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Abstract 

The extracellular matrix (ECM) provides critical biochemical and structural cues that 

regulate neural development. Chondroitin sulfate proteoglycans (CSPGs), a major ECM 

component, have been implicated in modulating oligodendrocyte precursor cell (OPC) 

proliferation, migration, and maturation, but their specific roles in oligodendrocyte lineage 

cell (OLC) development and myelination in vivo remain poorly understood. Here, we use 

zebrafish as a model system to investigate the spatiotemporal dynamics of ECM deposition 

and CSPG localization during central nervous system (CNS) development, with a focus on 

their relationship to OLCs. We demonstrate that ECM components, including CSPGs, are 

dynamically expressed in distinct spatiotemporal patterns coinciding with OLC 

development and myelination. We found that zebrafish lacking cspg4 function produced 

normal numbers of OLCs, which appeared to undergo proper differentiation. However, OPC 

morphology in mutant larvae was aberrant. Nevertheless, the number and length of myelin 

sheaths produced by mature oligodendrocytes were unaffected. These data indicate that 

Cspg4 regulates OPC morphogenesis in vivo, supporting the role of the ECM in neural 

development. 

 

Keywords: extracellular matrix, glia, neural cell fate, neural cell differentiation, myelination, 

zebrafish 

Abbreviations: OPC, oligodendrocyte precursor cell; OLC, oligodendrocyte lineage cell; OL, 

oligodendrocyte; CNS, central nervous system; ECM, extracellular matrix; CSPG, 

chondroitin sulfate proteoglycan; hpf, hours postfertilization; dpf, days postfertilization; 

GAG, glycosoaminoglycan 
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Introduction 

The extracellular matrix (ECM) is a complex network of proteins and proteoglycans that 

surrounds cells in all tissues, providing structural support and biochemical cues that 

regulate diverse cellular processes (Frantz et al., 2010). In the central nervous system (CNS), 

the neural ECM plays crucial roles in neural development (Barros et al., 2011; Melrose et al., 

2021; Siebert & Osterhout, 2011), plasticity (Dzyubenko et al., 2021), and regeneration 

(reviewed in(Sherman & Back, 2008). 

  Major components of the neural ECM are chondroitin sulfate proteoglycans (CSPGs), 

which consist of a core protein with covalently attached chondroitin sulfate 

glycosaminoglycan chains. CSPGs are highly expressed in the CNS and have been 

implicated in various neurodevelopmental processes, including neural stem cell 

proliferation (Sirko et al., 2007), axon guidance (Brittis et al., 2008; Kantor et al., 2004) 

synaptogenesis (Miyata et al., 2012; Pizzorusso et al., 2002), and myelination (Keough et al., 

2016; Pendleton et al., 2013). 

  Myelination, the process by which oligodendrocytes ensheathe axons with a lipid-

rich membrane, is essential for rapid propagation of action potentials (Huxley & Stampfli, 

1948), metabolic support of axons (Fünfschilling et al., 2012; Nave, 2010) and proper 

neuronal function (Simons & Nave, 2016). Oligodendrocyte precursor cells (OPCs) are a 

distinct glial cell population that gives rise to myelinating oligodendrocytes (OLs) during 

development and throughout adulthood (Rivers et al., 2008; Zhu et al., 2011). The 

differentiation of OPCs into mature OLs is a tightly regulated process influenced by both 

intrinsic factors and extrinsic cues from the surrounding microenvironment (Emery, 2010).  

Accumulating evidence suggests that the ECM plays a pivotal role in regulating OPC 

differentiation, migration, and myelination. During development, CSPGs have been shown 

to influence OPC migration and the timing of oligodendrocyte differentiation (Siebert & 

Osterhout, 2011; Szuchet et al., 2000). For instance, the CSPG Versican inhibits OPC 

differentiation and myelination in the optic nerve during early postnatal development 

(Dours-Zimmermann et al., 2009). In the context of CNS injury, CSPGs inhibit OPC 

differentiation and remyelination (Karus et al., 2016; Kuboyama et al., 2017). This could 
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potentially occur through modulation of integrin and growth factor receptor signaling 

pathways, both of which interact with CSPGs (Chekenya et al., 2008; Fukushi et al., 2004; 

Lau et al., 2013; Siebert & Osterhout, 2011). Additionally, genetic ablation of CSPG 

receptors can enhance developmental myelination and remyelination (Pendleton et al., 

2013; Shen et al., 2009). However, the specific mechanisms by which CSPGs influence OPC 

development, differentiation, and myelination in various contexts remain incompletely 

understood.  

  One CSPG that has attracted interest is the neural/glial antigen 2 (NG2) protein, 

encoded by the Cspg4 gene. NG2 is a transmembrane CSPG that is highly expressed by 

OPCs in the developing and adult CNS (Akiko Nishiyama et al., 2009). Cspg4 KO mice exhibit 

reduced OPC proliferation and delayed oligodendrocyte differentiation during development 

(K. Kucharova & Stallcup, 2010). These mice also show impaired remyelination following 

demyelinating injury, suggesting a critical role for NG2 in oligodendrocyte regeneration 

(Karolina Kucharova & Stallcup, 2015). Interestingly, Cspg4 KO mice display altered 

synaptic plasticity and deficits in hippocampal long-term potentiation, indicating a broader 

role for NG2 in neuronal function (Sakry et al., 2014). In vitro studies have further elucidated 

the mechanisms by which NG2 influences OPC behavior. Many studies implicate NG2 in 

promoting cell proliferation and migration in response to growth factors such as PDGF and 

FGF2 (Górecki et al., 2007; Grako et al., 1999; Stallcup & Huang, 2008).  Additionally, NG2-

null OPCs exhibit impaired differentiation and remyelination in vivo (K. Kucharova & Stallcup, 

2010; Karolina Kucharova et al., 2011). Mechanistically, NG2 has been shown to interact 

with various extracellular matrix components and growth factor receptors, modulating 

signaling pathways crucial for OPC proliferation, survival, and differentiation (Karolina 

Kucharova & Stallcup, 2015; Tamburini et al., 2019). Additionally, NG2 has been shown to 

promote mTOR-dependent translation, a critical mechanism for OPC growth and 

differentiation (Nayak et al., 2018).  

Despite the prior studies of NG2/CSPG4 in OPC biology, its function during CNS 

myelination remains incompletely understood. To help fill this gap, we used zebrafish as a 

model system to investigate the specific contributions of NG2/CSPG4 to oligodendrocyte 
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lineage cell development and myelination in vivo. We investigated the functional 

consequences of zebrafish cspg4 mutations on OPC population dynamics, morphology, 

differentiation and subsequent myelination. Our findings provide insights into the interplay 

between the ECM, CSPGs, and oligodendrocyte lineage cells during CNS development and 

myelination, highlighting the importance of the NG2/CSPG4. 

  

Materials and Methods 

Animal husbandry 

The Institutional Animal Care and Use Committee at the University of Colorado School of 

Medicine approved all animal work, in compliance with U.S. National Research Council's 

Guide for the Care and Use of Laboratory Animals, the U.S. Public Health Service's Policy on 

Humane Care and Use of Laboratory Animals, and Guide for the Care and Use of Laboratory 

Animals. Larvae were raised at 28.5ºC in embryo medium (5 mM NaCl, 0.17 mM KCl, 0.33 

mM CaCl, 0.33 mMMgSO4 (pH 7.4), with sodium bicarbonate) and staged as hours or days 

post fertilization (dpf) according to morphological criteria (Kimmel et al., 1995). Zebrafish 

lines used in this study included, AB wildtype, cspg4sa37999 (ZDB-ALT-160601-5804), 

cspg4sa39470 (ZDB-ALT-161003-16784), Tg(mbpa:mCherry-CAAX)co13Tg (A. N. Hughes & Appel, 

2020). The Tg(olig1:EGFP-CAAX)co88Tg line was created by Natalie Carey using Gateway 

cloning to combine a 5.3 kb genomic fragment of zebrafish olig1 into the construct pEXPRS-

olig1:EGFP-CAAX-pA2-Tol2, which was injected into one cell stages embryos with mRNA 

encoding Tol2 transposase. EGFP+ embryos were raised to adulthood and outcrossed to 

identify founders that transmitted the transgene through the germline.   

Lectin fluorescence  

2, 3, 5, and 7 dpf larvae were fixed in 4% paraformaldehyde in 1X PBS nutating overnight at 

4°C. Post-fixation, larvae were rinsed in PBS, embedded in 1.5% agar/30% sucrose blocks, 

and then immersed in 30% sucrose overnight at 4°C. The blocks were subsequently frozen 

on dry ice and stored at –80ºC. Transverse sections of 20 µm thickness were cut and 
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collected on polarized microscope slides (Fisher Scientific 12-550-15). Sections were 

rehydrated with PBS and blocked for 1 hr at room temperature using a blocking solution (2% 

goat serum 2 mg/mL, 1uL of 1mg/mL unconjugated streptavidin (SNN1001 lot 2096048 in 1x 

PBS). The blocking solution is devoid of Triton X-100, which breaks down the ECM. 

Biotinylated Vicia villosa lectin (Vector Labs B1235-2 ZG0309) was then applied to the 

sections at 1:500 for 2 hrs at room temperature. Secondary antibody streptavidin-Cy5 

(ThermoFisher SA1011) was applied 1:1000 O/N at 4ºC. After washing with PBS, slides were 

mounted with Vectashield (Vector Laboratories H1000), coverslipped (VWR 48393-106), 

and dried overnight covered from light at 4ºC. The next day, slides were sealed with clear 

nail polish and imaged in the subsequent 3 days.  

Bioinformatics 

We used RNA-seq data from GEO dataset GSE52564, 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52564 (Zhang et al., 2014). 

We used the following genes to create a heatmap of RNA transcript levels: showing 

Acan, Bcan, Cd44, Col10a1, Col11a1, Col11a2, Col12a1, Col13a1, Col14a1, Col15a1, 

Col16a1, Col17a1, Col18a1, Col19a1, Col1a1, Col1a2, Col20a1, Col22a1, Col23a1, 

Col24a1, Col25a1, Col26a1, Col27a1, Col28a1, Col2a1, Col3a1, Col4a1, Col4a2, Col4a3, 

Col4a3bp, Col4a4, Col4a5, Col4a6, Col5a1, Col5a2, Col5a3, Col6a1, Col6a2, Col6a3, 

Col6a4, Col6a5, Col6a6, Col7a1, Col8a1, Col8a2, Col9a1, Col9a2, Col9a3, Cspg4, Cspg5, 

Hspg2, Lama1, Lama2, Lama3, Lama4, Lama5, Lamb1, Lamb2, Lamb3, Lamc1, Lamc2, 

Lamc3, Ncan, Smc3, Tnc, Tnr, and Vcan. Counts per million (CPM) values were calculated 

using the cpm function in the edgeR R package1 with log=F. Average values were calculated 

within their respective group: Astrocyte, microglia, myelinating oligodendrocytes, neuron, 

and oligodendrocyte precursor cells. Analysis was performed using Pluto (https://pluto.bio).  

Genotyping 

For DNA extraction from zebrafish, two methods were utilized depending on the sample type. 

NaOH lysis was used for live-imaged zebrafish larvae aged 3-7 dpf, involving a brief 

incubation in a 50 mM NaOH solution for 10 min at 98ºC to lyse cells and release DNA, 
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vortexed for 10 sec, followed by neutralization with Tris-HCl. Proteinase K (Invitrogen 

AM2548) lysis was used for fixed tissues, following the manufacturer instructions. This 

method includes a heat inactivation step to preserve DNA integrity. 

Genotyping of cspg4sa37999 zebrafish samples used primers, 

[FWD:5’TCTGTGCCACTGATCATCGT3’, REV:5’GCAGCAGTGAATTTGAGGCT3’] to amplify a 

290 bp fragment. The following thermocycler protocol was used for amplification: initial 

denaturation at 95°C for 3 minutes; followed by 35 cycles of 95°C for 30 seconds 

(denaturation), 54°C for 30 seconds (annealing), and 72°C for 1 minute (extension); then a 

final extension at 72°C for 5 minutes. Subsequently, 0.5uL XbaI (NEB R0145L) was added 

and incubated for 2 hours at 38ºC, to selectively cleave the mutant fragment. The resulting 

fragments were then separated by electrophoresis on a 3% agarose gel to distinguish 

between mutant and wild-type alleles based on the presence or absence of one band at 290 

bp indicating wildtype, one band around 150 bp (combination of 167 bp and 123 bp 

restriction digest products) indicating homozygous mutants, or two bands of 290 bp and 150 

bp indicating heterozygotes. 

Genotyping of cspg4sa39470 zebrafish samples used primers, [FWD: 

5’AAGGAGGGTCGACACTTACA3’, REV: 5’AATCTGACGGTGAGGGAAGG-3’] to amplify a 198 

bp fragment. The following thermocycler protocol was used for amplification: initial 

denaturation at 95°C for 3 minutes; followed by 35 cycles of 95°C for 30 seconds 

(denaturation), 49°C for 30 seconds (annealing), and 72°C for 1 minute (extension); then a 

final extension at 72°C for 5 minutes. Subsequently, 0.5uL TSP45I (NEB R0583L) was added 

and incubated for 2 hours at 65ºC, to selectively cleave the wild-type fragment. The resulting 

fragments were then separated by electrophoresis on a 3% agarose gel to distinguish 

between mutant and wild-type alleles based on the presence or absence of one band at 175 

bp (23 bp runs off gel) indicating wildtype, one band at 198 bp indicating homozygous 

mutants, or two bands of 175 bp and 198 bp indicating heterozygotes. 

PCR products were run next to a 100 bp ladder (Thermoscientific SM0243) on a 1.5% 

agarose A (BioPioneer C0009), 1.5% MetaPhor (Lonza 50184) ethidium bromide (Sigma-
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Aldrich 1239-45-8) electrophoresis gel. Images were obtained using a BioRad Gel Doc EZ 

Imager. 

Fluorescent in situ RNA hybridization 

We performed in situ RNA hybridization using a RNAscope Multiplex Fluorescent v2 (ACD 

Bio 3231000) kit following the manufacturer’s protocol apart from the following: No Xylene, 

15 uL slices, 30 min PFA post-fix rather than 2 hr. We used the following probes: Ch1 – mbpa 

(ACDbio 533861-C1), Ch2 – sox10 (ACDbio 444691-C2), Ch3 – cspg4 (ACDbio 529741-C3). 

Opal dyes used: 650 (FP1496001KT, lot 201008027:1, 520 (FP1487001KT, lot 210415025:1), 

570 (FP1488001KT, lot 210408002:1). Slides were coverslipped with Vectashield (Vector 

Laboratories H1000), dried overnight at 4ºC protected from light. The slides were then 

sealed with clear nail polish and imaged the next day. All slides were blinded for imaging and 

analysis. 

Mosaic labeling of OLCs 

Cspg4 mutant embryos were produced using crosses of heterozygote adults. Embryos were 

injected at the single cell stage with approximately 5 nL of a mixture containing 5 uL 0.4M 

KCl, 1 uL phenol red (Sigma-Aldrich P0290), 1 uL Tol2 RNA (250 ng/uL), 250 ng plasmid DNA 

in a final volume of 10 uL. We used plasmids  pEXPR.olig1:EGFP-CAAX-Tol2 to label OPCs 

and pEXPR.mbpa:EGFP-CAAX-Tol2 to label OLs. We collected images of cells from living 

larvae at 3, 5, 7 dpf using confocal microscopy. Larvae were genotyped following image 

collection and analysis.  

Microscopy 

We obtained microscope images of living larvae by embedding them laterally in 1.2% low-

melt agarose (Agarose Unlimited PS1200) containing 0.4% tricaine (Western Chemicals 

NC0342409) for immobilization. We acquired images using a C-Apochromat 40x/1.1 NA 

water-immersion objectives on a Zeiss CellObserver Spinning Disk confocal system 

equipped with a Photometrics Prime 95B camera. For fluorescent in situ RNA hybridization 

images, we used a 40X/1.3 NA objective on the same microscope to image fixed tissue on 

slides. 
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Image analysis 

All images were blinded before analysis. For fluorescent in situ RNA hybridization only the 

middle 10 µm optical slices of each z-stack were analyzed using FIJI to determine how many 

cells expressed each RNA probe, then averaged per animal before comparing between 

conditions.  

To perform OPC branching analysis, z-stack images were converted from czi to native 

Imaris format. OPC morphology was analyzed using the ‘Filament analysis’ tool with the 

following specifications: If there were any other cells or fluorescent signal in the z-stack, the 

cell for analysis was isolated via cropping the z-stack or using the masking tool, no loops 

method, largest diameter e.g. dendrite beginning 10 µm, smallest diameter e.g. dendrite 

ending 0.5 µm. Seed points were then established using the threshold tool and manually 

adding seed points to ensure the entire cell arbor was covered with approximately 1 µm 

between seed points, but importantly without overlapping seed points. Filaments were 

centered before gathering output data (including branch summed length, number of 

terminal points, Sholl analysis, and cellular territory using convex hull analysis). Data from 

multiple OPCs within one larva were averaged before comparing between groups.  

To perform OL/myelin sheath morphology, z-stack images were converted from czi 

to native Imaris format. We used the ‘Filament analysis’ tool in the ‘skip automatic creation, 

edit manually’ setting. Filaments were added, one for each sheath, using ‘automatic depth’ 

viewing to trace each sheath individually in 3D. Output data included the number of sheaths, 

length of each sheath, and total summed length of sheaths per OL. Data from multiple OLs 

within one larva were averaged before comparing between groups.  

Statistics and data presentation 

We performed statistical analyses using R, Version 2023.06.1+524 (2023.06.1+524) with the 

following libraries: asbio, dplyr, ggplot2, ggpubr, readxl, scales, tidyverse. We tested each 

dataset for normality using the Shapiro Test. Based on the output of the Shapiro Tests, the 

following statistical tests were used: OLC counts with RNAscope – ANOVA and Tukey post 

hoc; OPC summed process length– Kruskal-Wallis; OPC Sholl analysis – Kruskal-Wallis chi 
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square test and Dunn test with Bonferroni correction; OL/myelin morphology – Kruskal-

Wallis. 

Gene expression heatmaps were created with Pluto (https://pluto.bio). All other plots 

were created in R, Version 2023.06.1+524 (2023.06.1+524) using the following libraries: 

asbio, dplyr, ggplot2, ggpubr, readxl, scales, tidyverse. 

 

Results 

The spinal cord ECM develops in a spatially and temporally specific pattern 

As a first step toward understanding how the ECM might guide oligodendrocyte lineage cell 

(OLC) development and myelination, we employed the use of lectin vicia villosa lectin (VVL). 

This lectin, which is commonly used to visualize neural ECM (Derouiche et al., 1996; Ojima 

et al., 1998), specifically labels N-acetylgalactosamine residues. These residues are 

enriched on chondroitin sulfate proteoglycans (CSPGs), which are important functional 

contributors to the ECM and highly expressed by OLCs (Asher et al., 2002; A. Nishiyama et 

al., 1996). To label OLCs at different stages of maturity in combination with ECM, we stained 

tissue sections from larvae carrying the transgenes Tg(olig1:EGFP-CAAX) and 

Tg(mbpa:mCherry-CAAX), which mark OPCs and OLs respectively, with VVL.  

  Representative images from 3-7 days post fertilization (dpf) of transverse spinal cord 

sections revealed pervasive VVL labeling throughout the developing CNS, resembling the 

honeycomb-like structures described in other studies (Horii-Hayashi et al., 2015; Murakami, 

1994; Paul & Ulfig, 1998) (Figure 1A-C). Throughout the time course, distinct puncta were 

evident in both developing axon- and soma-rich regions. Notably, we observed a high 

deposition of VVL staining at the dorsal edge of the dorsal spinal white matter (WM) tract in 

5 dpf larvae (Figure 1B).  This deposition was adjacent to the most dorsal OLCs. The specific 

enrichment of VVL staining in this region suggests a potential role for lectin-labeled CSPGs 

in the interaction between OLCs and the developing dorsal spinal WM tract. By 7 dpf, VVL 

staining showed further refinement, with pronounced enrichment in the axon-rich regions 

(Figure 1C). These temporal changes in VVL staining patterns informed our choice of 
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timepoints for subsequent morphological analyses, allowing us to capture key stages in the 

interaction between CSPGs and OLC development. 

 

OPCs express many ECM genes, including cspg4  

To investigate the expression of genes encoding ECM components across different cell 

types in the CNS, we analyzed transcriptomic data from mouse cerebral cortex (Zhang et al., 

2014). We focused on structural ECM genes, including chondroitin sulfate proteoglycans 

(CSPGs), heparan sulfate proteoglycans (HSPGs), collagens, laminins, and tenascins.  

  Our analysis revealed that OPCs express numerous ECM-encoding genes at high 

levels (Figure 2A, B). Notably, myelinating OLs express much lower levels of ECM genes, 

suggesting that transcription of ECM-encoding genes is downregulated concomitant with 

OL differentiation. These data indicate that, together with astrocytes, OPCs produce a large 

amount of the CNS ECM.  

These data also indicated that, whereas many ECM genes expressed by OPCs are 

also expressed by astrocytes and neurons, Cspg4 expression appears to be exclusive to 

OPCs. To validate this conclusion in zebrafish, we used fluorescent in situ RNA hybridization 

to detect cspg4 transcripts in combination with sox10 RNA, which marks all OLCs, and 

mbpa, which marks OLs. In zebrafish, spinal cord sox10 expression is first evident at 

approximately 36 hours postfertilization (hpf), marking initiation of OPC formation. At 2 dpf, 

sox10+ OPCs express little cspg4 (Figure 2D). At 3, 5, and 7 dpf, cspg4 is evident in sox10+ 

mbpa– OPCs but absent from sox10+ mbpa+ OLs (Figure 2D-F). These data are consistent 

with the RNA-seq data indicating that OPCs express cspg4 and downregulate cspg4 

transcription as they differentiate as OLs. 

  

Loss of cspg4 function does not impair OLC number or differentiation 

To investigate cspg4 function, we procured two mutant lines, cspg4sa37999 and cspg4sa39470, 

with distinct point mutations affecting the cspg4 gene (Figure 3A). The cspg4sa37999 allele is 

an A to T mutation that introduces a premature stop codon early in exon 3. The cspg4sa39470 
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allele is a C to T mutation at the splice donor site of exon 4, which is predicted to cause intron 

retention and introduction of a premature stop codon. We confirmed these alleles using 

PCR-based genotyping (Figure 3B).  

  To determine if loss of cspg4 function affects OLC formation, we utilized fluorescent 

in situ RNA hybridization to visualize sox10 and mbpa in transverse sections of wild-type and 

cspg4sa37999 homozygous mutant embryos and larvae. We compared the numbers of sox10+ 

mbpa– OPCs and sox10+ mbpa+ OLs from 3 to 7 dpf. Neither OPCs nor OLs differed 

significantly in number between genotypes although 2 dpf cspg4sa37999 homozygous mutant 

embryos trended toward more OPCs than wildtype (p = 0.05). We conclude that loss of 

cspg4 function does not interfere with OPC specification and OL differentiation.  

 

OPCs are more complex in cspg4 mutant zebrafish larvae 

Previous studies have shown that CSPG4 interacts with ligands and structural extracellular 

matrix proteins (Burg et al., 1997; Goretzki et al., 1999; Tillet et al., 1997), raising the 

possibility that it conveys morphological cues or otherwise affects cellular complexity. To 

investigate whether loss of cspg4 function alters OPC morphology in vivo, we injected single 

cell stage embryos with olig1:EGFP-CAAX plasmid, which marks OPCs with membrane-

tethered EGFP, with synthetic mRNA encoding Tol2 transposase. We assessed OPCs in the 

living larvae using confocal microscopy. We focused our investigation on the spinal region 

positioned above the yolk tube to limit the effect of position along the rostro-caudal axis on 

maturation. 

  Representative images of fluorescently labeled OPCs are depicted in Figure 5A. We 

implemented a 3D Sholl analysis to give a detailed readout of complexity of the OPC 

branching arbors. This method uses concentric spheres originating at the soma and 

calculates the number of intersections with branches at 1 um intervals from the soma. Our 

results reveal that from 3 to 5 dpf, cells across all genotypes increased the total length of 

processes produced by individual OPCs, suggesting that they grew in size and complexity 
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(Figure 5B). Interestingly, between 5 to 7 dpf, total process length regressed to 3 dpf levels 

in all conditions (Figure 5B).   

We compared the number of intersections made by processes of individual OPCs 

across different genotypes at 3, 5, and 7 dpf. At 3 dpf, OPCs in homozygous cspg4sa37999 

mutant larvae showed significantly longer processes compared to wildtype (p = 0.001) and 

compound heterozygous (compHet) (p = 0.0012) larvae, while cspg4sa39470 and compHet 

OPCs were not significantly different from wildtype (Figure 5Ci). By 5 dpf, a distinct 

phenotype emerged in cspg4sa39470 homozygous mutants, with OPCs displaying significantly 

higher complexity near the soma but shorter processes overall compared to all other groups 

(wildtype p = 0.0001, cspg4sa37999 p = 0.0003, compHet p = 0.027) (Figure 5Cii). At 7 dpf, all 

mutant alleles exhibited higher peaks in their Sholl traces compared to wildtype, indicating 

increased arbor complexity close to the cell soma. Notably, cspg4sa37999 and cspg4sa39470 

homozygous mutants showed significantly different morphologies (p = 0.013), with 

cspg4sa37999 OPCs maintaining longer processes and cspg4sa39470 OPCs displaying shorter 

processes (Figure 5Ciii). These snapshots of OPC arbor morphology across this critical 

period of developmental OLC expansion and myelination reveal that each homozygous 

mutant allele yields distinct alterations in OPC morphology. While cspg4sa37999 OPCs initially 

show longer processes, by 7 dpf, all mutant alleles develop a "bushy" rather than "tree-like" 

arbor complexity close to the soma. Furthermore, the two homozygous alleles exhibit 

opposing phenotypes in terms of process length, with cspg4sa37999 OPCs maintaining longer 

processes and cspg4sa39470 OPCs showing truncated processes. These morphological 

changes in cspg4 mutant OPCs suggest altered cellular architecture, which could 

potentially impact their interactions with the surrounding extracellular matrix and 

neighboring cells. 

 

OLs in mutant larvae make myelin sheaths of similar number and length 

To investigate whether loss of cspg4 function alters myelin sheath formation, we injected 

single cell stage embryos with the plasmid mbpa:EGFP-CAAX, which labels OLs with 
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membrane-tethered EGFP, and used confocal microscopy to assess the number and 

cumulative length of myelin sheaths formed by individual cells. This revealed that OLs in 

mutant larvae had morphologies comparable to those of wild-type controls (Figure 6A). 

Specifically, there were no significant differences in the number of myelin sheaths per OL 

(Figure 6B) or the total summed length of these sheaths between mutant and wild-type 

larvae (Figure 6C). Thus, loss of cspg4 function does not appear to interfere with the 

myelinating capacity of oligodendrocytes.  

  

Discussion 

Numerous genes, expressed by both neurons and glia, contribute to the extensive ECM of 

the CNS. In this context, CSPG4/NG2 is remarkably specific to OPCs. This specificity has 

been useful for investigation of OPCs in rodents, using immunohistochemistry to detect 

NG2 and Cspg4 transgenes to identify and manipulate OPCs in vivo. However, there is much 

less information about zebrafish CNS cspg4 expression. Here, we carefully analyzed cspg4 

expression through early larval stages using a highly sensitive fluorescent in situ RNA 

hybridization technique. This showed that zebrafish OPCs but not OLs or other spinal cord 

cells express cspg4. Thus, OPC expression of cspg4 is conserved between rodents and 

zebrafish. 

 The first main finding from our efforts to understand CSPG4 function is that the 

number of OPCs in cspg4-deficient zebrafish larvae is not substantially different from 

wildtype. This is in contrast to Cspg4 mutant mice, which have fewer OPCs in developing 

cerebellar white matter than wild-type mice; however, it is in agreement with other regions 

of the Cspg4 knockout mouse, in which OPC number and development were not 

significantly affected (Hill et al., 2011; K. Kucharova & Stallcup, 2010). CSPG4 interacts with 

PDGFRa on OLCs (A. Nishiyama et al., 1996) and PDGF is a potent OLC mitogen in vitro 

(Richardson et al., 1988) and in vivo (Fruttiger et al., 1999). Therefore, in mice, CSPG4 might 

accentuate growth factor driven proliferation. What might explain the absence of a 

proliferative effect in zebrafish cspg4 mutant larvae? Notably, larval zebrafish OPCs express 

pdgfra at very low levels (Sur et al., 2023) and zebrafish OPCs divide infrequently in early 
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larval stages (Snyder et al., 2012). This raises the possibility that there is a relatively low level 

of growth factor driven OPC proliferation at early developmental stages that may underlie 

the difference in observations.  

 Our next main finding was that zebrafish cspg4 mutant larvae have abnormal OPC 

morphology. In vivo, OPC morphologies are remarkably complex and dynamic (E. G. Hughes 

et al., 2013; Kirby et al., 2006; Marisca et al., 2020). Conceivably, interactions with the ECM 

contributes to these characteristics. By measuring OPC process length, number, and 

number of branches – binned by distance from the soma – as indicators of cellular 

complexity, we found that OPCs in cspg4 mutant larvae generally had more complex 

morphologies than OPCs in wild-type larvae, resulting from changes in process length and 

the number of branches at various distances from the soma. Notably, we also found 

differences between the two mutant alleles and the compound heterozygotes, potentially 

reflecting different effects of the truncated proteins, which differ in the lengths of their 

extracellular domains. The cspg4sa37999 allele, which is predicted to produce only the LGR 

binding domains, lacks critical components such as the chondroitin sulfate GAG 

(glycosoaminoglycan) side-chain domain, proteolytic cleavage sites, transmembrane 

domains, and the intracellular domain, which contains a PDZ interacting motif (Rolih et al., 

2017). The cspg4sa39470 allele contains the domains of the cspg4sa37999 allele, with the addition 

of GAG side-chains, FGF and PDGFR binding domains. The presence or absence of each 

domain, and resulting cellular morphologies, may point to key signaling pathways that 

underly the morphological phenotypes. Future studies dissecting the specific contributions 

of each domain to OLC development will be crucial for understanding the multifaceted roles 

of CSPG4 in vivo.  

 Despite differences in OPC morphology, the number and length of myelin sheaths 

formed by OLs in cspg4 mutant larvae were similar to those in wild-type larvae. Additionally, 

cspg4 mutant larvae expressed mbpa, a marker of OL differentiation and myelination, 

similarly to wildtype. Thus, OPCs lacking cspg4 are able to undergo normal differentiation 

as myelinating OLs. Although myelination was delayed in Cspg4 mutant mice (K. Kucharova 
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& Stallcup, 2010), the delay most likely reflected a deficit in initial OPC production, which 

we did not find in zebrafish.      

 OPCs are key players in CNS development, homeostasis, and repair (reviewed 

in(Bergles & Richardson, 2016). OPCs provide trophic support to neurons and axons through 

the secretion of growth factors such as brain-derived neurotrophic factor (BDNF) and 

insulin-like growth factor 1 (IGF-1) (Wilkins et al., 2001, 2003). OPCs also modulate synaptic 

circuitry and plasticity through direct contacts with neurons and the release of signaling 

molecules (Sakry et al., 2014; Xiao et al., 2022), and contribute to blood-brain barrier 

integrity and function through interactions with endothelial cells (Seo et al., 2014). 

Importantly, missense mutations of human CSPG4 have been linked to schizophrenia (de 

Vrij et al., 2019). Potentially, the changes in OPC morphology resulting from loss of CSPG4 

function that we report here could impact how OPCs contribute to neural function.     

 It is important to acknowledge limitations of our study. First, CSPG4 is only one of 

numerous ECM components of the nervous system. Many of these molecules might 

contribute similarly to tissue microenvironments and intercellular signal transduction. For 

example, OPCs also express large amounts of CSPG5 (Zhang et al., 2014), which is closely 

similar to CSPG4 but has not been extensively studied. Therefore, simultaneous elimination 

of CSPG4 and CSPG5 might result in much stronger effects on OPC morphology. Second, 

our investigation focused only on how loss of CSPG4 function affects features of OPCs and 

OLs. Future studies will be required to assess the roles of CSGP4 produced by OPCs in 

neural circuit formation and function.    

  In conclusion, our study provides an in vivo analysis of cspg4 function in sculpting 

OLC development. Our findings contribute to understanding the spatiotemporal dynamics 

of ECM-OLC interactions and the consequences of cspg4 perturbation, which help advance 

our basic understanding of neurodevelopmental processes. 

  

Acknowledgments. 

We thank Natalie Carey for creating and sharing the Tg(olig1:EGFP-CAAX) line and Dr. Julie 

Siegenthaler for comments on the manuscript. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


 

References 

Asher, R. A., Morgenstern, D. A., Shearer, M. C., Adcock, K. H., Pesheva, P., & Fawcett, J. 

W. (2002). Versican is upregulated in CNS injury and is a product of oligodendrocyte 

lineage cells. Journal of Neuroscience, 22(6), 2225–2236. 

https://doi.org/10.1523/jneurosci.22-06-02225.2002 

Barros, C. S., Franco, S. J., & Müller, U. (2011). Extracellular Matrix: Functions in the 

nervous system. Cold Spring Harbor Perspectives in Biology, 3(1), 1–24. 

https://doi.org/10.1101/cshperspect.a005108 

Bergles, D. E., & Richardson, W. D. (2016). Oligodendrocyte development and plasticity. 

Cold Spring Harbor Perspectives in Biology, 8(2). 

https://doi.org/10.1101/cshperspect.a020453 

Brittis, P. A., Canning, D. R., & Silver, J. (2008). Chondroitin Sulfate as a Regulator of 

Neuronal Patterning in the Retina Published by : American Association for the 

Advancement of Science Stable URL : http://www.jstor.org/stable/2876454. 

Advancement Of Science, 255(5045), 733–736. 

http://eutils.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&id=1738848&

retmode=ref&cmd=prlinks%0Apapers2://publication/uuid/AA36C533-E575-4FF3-

801F-4B8C5D991AE5 

Burg, M. A., Nishiyama, A., & Stallcup, W. B. (1997). A central segment of the NG2 

proteoglycan is critical for the ability of glioma cells to bind and migrate toward type VI 

collagen. Experimental Cell Research, 235(1), 254–264. 

https://doi.org/10.1006/excr.1997.3674 

Chekenya, M., Krakstad, C., Svendsen, A., Netland, I. A., Staalesen, V., Tysnes, B. B., 

Selheim, F., Wang, J., Sakariassen, P., Sandal, T., Lønning, P. E., Flatmark, T., Enger, 

P., Bjerkvig, R., Sioud, M., & Stallcup, W. B. (2008). The progenitor cell marker 

NG2/MPG promotes chemoresistance by activation of integrin-dependent PI3K/Akt 

signaling. Oncogene, 27(39), 5182–5194. https://doi.org/10.1038/onc.2008.157 

de Vrij, F. M., Bouwkamp, C. G., Gunhanlar, N., Shpak, G., Lendemeijer, B., Baghdadi, M., 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


Gopalakrishna, S., Ghazvini, M., Li, T. M., Quadri, M., Olgiati, S., Breedveld, G. J., 

Coesmans, M., Mientjes, E., de Wit, T., Verheijen, F. W., Beverloo, H. B., Cohen, D., 

Kok, R. M., … Kushner, S. A. (2019). Candidate CSPG4 mutations and induced 

pluripotent stem cell modeling implicate oligodendrocyte progenitor cell dysfunction 

in familial schizophrenia. Molecular Psychiatry, 24(5), 757–771. 

https://doi.org/10.1038/s41380-017-0004-2 

Derouiche, A., Härtig, W., Brauer, K., & Brückner, G. (1996). Spatial relationship of lectin-

labelled extracellular matrix and glutamine synthetase-immunoreactive astrocytes in 

rat cortical forebrain regions. Journal of Anatomy, 189(2), 363–372. 

Dours-Zimmermann, M. T., Maurer, K., Rauch, U., Stoffel, W., Fässler, R., & Zimmermann, 

D. R. (2009). Versican V2 assembles the extracellular matrix surrounding the nodes of 

Ranvier in the CNS. Journal of Neuroscience, 29(24), 7731–7742. 

https://doi.org/10.1523/JNEUROSCI.4158-08.2009 

Dzyubenko, E., Fleischer, M., Manrique-Castano, D., Borbor, M., Kleinschnitz, C., Faissner, 

A., & Hermann, D. M. (2021). Inhibitory control in neuronal networks relies on the 

extracellular matrix integrity. Cellular and Molecular Life Sciences, 78(14), 5647–5663. 

https://doi.org/10.1007/s00018-021-03861-3 

Emery, B. (2010). Regulation of oligodendrocyte differentiation and myelination. Science, 

330, 779–782. 

Frantz, C., Stewart, K. M., & Weaver, V. M. (2010). The extracellular matrix at a glance. 

Journal of Cell Science, 123(24), 4195–4200. https://doi.org/10.1242/jcs.023820 

Fruttiger, M., Karlsson, L., Hall, A. C., Abramsson, A., Calver, A. R., Boström, H., Willetts, 

K., Bertold, C. H., Heath, J. K., Betsholtz, C., & Richardson, W. D. (1999). Defective 

oligodendrocyte development and severe hypomyelination in PDGF-A knockout mice. 

Development, 126(3), 457–467. https://doi.org/10.1242/dev.126.3.457 

Fukushi, J., Makagiansar, I. T., & Stallcup, W. B. (2004). NG2 Proteoglycan Promotes 

Endothelial Cell Motility and Angiogenesis via Engagement of Galectin-3 and 

alpha3beta1 Integrin. Mol Biol Cell, 15(August), 3580–3590. 

Fünfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J., Brinkmann, 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


B. G., Kassmann, C. M., Tzvetanova, I. D., Möbius, W., Diaz, F., Meijer, D., Suter, U., 

Hamprecht, B., Sereda, M. W., Moraes, C. T., Frahm, J., Goebbels, S., & Nave, K. A. 

(2012). Glycolytic oligodendrocytes maintain myelin and long-term axonal integrity. 

Nature, 485(7399), 517–521. https://doi.org/10.1038/nature11007 

Górecki, D. C., Beresewicz, M., & Zabłocka, B. (2007). Neuroprotective effects of short 

peptides derived from the Insulin-like growth factor 1. Neurochemistry International, 

51(8), 451–458. https://doi.org/10.1016/j.neuint.2007.04.030 

Goretzki, L., Burg, M. A., Grako, K. A., & Stallcup, W. B. (1999). High-affinity binding of basic 

fibroblast growth factor and platelet- derived growth factor-AA to the core protein of 

the NG2 proteoglycan. Journal of Biological Chemistry, 274(24), 16831–16837. 

https://doi.org/10.1074/jbc.274.24.16831 

Grako, K. A., Ochiya, T., Barritt, D., Nishiyama, A., & Stallcup, W. (1999). PDGF alpha-

receptor is unresponsive to PDGF-AA in aortic smooth muscle cells from the NG2 

knockout mouse. Journal of Cell Science, 112, 9005915. 

Gu, W., Pan, F., & Singer, R. H. (2009). Blocking β-catenin binding to the ZBP1 promoter 

represses ZBP1 expression, leading to increased proliferation and migration of 

metastatic breast-cancer cells. Journal of Cell Science, 122(11), 1895–1905. 

https://doi.org/10.1242/jcs.045278 

Horii-Hayashi, N., Sasagawa, T., Matsunaga, W., & Nishi, M. (2015). Development and 

Structural Variety of the Chondroitin Sulfate Proteoglycans-Contained Extracellular 

Matrix in the Mouse Brain. Neural Plasticity, 2015. 

https://doi.org/10.1155/2015/256389 

Hughes, A. N., & Appel, B. (2020). Microglia phagocytose myelin sheaths to modify 

developmental myelination. Nature Neuroscience, 23(9), 1055–1066. 

https://doi.org/10.1038/s41593-020-0654-2 

Hughes, E. G., Kang, S. H., Fukaya, M., & Bergles, D. E. (2013). Oligodendrocyte progenitors 

balance growth with self-repulsion to achieve homeostasis in the adult brain. Nature 

Neuroscience, 16(6), 668–676. https://doi.org/10.1038/nn.3390 

Huxley, B. Y. A. F., & Stampfli, A. D. R. (1948). Evidence for Saltatory Conduction in. J. 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


Physiol., 108(1946), 315–339. 

Kantor, D. B., Chivatakarn, O., Peer, K. L., Oster, S. F., Inatani, M., Hansen, M. J., Flanagan, 

J. G., Yamaguchi, Y., Sretavan, D. W., Giger, R. J., & Kolodkin, A. L. (2004). Semaphorin 

5A is a bifunctional axon guidance cue regulated by heparan and chondroitin sulfate 

proteoglycans. Neuron, 44(6), 961–975. https://doi.org/10.1016/j.neuron.2004.12.002 

Karus, M., Ulc, A., Ehrlich, M., Czopka, T., Hennen, E., Fischer, J., Mizhorova, M., Qamar, 

N., Brüstle, O., & Faissner, A. (2016). Regulation of oligodendrocyte precursor 

maintenance by chondroitin sulphate glycosaminoglycans. Glia, 64(2), 270–286. 

https://doi.org/10.1002/glia.22928 

Keough, M. B., Rogers, J. A., Zhang, P., Jensen, S. K., Stephenson, E. L., Chen, T., Hurlbert, 

M. G., Lau, L. W., Rawji, K. S., Plemel, J. R., Koch, M., Ling, C. C., & Yong, V. W. (2016). 

An inhibitor of chondroitin sulfate proteoglycan synthesis promotes central nervous 

system remyelination. Nature Communications, 7(April), 1–12. 

https://doi.org/10.1038/ncomms11312 

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., & Schilling, T. F. (1995). Stages of 

embryonic development of the zebrafish. Developmental Dynamics, 203(3), 253–310. 

https://doi.org/10.1002/aja.1002030302 

Kirby, B. B., Takada, N., Latimer, A. J., Shin, J., Carney, T. J., Kelsh, R. N., & Appel, B. (2006). 

In vivo time-lapse imaging shows dynamic oligodendrocyte progenitor behavior during 

zebrafish development. Nature Neuroscience, 9(12), 1506–1511. 

https://doi.org/10.1038/nn1803 

Kuboyama, K., Tanga, N., Suzuki, R., Fujikawa, A., & Noda, M. (2017). Protamine 

neutralizes chondroitin sulfate proteoglycan-mediated inhibition of oligodendrocyte 

differentiation. PLoS ONE, 12(12), 1–21. 

https://doi.org/10.1371/journal.pone.0189164 

Kucharova, K., & Stallcup, W. B. (2010). The NG2 proteoglycan promotes oligodendrocyte 

progenitor proliferation and developmental myelination. Neuroscience, 166(1), 185–

194. https://doi.org/10.1016/j.neuroscience.2009.12.014 

Kucharova, Karolina, Chang, Y., Boor, A., Yong, V. W., & Stallcup, W. B. (2011). Reduced 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


inflammation accompanies diminished myelin damage and repair in the NG2 null 

mouse spinal cord. Journal of Neuroinflammation, 8. https://doi.org/10.1186/1742-

2094-8-158 

Kucharova, Karolina, & Stallcup, W. B. (2015). NG2-proteoglycan-dependent contributions 

of oligodendrocyte progenitors and myeloid cells to myelin damage and repair. Journal 

of Neuroinflammation, 12(1), 1–17. https://doi.org/10.1186/s12974-015-0385-6 

Lau, L. W., Cua, R., Keough, M. B., Haylock-Jacobs, S., & Yong, V. W. (2013). 

Pathophysiology of the brain extracellular matrix: A new target for remyelination. In 

Nature Reviews Neuroscience (Vol. 14, Issue 10, pp. 722–729). 

https://doi.org/10.1038/nrn3550 

Marisca, R., Hoche, T., Agirre, E., Hoodless, L. J., Barkey, W., Auer, F., Castelo-Branco, G., 

& Czopka, T. (2020). Functionally distinct subgroups of oligodendrocyte precursor 

cells integrate neural activity and execute myelin formation. Nature Neuroscience, 1–

12. https://doi.org/10.1038/s41593-019-0581-2 

Melrose, J., Hayes, A. J., & Bix, G. (2021). The CNS/PNS extracellular matrix provides 

instructive guidance cues to neural cells and neuroregulatory proteins in neural 

development and repair. International Journal of Molecular Sciences, 22(11). 

https://doi.org/10.3390/ijms22115583 

Miyata, S., Komatsu, Y., Yoshimura, Y., Taya, C., & Kitagawa, H. (2012). Persistent cortical 

plasticity by upregulation of chondroitin 6-sulfation. Nature Neuroscience, 15(3), 414–

422. https://doi.org/10.1038/nn.3023 

Murakami, T. (1994). Strongly negatively charged extracellular matrix in the mouse central 

nervous system. Okayama University Medical School, 1063–1071. 

Nave, K. A. (2010). Myelination and support of axonal integrity by glia. In Nature (Vol. 468, 

Issue 7321, pp. 244–252). https://doi.org/10.1038/nature09614 

Nayak, T., Trotter, J., & Sakry, D. (2018). The intracellular cleavage product of the NG2 

proteoglycan modulates translation and cell-cycle kinetics via effects on 

mTORC1/FMRP signaling. Frontiers in Cellular Neuroscience, 12(August). 

https://doi.org/10.3389/fncel.2018.00231 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


Nishiyama, A., Lin, X. H., Giese, N., Heldin, C. H., & Stallcup, W. B. (1996). Co-localization 

of NG2 proteoglycan and PDGF α-receptor on O2A progenitor cells in the developing 

rat brain. Journal of Neuroscience Research, 43(3), 299–314. 

https://doi.org/10.1002/(SICI)1097-4547(19960201)43:3<299::AID-JNR5>3.0.CO;2-E 

Nishiyama, Akiko, Komitova, M., Suzuki, R., & Zhu, X. (2009). Polydendrocytes (NG2 cells): 

Multifunctional cells with lineage plasticity. In Nature Reviews Neuroscience (Vol. 10, 

Issue 1, pp. 9–22). https://doi.org/10.1038/nrn2495 

Ojima, H., Sakai, M., & Ohyama, J. (1998). Molecular heterogeneity of Vicia villosa-

recognized perineuronal nets surrounding pyramidal and nonpyramidal neurons in the 

guinea pig cerebral cortex. Brain Research, 786(1–2), 274–280. 

https://doi.org/10.1016/S0006-8993(97)01564-3 

Paul, A., & Ulfig, N. (1998). Lectin staining in the basal nucleus (Meynert) and the 

hypothalamic tuberomamillary nucleus of the developing human prosencephalon. 

Anatomical Record, 252(1), 149–159. https://doi.org/10.1002/(SICI)1097-

0185(199809)252:1<149::AID-AR13>3.0.CO;2-O 

Pendleton, J. C., Shamblott, M. J., Gary, D. S., Belegu, V., Hurtado, A., Malone, M. L., & 

McDonald, J. W. (2013). Chondroitin sulfate proteoglycans inhibit oligodendrocyte 

myelination through PTPσ. Experimental Neurology, 247, 113–121. 

https://doi.org/10.1016/j.expneurol.2013.04.003 

Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S., Fawcett, J. W., & Maffei, L. (2002). 

Reactivation of Ocular Dominance Plasticity in the Adult Visual Cortex. Science, 

298(1), 1248–1251. 

Richardson, W. D., Pringle, N., Mosley, M. J., Westermark, B., & Dubois-Dalcg, M. (1988). A 

role for platelet-derived growth factor in normal gliogenesis in the central nervous 

system. Cell, 53(2), 309–319. https://doi.org/10.1016/0092-8674(88)90392-3 

Rivers, L. E., Young, K. M., Rizzi, M., Jamen, F., Psachoulia, K., Wade, A., Kessaris, N., & 

Richardson, W. D. (2008). PDGFRA/NG2 glia generate myelinating oligodendrocytes 

and piriform projection neurons in adult mice. Nature Neuroscience, 11(12), 1392–

1401. https://doi.org/10.1038/nn.2220 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


Rolih, V., Barutello, G., Iussich, S., De Maria, R., Quaglino, E., Buracco, P., Cavallo, F., & 

Riccardo, F. (2017). CSPG4: A prototype oncoantigen for translational immunotherapy 

studies. In Journal of Translational Medicine (Vol. 15, Issue 1). BioMed Central Ltd. 

https://doi.org/10.1186/s12967-017-1250-4 

Sakry, D., Neitz, A., Singh, J., Frischknecht, R., Marongiu, D., Binamé, F., Perera, S. S., 

Endres, K., Lutz, B., Radyushkin, K., Trotter, J., & Mittmann, T. (2014). Oligodendrocyte 

Precursor Cells Modulate the Neuronal Network by Activity-Dependent Ectodomain 

Cleavage of Glial NG2. PLoS Biology, 12(11), e1001993. 

https://doi.org/10.1371/journal.pbio.1001993 

Seo, J. H., Maki, T., Maeda, M., Miyamoto, N., Liang, A. C., Hayakawa, K., Pham, L. D. D., 

Suwa, F., Taguchi, A., Matsuyama, T., Ihara, M., Kim, K. W., Lo, E. H., & Arai, K. (2014). 

Oligodendrocyte precursor cells support blood-brain barrier integrity via TGF-β 

signaling. PLoS ONE, 9(7), 1–11. https://doi.org/10.1371/journal.pone.0103174 

Shen, Y., Tenney, A., Busch, S., Horn, K., Cuascut, F., Liu, K., He, Z., Silver, J., & Flanagan, J. 

G. (2009). PTPs Is a Receptor for Chondroitin Sulfate Proteoglycan, an Inhibitor of 

Neural Regeneration. Science, 2(October), 592–596. 

Sherman, L. S., & Back, S. A. (2008). A “GAG” reflex prevents repair of the damaged CNS. 

Trends in Neurosciences, 31(1), 44–52. https://doi.org/10.1016/j.tins.2007.11.001 

Siebert, J. R., & Osterhout, D. J. (2011). The inhibitory effects of chondroitin sulfate 

proteoglycans on oligodendrocytes. Journal of Neurochemistry, 119(1), 176–188. 

https://doi.org/10.1111/j.1471-4159.2011.07370.x 

Simons, M., & Nave, K. A. (2016). Oligodendrocytes: Myelination and axonal support. Cold 

Spring Harbor Perspectives in Biology, 8(1), 1–16. 

https://doi.org/10.1101/cshperspect.a020479 

Sirko, S., Von Holst, A., Wizenmann, A., Götz, M., & Faissner, A. (2007). Chondroitin sulfate 

glycosaminoglycans control proliferation, radial glia cell differentiation and 

neurogenesis in neural stem/progenitor cells. Development, 134(15), 2727–2738. 

https://doi.org/10.1242/dev.02871 

Snyder, J. L., Kearns, C. A., & Appel, B. (2012). Fbxw7 regulates Notch to control 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


specification of neural precursors for oligodendrocyte fate. Neural Development, 7(1), 

1–12. https://doi.org/10.1186/1749-8104-7-15 

Stallcup, W. B., & Huang, F. J. (2008). A role for the NG2 proteoglycan in glioma 

progression. Cell Adhesion & Migration, 2(3), 192–201. 

https://doi.org/10.4161/cam.2.3.6279 

Sur, A., Wang, Y., Capar, P., Margolin, G., Prochaska, M. K., & Farrell, J. A. (2023). Single-

cell analysis of shared signatures and transcriptional diversity during zebrafish 

development. Developmental Cell, 58(24), 3028-3047.e12. 

https://doi.org/10.1016/j.devcel.2023.11.001 

Szuchet, S., Watanabe, K., & Yamaguchi, Y. (2000). Differentiation/regeneration of 

oligodendrocytes entails the assembly of a cell-associated matrix. International 

Journal of Developmental Neuroscience, 18(7), 705–720. 

https://doi.org/10.1016/S0736-5748(00)00034-4 

Tamburini, E., Dallatomasina, A., Quartararo, J., Cortelazzi, B., Mangieri, D., Lazzaretti, M., 

& Perris, R. (2019). Structural deciphering of the NG2/CSPG4 proteoglycan 

multifunctionality. FASEB Journal, 33(3), 3112–3128. 

https://doi.org/10.1096/fj.201801670R 

Tillet, E., Ruggiero, F., Nishiyama, A., & Stallcup, W. B. (1997). The membrane-spanning 

proteoglycan NG2 binds to collagens V and VI through the central nonglobular domain 

of its core protein. Journal of Biological Chemistry, 272(16), 10769–10776. 

https://doi.org/10.1074/jbc.272.16.10769 

Wilkins, A., Chandran, S., & Compston, A. (2001). A role for oligodendrocyte-derived IGF-1 

in trophic support of cortical neurons. Glia, 36(1), 48–57. 

https://doi.org/10.1002/glia.1094 

Wilkins, A., Majed, H., Layfield, R., Compston, A., & Chandran, S. (2003). Oligodendrocytes 

promote neuronal survival and axonal length by distinct intracellular mechanisms: A 

novel role for oligodendrocyte-derived glial cell line-derived neurotrophic factor. 

Journal of Neuroscience, 23(12), 4967–4974. https://doi.org/10.1523/jneurosci.23-12-

04967.2003 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


Xiao, Y., Petrucco, L., Hoodless, L. J., Portugues, R., & Czopka, T. (2022). Oligodendrocyte 

precursor cells sculpt the visual system by regulating axonal remodeling. Nature 

Neuroscience, 25(3), 280–284. https://doi.org/10.1038/s41593-022-01023-7 

Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O’Keeffe, S., Phatnani, H. 

P., Guarnieri, P., Caneda, C., Ruderisch, N., Deng, S., Liddelow, S. A., Zhang, C., 

Daneman, R., Maniatis, T., Barres, B. A., & Wu, J. Q. (2014). An RNA-sequencing 

transcriptome and splicing database of glia, neurons, and vascular cells of the 

cerebral cortex. Journal of Neuroscience, 34(36), 11929–11947. 

https://doi.org/10.1523/JNEUROSCI.1860-14.2014 

Zhu, X., Hill, R. A., Dietrich, D., Komitova, M., Suzuki, R., & Nishiyama, A. (2011). Age-

dependent fate and lineage restriction of single NG2 cells. Development, 138(4), 745–

753. https://doi.org/10.1242/dev.047951 

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 8, 2024. ; https://doi.org/10.1101/2024.08.08.607226doi: bioRxiv preprint 

https://doi.org/10.1101/2024.08.08.607226
http://creativecommons.org/licenses/by-nc/4.0/


Figure 1. Lectin staining intensity increases in the spinal cord during zebrafish 

development and is dynamically located. Transverse slices of zebrafish larval spinal cord 

of larvae containing transgenes Tg(olig1:EGFP-CAAX) and Tg(mbpa:mCherry-CAAX) at 3, 5, 

and 7 days dpf. Arrowheads indicate specific fluorescence patterns of vicia villosa lectin: 

red arrowheads highlight puncta in soma-rich areas; orange arrowheads highlight puncta in 

axon-rich areas; white arrowheads highlight puncta near oligodendrocyte lineage cells 

(OLCs); and yellow arrowheads highlight strong deposition at the dorsal white matter tract. 

Scale bars 10 µm.  
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Figure 2. OPCs and astrocytes have highest expression of structural ECM genes, and 

zebrafish OPCs express cspg4. Heatmaps showing expression levels of structural 

extracellular matrix (ECM) genes – collagens (A), glycoproteins (B) – across cell populations 

in mouse cortex. Dataset from Zhang et al, 2014. Heatmaps generated using pluto.com. 

Transverse slices of wild-type zebrafish larval spinal cord at 2 (C), 3 (D), 5 (E), and 7 (F) dpf 

processed to detect sox10 (yellow), cspg4 (magenta), and mbpa (cyan) transcripts. Nuclei 

are labeled with DAPI (grey). White arrows highlight OPCs co-expressing sox10 and cspg4. 

Green arrows indicate OLs expressing sox10 and mbpa but not cspg4. The left column 

shows merged imaged of all 4 channels. The other columns show individual images of sox10, 

cspg4, and mbpa expression. Scale bars 10 µm. 
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Figure 3. Schematic overview and confirmation of cspg4 mutant alleles. (A) Locations of 

mutant alleles indicated by red arrowheads. Predicted proteins indicated below. compHet 

represents compound heterozygous cspg4sa37999/cspg4sa39470. Abbreviations: 

extracellular domain (ECD), transmembrane (TM), intracellular domain (ICD). (B) 

Genotyping results for PCR-amplified regions displayed on an agarose gel. For cspg4sa37999: 

290 bp band indicates wildtype, ~150 bp band (split into 167 bp and 123 bp) indicates 

homozygous mutation (-/-), and dual bands indicate heterozygous (+/-). For cspg4sa39470: 175 

bp band signifies wildtype, 198 bp indicates homozygous mutation (-/-), and presence of 

both bands indicates heterozygosity (+/-). 
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Figure 4. Loss of cspg4 function does not impair OPC formation or OL differentiation. (A) 

Schematic representation of the experiment wherein larvae were fixed and sectioned at 2, 

3, 5, and 7 dpf. Transverse sections were only analyzed if they showed the spine over yolk 

tube, indicated by crimson vertical lines. (B) Representative images of wild-type and 

cspg4sa37999 homozygous mutant larvae showing sox10 (yellow), mbpa (blue), and cspg4 

(magenta) RNAs detected using fluorescent in situ RNA hybridization; all cell nuclei labeled 

using DAPI (grey). White arrowheads highlight sox10+ mbpa– OPCs; green arrowheads 

highlight sox10+ mbpa+ OLs. Scale bars all 10 µm. (C) Box plot of the number of sox10+ 

mbpa- OPCs per larva at each timepoint. (D) Box plot of the number of sox10+ mbpa+ OLs 

at each timepoint. OPC and OL numbers were not statistically different between genotypes, 

although mutant embryos trended toward fewer OPCs at 2 dpf (p=0.054). Data analyzed by 

Kruskal-Wallis statistical test.  
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Figure 5. OPCs from cspg4 mutant larvae have morphological differences in complexity 

compared to WT through development (A) Schema of the imaging region in the spine above 

the yolk tube in larvae with example images of mosaically labeled fluorescent OPCs using 

olig1:EGFPcaax, imaged in live larvae. Color coding for genotypes is consistent across all 

figures. Scale bars all 10 µm. (B) The summed filament length of mutant larvae are not 

significantly different than WT at any timepoint using a two-way, non-repeated measures 

ANOVA. (C) Morphological complexity was assessed by Sholl analysis and Kruskal-Wallis 

test followed by a Dunn test when significant. This showed cspg4sa37999  mutants have at least 

one significantly longer process on average than comHets (p = 0.001) at 3 dpf (i). cspg4sa39470  

mutants have significantly smaller cells with higher complexity closer to the soma 
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compared to WT (p = 0.0001) at 5dpf (ii). At 7dpf (iii), cspg4sa37999  mutants may be more 

complex close to the soma or have at least one longer process compared to WT (p=0.056).  
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Figure 6. Loss of cspg4 does not alter myelin sheath number or length. (A) Schema of the 

imaging region in the spine above the yolk tube in larvae with example images of mosaically 

labeled fluorescent OLs using mbpa:EGFP-CAAX. Using a Kruskal-Wallis statistical test, 

mutant larvae have oligodendrocytes with similar sheath number (B) and total summed 

length (C) compared to wildtype. Scale bars equal 10 µm. 
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