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Abstract

Although delivery of neural stem cell (NSC) as a therapeutic treatment for intracerebral 

hemorrhage (ICH) provides promise, NSC delivery typically has extremely low survival rates. 

Here, we investigate endothelial cell (EC) and pericyte (PC) interactions with NSC, where our 

results demonstrate that EC, and not PC, promote NSC cell proliferation and reduce cytotoxicity 

under glucose deprivation (GD). Additionally, NSC proliferation was increased upon treatment 

with EC conditioned media, inhibited with antagonism of VEGFR3. In an NSC + EC coculture we 

detected elevated levels of VEGF-C, not seen for NSC cultured alone. Exogenous VEGF-C 

induced NSC upregulation of VEGFR3, promoted proliferation, and reduced cytotoxicity. Finally, 

we delivered microbeads containing NSC + EC into a murine ICH cavity, where VEGF-C was 

increasingly present in the injury site, not seen upon delivery NSC encapsulated alone. These 

studies demonstrate that EC-secreted VEGF-C may promote NSC survival during injury, 

enhancing the potential for cell delivery therapies for stroke.
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1. Introduction

Intracerebral hemorrhagic stroke (ICH) is directly associated with a mortality rate of 

approximately 40–60% one year post event (Flaherty et al., 2006; Sacco et al., 2009). 

Despite the high rate in death following ICH, there has been relatively little research focused 
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on the mechanisms of injury and repair, as compared to research conducted on ischemia. 

ICH survivors are afflicted with broad neurological tissue impairments, making ICH the 

least treatable form of stroke (Chiu et al., 2010). The immediate introduction of blood 

components, including leukocytes, erythrocytes, platelets, and proteins such as thrombin and 

fibrinogen, into the intracerebral space, and subsequent tissue injury induces a neuro-

inflammatory response. Neuroinflammation is directly responsible for the subsequent 

increase in astrocyte abundance in the damaged area, contributing to formation of the glial 

scar (Sukumari-Ramesh et al., 2012). There is potential, however, to harness the endogenous 

mechanisms that promote the reparative process, to facilitate effective therapeutics that limit 

neurological damage and facilitate regenerative repair following ICH.

Stem cell therapies have the potential to replace dead and dying cells following acute stroke 

and restore damaged neural circuitry and inhibit degenerative responses to tissue injury cues 

caused by stroke. Therapeutic intervention can use stem cell delivery as an approach to 

introduce healthy and viable cells to the damaged surrounding tissue in the hemorrhaged 

area. Neural stem cells (NSC) in particular hold promise due to their ability to differentiate 

into functionally specific cells following injury cues (Lindvall and Kokaia, 2010). Despite 

the potential benefits, NSC delivery to the injured brain remains restricted in clinical 

translation due to low rates of cell survival post transplantation (Hicks et al., 2009). Tissue 

engineering strategies could lend solutions to both cell injury during delivery and cell 

survival following implantation.

In healthy brain tissue, NSC within the germinal regions of the adult brain interact closely 

with the vasculature and its cellular components, including endothelial cells (EC) and 

pericytes (PC). The vasculature is critical for providing intrinsic signals and extrinsic cues to 

the NSC within the neurogenic niches (Ottone and Parrinello, 2015). Specifically, NSC 

contact the vasculature directly in the germinal subventricular zone (SVZ), the largest area in 

the adult brain where neurogenesis occurs (Alvarez-Buylla and García-Verdugo, 2002). 

Beyond direct functional signaling of the NSC, vascular proliferation and neurogenesis are 

regulated by many of the same factors. Both neurogenesis and angiogenesis are enhanced 

during injury, and there is upregulation of neurotrophic factors such as brain-derived 

neurotrophic factor (BDNF) and angiogenic factors like vascular endothelial growth factor 

(VEGF) (Jin et al., 2002; Zhang et al., 2014a, 2014b). Interestingly, VEGF-C, the main 

lymphangiogenic factor, activates NSC without inducing vascular proliferation, unlike 

VEGF-A. This difference in VEGF signaling suggests that VEGF-C is an activator of NSC 

in the SVZ and a regulator of neurogenesis in developing and adult brains (Le Bras et al., 

2006; Calvo et al., 2011). VEGFR3, the high affinity receptor of VEGF-C, is expressed in 

NSC. The conditional deletion of VEGFR3 led to a reduction in the number of dividing 

neural cells (Calvo et al., 2011; Han et al., 2015). VEGF-C secretion and VEGFR3 

expression is induced in reactive astrocytes, infiltrated macrophages, and activated microglia 

in a rat ischemic model (Shin et al., 2015), however the role of EC and PC secreted VEGF-C 

on NSC survival has yet to be elucidated.

Here, our objective is to probe the role of vascular secreted VEGF-C in promoting NSC 

survival during injury through NSC VEGFR3 signaling, which remains unknown. We use a 

glucose deprivation model (GD), as opposed to an oxygen-glucose deprivation model 
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(OGD), since glucose has been demonstrated to be the survival limiting factor within the 

classic OGD (Singh et al., 2009). Our results demonstrate that EC, though not PC, promote 

NSC proliferation and reduce cytotoxicity during GD. We also show that NSC proliferation 

is partially restored following GD when NSC are treated with EC conditioned media 

containing EC secreted VEGF-C. Beyond the role of EC secreted VEGF-C, we find that 

exogenous VEGF-C reduces NSC cytotoxicity, enhances proliferation, and increases 

VEGFR3 expression following GD, suggesting a pro-survival role of VEGF-C/VEGFR3. To 

demonstrate application of our in vitro results, we deliver degradable polyethylene glycol 

(PEG) microbeads containing co-encapsulated NSC and EC into the hemorrhagic stroke 

brain. The delivery of co-encapsulated NSC and EC within polymeric microbeads leads to 

increased VEGF-C secretion, not seen for NSC delivered alone. Together, the results of 

these studies suggest a beneficial therapeutic effect of VEGF-C/VEGFR3 signaling in 

response to injury by enhancing NSC survival.

2. Methods

2.1. Cell maintenance

Adherent neural cell line (ANS4) have been characterized by S. Pollard (Pollard et al., 2006) 

to be cultured in serum-free conditions. For tracking in vivo and in vitro co-cultures, GFP 

transfected ANS4s were utilized (NSC-GFP) (Bressan et al., 2017). The commercially 

available immortalized mouse brain endothelial cell line (bEND.3, ATCC) and mouse brain 

vascular pericytes cell line (MBVP, ScienCell) were cultured according to manufacturer’s 

protocol. To deprive cells of glucose, a confluent cell layer was gently washed 3 times in 1X 

PBS and replaced with glucose-free NBM-27 media (Invitrogen) and were maintained at 37 

°C in 5% CO2 atmosphere for 4 or 24 h.

2.2. Cell proliferation and cell cytotoxicity assay

Cell proliferation and cell cytotoxicity were measured using MTT (ThermoFisher) and LDH 

(ThermoFisher) assays, respectively, following the manufacturer’s protocols. NSC, NSC + 

EC, and NSC + PC were cultured in a 96 well plate at a cell-density of 10,000 cells/well. For 

co-cultures, a 1:1 ratio was used and maintained in NSC media. Monolayers were gently 

washed following 24 h of culture, and media was replaced with GD media for 4 and 24 h. 

An MTT stock was prepared at a concentration of 5 mg/ml in PBS and added to each well at 

a concentration of 0.005 mg/ml. Samples were incubated for 2 h and absorbance was read at 

570 nm.

The LDH assay was conducted following the culture of cells as mentioned above for 

baseline and glucose deprived samples, extra wells were cultured for spontaneous LDH and 

maximum LDH assessment. After 4 and 24 h of glucose deprivation, the assay was 

conducted. Sterile ultrapure water and lysis buffers were added to designated wells for 

spontaneous and maximum LDH controls, respectively, and incubated for 45 min. Next, 

samples were transferred to a 96-well plate with added reaction mixture and incubated for 

30 min. After addition of the stop solution, absorbance was measured at 490 and 680 nm.
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2.3. Conditioned media treatment

NSC, EC, PC, and EC + PC were cultured in a 12 well plate at a seeding density of 100,000 

cells/ml in NSC media. After 24 h in culture, conditioned media (CM) was collected from 

EC, PC, and EC + PC, and the NSC monolayers were gently washed 3 times with 1X PBS. 

CM was gently added to the NSC monolayers which were then imaged at 4 and 24 h.

2.4. VEGF-C and VEGFR3 detection

VEGF-C secretion in culture media was detected using a VEGF-C ELISA (NovusBio) 

following the manufacturer’s protocol. In brief, NSC, NSC + EC, and EC media were plated 

at a density of 100,000 cells/ml in 12 well plates in NSC media under baseline or GD. Media 

was collected at 4 and 24 h for both conditions. Following protocol, absorbance was 

immediately measured at 450 nm.

For immunostaining of VEGF-C and VEGFR3, NSC, NSC + EC, and EC were cultured on 

laminin coated coverslips for 24 h. Next, cells either remained at baseline or were glucose 

deprived for 4 h. The cells were fixed with 4% PFA, blocked and permeabilized, and stained 

overnight with rat anti-VEGFR3 (Invitrogen, 1:100) or rabbit anti-VEGF-C (NovusBio, 

1:100), and phalloidin. The following day, respective secondary antibodies were added, and 

cells were imaged using fluorescent microscopy (Leica). VEGFR3 expression was also 

quantified using flow cytometry. Following 4 and 24 h of GD, NSC, NSC from NSC + EC, 

and EC were collected, where NSC in co-culture were detached using Accutase, ensuring 

EC remained adherent to the culture well. The cells were fixed with 4% PFA, blocked and 

permeabilized, and stained overnight. The following day, after secondary incubation, flow 

cytometry was conducted against VEGFR3 (NovusBio, 1:100 and analysis was done using 

FlowJo.

2.5. VEGFR3 antagonism

SAR131675 (Selleckchem) is a VEGFR3 inhibitor with IC50/Ki of 23 nM/12 nM in cell-

free assays, about 50- and 10-fold more selective for VEGFR3 than VEGFR1/2 and has little 

activity against Akt1, CDKs, PLK1, EGFR, IGF-1R, c-Met, and Flt2 (Blanc et al., 2010; 

Alam et al., 2012; Espagnolle et al., 2014). SAR131675 was diluted to a 5 mM 

concentration in DMSO and following incubations at baseline or glucose deprivation, NSC 

VEGFR3 was blocked at a concentration of 50 nM for 24 h.

2.6. Exogenous VEGF-C treatment

Recombinant VEGF-C (Sigma) was reconstituted in 0.1% acetic acid to a concentration of 

0.1 mg/ml. NSC were plated at a density of 100,000 cells/ml in 12 well plates in NSC 

media. Following 24 h of culture, culture media was changed to GD media. After 4 h of GD, 

VEGF-C was added at a concentration of 10 ng/ml. For comparison, NSC were also 

maintained at baseline or maintained under GD for an additional 24 h. All conditions were 

then assessed using an MTT and LDH assay as described above. In addition, NSC were 

collected and VEGFR3 was quantified via flow cytometry as described above.
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2.7. Synthesis of PEGDA and PEG derivatives

Polyethylene glycol diacrylate (PEGDA) was prepared as previously described (Gonzalez et 

al., 2004; Lauridsen et al., 2014; Matta et al., 2019). In order to create bioactive PEG 

derivatives, adhesive peptides and an MMP degradable sequence were conjugated to PEG 

using previously described methods (Matta et al., 2019; Ghuman et al., 2020). The 

fibronectin derived peptide arginine–glycine–aspartic acid-serine (RGDS) and laminin 

derived peptide tyrosine-isoleucine-glycine-serine-arginine (YIGSR) have each 

demonstrated the ability to support cell adhesion of EC and NSC, respectively (Gonzalez et 

al., 2004; Lampe and Heilshorn, 2012). RGDS and YIGSR were reacted with acryloyl-PEG-

N-hydroxysuccinimide Ester (PEG-NHS, 3500 Da) in 50 mM sodium bicarbonate (pH 8.5) 

at a 1:1 (peptide: PEG) molar ratio for 2 h at room temperature, dialyzed, frozen, and 

lyophilized. Degradable constructs were created through the conjugation of the degradable 

sequence glycine-glycine-leucine-glycine-proline-alanine-glycine-glycine-lysine 

(GGLGPAGGK; LGPA) to PEG as previously described (Lee et al., 2007; Matta et al., 

2019), reacting LGPA in sodium bicarbonate at a 1:2 (peptide:PEG) molar ratio for 24 h at 

room temperature. The polymer was then dialyzed, frozen, and lyophilized. Lastly, for 

tracking of microbeads in vivo, a fluorescent tag was conjugated by dissolving PEG-RGDS 

in 0.1 M sodium bicarbonate buffer (pH 8.5) and dissolving Alexa Fluor™ 488 (AF-488) 

NHS Ester (Succinimidyl Ester) (ThermoFisher Scientific) in dimethylsylfoxide (DMSO, 1 

mg/100 μl). AF-488 was added to PEG-RGDS at a 10:1 M ratio of dye to conjugated 

polymer, reacted for 2 h at room temperature, then dialyzed for 24 h, frozen, and 

lyophilized.

2.8. Microbead synthesis

Recently, we created and optimized PEG microbeads, either degradable or non-degradable, 

with or without encapsulated cells (Matta et al., 2019; Ghuman et al., 2020). In brief, we use 

an oil emulsion technique where we combine 25 μl of aqueous pre-gel solution containing 

0.1 g/mL 10 kDa PEGDA, 1.5% (v/v) triethanolamine in 1X Dulbecco’s Phosphate Buffered 

Saline (PBS), 3.4 μl/mL 1-Vinyl-2-pyrrolidinone, 10 μM Eosin Y, and 0.25% (v/v) Pluronic 

to an oil phase, containing 3 μl photoinitiator (300 μg 2, 2-dimethoxy-2-phenyl-

acetophenone/ ml NVP) per ml mineral oil. The phases were then vortexed for 13 s and 

exposed to white light for 3 min. Microbeads were separated from the oil phase through a 

series PBS washes, centrifuging for 5 min at 1200 RPM, decanting mineral oil between 

washes. To add a fluorescent tag to microbeads, 2 mM PEG-RGDS-AF488 was added to the 

pre-gel solution. For cell encapsulated microbeads, 2 mM PEG-YIGSR and 2 mM PEG-

RGDS were added to the aqueous pre-gel solution (Matta et al., 2019; Ghuman et al., 2020). 

NSC and EC pellets were resuspended in pre-gel at a final concentration of 75 × 106 

cells/ml, using NSC:EC at a 1:1 ratio. Next, 25 μl of the pre-gel and cell suspension were 

mixed thoroughly and added to the mineral oil phase as previously mentioned. The polymer 

and cell phase were crosslinked with white light, then separated from the oil phase through 

washes with NSC media and decanting the oil phase. Lastly, microbeads were transferred to 

a well plate and maintained in the incubator for 48 h prior to ICH brain injections.
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2.9. Animals

C57BL/6 mice were purchased from Jackson Laboratories. All mice were bred under 

specific-pathogen-free conditions with a 12-hour light/dark cycle in a temperature-controlled 

environment and ad libitum access to water and food pellets. All experimental protocols 

were conducted in accordance with the NIH guidelines and were approved by the Yale 

Institutional Animal Care and Use Committee.

2.10. Collagenase ICH mouse model and microbeads injection

The mice were anesthetized through 2–5% isoflurane inhalation and ventilated with oxygen-

enriched air (20:80%). To create an ICH lesion, mice were injected with 1 μl of 0.24 U type 

VII collagenase (from Clostridium histolyticum, Sigma-Aldrich) at a rate of 0.2 μl/min into 

the right striatum relative to the bregma: 2.1 mm lateral and 3.5 mm deep. The craniotomy 

was sealed with bone wax, and the scalp was closed with tissue adhesive (3 M Vetbond). 

During the surgery, rectal temperature was maintained at 37.0 ± 0.5 °C throughout the 

experimental and recovery periods (DC Temperature Controller 40–90-8D; FHC Inc.).

After 7, 14, or 28 days of ICH collagenase injection, mice were anesthetized by isoflurane as 

mentioned above. Microbeads were injected at the same injection point, depth and speed as 

mentioned above. Prior to sacrificing mice at 24 or 48 h after microbead injection, 

Brefeldin-A was injected through a tail vein injection for each mouse using previously 

described methods (Foster et al., 2007). In brief, a 0.25 mg/ml solution of Brefeldin-A was 

made, and 100 μl was injected to the tail vein of each mouse using an insulin syringe 6 h 

prior to sacrifice.

2.11. Tissue processing and immunohistochemistry

Mice were transcardially perfused with 20 ml PBS followed by 20 ml 4% PFA. Brains were 

then harvested and post-fixed in 4% PFA overnight at 4 °C. Next, brains were transferred to 

30% sucrose for 48 h and embedded in OCT. Sections were cut at a thickness of 50 μm and 

stored in 30% glycerin prior to imaging.

Sections were rinsed 3 times in PBS and blocked and permeabilized with 5% normal donkey 

serum and 2% Triton X-100 in PBS for 1 h at room temperature. Sections were then 

incubated with the following antibodies at 4 °C overnight: chicken anti-GFP (Abcam, 

1:1000), rabbit Iba-1 (NovusBio, 1:100), and rabbit anti-VEGF-C (NovusBio, 1:100). The 

following day, respective secondary antibodies were added for 2 h at room temperature, 

sections were mounted using Dapi mounting media, and images were taken using a 

fluorescent microscope (Leica).

2.12. Statistics

All statistical analyses were performed using GraphPad Prism software. Significance was 

determined with either a one-way ANOVA with multiple comparisons, or by an unpaired t-
test as appropriate. Data were expressed as mean ± SEM and the differences were 

considered significant at P values of < 0.05.
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3. Results

3.1. EC increase NSC proliferation and decrease NSC cytotoxicity during glucose 
deprivation

EC are known to promote NSC survival, proliferation, and differentiation post 

transplantation into the ischemic injured brain (Nakagomi et al., 2009). Although this pro-

survival effect of EC on NSC has been demonstrated in oxygen-glucose deprivation models, 

it has not been investigated solely in the absence of glucose (Xiong et al., 2013). To 

investigate the role of EC and PC in promoting NSC survival during GD, we cultured NSC, 

NSC + EC, and NSC + PC in a 1:1 ratio, and then deprived samples of glucose for 4 or 24 h. 

NSC cultured alone appear unhealthy and unattached by 24 h, mostly floating or dead (Fig. 

1A), however NSC-GFP in the presence of EC remain adherent to the culture well, in a 

clustered phenotype (Fig. 1A). On the other hand, NSC-GFP in the presence of PC look 

unhealthy, unattached, and fragmented by 24 h (Fig. 1A). We quantified cell proliferation at 

4 and 24 h using an MTT assay (Fig. 1B), which assesses cell metabolic activity and reflects 

the number of viable cells present. After 4 and 24 h, NSC had a significant reduction in 

proliferation (P < 0.0001) compared to NSC baseline control. Interestingly, there was no 

significant difference between NSC + EC after 4 and 24 h of glucose deprivation compared 

to NSC baseline control (P = 0.8588 and P = 0.1740, respectively). In addition, there is a 

significant decrease in proliferation for NSC under glucose deprivation versus NSC + EC 

under glucose deprivation at 4 and 24 h (P = 0.0001 and P < 0.0001, respectively), 

suggesting EC promote NSC survival. In contrast, we see a significant reduction in NSC 

proliferation for NSC + PC at 4 and 24 h (P < 0.0001 and P = 0.0001, respectively). These 

results were supported by the results of an LDH assay, measuring extracellular lactate 

dehydrogenase, to assess cytotoxicity (Fig. 1C). NSC under 4 and 24 h of GD had a 

significant increase in cytotoxicity, as compared to NSC baseline control (P < 0.0001). On 

the other hand, we see no significant difference in cytotoxicity at 4 and 24 h for NSC + EC 

compared to NSC baseline control (P = 0.9067 and P = 0.0655, respectively). There is a 

significant increase in cytotoxicity for NSC under glucose deprivation versus NSC + EC 

under glucose deprivation at 4 and 24 h (P = 0.0009 and P = 0.0013, respectively), 

suggesting EC reduce cytotoxicity. In contrast, NSC cultured with PC, exhibited a 

significant increase in cytotoxicity at both time points, as compared to NSC baseline control 

(P = 0.0007 and P = 0.0009, respectively). We also cultured EC and PC up to 48 h under GD 

and evaluated their cytotoxicity to ensure effects seen were due to NSC, and not EC or PC 

(Figure S1). In total, the results suggest that EC, and not PC, are contributors to NSC 

proliferation and reduced NSC cytotoxicity in response to glucose deprivation.

3.2. VEGF-C secretion is increased in co-cultures of NSC + EC during glucose 
deprivation

VEGFR3 is present in SVZ resident NSC and VEGF-C is synthesized in the lateral ventricle 

walls, suggesting that VEGF-C may stimulate NSC expressing VEGFR3. In addition, 

overexpression of VEGF-C has led to stimulation of NSC VEGFR3, positively impacting 

neurogenesis in the SVZ (Calvo et al., 2011). To investigate the role of EC secreted VEGF-

C, we quantified VEGF-C secretion through an ELISA at 4 and 24 h for NSC, NSC + EC, 

and EC at baseline and GD (Fig. 2A–B). For NSC, there was a slight increase in VEGF-C 

Matta et al. Page 7

Stem Cell Res. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



secretion during GD compared to baseline at 4 h (P = 0.0027), and there is no significant 

change in VEGF-C secretion at 24 h (P = 0.1330). In contrast, NSC + EC had a significant 

increase in VEGF-C expression during GD compared to baseline at both 4 and 24 h (P < 
0.0001 and P = 0.0002, respectively). EC alone had similar VEGF-C secretion during 

baseline and GD at 4 h (P = 0.7898) and an increase at 24 h (P = 0.0010). Since EC VEGF-

C levels are about two-fold higher compared to NSC under GD at 4 and 24 h, and this 

increase is similar for NSC + EC, these data suggest EC are the main secretors of VEGF-C 

during GD.

We conducted immunofluorescent staining to visualize VEGF-C nuclear and cytoplasmic 

localization during baseline and GD at 4 h (Fig. 2C–D). NSC have nuclear staining for 

VEGF-C during both conditions, seen through co-localization of VEGF-C and Dapi. For a 

co-culture of NSC + EC, we distinguish the two cell types by their nuclear size stained with 

Dapi and cell cytoskeleton stained with Phalloidin; NSC, have small nuclei with thin, long 

bodies, and EC have much larger nuclei with large, extended bodies. For reference, an 

example of a typical NSC or EC have been distinguished by arrows (yellow and white, 

respectively). In co-culture, EC have both nuclear and cytoplasmic presence of VEGF-C, 

and this is seen more intensely during GD. This agrees with our ELISA data, suggesting EC 

secrete higher levels of VEGF-C during GD when co-cultured with NSC. We see a similar 

pattern for EC nuclear and cytoplasmic staining for monocultures of EC under GD, further 

supporting our hypothesis that EC secreted VEGF-C both under resting conditions and 

further increased may act upon NSC during GD.

3.3. NSC VEGFR3 expression is increased in Co-Cultures of NSC + EC

VEGF-C stimulates neurogenesis by directly interacting with VEGFR3 on neural cells (Han 

et al., 2015). In addition, deletion of VEGFR3 within NSC negatively impacts neurogenesis 

in the mouse SVZ (Calvo et al., 2011). VEGFR3 is expressed by SVZ NSC, and VEGF-C 

can stimulate mitosis of VEGFR3 expressing SVZ-derived NSC. In fact, SVZ neurogenesis 

is VEGFR3 dependent (Calvo et al., 2011). We quantified cell VEGFR3 expression by flow 

cytometry on NSC, NSC from an NSC + EC co-culture, and EC, during baseline and GD at 

4 and 24 h (Fig 3A–B, Figure S2). Interestingly, we see a significant decrease in VEGFR3 

expression for mono- cultured NSC following 4 h of GD compared to baseline (P < 0.0001), 

which was no longer significant at 24 h (P = 0.0537). This was not the case of NSC cultured 

with EC, where NSC have a significant increase in VEGFR3 expression at both 4- and 24-

hours GD compared to baseline (P = 0.0106 and P < 0.0001, respectively), suggesting that 

NSC VEGFR3 expression increases with prolonged GD exposure. EC, on the other hand, 

expressed VEGFR3 at high levels during baseline, as expected since VEGFR3 is abundant 

on angiogenic blood vessels (Zarkada et al., 2015). EC VEGFR3 expression remained 

unchanged following 4 h of GD, and there was an increase following 24 h of GD compared 

to baseline (P = 0.0038). In total, our results suggest that NSC VEGFR3 expression is 

increased in co-culture with EC, potentially by EC-derived VEGF-C, as shown in Fig. 2.

We conducted immunofluorescent staining to visualize VEGFR3 expression at baseline and 

4 h of GD (Fig. 3C). As above, we differentiate NSC from EC in co-cultures by the presence 

of thin, elongated NSC bodies with small nuclei (indicated with a yellow arrow), as 
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compared to the large, extended EC bodies with much larger nuclei (indicated with a white 

arrow). We can visualize the reduction in NSC VEGFR3 expression following 4 h of GD 

compared to baseline control (Fig 3D), which was unlike NSC VEGFR3 expression when in 

co-culture with EC. Our immunofluorescent staining complements our flow cytometry data, 

confirming the changes in NSC VEGFR3 expression during GD.

3.4. EC conditioned media increases NSC proliferation following glucose deprivation 
when VEGFR3 is not blocked

We have demonstrated that co-culturing with EC, and not PC, has a pro-survival effect on 

NSC following GD, and identified VEGF-C as a potential mediator of survival and 

proliferation. We then investigated directly tested whether soluble factors from EC or PC 

could rescue NSC after GD and support NSC proliferation. We deprived NSC of glucose for 

4 h (Fig. 4A), then recovered NSC in cultured media (CM) from EC, PC, and EC + PC for 

24 h. We see that NSC recovered in EC CM are adherent, and some cells had a clustered 

phenotype, which was in stark contrast to NSC recovered in PC CM, which appear to be 

unhealthy and unattached to the culture well (Fig. 4B). NSC recovered in EC + PC CM 

appear to be partially adherent, and partially unattached (Fig. 4B).

Next, we tested if NSC can no longer respond to pro-survival cues from supporting cells in 

the presence of a VEGFR3 antagonist, SAR131675, at a concentration of 50 nM for 24 h. 

Interestingly, NSC were unhealthy and unattached when recovered in EC CM + VEGFR3 

antagonist (Fig. 4C). This was also apparent for NSC with VEGFR3 antagonists recovered 

in EC + PC CM (Fig. 4C). We then quantified proliferation in this rescue paradigm for the 

different CM conditions by MTT assay. We found a significant increase in NSC proliferation 

for NSC recovered in EC CM as compared to NSC remained under GD (P = < 0.0001), 

which was less significant for NSC recovered in PC CM (P = 0.0220) (Fig. 4D). When 

recovered in EC + PC CM, NSC had a significant increase in proliferation compared to NSC 

remained under GD (P = < 0.0001) (Fig. 4D), suggesting EC are the main contributors of 

soluble factors that have a pro-survival impact on NSC. However, in the presence of the 

VEGFR3 antagonist, there was no significant difference for recovery in EC CM, PC CM, 

and EC + PC CM when compared to NSC remaining under GD (Fig. 4D). This suggests that 

VEGFR3 is crucial for NSC to respond to pro-survival secreted factors, and without 

VEGFR3, NSC proliferation cannot be restored by EC-secreted factors.

3.5. Exogenous VEGF-C treatment promotes NSC proliferation, decreases cytotoxicity, 
and increases VEGFR3 expression during glucose deprivation

Having observed that EC secrete VEGF-C, and VEGF-C was significantly higher for NSC + 

EC under GD compared to baseline, we sought to determine if exogenous VEGF-C 

promotes NSC health during GD independently of EC. We glucose-deprived a monolayer of 

NSC for 4 h, then treated the NSC with exogenous VEGF-C at a concentration of 10 ng/ml, 

maintained for 24 h, or kept the NSC under GD up to 24 h. A NSC monolayer with glucose 

served as our control. NSC under GD treated with VEGF-C remained mostly adherent, 

especially compared to NSC under GD with no treatment, which were fragmented and 

unattached (Fig. 5A). Interestingly, NSC under GD with no treatment had a significant 

reduction in VEGFR3 expression (less than ½ -fold compared to NSC control) (Fig. 5B). On 
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the contrary, NSC under GD with VEGF-C treatment have a significant increase in VEGFR3 

expression compared to NSC control (~1.5-fold), agreeing with our previous results that 

VEGFR3 expression is increased with EC co-culture and the increased EC secretion of 

VEGF-C after GD (Figs. 2 and 3). In addition, we conducted a MTT and LDH assay for cell 

proliferation and cytotoxicity, respectively. We see a sharp drop in NSC proliferation for 

NSC remained under GD compared to NSC control (Fig. 5C). In contrast, NSC under GD 

with VEGF-C treatment had a significant increase in proliferation compared to NSC 

remained under GD (P < 0.0001) (Fig. 5C). Although the addition of VEGF-C does not 

completely return proliferation to levels of NSC control, our results demonstrate that VEGF-

C plays an important role in promoting NSC health following GD. Likewise, our 

cytotoxicity data demonstrates a significant increase in NSC cytotoxicity under GD 

compared to control (P < 0.0001) and compared to NSC under GD treated with VEGF-C (P 
< 0.0001) (Fig. 5D). Although not completely abrogating cell death, there was a slight 

increase in NSC cytotoxicity for NSC under GD treated with VEGF-C (P = 0.0229) as 

compared to control (Fig. 5D).

3.6. NSC + EC encapsulated microbeads lead to greater VEGF-C expression in tissue 
compared to blank microbeads and NSC encapsulated microbeads

Microbeads were created through an dual oil emulsion technique (Figure S3), where 

microbeads have an average diameter of ~ 150 μm and have undergone optimization for 

microbead size, cells/microbead, and the cell ratio of NSC + EC co-encapsulated 

microbeads (Matta et al., 2019). The microbeads are degraded by matrix metalloproteinases, 

allowing release of cells under inflammatory conditions. Recently, we have demonstrated 

that NSC co-encapsulated with EC in polymeric PEG microbeads enhanced NSC viability 

and maintained NSC quiescence compared to NSC encapsulated alone prior to and post 

injection into a non-injury mouse model. In addition, co-encapsulated NSC + EC 

microbeads retained NSC survival and quiescence post-delivery to a non-injury mouse 

model better than NSC encapsulated alone. In addition, the microbeads used to deliver cells 

did not induce an immune response, compared to freely injected cells, ultimately enhancing 

cell viability (Matta et al., 2019).

To further assess the delivery of NSC and NSC + EC in microbeads, we began to deliver cell 

encapsulated microbeads in vivo after intracerebral hemorrhage (ICH) (Taylor et al., 2017). 

After ICH, the brain injury cavity where ideally NSC could help restore function no longer 

has a blood supply. The resulting nutrient deprivation for cells may impede NSC survival. 

First, we began optimizing the injection time points by delivering non-degradable, 

fluorescent microbeads with no encapsulated cells to ensure we were injecting into 

hemorrhage cavity. We found that 30 days post ICH formation, the cavity was no longer 

visible (Figure S4), where the microbead injection causes a cavity through the pressure 

exerted, making this time point unsuitable injections. At 14 days, there is a cavity we can 

target effectively, however microbeads did not degrade, thus we moved to an earlier time 

point to capitalize on inflammation leading to microbead degradation. Finally, we concluded 

that injecting into the cavity 7 days post ICH induction and sacrificing mice 2 days 

following injection allowed for complete degradation of microbeads as well as cell escape 
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from the microbeads, in addition to migration along white matter tracts where the 

hemorrhage commonly extends (Figure S5).

Mice were injected with Brefeldin-A prior to sacrificing animals for processing to maintain 

cellular localization of secreted factors for immunofluorescent assessment. Brain sections 

were stained for VEGF-C to assess VEGF-C production by endogenous and exogenous cells 

in the hemorrhage cavity as well as the tissue surrounding the injury, where the hemorrhage 

area and injection site is indicated by a white arrow. Degradable microbead constructs with 

no cells result in little to no VEGF-C secretion surrounding the microbeads or hemorrhage 

cavity (Fig 6A), as expected, since PEG is known to be an inert material. When NSC were 

injected alone, there was slight VEGF-C secretion around the injection area (Fig. 6B), where 

most NSC-GFP+ cells do not express VEGF-C. In addition, there was faint secretion for 

VEGF-C in the injection area or in the surrounding damaged tissue. However, NSC + EC 

co-encapsulated microbeads produce high VEGF-C secretion in cells surrounding the 

microbead constructs, as well as along the injection tract (Fig. 6B). Here, we see many 

VEGF-C+ cells, unlike when NSC are encapsulated alone, and cells in the injection area as 

well as throughout the damaged tissue are VEGF-C+. This suggests that both in vitro and in 
vivo, NSC + EC together provide a VEGF-C rich environment in response to injury.

4. Discussion

Stroke is among the leading causes of death and disability worldwide, partly due to the lack 

of effective therapies that facilitate the recovery of damaged brain tissue (Mozaffarian et al., 

2016). In particular, ICH leads to an extremely high mortality rate and inflammatory 

responses may persist for weeks, leading to an inhabitable environment for NSC (Taylor and 

Sansing, 2013; Askenase and Sansing, 2016). Stem cell therapies used to treat neurological 

diseases are promising, owing to their innate ability to enhance endogenous repair 

mechanisms and promote functional recovery. Stem cell therapy has been investigated for 

the treatment of ICH and has shown promising results (Gao et al., 2018). However, there are 

extremely low levels of transplanted cell survival within the inflamed, cytotoxic brain (Smith 

et al., 2012).

A successful cell delivery strategy can build upon the interactions between NSC and 

vascular cells to enhance NSC survival in vivo, recovering the abundance and differentiation 

of neurons in the damaged tissue. During injury, NSC from the SVZ, containing the largest 

pool of proliferating NSC in the adult brain, become activated. NSC directly interact with 

EC and PC, and studies highlight the interaction between NSC and the vasculature 

(Nakagomi et al., 2009; Ruan et al., 2015; Azevedo et al., 2017). The molecular mechanisms 

by which EC and PC impact NSC at homeostasis and during stroke are incompletely 

described (Park et al., 2002; Lin et al., 2015; Marlier et al., 2015). Diffusible secreted signals 

from vasculature, specifically EC, are known to increase survival, proliferation, 

differentiation, and migration of NSC in vitro using an OGD model and in vivo during 

ischemia (Carmichael 2006, Girouard and Iadecola 2006). Here, we investigate the role that 

VEGF-C plays in NSC survival during GD, which has been speculated to be responsible for 

NSC transitioning into neuroblasts (Calvo et al., 2011; Han et al., 2015).
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We demonstrate that NSC cell contact with EC, but not PC, significantly enhanced NSC 

proliferation and reduced NSC cytotoxicity during GD. Through our CM studies, we 

conclude EC CM can significantly enhance NSC proliferation in response to GD as 

compared to NSC under GD. For NSC with a VEGFR3 antagonist, this proliferation 

enhancement was diminished, heightening the necessity for VEGFR3. Interestingly, we see 

that co-cultures of NSC + EC under GD have significantly higher levels of VEGF-C than 

NSC under GD, where EC alone have the highest secreted levels, suggesting EC are the 

main contributors to VEGF-C secretion during GD. Along with elevated VEGF-C in co-

cultures, we see NSC from NSC + EC co-cultures have significantly higher levels of 

VEGFR3 during GD, suggesting the correlation of elevated VEGF-C with increased 

VEGFR3 expression because of the chemokine’s availability. These data demonstrate the 

positive effect of VEGF-C/VEGFR3 during GD and encourage the usage of this cytokine for 

therapeutic exploration.

Due to NSC dependence on vascular cells for appropriate response during health and 

disease, a co-transplantation of NSC with a native SVZ cell type may be key to overcoming 

limitations of NSC survival and early differentiation seen when NSC are transplanted alone. 

To address the challenges of cell damage during delivery and introduction into an injured 

and hostile microenvironment, we recently demonstrated that the co-encapsulation of NSC + 

EC in PEG microbeads promoted NSC quiescence prior to and post-delivery into a non-

injury model, enabling NSC protection during delivery and escape from the microbeads only 

upon appropriate placement of the beads into the region of interest (Matta et al., 2019). In 

addition, PEG, known as an inert material, reduced inflammatory response compared to 

freely injected cells, suggesting these biomimetic units can be used to promote NSC 

survival, maintain NSC quiescence prior to injection and reduce inflammation that can 

inhibit NSC survival upon transplantation (Matta et al., 2019).

In the current study, we inject cell-encapsulated microbeads to an ICH cavity, rather than a 

non-injury model, to further validate the efficacy of our delivery system to another injury 

model. Here, we demonstrate that following 7 days of hemorrhage induction, the cavity was 

activated enough to degrade our MMP-degradable microbeads and allow for cell escape. 

Using a Brefeldin-A injection to allow for intracellular cytokine visualization, our results 

show that NSC + EC encapsulated microbeads lead to a more prominent VEGF-C secretion 

in the ICH cavity and tissue surrounding the cavity as compared to NSC encapsulated alone 

or microbeads with no cells. This provides further evidence that VEGF-C is produced by a 

co-culture of NSC + EC in response to injury as compared to NSC, agreeing with out in 

vitro findings. It has been demonstrated that stereotaxic injection of VEGF-C to the rodent 

brain resulted in an increase in the number of proliferation neural cells, suggesting VEGF-C 

can increase neurogenesis. Therefore, the co-delivery of NSC + EC may promote NSC 

survival and proliferation by providing greater access to secreted VEGF-C.

In summary, we have demonstrated that VEGF-C/VEGFR3 could promote NSC survival in 

a milieu with compromised nutrient availability such as an injured brain. To our advantage, 

EC secrete elevated levels of VEGF-C, and NSC VEGFR3 was elevated in response to cell 

contact with EC and in the presence of VEGF-C. There are other pro-survival factors which 

can also aid this response, many of which have been attributed to enhanced NSC survival. 
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These include insulin-growth factor-1 (IGF-1) and BDNF, which have demonstrated 

promising results as acute therapies. These have been administered effectively after 30 and 

15 min post MCAO, respectively, and the growth factors led to a reduction in infarct volume 

(Greenberg and Jin 2006). In addition, a metabolic switch may play a role in allowing NSC 

to proliferate in an injury-state. It has been demonstrated that NSC survive with lactate in a 

glucose-free environment (Wohnsland et al., 2010). Interestingly, EC secrete lactate during 

ischemia (Zhang et al., 2020), so there may be a potential link between EC promoting a 

metabolic switch for NSC under GD that promotes survival. Nonetheless, the effect of 

VEGF-C was pronounced on NSC proliferation, reduction of cytotoxicity, and enhancement 

of NSC VEGFR3 expression. Future studies will be needed to determine the effects of NSC 

and EC co-transplantation on NSC differentiation, neurogenesis, and functional recovery in 

the rodent model. In total, the findings suggest that EC-derived VEGF-C aids in NSC 

survival and proliferation within injured tissue and should be investigated further as potential 

therapeutic to augment local stem cell therapies.
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Abbreviations:

BDNF Brain-derived neurotrophic factor

CM Conditioned media

EC Endothelial cell

GD Glucose deprivation

ICH Intracerebral hemorrhage

NSC Neural stem cell

OGD Oxygen glucose deprivation

PBS Phosphate Buffered Saline

PC Pericyte

PEG Polyethylene glycol

PEGDA Polyethylene glycol diaciylate

SVZ Subventricular zone

VEGF Vascular endothelial growth factor
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VEGFR3 Vascular endothelial growth factor receptor 3.
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Fig. 1. 
EC increase NSC proliferation and decrease NSC cytotoxicity during glucose deprivation. 

A) NSC, NSC + EC, and NSC + PC at baseline (left column), 4 h of glucose deprivation 

(middle column) and 24 h of glucose deprivation (right column), using NSC with a GFP tag 

in co-cultures. Scale bar (100 μm representative of all images. B) Cell proliferation for NSC 

baseline control and NSC, NSC + EC, and NSC + PC under GD at 4 h (left) and 24 h (right). 

C) Cell cytotoxicity for NSC baseline control and NSC, NSC + EC, and NSC + PC under 

GD at 4 h (left) and 24 h (right). Data are represented as mean ± SEM; n = 3.

Matta et al. Page 17

Stem Cell Res. Author manuscript; available in PMC 2021 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
VEGF-C secretion is increased in co-cultures of NSC + EC during glucose deprivation. A) 

VEGF-C secreted levels for NSC, NSC + EC, and EC at 4 h under baseline and GD and B) 

at 24 h under baseline and GD. C) Immunofluorescent images for NSC, NSC + EC, and EC 

at 4 h under C) baseline and D) GD, staining against VEGF-C (red), Dapi (blue), and 

Phalloidin (green). Scale bar (50 μm) representative of all images. Data are represented as 

mean ± SEM; n = 3.
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Fig. 3. 
VEGFR3 expression is increased in co-cultures of NSC + EC during glucose deprivation. A) 

VEGFR3 expression for NSC, NSC from NSC + EC, and EC at 4 h under baseline and GD 

and B) at 24 h under baseline and GD. C) Immunofluorescent images for NSC, NSC + EC, 

and EC at 4 h under C) baseline and D) GD, staining against VEGFR3 (red), Dapi (blue), 

and Phalloidin (green). Scale bar (50 μm) representative of all images. Data are represented 

as mean ± SEM; n = 3.
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Fig. 4. 
EC conditioned media (CM) increases NSC proliferation following glucose deprivation with 

VEGFR3 antagonist. A) NSC under 4 h of GD, B) recovered in EC, PC, and EC + PC CM. 

C) NSC with VEGFR3 antagonist SAR131675, at a concentration of 50 nM for 24 h, 

recovered in EC, PC, and EC + PC CM. D) NSC proliferation for baseline control and GD, 

NSC recovered in EC, PC, and EC + PC CM, and NSC with VEGFR3 antagonist recovered 

in EC, PC, and EC + PC CM. Scale bar (100 μm) representative of all images. Data are 

represented as mean ± SEM; n = 3.
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Fig. 5. 
Exogenous treatment with VEGF-C increases VEGFR3 expression, promotes NSC 

proliferation, and decreases cytotoxicity. A) Brightfield images of NSC control, NSC under 

GD for 24 h, and NSC under GD for 4 h then treated with VEGF-C at a concentration of 10 

ng/ml for 24 h. B) VEGFR3 quantification, C) NSC proliferation, and D) NSC cytotoxicity 

for NSC control, NSC under GD for 24 h, and NSC under GD for 4 h then treated with 

VEGF-C for 24 h. Scale bar (100 μm) representative of all images. Data are represented as 

mean ± SEM; n = 3.
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Fig. 6. 
NSC + EC encapsulated microbeads led to VEGF-C secretion in tissue A) ICH brain 

sections with implanted degradable green microbeads containing no cells, staining against 

VEGF-C (red), microbeads (green), and Dapi (blue). B) ICH brain sections with implanted 

degradable microbeads containing encapsulated NSC-GFP and C) co-encapsulated NSC-

GFP and EC, staining against VEGF-C (red), NSC-GFP (green), and Dapi (blue). Scale bar 

(50 μm) representative of all images. N = 2–3 per condition.
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