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SUMMARY

Although oligodendrocytes (OLs) synthesize laminin-γ1, the most widely used γ subunit, its 

functional significance in the CNS remains unknown. To answer this important question, we 

generated a conditional knockout mouse line with laminin-γ1-deficiency in OL lineage cells 

(γ1-OKO). γ1-OKO mice exhibit weakness/paralysis and die by P33. Additionally, they develop 

blood-brain barrier (BBB) disruption in the cortex and striatum. Subsequent studies reveal 

decreased Mfsd2a expression and increased endothelial caveolae vesicles, but unaltered tight 

junction protein expression and tight junction ultrastructure, indicating a transcellular rather 

than paracellular mechanism of BBB breakdown. Furthermore, significantly reduced OL lineage 

cells, OL precursor cells (OPCs), proliferating OPCs, and mature-OLs are observed in γ1-OKO 

brains in a region-specific manner. Consistent with this finding, various defects in myelination 

are detected in γ1-OKO brains at biochemical and ultrastructural levels. Overall, these results 

highlight important roles of OL-derived laminin-γ1 in BBB maintenance and OL biology 

(proliferation, differentiation, and myelination).
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INTRODUCTION

Laminin, a major component of the extracellular matrix (ECM), is a heterotrimeric protein 

containing one α chain, one β chain, and one γ chain. Due to genetic variance, five 

α, four β, and three γ chains have been identified in mammals, which generates many 

different laminin isoforms. In the CNS, vessel-associated cells, including endothelial 

cells and mural cells (pericytes and vascular smooth muscle cells) as well as astrocytes, 

synthesize and deposit various laminin isoforms to the basal lamina (BL), which regulate 

blood-brain barrier (BBB) integrity under both physiological and pathological conditions.1,2 

For example, astrocytes express laminin-α2β1γ1 (−211), which maintains BBB integrity 

via regulating pericyte differentiation.3 Deletion of endothelial cell-derived laminin α5 

alone fails to affect BBB integrity under homeostatic conditions, but exacerbates BBB 

damage in an intracerebral hemorrhage model.4 Pericytes mainly make laminin-α2/α4/α5 

and -γ1.5–7 Loss of laminin-γ1 in mural cells causes BBB breakdown in an age-dependent 

manner,7 whereas ablation of laminin α5 in mural cells fails to affect BBB integrity under 

homeostatic conditions but ameliorates BBB damage in an ischemia-reperfusion model.8 

Currently, whether non-vessel-associated cells, such as oligodendrocytes (OLs), synthesize 

laminin remains largely unknown.
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OLs are the only myelinating cells in the CNS. Depending on their morphology 

and markers, oligodendrocytes are categorized into oligodendrocyte precursor cells 

(OPCs), pre-myelinating oligodendrocytes (pre-OLs), and mature oligodendrocytes (mature-

OLs). Mature-OLs wrap axons with myelin sheaths, enabling efficient action potential 

transduction. Other than myelination, there is also evidence suggesting that OLs may be 

involved in BBB regulation. For example, both OPCs9 and mature-OLs10 have been found 

to make direct contact with blood vessels. In addition, aberrant clustering of OPCs at the 

BBB triggers BBB disruption and CNS inflammation.11 How exactly OLs modulate BBB 

integrity, however, remains unknown.

Recent studies show that OLs, like vascular cells, can also make laminin. For instance, 

RNA-sequencing studies demonstrate that OL lineage cells express various laminin chains, 

including laminin-γ1, at mRNA level.6,12,13 Furthermore, a secretome analysis reports 

expression of many laminin chains, including laminin-γ1, at protein level in pre-OLs.14 

What is the function of OL-derived laminin? Is it necessary for BBB integrity? Does it 

regulate OL biology, including proliferation, differentiation, and myelination?

To answer these important questions and investigate the functional significance of OL-

derived laminin, we generated mutant mice with laminin-γ1 deletion in OL lineage cells. 

Our results show that OL-derived laminin is crucial for BBB maintenance and actively 

regulates oligodendrocyte proliferation, differentiation, and myelination in vivo.

RESULTS

Efficient deletion of Lamc1 in OL lineage cells in γ1-OKO mice

To investigate the function of OL-derived laminin-γ1, we generated OL-specific laminin-

γ1 knockout mice (γ1-OKO) using Sox10-Cre line, which specifically labels OL lineage 

cells in the CNS.6,15,16 Since laminin-γ1 is located in the BL exclusively and other cells 

also deposit laminin-γ1 to the BL,1,2 it is impossible to determine the cellular source of 

laminin-γ1 by immunohistochemistry (IHC). Instead, we validated the knockout efficiency 

by in situ hybridization (RNAscope). We found that approximately 36-41% of OL lineage 

cells express Lamc1 transcript in the cortex, corpus callosum, and striatum of control mice 

(Figure 1). To determine if Lamc1 is expressed exclusively in a specific population, we 

further examined Lamc1 expression in OPCs and mature-OLs. Our analyses revealed both 

Lamc1+ and Lamc1− cells in Pdgfrα+Sox10+ OPCs and Mbp+Sox10+ mature-OLs (Figure 

S1A and S1B). These results suggest that Lamc1 is synthesized by both populations of 

OLs, and that not all cells in each population express Lamc1, possibly reflecting different 

subpopulations. In sharp contrast, less than 6% of OL lineage cells expressed Lamc1 
transcript in all three brain regions in γ1-OKO mice (Figure 1), indicating efficient deletion 

of Lamc1 in OL lineage cells in γ1-OKO mice. Next, we also examined laminin-γ1 

expression in primary OLs isolated from control and γ1-OKO brains. Although detected 

in control OLs, laminin-γ1 was absent in γ1-OKO OLs (Figure S1C and S1D), again 

suggesting successful ablation of Lamc1 in OL lineage cells in γ1-OKO mice.

Since Sox10 marks early neural crest cells,17–20, which may differentiate into brain mural 

cells (pericytes and smooth muscle cells),21 we further examined if laminin-γ1 expression 

Kang and Yao Page 3

Cell Rep. Author manuscript; available in PMC 2024 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was affected in these cells. Our IHC/ISH analyses showed that Lamc1 mRNA was detected 

in PDGFRβ+ pericytes in both control and γ1-OKO brains (Figure S2A). Quantification 

revealed comparable numbers of Lamc1-expressing pericytes in all three brain regions 

(cortex, corpus callosum, and striatum) between control and γ1-OKO mice (Figure S2B–

S2D). Similarly, Lamc1 mRNA was also detected in PDGFRβ+SMA+ smooth muscle cells 

(Figure S2E), and no differences in the numbers of Lamc1-expressing smooth muscle cells 

were found in control and γ1-OKO brains (Figure S2F–S2H). These results suggest that 

mural cell-derived Lamc1 is unaffected in γ1-OKO mice.

γ1-OKO mice exhibit muscle weakness and severe BBB disruption

γ1-OKO mice were born at the expected Mendelian ratio and appeared normal at birth. 

However, the mutants were noticeably smaller compared to their littermate controls by 

postnatal day (P) 8 (Figure 2A). By P28, the mutants developed near-complete hindlimb 

paralysis and tremor (Figure 2B). In addition, the mutants showed reduced survival: all 

mutants died by P33 (Figure 2C).

To investigate whether OL-derived laminin, like vascular cell-derived laminin, also regulates 

BBB integrity, we first performed in vivo BBB permeability assay. At P1, no hemoglobin 

was detected in control or γ1-OKO brains (Figure 2D–2F), indicating that BBB formation 

was not affected in γ1-OKO mice. Interestingly, γ1-OKO mice exhibited significantly 

higher levels of hemoglobin in both cortex and striatum at P8 (Figure 2G–2I) and 

P28 (Figure 2J–2L), suggesting an indispensable role of OL-derived laminin-γ1 in BBB 

maintenance. Subsequent analysis revealed that BBB breakdown mainly occurred in α-

smooth muscle actin (SMA)− capillaries, although leakage from SMA+ arterioles/arteries 

were occasionally observed (Figure S3A). Consistent with the hemoglobin data, retro-

orbitally injected exogenous tracer showed similar results. Specifically, substantially more 

4kD-FITC-Dextran was detected in the brain parenchyma of γ1-OKO mice compared to that 

of controls at P15-17 (Figure S3B), again indicating a crucial role of OL-derived laminin-γ1 

in BBB maintenance.

Next, we performed angioarchitecture analysis in both cortex and striatum of γ1-OKO mice 

at P15-17. No differences in explant area, vessels area, vessels percentage area, total number 

of junctions, junction density, total vessel length, average vessel length, total number of end 

points, and average lacunarity were detected between control and γ1-OKO mice (Figure 

S4). These results suggest that BBB breakdown in γ1-OKO mice is not caused by vascular 

malformation.

Accumulating evidence supports an important role of Wnt/β-catenin signaling pathway in 

BBB maturation and function.5,22–24 To investigate if abnormal Wnt/β-catenin signaling 

contributes to BBB disruption in γ1-OKO mice, we examined the expression of Lef1 and 

Sox17, two Wnt/β-catenin target genes, in blood vessels (Figure S5). Our analyses revealed 

comparable Lef1+ cell number and Lef1 fluorescent intensity in the cortex (Figure S5B and 

S5D), corpus collosum (Figure S5G and S5I), and striatum (Figure S5L and S5N) between 

control and γ1-OKO mice. Similarly, no differences in Sox17+ cell number and Sox17 

fluorescent intensity were found in control and γ1-OKO brains (Figure S5C, S5E, S5H, S5J, 
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S5M, and S5O). These results suggest that BBB breakdown in γ1-OKO mice is not caused 

by aberrant Wnt/β-catenin signaling.

Tight junction is intact in γ1-OKO mice

BBB breakdown may be mediated by two different mechanisms. One is the paracellular 

mechanism, where tight junction is damaged, allowing molecules to pass through gaps 

between two adjacent endothelial cells.25,26 The other is the transcellular mechanism, where 

increased transcytosis facilitates movement of molecules through endothelial cells.25,27 To 

investigate if the paracellular mechanism is affected in γ1-OKO mice, we examined the 

expression of ZO-1 and claudin-5, two major tight junction proteins. In both cortex and 

striatum, IHC failed to detect any changes in ZO-1 intensity (Figure 3A, 3B, 3F, 3J, 3K, 

and 3O) or coverage (Figure 3A, 3D, 3H, 3J, 3M, and 3Q) between control and γ1-OKO 

mice at P15-17 (Figure 3A–3I) or P28 (Figure 3J–3R). Like ZO-1, comparable claudin-5 

intensity (Figure 3A, 3C, 3G, 3J, 3L, and 3P) and coverage (Figure 3A, 3E, 3I, 3J, 3N, 

and 3R) were observed in control and γ1-OKO brains at both ages. Similarly, western blot 

analysis revealed no differences in ZO-1 (Figure 3S–3V) and claudin-5 (Figure 3W–3Z) 

expression in control and γ1-OKO brains. Consistent with these results, TEM analysis 

revealed intact tight junction structure in both control and γ1-OKO mice at P15-17 (Figure 

3AA). More importantly, we further demonstrated that tight junctions prevented the leakage 

of HRP in both control and γ1-OKO mice (Figure 3AB). Together, these findings highlight 

a dispensable role of OL-derived laminin-γ1 in tight junction protein expression and tight 

junction structure & function.

Transcellular transport is increased in γ1-OKO mice

To determine if the transcellular mechanism contributes to BBB disruption in γ1-OKO 

mice, we examined the expression of major facilitator superfamily domain containing 

2a (Mfsd2a), which negatively regulates transcytosis in endothelial cells.28 Significantly 

decreased Mfsd2a intensity (Figure 4A–4C) and coverage on capillaries (Figure 4D and 

4E) were found in both cortex and striatum of γ1-OKO mice at P28 compared to age-

matched controls. Similarly, western blot analysis revealed substantially lower Mfsd2a levels 

in both cortex (Figure 4F and 4H) and striatum (Figure 4G and 4I) of γ1-OKO mice, 

indicating elevated endothelial transcellular transport. Consistent with these findings, TEM 

analysis revealed significantly more HRP-vesicles in endothelial cells from γ1-OKO brains 

at P15-17 (Figure 4J and 4K). These findings suggest that OL-derived laminin-γ1 maintains 

BBB integrity by inhibiting transcellular transport.

OL lineage cells are decreased in γ1-OKO mice

We investigated potential roles of OL-derived laminin-γ1 in OL biology. First, we examined 

if the number of OL lineage cells, including OPCs, pre-OLs, and mature-OLs, is affected 

in γ1-OKO mice by IHC against OL lineage marker Olig2 (Figure S6A). To enable a 

comprehensive and dynamic review, analysis was performed in three different brain regions 

(cortex, corpus callosum, and striatum) and at four different time points (P1, P8, P15-17, 

and P28). Control and γ1-OKO mice showed comparable OL lineage cells in all three brain 

regions at P1 (Figure S6B–S6D). In contrast, the numbers of OL lineage cells significantly 

decreased in γ1-OKO mice compared to the controls in all three brain regions at P8 (Figure 
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S6E–S6G). Similar changes were observed in γ1-OKO brains at P15-17, but statistical 

significance was only achieved in the cortex and the striatum (Figure S6H–S6J). By P28, 

substantially reduced OL lineage cell numbers were again detected in all three brain regions 

in γ1-OKO mice (Figure S6K–S6M). These results indicate that OL-derived laminin-γ1 

positively regulates OL lineage cell number starting from P8.

OPCs and proliferating OPCs are decreased in γ1-OKO mice

We then asked if OL-derived laminin-γ1 differentially regulates different populations of 

OL lineage cells. First, we examined the numbers of OPCs in control and γ1-OKO mice 

by co-staining of Olig2 and OPC marker, PDGFRα (Figure 5A). Although no differences 

in Olig2+PDGFRα+ OPC numbers were detected in control and γ1-OKO brains at P1 

(Figure 5B–5D), γ1-OKO mice showed significantly reduced OPC numbers in all three 

brain regions (cortex, corpus collosum, and striatum) at P8 (Figure 5E–5G). Interestingly, 

diminished OPC numbers were only observed in the cortex but not corpus callosum or 

striatum in γ1-OKO mice at P15-17 (Figure 5H–5J). By P28, decreased OPC numbers were 

found in both cortex and corpus callosum but not striatum in γ1-OKO mice (Figure 5K–

5M). These results suggest that OL-derived laminin-γ1 positively regulates OPC number in 

a region-specific manner.

OPCs are highly proliferative in the CNS throughout life.29 To further determine if loss 

of OL-derived laminin-γ1 affects OPC numbers via regulating their proliferation, we 

performed triple staining against Olig2, PDGFRα, and Ki67 (Figure S7A). At P1 and P8, no 

significant differences in the numbers of proliferating OPCs (Olig2+PDGFRα+Ki67+ cells) 

were detected in control and γ1-OKO brains (Figure S7B–S7G). By P15-17 (Figure S7H–

S7J) and P28 (Figure S7K–S7M), however, significantly reduced numbers of proliferating 

OPCs were observed in all three brain regions (cortex, corpus callosum, and striatum) in 

γ1-OKO mice compared to the controls. These findings suggest that OL-derived laminin-γ1 

positively regulates OPC proliferation starting from P15-17.

Mature-OLs are decreased in γ1-OKO mice

Next, we examined the numbers of mature-OLs in γ1-OKO brains at P28, a time point 

when mature-OLs become abundant in the CNS.30 To do this, co-staining of Sox10 (OL 

lineage marker) and CC1 (mature-OL marker) was performed. IHC analysis revealed lower 

numbers of Sox10+CC1+ mature-OLs in all three brain regions (cortex, corpus collosum, 

and striatum) in γ1-OKO mice compared to the controls (Figure 6), highlighting an 

important role of OL-derived laminin-γ1 in OL maturation. Given the unaltered OPC 

number (Figure 5M) and decreased OL lineage cell number (Figure S6M) in the striatum 

of γ1-OKO mice at P28, the reduced mature-OLs in this region is likely due to delayed 

differentiation of OPCs. Together, these findings suggest that OL-derived laminin-γ1 may 

regulate OPC differentiation.

Myelination is impaired in γ1-OKO mice

One major function of mature-OLs is to myelinate axons. Thus, we further investigated if 

myelination is affected in γ1-OKO brains. Quantitative western blot revealed substantially 

lower levels of myelin basic protein (MBP), a major myelin protein, in all three brain 
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regions in γ1-OKO mice at P15-17 (Figure 7A–7F), highlighting an essential role of OL-

derived laminin-γ1 in myelination. To further analyze myelination defects, we performed 

TEM analysis using corpus callosum samples from control and γ1-OKO mice at P15-17. 

Overall, γ1-OKO brains exhibited reduced density of myelinated fibers compared to the 

controls (Figure 7G). In addition, thinner compact myelin sheaths and disturbed circularity 

of myelinated fibers were observed in γ1-OKO brains compared to the controls (Figure 7G). 

To quantitatively measure the thinning of compact myelin sheaths, g-ratio was calculated 

by measuring diameters of axon, myelinated fiber, and inner tongue (Figure 7H). γ1-OKO 

mice showed significantly increased g-ratio compared to the controls (Figure 7I), indicating 

thinning of compact myelin sheaths. When plotted against axon caliber, g-ratio demonstrated 

an upshift across axons of all calibers (0.3-3 μm) in γ1-OKO mice (Figure 7J), suggesting 

that the defect (thinning of compact myelin sheaths) is independent of axon size. In 

addition, we also found significantly decreased density of myelinated fibers in γ1-OKO 

brains (Figure 7K). The mean gray value (MGV) of compact myelin sheaths was also 

decreased in γ1-OKO brains, although this change was not statistically significant (Figure 

7L). Finally, morphological changes of myelinated fibers were measured and categorized 

into four groups: myelin sheath splitting, inner tongue enlargement, myelin outfolding, and 

myelin debris (Figure 7M). We found significantly increased myelin sheath splitting (Figure 

7N), inner tongue area (Figure 7O), and myelin outfolding (Figure 7P) in γ1-OKO brains 

compared to the controls. Although increased myelin debris was also found in γ1-OKO 

brains, this change did not reach statistical significance (Figure 7Q). These results indicate 

structural abnormalities of myelinated fibers in γ1-OKO mice. Together, these findings 

strongly suggest that OL-derived laminin-γ1 actively regulates myelination.

DISCUSSION

In this study, we investigated the function of OL-derived laminin-γ1 in BBB maintenance 

and OL biology using mutants with laminin-γ1 deficiency in OL lineage cells (γ1-OKO). 

Our results show that OL-derived laminin-γ1 actively: (1) maintains BBB integrity via 

the transcellular rather than paracellular mechanism, and (2) regulates OL proliferation, 

differentiation, and myelination in a region-specific manner. This loss-of-function study 

systemically characterizes the functional significance of OL-derived laminin-γ1 in vivo.

Mounting evidence supports that OPCs and OLs contribute to the barrier function 

of the BBB via multiple mechanisms. For example, using both in vitro and in vivo 
approaches, it has been shown that OPCs support BBB integrity via TGF-β signaling.31 

Another study finds that OPCs up-regulate BBB function through a PDGFRα-dependent 

manner, whereas OLs do so via PDGFRα-independent mechanisms.32 In addition, aberrant 

oligodendroglial-vascular interactions have been found to disrupt BBB integrity and the 

underlying mechanism involves abnormal Wnt signaling.11 Similarly, OPC transplantation 

has been demonstrated to enhance BBB function after cerebral ischemia.33 Furthermore, 

BBB defect has been reported in a mouse model of neurofibromatosis, where nitric oxide 

production is dysregulated in OLs,34 suggesting that OLs may regulate BBB integrity via 

nitric oxide signaling. In this study, we report a previously unidentified mechanism for this 

BBB-protective effect of OLs. Specifically, we find that OLs may regulate BBB integrity via 

laminin signaling.
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This report clearly shows that non-vascular cell-derived laminin, like vascular cell-derived 

laminin, contributes to BBB maintenance. Vascular cells, including endothelial cells, 

pericytes and astrocytes, can synthesize and deposit laminin directly to the BL due to 

their close anatomical proximity.1,2 OLs, on the other hand, are not a major component 

of the BBB and do not seem to contact the BL directly in normal adult brains. How does 

OL-derived laminin reach the BL and support BBB integrity? One possibility is that OL 

lineage cells may deposit laminin to the BL at a specific developmental stage when they 

make physical interactions with cerebral vasculature. It has been shown that OPCs use 

the vasculature as the substrate for migration during development.35 Similarly, an immuno-

electron microscopy study finds that OPCs interact with cerebral endothelial cells via BL 

in neonatal mouse brains.9 Another possibility is that subpopulations of OLs may have 

direct contact with the BL in normal adult brains. A recent study reports that, in adult mice, 

one out of six mature-OLs make direct contact with the BL of the BBB.10 Together, these 

results support the possibility that OL-derived laminin contributes to the maintenance of 

BBB integrity. Several important questions, however, should be addressed in future research. 

For example, whether OL-derived laminin is deposited and incorporated into the BL needs 

to be determined. Given that only 36-41% of OL lineage cells expressed Lamc1 in the CNS 

(Fig. 1), it is important to distinguish Lamc1+ and Lamc1− subpopulations. It would be also 

interesting to characterize the molecular signature and functional significance of Lamc1+ 

and Lamc1− subpopulations.

Another key finding of this study is that OL-derived laminin-γ1 actively regulates their 

proliferation, differentiation, and myelination. Although there are reports showing that 

laminin participates in the regulation of OL biology (survival, proliferation, differentiation, 

and maturation),36 these studies have two caveats. First, most if not all previous studies 

were performed in vitro using cultured OLs. No in vivo studies are available currently. 

Next, none of previous studies used OL-derived laminin. Instead, mouse Engelbreth-Holm-

Swarm (EHS) sarcoma-derived laminin was used. Since different cells make distinct laminin 

isoforms,1,2,37 the function of OL-derived laminin remains unknown. Here, we provide 

in vivo evidence that OL-derived laminin-γ1 regulates their biology. In addition, we also 

investigated the roles of OL-derived laminin-γ1 in OL biology in a region/age-specific 

manner. What confers the region-specific effect, however, remains unclear. One possible 

explanation is compensation by laminin derived from other cells. A thorough understanding 

of laminin expression and function in the CNS will shed light on this important question.

Our in situ hybridization and/or IHC analyses suggest that Sox10-Cre specifically labels 

OL lineage cells without affecting mural cells in the CNS. This is consistent with previous 

reports showing high specificity of the Sox10-Cre (personal communication) and Sox10-

CreERT216 lines in OL lineage cells with minimal labeling of mural cells. In contrast, 

one fate-mapping study reported that Sox10+ cells can differentiate into mural cells in the 

brain.38 It should be noted, however, that this study did not use Sox10-Cre. Instead, a 

transgenic line expressing Cre under c-fos promoter and a Sox10 distal enhancer 39 was used 

and wrongly cited as Sox10-Cre. Different Cre lines may explain the distinct findings.

It is worth noting that Sox10-Cre also labels Schwann cells in the periphery40 in addition to 

OL lineage cells in the CNS.6,15,16 Thus, laminin-γ1 is ablated in both OLs and Schwann 
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cells in γ1-OKO mice. However, given the different locations of Schwann cells and OLs, 

we believe the CNS-specific phenotype (BBB disruption and defects in OL biology) is more 

likely caused by loss of OL-derived laminin-γ1, whereas the peripheral phenotype (muscle 

weakness and paralysis) is possibly due to loss of laminin-γ1 in both OLs and Schwann 

cells. Consistent with this hypothesis, mice with laminin-γ1 deficiency in Schwann cells 

have intact BBB integrity41 and exhibit a milder peripheral phenotype compared to γ1-OKO 

mice.42 Specifically, these mutants start to show hindlimb weakness at ~4 weeks and 

become near-complete paralysis by 3 months,42 whereas γ1-OKO mice show early onset 

and rapid progression of muscle weakness and all die by P33. These findings underscore an 

essential role of OL- rather than Schwann cell-derived laminin-γ1 in BBB maintenance and 

OL biology.

Limitations of the study

One limitation of this study is that the causal relationship between BBB disruption and OL 

defects in γ1-OKO mice remains unclear. One possibility is that loss of laminin-γ1 in OL 

lineage cells affects their differentiation/maturation initially, which has a secondary effect 

on BBB integrity. An alternative possibility is that loss of laminin-γ1 in OL lineage cells 

damages BBB integrity initially, which affects OL differentiation/maturation secondarily. A 

third possibility is that BBB breakdown and OL defects are two independent events. In this 

study, we performed analyses at four different time points (P1, P8, P15-P17, and P28) with 

the hope of determining the temporal profiles of BBB disruption and OL defects. However, 

this approach failed since neither defect was observed at P1 and both defects were detected 

at P8. This important question will be addressed in future research.

Another limitation of this study is that the specific laminin isoforms produced by OLs 

remain unknown. Previous RNA-sequencing and secretome analyses revealed expression 

of various laminin chains in OLs,6,12–14 indicating that OLs may express multiple laminin 

isoforms. By ablating laminin-γ1, the most widely used γ chain in the CNS, we delete 

all γ1-containing laminin isoforms. Since different laminin isoforms may exert distinct 

functions,1,2,37 it is important to determine the specific laminin isoforms expressed in OLs. 

Since different populations of OLs (OPCs, pre-OLs, and mature-OLs) may make distinct 

laminin isoforms, laminin expression in these populations should be characterized in future 

work. In addition, the receptors that mediate laminin signaling in OLs remain unknown. 

Future work should identify the receptors and possibly downstream signaling pathways 

in OLs, which will provide molecular targets with therapeutic potential in a variety of 

neurological disorders.

STAR★Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Yao Yao (yao7@usf.edu).

Materials availability—Materials will be shared upon request within the limits of the 

respective material transfer agreements.
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Data and code availability

• Raw data from Figures 1–7 and Figures S1–S7 were deposited 

on Mendeley at https://digitalcommonsdata.usf.edu/datasets/jmszrtgd48/draft?

a=14077a44-68de-4f5b-bcb7-40e5a304e4b3.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse generation

Laminin γ1flox/flox mice and Sox10-Cre+ mice were crossed to generate Laminin γ1flox/

flox;Sox10-Cre+ (γ1-OKO) mice. Heterozygotes (Laminin γ1flox/+;Sox10-Cre+) were 

indistinguishable from Laminin γ1flox/flox or Laminin γ1flox/+ littermates. Thus, these mice 

were all used as controls. Mice were analyzed at four ages: P1, P8, P15-17, and P28. Both 

sexes were included in our analyses.

Mouse maintenance

All mice were maintained in the animal facility at the University of South Florida. They 

were kept in ventilated cages with free access to water and food, under specific pathogen-

free conditions and 12 h/12 h light/dark cycle. All procedures were in compliance with the 

NIH guide and approved by the Institutional Animal Care and Use Committee (IACUC).

METHOD DETAILS

RNAscope in situ hybridization

RNAscope multiplex fluorescent reagent kit V2 (Advanced Cell Diagnostics, 323100) was 

used on 20 μm-thick sections, following the manufacturer’s instructions. The specific probes 

used in this study are: Lamc1 (Cat #: 517451), Sox10 (Cat #: 435931-C3), Pdgfra (Cat #: 

480661-C2), and Mbp (Cat #: 451491-C21).

In situ hybridization and immunohistochemistry (IHC/ISH) co-staining was performed 

as described previously.43 Briefly, in situ hybridization was performed following the 

manufacturer’s instructions until the final HRP blocking step. Then the slides were washed 

in RNAscope Wash Buffer (4 times, 5 minutes each), PBS (3 times, 5 minutes each), 

and 0.5% PBST (2 times, 5 minutes each). The slides were incubated in blocking buffer 

containing 10% donkey serum and 0.5% fish skin gelatin in 0.5% PBST for 1.5 hours at 

room temperature. Primary antibodies were made in the same blocking buffer for overnight 

incubation. Next day, the slides were washed in 0.5% PBST (3 times, 5 minutes each), 

followed by incubation in secondary antibodies for 2 hours at room temperature. Next, the 

slides were washed with 0.5% PBST (2 times, 5 minutes each), 0.1M PB buffer (2 times, 5 

minutes each), and distilled water before mounted with Fluoromount-G with DAPI.
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Immunohistochemistry (IHC)

Brains were cut into 20 μm-thick sections with a Cryostat (CryoStar NX50, Thermo 

Scientific, US) and mounted onto positively charged glass slides (Superfrost™ Plus). 

Brain sections were fixed in 4% PFA for 20 minutes and washed 3 times with PBS. 

Next, blocking buffer (1% BSA in PBS containing 0.3% normal donkey serum and 

0.3% Triton X-100) was applied on the sections for 90 minutes at room temperature, 

followed by incubation with primary antibodies overnight at room temperature. The 

following primary antibodies were used: anti-hemoglobin (Cloud-Clone, PAB409Mu01, 

1:500), anti-podocalyxin (R&D, AF1556, 1:400), anti-ZO1 (ThermoFisher, 61-7300, 1:500), 

anti-claudin5 (Invitrogen, 35-2500, 1:200), anti-Mfsd2a (a generous gift from Dr. Chenghua 

Gu, 1:200), anti-Olig2 (Novus, NBP1-28667, 1:500), anti-PDGFRα (R&D, AF2535, 1:400), 

anti-Sox10 (R&D, AF2864-SP, 1:300), anti-CC1 (Calbiochem, OP80, 1:300), anti-MBP 

(BioRad, MCA409S, 1:200), anti-PDGFRβ (Cell Signaling, 3169S, 1:400), anti-SMA-Cy3 

(Sigma, C6198, 1:400), anti-SMA-FITC (Sigma, F3777, 1:500), anti-Lef1 (Cell Signaling, 

2230S, 1:500), anti-Sox17 (R&D, AF1924, 1:300), anti-CD31 (BD, 553370, 1:100), and 

anti-Ki67 (GeneTex, GTX16667, 1:400). After extensive wash in PBS, the sections were 

incubated with appropriate secondary antibodies for 90 minutes at room temperature. The 

sections were washed again with PBS and mounted with Fluoromount-G with DAPI. For 

OPC proliferation analysis, anti-Olig2 (Millipore, MABN50, 1:200) and M.O.M.™ Kit 

(Vector Laboratories, Inc., FMK-2201) were used following the manufacturer’s instructions. 

Images were obtained using Nikon Eclipse Ti, Nikon Eclipse Ni, and Keyence BZ-X710 

microscopes. Image processing was done in ImageJ (NIH) and Adobe Photoshop.

Primary OPC culture

Primary OPCs were isolated by MACS as described previously.44,45 Briefly, brains 

were collected from control and γ1-OKO mice at P6 and digested in papain 

solution (Worthington Biochemical Corporation, LK003178) containing DNase I (5mg/ml, 

Worthington Biochemical Corporation, LS002007) for 45 minutes at 37°C. Next, the 

solutions were filtered through 100 um cell strainers, followed by centrifugation at 1500 rpm 

for 7 minutes. The pellets were resuspended in resuspension solution containing albumin-

ovomucoid inhibitor (10mg/ml ovomucoid and 10mg/ml BSA, Worthington Biochemical 

Corporation, LK003182) and DNase I. A discontinuous density gradient was prepared by 

carefully adding albumin-ovomucoid inhibitor solution to the bottom and cell suspension on 

top. After centrifugation at 590 rpm for 7 minutes, the supernatant was discarded and the 

pellet was resuspended in MACS buffer (0.5% BSA in DPBS). After wash in MACS buffer, 

the cells were incubated with FcR blocking reagent (Ultra-LEAF™ Purified anti-mouse 

CD16/32 antibody, Biolegend, 101330) for 10 minutes on ice. Next, anti-O4 MicroBeads 

(Miltenyi Biotec, 130-096-670) was added to and incubated with the cells for 30 minutes 

on ice. After extensive wash, cell suspension was added to a LS column (Miltenyi Biotec, 

130-042-401) placed on a MACS separator (Miltenyi Biotec, 130-042-501). O4+ cells were 

then eluted with elution buffer. To ensure high purity, two LS columns were used. Eluted 

cells were immediately resuspended in OPC medium (DMEM with 4mM L-glutamine and 

1mM sodium pyruvate, 0.1% BSA, 50μg/ml apo-transferrin, 5μg/ml insulin, 30nM sodium 

selenite, 10nM D-biotin, 10nM hydrocortisone, 10ng/ml PDGF-AA, and 10ng/ml b-FGF). 
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The cells were seeded onto PDL-coated coverslips in 24-well plates at the density of 2x104/

cm2. The cells were cultured for 8 days with half medium change every other day.

Immunocytochemistry (ICC)

ICC was performed following standard protocol. Briefly, cells grown on coverslips were 

washed with DPBS, fixed with 4% PFA for 20 minutes, and washed with PBS for 3 times 

5 minutes each. After incubation in blocking buffer (1% BSA in PBS containing 0.3% 

normal donkey serum and 0.3% Triton X-100) for 90 minutes, the cells were incubated 

with laminin-γ1 (NeoMarkers, RT-795-P, 1:100) antibody overnight at 4°C. Next day, the 

cells were washed with PBS (3 times, 5 minutes each) and incubated with Alexa Fluor-488 

conjugated donkey anti-rat antibody (Invitrogen, A21208, 1:400) for 90 minutes at room 

temperature. After extensive wash, the cells were mounted with Fluoromount-G with DAPI.

BBB permeability assay

4kD FITC-Dextran (Sigma, FD4, 25 mg/ml in sterile saline, 2.5 μl/g of body weight) was 

injected retro-orbitally into mice. After 6 hours of circulation, mice were transcardially 

perfused with PBS and the brains was carefully dissected out. The brains were cut in half 

and one hemisphere was collected in a microcentrifuge tube with 800 μl of sterile saline. 

Then, the tissue was homogenized by sonication, followed by centrifugation at 15,000 rpm 

for 20 minutes. The supernatant was collected in a fresh tube, and 100 μl of the supernatant 

was added into a well of 96-well plate. The plate was read at 485/528 nm in a plate reader. 

Each sample was measured in triplicates from which an average value was obtained. 5-6 

animals per group were used for quantification.

Brain angioarchitecture analysis

Angiotool (National Cancer Institute, US), an automated software to analyze 

angioarchitecture,46 was used to analyze the brain angioarchitecture of control and γ1-OKO 

mice. Briefly, podocalyxin staining was done to visualize all blood vessels. After uploading 

images to the software, settings to remove small particles or fill holes were adjusted to 

selectively include the areas with podocalyxin signal. Next, explant area, vessel area, vessels 

percentage area, total number of junctions, junction density, total vessel length, average 

vessel length, total number of end points, and average lacunarity were analyzed in the 

software.

Transmission electron microscopy (TEM)

TEM was performed as described previously.7,41,47–49 For TEM without HRP: P15-17 

animals were perfused with PBS, followed by 4% PFA and 5% glutaraldehyde in 0.1 M 

Na-cacodylate (pH 7.4). The brains were dissected out and postfixed in 4% PFA and 5% 

glutaraldehyde in 0.1 M Na-cacodylate (pH 7.4) for an hour at room temperature, followed 

by 4% PFA in 0.1 M Na-cacodylate (pH 7.4) overnight at 4 °C. The next day, 50 μm-thick 

sections were obtained using a vibratome and stained in 1% osmium tetroxide for an hour 

at 4 °C and 2% uranyl acetate for 30 minutes at 4 °C. The tissues were then dehydrated 

with alcohol and embedded in resin. Next, 50nm-thick ultra-thin sections were cut with a 
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microtome, stained with 2% uranyl acetate, and imaged under JEOL 1400 (JEOL) at 80.0 

kV.

For HRP-TEM: mice were anesthetized and retro-orbitally injected with HRP Type II 

(Sigma, P8250-25KU, 10mg/20g of body weight). After 45 minutes, the brains were 

dissected out and fixed by immersion in 4% PFA with 5% glutaraldehyde in 0.1 M sodium 

cacodylate buffer for 1 hour at room temperature. The brains were then transferred to 4% 

PFA in 0.1 M sodium cacodylate buffer for 5 hours, followed by incubation in 0.1 M sodium 

cacodylate buffer overnight. Next, 50 μm-think free-floating sections were cut using a 

vibratome. After washed with 0.05 M Tris-HCl buffer (pH 7.6), the sections were incubated 

in 0.05 M Tris-HCl buffer containing 3, 3’-diaminobenzidine (DAB, 5mg/10ml) with 0.01% 

H2O2 for 45 minutes at room temperature. Then, the sections were washed with 0.1 M 

sodium cacodylate buffer and PB buffer. Next, the sections were incubated in 3% potassium 

ferrocyanide in 0.1 M PB buffer and equal volume of 4% aqueous osmium tetroxide (EMS) 

for an hour. After extensive wash in ddH2O, the tissues were placed in thiocarbohydrazide 

solution (TCH, Ted Pella, filtered through 0.22 μm syringe) for 20 minutes. Tissues were 

then washed in ddH2O and incubated in 2% osmium tetroxide in ddH2O for 30 minutes. 

After extensive wash in ddH2O and dehydration in alcohol, the tissues were embedded in 

resin. Next, 50nm-thick ultra-thin sections were cut with a microtome, stained with 2% 

uranyl acetate, and imaged under JEOL 1400 (JEOL) at 80.0 kV.

Western blotting

Samples were prepared by dissecting and homogenizing the cortex, corpus callosum, and 

striatum of P15-17 mice. BCA Protein Assay Kit (Pierce, 23227) was used to determine 

total protein concentration. Equal amount of proteins was loaded and separated in SDS-

PAGE, which then was transferred onto PVDF membranes. The membranes were incubated 

with primary antibodies overnight at 4 °C, followed by appropriate secondary antibodies 

for 90 minutes at room temperature. The following primary antibodies were used: anti-ZO1 

(ThermoFisher, 61-7300, 1:500), anti-claudin5 (Invitrogen, 35-2500, 1:500), anti-Mfsd2a 

(a generous gift from Dr. Chenghua Gu, 1:500), MBP (BioRad, MCA409S, 1:500), and 

β-actin (BD, 612657, 1:2000). The membranes were developed with Clarity Max™ Western 

ECL Substrate (Bio-Rad, 1705062) and imaged using ChemiDoc XRS+ imaging system 

(Bio-Rad). For quantification, integrated density values of MBP were obtained using ImageJ 

(NIH) and normalized to that of β-actin.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analyses

Hemoglobin leakage was quantified by measuring the MGV of an image on ImageJ (NIH). 

Lef1+ and Sox17+ cell numbers were quantified manually, and the numbers were normalized 

to the area of CD31 signal. Lef1 and Sox17 intensity was measured by obtaining integrated 

density values after selecting the signal areas using thresholding function on ImageJ (NIH). 

Again, the values were normalized to the area of CD31 signal. For Mfsd2a expression, 

thresholding was applied to select podocalyxin-positive vessel areas, and MGV was 

measured on ImageJ (NIH) within the selected areas. Then, MGV from the background was 
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obtained to be subtracted from the Mfsd2a MGV to eliminate the effect of high background 

signal. Mfsd2a coverage (%) was measured by dividing the area of Mfsd2a signal by that 

of podocalyxin signal. ZO-1 and claudin5 intensity was measured by obtaining MGV after 

selecting the areas with the signal using thresholding function on ImageJ (NIH). ZO-1 or 

claudin5 coverage (%) was measured by dividing the area with ZO-1 or claudin5 signal by 

the area of podocalyxin signal. The numbers of Olig2+, Olig2+PDGFRα+, Sox10+CC1+, and 

Olig2+PDGFRα+Ki67+ cells were counted manually. Since images of the corpus callosum 

include areas that are adjacent to the structure, the numbers of cells were normalized to the 

area of the corpus callosum. For quantifications, 3-6 random images per section, 5-8 sections 

per mouse, and 3-5 mice were used.

For ICC analysis, the numbers of laminin-γ1+ cells were manually quantified and divided 

by the number of DAPI+ cells. For quantification, 4-8 images per replicate and 4 biological 

replicates were used.

For RNAscope analyses, the percentages of Lamc1-expressing OL lineage cells (Sox10+ 

cells), pericytes (PDGFRβ+ cells), and SMCs (PDGFRβ+SMA+ cells) were manually 

calculated.

Endothelial caveolae vesicles were quantified by normalizing the number of caveolae 

vesicles in endothelial cells to endothelial area. At least 10 capillaries per brain were 

used for quantification. Corrected g-ratio was quantified using the following equation: 

(axon diameter)/[(myelinated fiber diameter)-{(axon + inner tongue diameter)-(axon 

diameter)}] as described previously.50 All diameters were obtained from area measurements 

(Diameter = 2 Area/π). At least 150 myelinated axons per brain were analyzed. Myelinated 

axon density was quantified by counting the number of myelinated fibers per image. The 

MGV of compact myelin sheaths was obtained using ImageJ (NIH) by thresholding the 

compact myelin areas. Morphology analysis was done manually by counting the numbers 

of myelinated fibers with split sheaths, outfolding, and myelin debris (with no axon present 

at the center) as described previously.50 The percentages of myelin sheath splitting, myelin 

outfolding, and myelin debris were calculated out of at least 150 myelinated fibers per brain. 

Inner tongue enlargement was analyzed by measuring the area of inner tongue of at least 150 

myelinated fibers per brain.

Statistical analyses

GraphPad Prism 9 was used for all statistical analyses performed. For normally distributed 

measurements, unpaired Student’s t-test was applied, whereas non-normally distributed 

measurements were analyzed by Mann-Whitney u-test. Significance was set at p < 0.05. 

Data were presented as mean ± SD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Main Points:

OL-derived laminin-γ1 actively regulates blood-brain barrier integrity and 

oligodendrocyte biology.
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Figure 1. Laminin-γ1 is successfully deleted in OL lineage cells in γ1-OKO mice.
(A-F) Significant decreases in the percentages of Sox10+Lamc1+ cells/Sox10+ cells were 

found in the cortex (A and B), corpus callosum (C and D), and striatum (E and F) of 

γ1-OKO mice compared to the controls. *p < 0.05, Mann-Whitney test. n = 4 mice. Scale 

bars: 20 μm.

Data were shown as mean ± SD.
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Figure 2. γ1-OKO mice exhibit muscle weakness and severe BBB disruption.
(A) γ1-OKO mice are smaller compared to their littermate controls at P8.

(B) By P28, γ1-OKO mice remain smaller and exhibit near-complete hindlimb paralysis.

(C) Survival plot of control (black) and γ1-OKO (red) mice.

(D) Representative images of hemoglobin (Hb) leakage in controls and γ1-OKO brains at 

P1. Scale bars: 100 μm.

(E-F) No changes in Hb levels were found in cortex (E) or striatum (F) of γ1-OKO mice at 

P1. ns; not significant, Mann-Whitney test. n = 4 mice.
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(G) Representative images of Hb leakage in controls and γ1-OKO brains at P8. Scale bars: 

100 μm.

(H-I) Significantly increased Hb levels were found in both cortex (H) and striatum (I) of 

γ1-OKO mice at P8. **p < 0.01, Mann-Whitney test. n = 5 mice.

(J) Representative images of Hb leakage in controls and γ1-OKO brains at P28. Scale bars: 

100 μm.

(K-L) Significantly increased Hb levels were found in both cortex (K) and striatum (L) of 

γ1-OKO mice at P28. *p < 0.05, **p<0.01, Mann-Whitney test. n = 5 mice. Data were 

shown as mean ± SD.
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Figure 3. Tight junction is intact in γ1-OKO mice.
(A) Representative images of ZO-1/claudin5 and podocalyxin (vascular marker) staining in 

control and γ1-OKO brains at P15-17. Scale bars: 100 μm.

(B-I) Quantifications showing comparable ZO-1/claudin5 intensity and coverage between 

control and γ1-OKO mice at P15-17. ns; not significant, Mann-Whitney test. n = 15 sections 

from 3 mice.

(J) Representative images of ZO-1/claudin5 and podocalyxin staining in control and γ1-

OKO brains at P28. Scale bars: 100 μm.
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(K-R) Quantifications showing comparable ZO-1/claudin5 intensity and coverage between 

control and γ1-OKO mice at P28. ns; not significant, Mann-Whitney test. n = 20 sections 

from 4 mice.

(S-Z) Representative western blotting images and quantifications of ZO1 (S-V) and claudin5 

(W-Z) expression in the cortex and striatum of control and γ1-OKO brains at P15-17. ns; not 

significant, Mann-Whitney test. n = 5-6 mice.

(AA) Representative TEM images showing intact tight junction structure in control and 

γ1-OKO mice at P15-17. Red arrowheads indicate tight junctions. Scale bars: 500 nm.

(AB) Representative TEM images showing that tight junctions prevented the leakage of 

HRP from the lumen in both control and γ1-OKO mice at P15-17. Red arrowheads indicate 

tight junctions. Scale bars: 500 nm.

Data were shown as mean ± SD. C; cortex, S; striatum, L; lumen, E; endothelial cell, P; 

pericyte, A; astrocyte, RBC; red blood cell.
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Figure 4. Transcellular transport is increased in γ1-OKO mice.
(A) Representative images of Mfsd2a and podocalyxin (vascular marker) staining in controls 

and γ1-OKO brains at P28. Scale bars: 100 μm.

(B-E) Quantifications showing significantly decreased Mfsd2a intensity (B and C) and 

coverage (D and E) in the cortex (B and D) and striatum (C and E) of γ1-OKO mice at P28. 

****p < 0.0001, Mann-Whitney test. n = 15 sections from 3 mice.

(F-I) Representative western blotting images (F and G) and quantifications (H and I) of 

Mfsd2a expression in the cortex (F and H) and striatum (G and I) of control and γ1-OKO 

brains at P15-17. *p < 0.05, ****p<0.0001, Mann-Whitney test. n = 5-6 mice.

(J) Representative TEM images showing increased transcellular transport in γ1-OKO mice 

at P15-17. Arrowheads indicate HRP-filled transcytotic vesicles. Scale bars: 500 nm.

(K) Quantification showing significantly increased transcytotic vesicle density in γ1-OKO 

mice. *p < 0.05, Mann-Whitney test. n = 4 mice.

Data were shown as mean ± SD. E; endothelial cell, A; astrocyte, RBC; red blood cell.
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Figure 5. OPCs are decreased in γ1-OKO mice.
(A) Representative images of Olig2 and PDGFRα staining in the cortex, corpus callosum, 

and striatum of control and γ1-OKO mice at P8. Scale bars: 100 μm.

(B-M) Quantifications of OPC numbers in the cortex (B, E, H, and K), corpus callosum (C, 

F, I, and L), and striatum (D, G, J, and M) of control and γ1-OKO mice at P1 (B-D), P8 (E-

G), P15-17 (H-J), and P28 (K-M). ns; not significant, *p < 0.05, **p < 0.01, Mann-Whitney 

test. n = 15-25 sections from 3-5 mice.

Data were shown as mean ± SD.
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Figure 6. Mature-OLs are decreased in γ1-OKO mice.
(A) Representative images of Sox10 and CC1 staining in the cortex, corpus callosum, and 

striatum of control and γ1-OKO brains at P28. Scale bars: 100 μm.

(B-D) Quantifications of mature-OL numbers in the cortex (B), corpus callosum (C), and 

striatum (D) of control and γ1-OKO mice at P28. *p < 0.05, ***p < 0.001, ****p < 0.0001, 

Mann-Whitney test. n = 15 sections from 3 mice.

Data were shown as mean ± SD.
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Figure 7. Myelination is impaired in γ1-OKO mice.
(A-F) Representative western blotting images and quantifications of MBP expression in the 

cortex (A-B), corpus callosum (C-D), and striatum (E-F) of control and γ1-OKO mice at 

P15-17. *p < 0.05, **p < 0.01, Mann-Whitney test. n = 6 mice.

(G) Representative TEM images of callosal myelinated fibers in the corpus callosum of 

control and γ1-OKO mice at P15-17. Scale bars: 3 μm.

(H) Illustration of various parameters used to calculate g-ratio. White, red, and yellow lines 

indicate the areas of myelinated fiber, axon + inner tongue, and axon, respectively.
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(I) Quantification of g-ratio in control and γ1-OKO mice at P15-17. ****p < 0.0001, t-test. 

n = 617 (control) and 620 (γ1-OKO) values from 4 mice.

(J) Scatter plot of g-ratio against axon caliber indicating an upshift of g-ratio in γ1-OKO 

mice. n = 617 (control) and 620 (γ1-OKO) values from 4 mice.

(K) Quantification of myelinated fiber density in control and γ1-OKO mice at P15-17. **p < 

0.01, Mann-Whitney test. n = 6 mice.

(L) Quantification of mean gray value (MGV) of compacted myelin sheaths in control and 

γ1-OKO mice at P15-17. ns; not significant, Mann-Whitney test. n = 6 mice.

(M) Representative TEM images showing normal and different types of abnormal 

morphology of myelin sheaths.

(N-Q) Quantifications of morphological abnormalities of myelin sheaths in control and 

γ1-OKO mice at P15-17. ns; not significant, **p < 0.01, ****p < 0.0001, Mann-Whitney 

test (N, P, and Q) and t-test (O). n = 6 mice (N, P, and Q), n = 920 (control) and 934 

(γ1-OKO) values from 6 mice (O).

Data were shown as mean ± SD.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-hemoglobin Cloud-Clone Cat#PAB409Mu01

Goat anti-podocalyxin R&D Cat#AF1556; RRID:AB_354858

Rabbit anti-ZO1 ThermoFisher Cat#61-7300; RRID:AB_2533938

Mouse anti-claudin5 Invitrogen Cat#35-2500; RRID:AB_2533200

Rabbit anti-Mfsd2a Dr. Chenghua Gu Lab N/A

Rabbit anti-Olig2 Novus Cat#NBP1-28667; RRID:AB_1914109

Goat anti-PDGFRα R&D Cat#AF2535; RRID:AB_2063012

Goat anti-Sox10 R&D Cat#AF2864-SP; RRID:AB_442208

Mouse anti-CC1 Calbiochem Cat#OP80; RRID:AB_2057371

Rat anti-MBP BioRad Cat#MCA409S; RRID:AB_325004

Rabbit anti-PDGFRβ Cell Signaling Cat#3169S

Mouse anti-SMA-Cy3 Sigma Cat#C6198; RRID:AB_476856

Mouse anti-SMA-FITC Sigma Cat#F3777; RRID:AB_476977

Rabbit anti-Lef1 Cell Signaling Cat#2230S

Goat anti-Sox17 R&D Cat#AF1924; RRID:AB_355060

Rat anti-CD31 BD Cat#553370; RRID:AB_394816

Rabbit anti-Ki67 GeneTex Cat#GTX16667; RRID:AB_422351

Mouse anti-Olig2 Millipore Cat#MABN50; RRID:AB_10807410

Rat anti-laminin-γ1 NeoMarkers Cat#RT-795-P; RRID:AB_145593

Mouse anti-β-actin BD Cat#612657; RRID:AB_399901

Ultra-LEAF™ Purified anti-mouse CD16/32 antibody Biolegend Cat#101330

Anti-O4 MicroBeads Miltenyi Biotec Cat#130-096-670

Alexa Fluor-594 conjugated donkey anti-rabbit Invitrogen Cat#A21207; RRID:AB_141637

Alexa Fluor-488 conjugated donkey anti-rabbit Invitrogen Cat#A21206; RRID:AB_2535792

Alexa Fluor-647 conjugated donkey anti-rabbit Invitrogen Cat#A32795; RRID:AB_2762835

Alexa Fluor-647 conjugated donkey anti-goat Invitrogen Cat#A21447; RRID:AB_141844

Alexa Fluor-488 conjugated donkey anti-goat Invitrogen Cat#A11055; RRID:AB_2534102

Alexa Fluor-555 conjugated donkey anti-goat Invitrogen Cat#A21432; RRID:AB_2535853

Alexa Fluor-488 conjugated donkey anti-mouse Invitrogen Cat#A11001; RRID:AB_2534069

Alexa Fluor-647 conjugated donkey anti-mouse Invitrogen Cat#A31571; RRID:AB_162542

Alexa Fluor-488 conjugated donkey anti-rat Invitrogen Cat#A21208; RRID:AB_2535794

Alexa Fluor-647 conjugated goat anti-rat Invitrogen Cat#A21247; RRID:AB_141778

Chemicals, peptides, and recombinant proteins

4kD FITC-Dextran Sigma Cat#FD4

HRP Type II Sigma Cat#P8250-25KU

Papain vial Worthington Biochemical 
Corporation

Cat#LK003178
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REAGENT or RESOURCE SOURCE IDENTIFIER

EBSS Alfa Aesar Cat#J67849

DNase I Worthington Biochemical 
Corporation

Cat#LS002007

Albumin-ovomucoid inhibitor vial Worthington Biochemical 
Corporation

Cat#LK003182

DPBS Gibco Cat#14190-136

DMEM Gibco Cat#11995-065

BSA Sigma Cat#A9647

Apo-transferrin Sigma Cat#T1147-100MG

Insulin Sigma Cat#I6634-50MG

Sodium selenite Sigma Cat#S5261-10G

D-biotin Sigma Cat#B4639-100MG

Hydrocortisone Sigma Cat#H0888-1G

PDGF-AA R&D Cat#221-AA-010

b-FGF R&D Cat#233-FB-010

PDL Sigma Cat#P7280-5MG

Critical commercial assays

RNAscope in situ hybridization Advanced Cell Diagnostics Cat#323100

M.O.M.™ Kit Vector Laboratories, Inc. Cat#FMK-2201

BCA Protein Assay Kit Pierce Cat#23227

Clarity Max™ Western ECL Substrate Bio-Rad Cat#1705062

Deposited Data

Raw data This paper https://digitalcommonsdata.usf.edu/datasets/
jmszrtgd48/draft?a=14077a44-68de-4f5b-
bcb7-40e5a304e4b3

Experimental models: Organisms/strains

Mouse: B6.129P2-Lamc1tm1Strl/J The Jackson Laboratory JAX: 016917

Mouse: B6;CBA-Tg(Sox10-cre)1Wdr/J The Jackson Laboratory JAX: 025807

Software and algorithms

Angiotool National Cancer Institute https://ccrod.cancer.gov/confluence/display/
ROB2/Home

ImageJ NIH https://imagej.nih.gov/ij/

GraphPad Prism 9 GraphPad https://www.graphpad.com/features

Photoshop Adobe https://www.adobe.com
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