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Article 
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Abstract: Glial cells provide physical and chemical support and protection for neurons. Secreted neurotrophic 

factors, scaffolds and vesicles regulate in addition to normal homeostasis, repair following neural tissue injury 

or degeneration. We previously demonstrated that human CNS glia have revascularization capacity by 

inducing endothelial cell sprouting and microchanneling driven by glial cell secreted components. The clinical 

potential of using secreted factors and vesicles generated by glial cells in conditioned media was shown by 

their re-normalization of pathological blood vessels and 3D tissue wound healing and remodeling capacity. To 

identify secreted components of glial cells and how CNS and PNS glial cells differentially regulate neural tissue 

homeostasis, disease and injury response, we developed a novel culture method for various types of glial cells 

that allow for isolating and characterizing secreted glial components, free of animal factors and contaminants 

normally associated with serum-based culture conditions. Our culture method will enable to identify secreted 

components using ultrasensitive RNA, glycoconjugate and protein analysis technologies. The characterization 

of glial secreted factors involved microchanneling may help in development of new clinical therapies for glial 

and neural cells or axons to migrate and reform connections. 

Keywords: glial cells; neurogenesis; vasculogenic mimicry; microchanneling; central nervous system; 

peripheral nervous system; 2D and 3D serum replacement culture; glycoconjugates; vesicles 

 

1. Introduction 

Glia cells or neuroglia are non-neuronal cells in the central nervous system (CNS) and peripheral 

nervous system (PNS) that provide physical and chemical support and protection for neurons. In 

addition to myelin, various nutrients, neurotrophic factors, and packaged vesicles are secreted and 

conveyed intercellularly for maintaining physiological and functional homeostasis of neural tissue 

[1–3]. Following neurotoxic insult, neural trauma or degeneration, glial cells repair by removing dead 

cells and damaged tissue debris such as extracellular matrix, through phagocytosis. Additionally, 

secreted factors such as proteoglycans/glycosaminoglycans and diverse microchannel inducing 

proteases promote glial and neural cell or axon adhesion, guidance, and migration and scar (gliosis) 

formation. [4,5]. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
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Microchanneling allows for reperfusion and flow of neurotrophic factors through vascular like 

mimicry in addition to permitting damaged neurons or severed axons to form cellular extensions, 

migrate and reform new cellular connections and interactions [6,7]. Scar formation is a 

neuroprotective process that represses necrosis or programmed cell death by secluding damaging 

proinflammatory or stress inducing factors and free radicals.  

Secretion of soluble enzymes promotes extracellular matrix (ECM) digestion and consequently 

deposition of new proteoglycan and glycosaminoglycan fibrous like scaffolds that allow segregation 

of injured tissue and cell adhesion and migration necessary for tissue remodeling and repair [8,9]. 

The content of vesicles and composition of secreted factors that support and protect homeostasis and 

neural tissue repair following injury are still largely unknown and of critical importance for medical 

research and treatment in neuro -regeneration, -aging and -degeneration [10,11]. 

Recent technologies such as single cell and ultra-low input of mRNA sequencing, and ultra-

sensitive immunoassays and mass spectrometry have identified new subtypes and functions of 

patient tissue cells through the unprecedented ability to characterize secreted factors and contents of 

vesicles [12–14]. Regardless of the sensitivity of state-of-the-art technologies, determining normal and 

disease secreted human glial specific soluble factors, scaffolds and vesicles is greatly impeded due to 

“contamination” of animal products used for culturing 2D glial cell or and 3D ex situ tissue models. 

For instance, contaminating vesicles and factors are introduced with use of animal derived serum 

(such as, fetal bovine) and 3D scaffolds (non-fully defined Matrigel) used in 2D and 3D cultures of 

patient derived cells or cell lines. 

CNS glial cell type lineages generated early in development include astrocytes, 

oligodendrocytes, microglia, ependymal cells and precursor cells NG-2 and radial glia. PNS glial cells 

are mostly classified according to their anatomical location and include Schwann, satellite, olfactory 

nerve and enteric glia [15]. Glial cells, in contrast to neurons retain to some extent the ability to divide 

and therefore have the potential to detrimentally or beneficially remodel and therefore impair or 

promote neural tissue repair [16–18]. CNS and PNS glial cells respond differently in disease and 

injury. Why this is so is of great clinical interest, and we propose it is due in part to differences in the 

composition of glial cell secreted factors, vesicles and scaffolds that invoke extracellular tissue 

remodeling and signaling. CNS glial cells have well established roles in neurodegeneration (e.g., 

Parkinson’s disease) [19], or neural pathologies such as tumor formation and hyperactive 

vascularization (e.g., glioblastoma) [20–23]. In contrast, PNS glial cells are known to have pro-

regenerative properties such as peripheral axon regeneration capacity [24]. 

Previously, we studied the role of novel evolutionarily conserved transmembrane proteins, and 

in particular TMEM230, a likely Golgi complex membrane protein that regulate protein, vesicle and 

scaffold trafficking and secretion in glial cells [23,25,26]. Using non-biogenic scaffolds and serum 

replacement conditions free of animal components allowed us to unambiguously demonstrate that 

conditioned media generated from human CNS glial cells contain secreted factors and vesicles can 

promote revascularization and microchannel formation, conditions necessary for neural tissue repair 

[23]. 

In this study, we developed a novel 2D and 3D tissue culture method that allows for 

recapitulating the functional properties (such as microchanneling) and the isolation of secreted 

components of different types of glial cells, free of animal factors and contaminants normally 

associated with animal-based serum culture conditions.  

2. Materials and Methods 

Animal 

Newborn Sprague–Dawley rats (Charles River, Calco, Italy) were maintained in accordance with 

current European rules concerning the care and use of animals (Council Directive 2010/63/EU of the 

European Parliament and the Council of 22 September 2010 on the protection of animal used for 

scientific purposes) and 3R’s guidelines. The Ethical Committee of the University of Milan approved 

the use of animal obtained cells for research. 
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Schwann cell primary cultures 

Schwann cells were obtained as previously described [27–29]. Rat sciatic nerves were digested 

with 1% collagenase and 0.25% trypsin (Merk Life Science), then mechanically dissociated, filtered 

through a 100-μm filter (BD Biosciences), and centrifuged for 5 min at 900 rpm. Dissociated cells were 

suspended in Dulbecco’s modified Eagle’s medium (DMEM, Serotec, Oxford) plus 10% fetal calf 

serum (FCS; Thermo Fisher Scientific) and plated on 35mm Petri dishes. After 24 h, the medium was 

supplemented with 10 μM Ara-C (Merk Life Science). The medium was then changed with DMEM-

FCS 10% plus 10 μM forskolin (Merk Life Science) and 200 μg/ml bovine pituitary extract (BPE; 

Thermo Fisher Scientific). Cells became confluent in 10 days. Immunopanning for final purification 

was carried out by incubating the cells for 30 min with mouse anti-rat Thy1.1 antibody (Bio-Rad 

Laboratories), followed by 500 μl of baby rabbit complement (Cedarlane). Cell suspension (6 × 104 

cells) was seeded on 35 mm Petri dishes, in the presence of 2 μM forskolin. 

At the third in vitro passage, Schwann cells were treated for 48 h with 4 μM forskolin and then 

used for research. Schwann cell purity (more than 98%) was tested with a specific antibody against 

glycoprotein P0 [28]. 

Lentiviral construct generation 

We used the lentiviral vector pCDH-CMV-MCS-EF1-copGFP (SBI, CD511b-1) expressing green 

fluorescent protein (GFP) for monitoring the transduction efficiency and cell visualization during 

culture. 

Lentiviral particle production 

Lentiviral particles were produced in HEK293T cells by transfecting the pCDH-GFP vector 

together with the plasmids psPAX2 and pMD2.G (Addgene, #12260 and #12259, gift from Didier 

Trono,) as helper vectors for 2nd generation viral packaging (with a ratio 4:3:1, respectively), with the 

Lipofectamine™ 2000 Transfection Reagent (ThermoFisher, 11668027) following manufacturer’s 

instructions.  

Cell culture supernatants containing the lentiviral particles were harvested after 48 and 72 h, 

lentiviral particles were concentrated by ultracentrifugation at 120,000 rcf for 3 h and stored at -80° C 

for later use. 

Adherent cell cultures 

The human brain glioblastoma U87-MG cell line was obtained from the American Type Culture 

Collection (ATTC, Manassas, VA, USA) and maintained in Dulbecco’s Modified Eagle’s Medium 

(DMEM, Euroclone, ECB7501L) supplemented with 10% fetal bovine serum (FBS, Sigma, F7524), 1% 

glutamine (Cambrex, BE17-605E) and 1% penicillin/streptomycin (P/S, Life Technology, 15140-122) 

in a humidified atmosphere of 5% CO2 at 37°C. 

The human brain astrocytoma 1321-N1 cell line and primary rat Schwann cells were kindly 

provided by Prof. Valerio Magnaghi’s Lab at University of Milan, Italy. Both cells were maintained 

in DMEM supplemented with 10% FBS, 1% glutamine and 1% P/S. A dose of 2 μM of Forskolin (FSK, 

Sigma, F6886) was needed for growing of Schwann cells [30], while an incremental dose was required 

for differentiating them [31]. All cell types were cultured to 80% level of confluence in a humidified 

atmosphere of 5% CO2 at 37°C.  

Human umbilical vein endothelial cells (HUVECs) were grown in standard EGM2 medium with 

Ham’s F12/DMEM-Glutamax (Life Technologies, 21765-029/31966-021) at a ratio of 1:1 supplemented 

with additional factors: heparin (CC-4396A), hydrocortisone (CC-4112A), epidermal growth factor 

(EGF, CC-4317A), human basic fibroblast growth factor (bFGF, CC-4113A), vascular endothelial 

growth factor (VEGF, CC-4114A), ascorbic acid (CC-4116A), FBS (CC-4101A), gentamicin (CC-4381A) 

and R3 Insulin-like growth factor (R3IGF-like, CC-4115A). HUVECs were cultured in a humidified 

atmosphere of 5% CO2 at 37°C to 80% level of confluence and medium was replaced twice a week. 
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Transduction was performed on adherent glial cells at a concentration of 10,000 cells/cm2 (U87-

MG and 1321-N1) and 4,500 cells/cm2 (Schwann) using green fluorescent protein (GFP) lentiviral 

vector. Cells were monitored using a fluorescence microscope with UV excitation filter. Cells were 

allowed to recover for two passages in adherent culture. While cells were maintained or passaged 

with FBS, the ability to form microchannels in 2D and 3D conditions assayed with high (10%), low 

(2%) and no FBS (serum replacement, SR) for comparative analysis of microchannel formation 

capacity with different concentrations of FBS, see Table 1.  

Table 1. Glial cell media used for microchannel assays. 

 FBS CULTURE CONDITIONS 

  U87-MG 1321-N1 Schwann 

  MEDIUM COMPOSITION 

1 
Glial Growth  

Medium 

DMEM; 10% FBS;  

1% glutamine 

DMEM; 10% FBS; 

1% glutamine;  

2 μM FSK 

2 EGM2 Medium 
DMEM-Glutamax/Ham’s F12; 2% FBS; heparin; hydrocortisone; EGF; 

bFGF; VEGF; ascorbic acid; R3IGF-like; gentamicin [23] 

3 SR Medium DMEM; 10% Serum Replacement; 1% glutamine {23] 

Microchannel assay 

20,000 HUVECs were plated in growth factor reduced and defined Matrigel (BD Biosciences, 

356231) in 48-well plates (Greiner, Twin-Helix, 677180) for 24 h in EGM2 medium. Also 20,000 GFP 

expressing U87-MG glioblastoma, 1321-N1 astrocytoma and Schwann cells were plated on top of 

Matrigel bed in 48-well plates for the microchannel assay. U87-MG, 1321-N1 and Schwann cells were 

monitored over time for 24, 48, and 72 24 h, respectively using a fluorescence microscope (Olympus 

IX51). Three different culture conditions were used for each type of glial cells, as described in Table 

1. These were: 1) glial growth medium; 2) EGM2 medium (HUVEC medium) [23] and 3) SR medium, 

consisting of DMEM, 1% glutamine, with 10% Serum Replacement (SR, Life technologies, 10828-028) 

instead of 10% FBS [23]. 

Nuclear staining 

Cell cultures on Matrigel were stained with 4’,6’-diamidino-2-phenylindole (DAPI, Sigma, 

D9542) after 24 (Schwann cells), 48 (U87-MG cells) and 72 h (1321-N1 cells), respectively. After 

incubation for 5 min at room temperature cells were observed with fluorescence microscope using 

DAPI filter. 

Novel tissue culture method for generating conditioned media containing secreted vesicles, factors and 

scaffolds and functional analysis of glial cells  

Following transduction, cells were allowed to recover for two days in FBS containing culture 

medium. For comparative analysis of microchannel formation capacity and generating conditioned 

media free of FBS, FBS containing media was changed to medium 3 (SR Table 1). Conditioned media 

was then collected, centrifuged at 2,000 x g for 5 min to remove cell debris and stored at -20° C.   

3. Results 

Analyses were performed on CNS glial cells U87-MG and 1321-N1 and PNS tissue derived 

Schwann cells.   

3.1. Glial cells cultured in conventional FBS-based culture conditions. 

Glial U87-MG, 1321-N1 and Schwann adherent cells were transduced using GFP reporter 

lentiviral vector (Figure 1) and monitored with fluorescence microscopy. U87-MG and 1321-N1 
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showed a higher transduction efficiency than primary Schwann cells. In fetal bovine sera (FBS) 

media, U87-MG and 1321-N1 cells reached confluence in two or three days (Figure 1a,b), while 

Schwann as primary cells required 1 week (see Figure 1c, Schwann cells are shown at passage 2).  

 

Figure 1. 2D monolayers of adherent cells transduced with GFP (green) expressing lentiviral vector 

cultured at 80% of confluence in FBS-based culture conditions. Representative images of (a) U87-MG 

glioblastoma (b) 1321-N1 astrocytoma and (c) Schwann cells. GFP: green fluorescent protein. 

Magnifications: 10x (upper panels) and 40x (lower panels). 

3.2. Evaluation of glial cell microchannel forming capacity in 3D culture conditions based on the FBS 

concentration. 

To evaluate the capacity of glial cells to form microchannels, we compared 3 FBS concentrations 

for culture of these cells in 3D Matrigel (Figure 2). As described in Table 1, Glial Growth Medium (1) 

containing 10% FBS, EGM2 Medium (2) containing 2% FBS and SR Medium (3) containing no FBS 

were used. Moreover, to evaluate the microchannel forming capacity of glial cells, the ability to form 

microchannels was compared with HUVECs (Figure 2a). HUVEC microchannel formation was 

inducible in low FBS culture conditions (EGM2 medium), therefore, microchannel formation was 

evaluated in glial cells also using this condition. 

We observed that microchanneling was induced in all glial cell lines and the primary Schwann 

cells (Figure 2b–d). Using high, low and no FBS concentrations, all cell types showed similar 3D 

structural morphologies, and ability to generate microchanneling in Matrigel. As expected, primary 

Schwann cells with increasing passaging in culture showed limited cell proliferation and lumen 

structure formation capacity compared to established immortalized glial cell lines (U87-MG and 

1321-N1 astrocyte). Moreover, the primary glial cells had less pronounced microchanneling capacity 

in culture conditions with no FBS due to the limited ability to passage these cells (Figure 2d, condition 

3).  

We previously showed that protein and glycoconjugate degradation of ECM is critical for lumen 

and microchannel formation, endothelial cell migration and sprouting, and that these processes were 

driven by secreted vesicles, factors, or scaffolds [8,9,23]. 

The ability of the Glial Medium (1) and EGM2 Medium (2) to induce enhanced microchanneling 

and vascular mimicry [23] was due to FBS supplementing components such as bovine pro-angiogenic 

factors to the media [32]. Since the media with no FBS (SR Medium, condition 3) also induced 

microchanneling in both CNS and PNS glial cells, this medium is ideal for glial cell secreted molecule 

and vesicle isolation and for glial characterization, free from animal contaminants in future assays 

and experiments. 
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Figure 2. Microchanneling 3D assays for HUVECs (a), U87-MG (b), 1321-N1 (c) and Schwann (d) cells 

plated on top of Matrigel. Cells in panels (b), (c) and (d) were GFP transduced cells. For any type of 

glial cells three different media were used (1, 2 and 3) as described in Table 1 in Materials and Methods 

section. Green: GFP (green fluorescent protein). Magnifications: 4x (left panels) and 10x (right panels). 

3.3. Evaluation of microchannel 3D structures by nuclear staining. 

We performed DAPI staining to identify the positions of nuclei and the physical extent and 

boundaries of microchannel structures of each glial cell type in 3D Matrigel (Figure 3). As DAPI is a 

dye for nuclei detection, it was observable that the microchannels contained few cells, suggesting that 

the 3D lumen structures were generated from cell migration and likely by the long cytoplasmic 

projections of the glial cells secreting proteases and scaffold degrading enzymes. For U87-MG cells 

(Figure 3a) grown in conditions with high FBS (1) or low FBS (2), the DAPI staining clearly showed 

these structures contained lumen and were hollow. Also, for 1321-N1 cells, the DAPI staining allowed 

to observe that the structures generated were assembled in 3D (Figure 3b). 

Regarding the Schwann cells, as stated above (Figure 2d), the nuclei in the structures were 

positioned throughout the microchannels (Figure 3c, conditions 1 and 2) and showed that Schwann 

inferred projections were similar to that seen with HUVECs (Figure 3c, condition 1 and 2; Figure 2a). 

Collectively, these results suggest that process of glial cell microchannel formation is similar to that 

of HUVECs. 
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Figure 3. Nuclear staining with DAPI reagent of (a) U87-MG, (b) 1321-N1 and (c) Schwann cells on 

top of Matrigel. For each type of cells three different media were used (1, 2 and 3) as described in 

Table 1 in Materials and Methods section. Blue: DAPI (4’,6’-diamidino-2-phenylindole). 

Magnifications: 4x (left panels) and 10x (right panels). 

4. Discussion 

In both physiological and pathological conditions, glial cells secrete factors, vesicles and 

scaffolds that promote ECM digestion, resulting in microchannel formation [23,33,34]. These 

microchannels have various functions depending on the anatomical location of the glial cells. In the 

CNS glial cells, microchanneling may enhance new blood vessel formation through extracellular 

signals inducing sprouting or recapitulating vascular mimicry [21]. Microchannels also favor glial 

cell migration and glial cell cytoplasm extensions to form and secrete fibrous like scaffolds. The scars 

that form from the secreted scaffolds limit tissue damage or degeneration. Cytoplasmic extensions 

also allow neural cells and or their axons to “migrate” and form new connections during neural 

regeneration [24,29,33,34]. 

We previously demonstrated that both hypervascularization and vascular mimicry generated in 

high-grade CNS glioma tumors were induced by secretion of glial cell vesicles, factors, and scaffolds 

[23]. Here, beside the CNS oligodendrocytes previously studied, we tested the microchannel forming 

capacity of other human CNS tumor astrocytes and rat normal PNS primary Schwann cells. 

We generated GFP expressing CNS and PNS glial cells to observe their morphologies and 

extracellular structure forming capacities through fluorescence microscopy. The diverse 

morphologies, size and length of cellular projections shown in Figure 1 are likely due to the type glial 

cells (CNS for oligodendrocytes and astrocytes, and PNS for Schwann cells) used in the assays and 

likely to their tissue functions. 

We tested the ability of different glial cells to form microchannels in 3D Matrigel (Figure 2) and 

observed that in addition to our previous results using oligodendrocytes (Figure 2b), astrocytes 

(Figure 2c) and Schwann cells (Figure 2d) showed the capacity to generate 3D microchannels.  

The DAPI staining (Figure 3) allowed to visualize simultaneously 3D structures and  the 

number of cells in the lumen of microchannels. Our results have important clinical implications. Glial 

cell induced microchanneling may allow neural cell migration and formation of new axon 

connections in neural regeneration or promote nutrient and oxygen exchange following injury 

[35,36]. 

The method presented here will allow for isolating and characterizing vesicles free of animal 

(for instance, bovine) factors, normally associated with conventional serum-based culture conditions 
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and identify glial specific factors and vesicle contents using state-the-art RNA sequencing, and 

glycoconjugate and protein characterization technologies. We propose our culture protocols can be 

utilized in future studies to understand how glial cells promote or rescue neural degeneration or 

injury and underly the clinical potential of using enriched human glial cell secreted vesicles free of 

animal products for promoting re-normalization of human pathological conditions. 
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