf | Glutamine synthetase as an astrocytic marker: its cell type and vesicle localization[END_REF].

Mediolateral and floor plate cells of amphioxus express astroglial markers

In vertebrates, neurotransmission mediated by glutamate (and to a lesser extent GABA and glycine) is modulated by transporters located on the surface of glial cell processes that surround the synapse. As an example, astrocytes use EAAT1 and EAAT2 transporters to take up glutamate from the synaptic cleft, which is subsequently converted to the non-excitotoxic glutamine by GS enzyme. Glutamine is then transported to the pre-synaptic terminal and hydrolyzed to glutamate, quickly replenishing the neurotransmitter pool. A comparable division of labor between neurons and glia-like cells has been described in insects [START_REF] Freeman | Unwrapping glial biology: Gcm target genes regulating glial development, diversification, and function[END_REF][START_REF] Rival | Decreasing glutamate buffering capacity triggers oxidative stress and neuropil degeneration in the Drosophila brain[END_REF]. In amphioxus, this glutamate recycling mechanism does not seem to be active in all EAAT2-positive cells in the RhSp, as GS is co-expressed only in some, but not all, mediolateral EAAT2-positive cells and in some of the EAAT2-positive cells in the floor plate. However, GS is also expressed in ventrolateral cells of the RhSp as well as in the anterior cerebral vesicle, in close association with the glutamatergic neurons of the frontal eye complex. It is thus likely that GS has functions in the amphioxus CNS that are independent of the glial cell-mediated protection from glutamate excitotoxicity.

Although EAAT2 and GS are not exclusively co-expressed in the amphioxus CNS, glial cells expressing both EAAT2 and GS nonetheless greatly outnumber glutamatergic neurons [START_REF] Candiani | A neurochemical map of the developing amphioxus nervous system[END_REF]. In addition to the frontal eye complex of the cerebral vesicle, VGlutexpressing neurons in the CNS are only found in young larvae in the primary motor center and in association with the first pigment spot [START_REF] Lacalli | Frontal eye circuitry, rostral sensory pathways and brain organization in amphioxus larvae: evidence from 3D reconstructions[END_REF]Lacalli & Candiani, 2017). More develop in the dorsal pre-infundibular part of the cord as the larvae mature and metamorphose, in a region now thought to be a homolog of the vertebrate telencephalon [START_REF] Benito-Gutiérrez | Patterning of a telencephalon-like region in the adult brain of amphioxus[END_REF]. The glutamatergic neurons of the amphioxus primary motor center have been identified as the third set of large paired neurons (the LPN3s, Lacalli & Candiani, 2017). They have long descending axons bearing conspicuous varicosities, and there is also a population of glutamatergic ESNs in the ectoderm whose axons project to the CNS [START_REF] Zieger | Retinoic acid signaling and neurogenic niche regulation in the developing peripheral nervous system of the cephalochordate amphioxus[END_REF]. In both cases, assuming extracellular glutamate levels require regulation, the EAAT2and GS-expressing glial cells we have identified are well positioned to perform this task. It may also be possible that amphioxus glial cells are involved in the processing of excitatory neurotransmitters other than glutamate. Aspartate, for example, has already been found in the nerve cord of amphioxus adults [START_REF] Pascual-Anaya | Free amino acids in the nervous system of the amphioxus Branchiostoma lanceolatum. A comparative study[END_REF].

Changing nerve cord dimensions: a stabilizing function for glia

Our results show that neural and glial lineages are segregated relatively early in amphioxus development, approximately at the time the neurula is beginning to elongate. Whatever the advantages of this as a developmental strategy, one consequence of early specification is that a scaffolding of glial cells can then be in place to resist forces that, during subsequent development, might otherwise disturb the internal organization of the nerve cord. To understand why this is important, the consequences of changing nerve cord dimensions need to be considered in some detail. Basically, nerve cord diameter decreases as the cord itself lengthens (Fig. 12), so that, for a typical section at the level of somite pair 2, the crosssectional area of the cord decreases from about 300 μm 2 in the late embryo to 190 μm 2 in the larva, while corresponding somite length increases from 38 μm to 48 μm. This means that the volume of the cord decreases from about 11,400 μm 3 to 9120 μm 3 , i.e., by about 20%, while the surface area, excluding the notochord sheath, is essentially unchanged, at about 1965 μm 2 for the late embryo and 1985 μm 2 for the larva. The lamina thus acts in effect like a mesh that stretches in one direction while being compressed in the other, in this case by the forces generated by the elongation of the notochord and somites.

Simultaneously, nerve tracts begin to form and the neuropile expands, eventually reducing the space available for the cell somata by up to 40% based on our calculations from sections. This means there is a continuing pressure on the ependymal layer as the neuropile expands, pressing it inward and upward (Fig. 12). And, since differentiated neurons are quite large cells, there is no alternative to having them arranged in columns down the long axis of the cord because there is insufficient space to accommodate clumps of large cells of any size. Most of the undifferentiated cells found adjacent to neurons, presumably sister progeny of the same precursors, are compressed and deformed to fit what little space remains. In consequence, there are a number of forces acting on the nerve cord in the larva, both externally, because of elongation, and internally, due to the proliferation and rearrangement of cells and the formation of fiber tracts and neuropile. These events have the potential to disturb the internal organization of the cord unless there is a framework in place to prevent this, which, in our view, is the principal reason why a system of lateral support cells is required, and why the latter are specified, differentiate and are deployed at a comparatively early stage of development.

Dynamic expression of olig genes in the amphioxus central nervous system

In amphioxus, olig shows a dynamic expression pattern in the central nervous system. At the onset of neurulation, olig is widely expressed in the neural plate, except for a longitudinal stripe at a position corresponding to the future mediolateral ependymal cells. As neurulation proceeds, two distinct populations of olig-positive progenitors are recognizable, each forming a segmented pattern. The ventrolateral population expresses VAChT and thus consists predominantly or entirely of cholinergic motor neurons and their precursors. The dorsolateral population consists of six to seven paired clusters of VAChT-negative cells, whose position corresponds to gaps in the domains occupied by the ventrolateral olig-positive cells. In the vertebrate spinal cord, opposing hedgehog (HH) and BMP gradients define a series of dorsoventral domains destined to produce different neuron and glial cell types. For instance, progenitors residing in the ventral pMN domain are instructed by HH signaling to first produce motor neurons and then oligodendrocytes [START_REF] Orentas | Sonic hedgehog signaling is required during the appearance of spinal cord oligodendrocyte precursors[END_REF]. At later developmental stages, oligodendrocytes also develop in the dorsal spinal cord, but this process is independent of HH signaling [START_REF] Cai | Generation of oligodendrocyte precursor cells from mouse dorsal spinal cord independent of Nkx6 regulation and Shh signaling[END_REF]. However, olig transcription factors are always key components of the gene regulatory networks leading to motor neuron and oligodendrocyte differentiation. Similarly, in the developing amphioxus RhSp, olig genes are expressed in a subset of ventrolateral motor neurons and olig expression in the basal plate, but not in the alar plate, is dependent on HH signaling [START_REF] Ren | Step-wise evolution of neural patterning by Hedgehog signalling in chordates[END_REF]. From a topological point of view, this situation is thus comparable to what is observed in vertebrates.

When it comes to the identity of the dorsal clusters of olig-positive cells in the neurula, there are only two possibilities: that they are precursors of either dorsal bipolar neurons (DBNs) or translumenal neurons (TNs). The DBNs form continuous, but irregular dorsolateral files of cells that are integrated into the dorsal nerve tract to which they each contribute a rostral-and a caudal-projecting neurite. The TNs, in early larvae at least [START_REF] Lacalli | Sensory pathways in amphioxus larvae II. Dorsal tracts and translumenal cells[END_REF] are more numerous and more evenly distributed, i.e. less clustered than DBNs, though this observation is based on limited data for somite pairs 1 and 2. For DBNs, the clustering may be a temporary feature, as overt clustering is not obvious for DBNs at later stages [START_REF] Bone | The central nervous system in larval acraniates[END_REF]. This leads us to the provisional conclusion that the dorsal olig-positive cells are DBN precursors whose early specification and development is required because they are key contributors to the first locomotory reflexes, with additional DBNs being added to the series as development proceeds. The expectation is that DBNs should be closely associated with other early-developing neurons, and this appears to be the case, as they participate in the earliest and most rostral circuits involving putative dopaminergic neurons [START_REF] Zieger | The origin of dopaminergic systems in chordate brains: insights from amphioxus[END_REF].

If this assignment is correct, that dorsal olig-positive cells are DBN precursors, then we find it interesting that there is an apparent pattern in the way the cells are arranged relative to their ventral olig-positive counterparts. This is not evident in all preparations, but is in some, notably in N4 neurulae where the position of the dorsal clusters corresponds closely with gaps in the ventral series. Molecular data on the early development of amphioxus neurons has so far revealed few cases where the specification events can be tied to a well-defined, repeating pattern. The repeating groupings and gaps we see with olig may be one such example.

At T0 and T1 stages, olig is expressed in five pairs of cells segmentally arranged along somite pairs 1 to 4. All these cells are cholinergic and clearly motor neurons, likely a subset of those expressing olig at earlier stages. The anterior-most cluster lies just anterior to the LPN3 of the primary motor center (Lacalli & Candiani, 2017) and is dorsolateral, while the other four pairs are located ventrolaterally in the RhSp. In the larval CNS, olig is expressed dorsally in the anterior cerebral vesicle, where no differentiated neurons have previously been reported [START_REF] Lacalli | Landmarks in the anterior central nervous system of amphioxus larvae[END_REF][START_REF] Wicht | The nervous system of amphioxus: structure, development, and evolutionary significance[END_REF]. In the RhSp, olig is downregulated in motor neurons but it is expressed by groups of mediolateral cells extending from the end of the cerebral vesicle to some extent posteriorly to the first pigment spot. The identity of these cells is not clear but given their position, they could be a subset of radial glia-like cells or neural progenitors. Expression in mediolateral radial glia-like cells would indicate that a subpopulation of amphioxus glial cells shares at least some similarities with vertebrate oligodendrocytes.

It is noteworthy that from stage N4 onwards, olig is expressed in the posterior neural tube. This part of the CNS derives from progenitors located in the tail bud rather than the neural plate [START_REF] Schubert | Three amphioxus Wnt genes (AmphiWnt3, AmphiWnt5, and AmphiWnt6) associated with the tail bud: the evolution of somitogenesis in chordates[END_REF]. Despite the quite different origin, both rely on olig for their specification. A striking difference is that olig expression is highly dynamic in the anterior part of the central nervous system, but remarkably stable in the posterior part. In other words, the anterior neural tube quickly produces the neural types required for the survival of the planktonic larva, motor neurons and interneurons regulating locomotory reflexes (such as DBNs) above all (Lacalli & Candiani, 2017), and hence is spatially complex. olig is then redeployed in the specification of the posterior neural tube, whose differentiation is delayed to later larval stages where the spatial and temporal patterns unfold together in an anteroposterior sequence. Thus, although olig has a broad proneural role in amphioxus, its activity is tightly regulated in both space and time.

Amphioxus and the evolution of glial cells in deuterostomes

The main types of glial cells (ependymocytes, astroglia and oligodendroglia) are present in all jawed vertebrates. Since the fine anatomy of soft tissues is hardly preserved during fossilization, morpho-functional comparisons of extant animals are our best chance to retrace the emergence and evolution of glial cell types.

The cyclostomes, which include hagfish and lampreys, are jawless vertebrates and constitute the most basal vertebrate lineage. Lamprey brains contain abundant ependymoradial glia [START_REF] Nieuwenhuys | Lampreys, Petromyzontoidea[END_REF][START_REF] Wasowicz | Immunoreactivity to glial fibrillary acid protein (GFAP) in the brain and spinal cord of the lamprey (Lampetra fluviatilis)[END_REF], and both GFAP and keratins have previously been used to mark these cells [START_REF] Cinelli | ATP and astrocytes play a prominent role in the control of the respiratory pattern generator in the lamprey[END_REF][START_REF] Merrick | Glial cells of the lamprey nervous system contain keratin-like proteins[END_REF][START_REF] Wasowicz | Immunoreactivity to glial fibrillary acid protein (GFAP) in the brain and spinal cord of the lamprey (Lampetra fluviatilis)[END_REF]. It remains unclear, however, whether these two markers are coexpressed in the same cells. While the distribution of EAAT and GS has not yet been assessed in lampreys, pharmacological data indicate that the ependymo-radial glial cells of lampreys are capable of uptaking glutamate, GABA and glycine [START_REF] Fernández-López | Neuronal release and successful astrocyte uptake of aminoacidergic neurotransmitters after spinal cord injury in lampreys[END_REF]. In hagfish, ependymo-radial glial cells are outnumbered by astroglia-like parenchymal cells that are immunoreactive for GFAP and GS [START_REF] Wicht | An immunocytochemical investigation of glial morphology in the Pacific hagfish: radial and astrocyte-like glia have the same phylogenetic age[END_REF]. When comparing glial cell organization in lampreys and hagfish, the situation in lampreys might thus be more similar to what is observed in amphioxus. In addition, both amphioxus and lampreys have thin-walled laminar nerve cords devoid of blood vessels, while the hagfish cord is considerably thicker than that of lampreys and contains complex capillary networks, also seen in birds and mammals [START_REF] Wicht | An immunocytochemical investigation of glial morphology in the Pacific hagfish: radial and astrocyte-like glia have the same phylogenetic age[END_REF]. The difference in the relative abundance of ependymo-radial and parenchymal astrocyte-like glia in lampreys and hagfish could thus be related to the degree of the vascularization of the nerve cord, with the deployment of migrating parenchymal glial cells being positively correlated with the degree of vascularization.

In general agreement with this hypothesis, while the epithelial nerve cords of nonchordate deuterostomes (i.e., hemichordates and echinoderms) might contain ependymal radial-like glial cells [START_REF] Helm | Early evolution of radial glial cells in Bilateria[END_REF][START_REF] Kaul | Ontogeny of the collar cord: neurulation in the hemichordate Saccoglossus kowalevskii[END_REF][START_REF] Mashanov | Organization of glial cells in the adult sea cucumber central nervous system[END_REF], no parenchymal glia-like cells have so far been described. The absence of information on expression of EAAT and GS orthologs in non-chordate deuterostomes currently limits our capacity to reconstruct the ancestral glial cell complement of deuterostomes. Unfortunately, even less is known about glial cells in tunicates, the sister group of vertebrates. Ascidians, the best-studied tunicate group, possess a free-swimming tadpole-like larva that metamorphoses into a sessile adult. During this process, the larval neural tube is replaced by a cerebral ganglion, with a central neuropil and cortical cell bodies. Although non-neuronal cells, which have been described as phagocytes and blood cells, have been identified in the neuropil of the cerebral ganglion [START_REF] Burighel | Urochordata: Ascidiacea[END_REF], glia-like cells seem to be absent [START_REF] Mackie | The nervous system in adult tunicates: current research directions[END_REF]. Vertebrate neurons, which do not produce pyruvate carboxylase (PC), cannot synthesize glutamate from glucose and are thus dependent on glutamine produced by glial cells to replenish the glutamate and GABA pools [START_REF] Schousboe | Astrocytic pyruvate carboxylation: status after 35 years[END_REF]. The expression patterns of EAAT2 and GS in amphioxus indicate that the glutamate-glutamine cycle was already functioning in the last common ancestor of chordates. Intriguingly, the cerebral ganglion of ascidians contains glutamatergic and GABAergic neurons [START_REF] Osugi | The nervous system of the adult ascidian Ciona intestinalis type A (Ciona robusta): insights from transgenic animal models[END_REF], suggesting that, if glial cells are indeed absent, cerebral ganglion neurons must express PC. If confirmed, these findings could provide novel insights into the evolution of the glutamateglutamine cycle and thus into the mechanisms underlying the co-evolution of neurons and glia.

The most recent glial cell type to evolve is the myelinating glial cell, which is found exclusively in jawed vertebrates. Although amphioxus and lampreys do not produce myelin sheaths [START_REF] Bullock | Evolution of myelin sheaths: both lamprey and hagfish lack myelin[END_REF][START_REF] Ruppert | Cephalochordata (Acrania)[END_REF], the neurites of their peripheral nervous systems are surrounded by glial cells [START_REF] Holland | The sensory peripheral nervous system in the tail of a cephalochordate studied by serial blockface scanning electron microscopy[END_REF][START_REF] Ruppert | Cephalochordata (Acrania)[END_REF][START_REF] Weil | Axonal ensheathment in the nervous system of lamprey: implications for the evolution of myelinating glia[END_REF]. While in amphioxus, which lacks neural crests, the peripheral ensheathing glial cells are likely of intramedullary origin, in lampreys they are derived from trunk neural crest (Green et al., 2017). Furthermore, similar to the myelinating Schwann cells of jawed vertebrates, the peripheral glial cells of lampreys express SoxE genes, which supports an evolutionary relationship between these two cell types [START_REF] Weil | Axonal ensheathment in the nervous system of lamprey: implications for the evolution of myelinating glia[END_REF]. SoxE genes are further required, in the ventral nerve cord of developing lampreys, for driving the expression of glia-specific genes, as part of a gene regulatory network similar to that required for the specification of vertebrate oligodendrocyte precursors [START_REF] Yuan | Gliogenesis in lampreys shares gene regulatory interactions with oligodendrocyte development in jawed vertebrates[END_REF]. It is currently unknown, whether the single amphioxus SoxE gene [START_REF] Yu | Insights from the amphioxus genome on the origin of vertebrate neural crest[END_REF] is expressed by peripheral glia in the adult, but the gene is expressed in the floor plate of N1 neurulae and the nerve cord of T1 embryos [START_REF] Meulemans | Insights from amphioxus into the evolution of vertebrate cartilage[END_REF].

Concluding remarks

Our results provide strong support for the presence of vertebrate-like glia in amphioxus. A subset of floor plate and mediolateral cells are shown to share the typical molecular signature of vertebrate astroglia, which implies also that these cells engage in a similar form of glutamate recycling, while cells resembling vertebrate radial glia are involved in establishing a pool of dividing progenitor cells with putative support functions.

Outside the chordates, convincing evidence for the existence of vertebrate-like glial cells is scarce. One of the best-studied examples is from the fruit fly Drosophila melanogaster. The fruit fly possesses cells that express EAAT and GS and that are involved in synaptogenesis, neurotransmitter uptake and recycling (reviewed in Freeman, 2015). Given the similarities with vertebrate astrocytes, it is tempting to consider the two cell populations to be homologous. However, although our data support the notion that astroglia-like cells already existed in the last common ancestor of amphioxus and vertebrates, due to the lack of information from other bilaterian animals, it is currently impossible to reliably infer the evolutionary ancestry of these cells. Another example concerns data from sea cucumbers, which are echinoderms. The nerve cords of adult sea cucumbers contain support cells that are scattered among the neurons and that are morphologically similar to vertebrate radial glia [START_REF] Mashanov | Organization of glial cells in the adult sea cucumber central nervous system[END_REF]. Moreover, these support cells proliferate in response to injury and act as progenitors to regenerate the nervous system [START_REF] Mashanov | Radial glial cells play a key role in echinoderm neural regeneration[END_REF]. Again, while it is certainly tempting to assume a homology between this cell population in sea cucumbers, the amphioxus radial glia-like cells we described here and vertebrate radial glia, additional work in other deuterostomes will be required to further strengthen the argument.

Even if one accepts the common ancestry of radial glia in deuterostomes, the functions of these cells in different lineages vary significantly. During early vertebrate neurogenesis, neuroepithelial cells differentiate into radial glia, which subsequently produce both neurons and glia [START_REF] Kriegstein | The glial nature of embryonic and adult neural stem cells[END_REF]. In amphioxus, neurons and glia seem to arise from separate precursor populations. Although the radial glia-like cells in amphioxus can divide as the larva elongates, our data suggest that late neural differentiation is concentrated in the dorsal neural tube, from which differentiated glial cells are largely absent. Consequently, the radial glia in amphioxus appear to play a more limited role in the ongoing process of neurogenesis than is the case for vertebrate radial glia. The radial glia-like cells of sea cucumbers do, however, have the capacity to produce both neurons and glia, at least during regeneration [START_REF] Mashanov | Radial glial cells play a key role in echinoderm neural regeneration[END_REF], suggesting that a multipotent radial glial progenitor cell population may already have been present in the last common ancestor of all deuterostomes, though a predominant role in generating neurons and glia during normal development is restricted to the vertebrate lineage. Table 1. List of commonly used glial markers and their expression in vertebrates.

Tables

Neuroepithelial cells

Radial glia

Ependymal cells

Astrocytes Oligodendrocytes

EAAT1 - + + ++ EAAT2 - + ++ ++ GS - + + ++ (+) GFAP - ++ + ++ vimentin - ++ ++ - sspo - (+) † (+) † - - olig2 - (+) - - ++ †
In vertebrates, sspo is only found in specialized ependymo-radial glial cells of the subcommissural organ. (EPG). Asterisk indicates the central canal. Scale bar is 1 μm. B: Dorsal view of the nerve cord from about the middle of somite pair 1 to the middle of somite pair 2. Section numbers (100 sections = 6.8 μm) correspond to previously published maps for this section series, with the third pair of large paired neurons (LPN3, in blue) marking the approximate location of the junction of somite pairs 1 and 2. Fiber bundles are shown as line segments, slightly thinner for the dorsal-most examples, which are often much smaller. Support cell end feet typically project slightly caudally as they approach the lateral surface of the cord, but some do the reverse, usually because the cell from which they arise has itself been displaced by one or more large neurons. C: Map of the apices of cells projecting into the central canal, a segment of a larger map published as Fig. 4 in [START_REF] Lacalli | Cell morphology in amphioxus nerve cord may reflect the time course of cell differentiation[END_REF], showing the ventral surface of the nerve cord as it would appear from above if it were opened out flat with the midline in the center. Cilia are present, one per cell, but are not shown. Apices are color-coded by cell type: floor plate (red), ependymoglia (pink, hatched for two cells whose fiber bundle was so small as to be questionable as a marker), axial glia (yellow), motoneurons (green), interneurons (blue), all other cells, including other support cells and undifferentiated precursors (beige).

Figure legends Figure 1 .

 legends1 Figure legends Figure 1. Diagram of amphioxus adult and larval general morphology and representative cross-section of the nerve cord. Images are not to scale. A: Adult viewed from the left side; the anterior half of the body wall dissected out to show internal anatomy. Anterior on the left, dorsal on the top. Terms in bold indicate chordate synapomorphies. B: 4gill slit larva (L4) viewed from the right side; moth and preoral pit are visible on the left side of the body. Anterior on the left, dorsal on the top. C-D: Cross-section of the adult (C) and larval (D) nerve cord, showing the position of glial cells described so far based on morphological criteria. Modified from Wicht & Lacalli (2005) and Lacalli & Kelly (2002), respectively.

Figure 2 .

 2 Figure 2. Expression of scospondin (sspo) during amphioxus development. A: Whole mount N3 neurula in lateral view. B: Whole mount T1 embryo in lateral (top) and dorsal (bottom) views. C: Transverse section of the cerebral vesicle at level indicated in B. D: Anterior part of a whole mount L1 larva in lateral view. E,F: Transverse section at level of the infundibular organ of a L1 larva. At all stages, sspo is in the infundibular organ of the cerebral vesicle (arrows). Scale bars are 25 µm for whole mounts and 10 µm for sections. Whole mount embryos are oriented with anterior to the left and, if not shown in dorsal view, with dorsal to the top.

Figure 3 .

 3 Figure 3. Expression of EAATa during amphioxus development. A: Whole mount N3 embryo in lateral (top) and dorsal (bottom) views showing EAATa expression in the somites. B,C: Transverse sections at levels indicated in A. D: Whole mount T0 embryo in lateral (top) and dorsal (bottom) views. EAATa is expressed in the somites. E,F: Transverse sections at levels indicated in D. G: Whole mount T1 embryo in lateral (top) and dorsal (bottom) views with the borders of the first five somite pairs indicated (s1-5). EAATa is expressed in the somites, in the head coelom and in a line of floor plate cells (arrow) at level of somite pairs 3 and 4, just anterior to the first pigment spot (asterisk). H: Transverse section at the level indicated in G, showing EAATa expression in somites and in floor plate. I-K: Double in situ hybridization for EAATa (purple) and hu-elav (red). EAATa is expressed in individual mesodermal cells (blue arrowheads) that are close to, but not in contact with, hu-elav-positive ectodermal sensory neurons (white arrowheads). J,K: Magnification of the region of somite pairs 4 and 5 of the embryo in I in dorsal view in brightfield (J) and epifluorescence (K). The EAATa signal is only in the floor plate (arrow) and does not co-localize with hu-elav. Scale bars are 25 µm for whole mounts and 10 µm for sections. Whole mount embryos are oriented with anterior to the left and, if not shown in dorsal view, with dorsal to the top.

Figure 4 .

 4 Figure 4. Expression of EAAT2 during amphioxus development. A: Whole mount T1 embryo in lateral (top) and dorsal (bottom) views with the borders of the first four somite pairs indicated (s1-4). EAAT2 is expressed in the posterior cerebral vesicle and in the neural tube to the end of somite pair 6. Weak expression is also detectable in a few ectodermal sensory neurons (arrowheads) located in the mid-trunk region of the embryo. The asterisk indicates the first pigment spot. B-G: Transverse sections of the neural tube at levels indicated

Figure 5 .

 5 Figure 5. Expression of glutamine synthetase (GS) during amphioxus development. A: Whole mount N3 embryo in lateral (top) and dorsal (bottom) views. B: Transverse section at level indicated in A showing GS expression in the anterior central nervous system, in a region corresponding to the prospective cerebral vesicle. C: Whole mount T1 embryo in lateral (top) and dorsal (bottom) views. D-H: Transverse sections at levels indicated in C showing GS transcripts in floor plate (white arrow) and ventrolateral cells (black arrows) of the neural tube and in the first pigment spot (asterisk). I: Magnification of the anterior part of a whole mount L1 larva in lateral view. GS transcripts are detectable in the neural tube as well as in the endoderm. The asterisk indicates the first pigment spot. J-M: Transverse section of the larva in I showing signal in floor plate (white arrow), ventrolateral (black arrow) and mediolateral (grey arrow) cells of the neural tube. Scale bars are 25 µm for whole mounts and 10 µm for sections. Whole mount embryos are oriented with anterior to the left and, if not shown in dorsal view, with dorsal to the top.

Figure 6 .

 6 Figure 6. Expression of IF B1 during amphioxus development. A: Whole mount N4 embryo in lateral (top) and dorsal (bottom) views. IF B1 is expressed in the somites and in a group of cells located in the anterior central nervous system. B,C: Transverse sections at levels indicated in A showing IF B1 in the neural plate (B) and somites (C). D: Whole mount T1 embryo in lateral (top) and dorsal (bottom) views with the borders of the first four somite pairs indicated (s1-4). IF B1 transcripts are present in the posterior cerebral vesicle, along the neural tube, in somites, the notochord and ectodermal sensory neurons (arrowhead). E-G: Transverse sections at levels indicated in D. E: At the level of the posterior cerebral vesicle, IF B1 is expressed in nerve cord and adjacent mesoderm. F: Posterior to the cerebral vesicle, IF B1 is expressed in ventrolateral cells of the nerve cord and in ventral mesoderm surrounding the gut endoderm (white arrowhead). G: IF B1 is expressed in ectodermal sensory neurons

Figure 7 .

 7 Figure 7. Expression of IF N2 during amphioxus development. A: Whole mount T1 embryo in lateral (top) and dorsal (bottom) views. IF N2 is expressed in the central nervous system from the posterior cerebral vesicle to the tail bud as well as in ectodermal sensory neurons in the mid-trunk region (arrowheads). B-F: Transverse sections at levels indicated in A showing expression of IF N2 in the cerebral vesicle, along the neural tube and in ectodermal sensory neurons (arrowheads). G,H: Double in situ hybridization for IF N2 and hu-elav in brightfield (G) and epifluorescence (H) showing lack of co-expression in the central nervous system. I: Whole mount L1 larva in lateral view. IF N2 transcripts are located in the posterior cerebral vesicle, ectodermal sensory neurons in the mid trunk region (arrowheads) and in the tail bud. J,K: Transverse sections at levels indicated in I, showing expression in the dorsal cerebral vesicle (J) and ectodermal sensory neurons (arrowhead in K). Scale bars are 25 µm for whole mounts and 10 µm for sections. Whole mount embryos are oriented with anterior to the left and, if not shown in dorsal view, with dorsal to the top. Abbreviations: cv, cerebral vesicle; n, notochord; nt, neural tube.

Figure 8 .

 8 Figure 8. Expression of olig during amphioxus development. A: Whole mount N0 embryo in dorsal view showing expression in the neural plate. B: Transverse section at level indicated in A. C: Whole mount N2 embryo in lateral (top) and dorsal (bottom) views. D: Whole mount N3 embryo in lateral (top) and dorsal (bottom) views. E,F: Transverse sections at levels indicated in D showing expression in ventrolateral and dorsal cells of the neural plate. G: Whole mount N4 embryo in lateral (top) and dorsal (bottom) views with the borders of the first four somite pairs indicated (s1-4). H-J: Transverse sections at levels indicated in G, showing olig expression laterally in the cerebral vesicle, ventrolaterally and dorsally along the neural tube and in most cells of the posterior neural tube. K,L: Whole mount T0 (K) and T1 (L) embryos in lateral (top) and dorsal (bottom) views with the borders of the first four somite

Figure 9 .

 9 Figure 9. Co-expression of olig and the cholinergic marker VAChT (vesicular acetylcholine transporter) during amphioxus development. A,B: Lateral view of a N4 embryo in epifluorescence (A) and brightfield (B). For epifluorescence, olig is in magenta, VAChT is in green and white indicates co-localization. For brightfield, olig is in red and VAChT is in purple. C: Schematic drawing of N4 embryo in lateral (top) and dorsal (bottom) views. D-F: Lateral view of a T0 embryo in epifluorescence, showing olig (D), VAChT (E) and olig plus VAChT (F) expression. G: Schematic drawing of a T0 embryo in dorsal view. Scale bars are 25 µm. Whole mount embryos are oriented with anterior to the left and, if not shown in dorsal view, with dorsal to the top.

Figure 10 .

 10 Figure10. Transmission electron microscopy (TEM) data from serial sections of a 12day amphioxus (B. floridae) larva. A: A typical pair of lateral support cells, one ependymal (EP), the other, based on the presence of a fiber bundle, ependymoglial (EPG). Asterisk indicates the central canal. Scale bar is 1 μm. B: Dorsal view of the nerve cord from about the middle of somite pair 1 to the middle of somite pair 2. Section numbers (100 sections = 6.8 μm) correspond to previously published maps for this section series, with the third pair of large paired neurons (LPN3, in blue) marking the approximate location of the junction of somite pairs 1 and 2. Fiber bundles are shown as line segments, slightly thinner for the dorsal-most examples, which are often much smaller. Support cell end feet typically project slightly caudally as they approach the lateral surface of the cord, but some do the reverse, usually because the cell from which they arise has itself been displaced by one or more large neurons. C: Map of the apices of cells projecting into the central canal, a segment of a larger map published as Fig.4in[START_REF] Lacalli | Cell morphology in amphioxus nerve cord may reflect the time course of cell differentiation[END_REF], showing the ventral surface of the nerve cord as it would appear from above if it were opened out flat with the midline in the center. Cilia are present, one per cell, but are not shown. Apices are color-coded by cell type: floor plate (red), ependymoglia (pink, hatched for two cells whose fiber bundle was so small as to be questionable as a marker), axial glia (yellow), motoneurons (green), interneurons (blue), all other cells, including other support cells and undifferentiated precursors (beige).

  

  

  

Table 2 .

 2 scospondin (sspo) expression in metazoans.

	Taxon	General localization of sspo expression	Reissner's
			fiber
	Vertebrata	Floor plate and flexural organ (embryo)	Yes
		Sub-commissural organ (embryo and adult)	
	Tunicata	Fibrogen cells (larvacean adult)	Yes
	Cephalochordata	Infundibular organ (embryo and adult)	Yes
	Echinodermata	Neuroepithelium (holothurian and asteroid adult) No
	Hemichordata	Proboscis plexus (enteropneust adult)	No
	Anellida	Brain and anterior ventral nerve cord (oweniid larva	No
		and adult)	
	Priapulida	Intraepidermal nerve cord and epidermis (adult)	No
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Abbreviations: EP, ependymal cell; EPG, ependymoglial cell; LPN3, third pair of large paired neurons; N, neuron. is on the right. Our observations on changing cord dimensions are consistent with the interpretation that the expanding neuropile (NP) compresses the ependymal layer (small arrows), and that the lateral compartment glial cells play a role in stabilizing the nerve cord against deformation, as their attachment site (large arrows) is one that would assist in maintaining a uniformly tubular shape (see text for details).