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Chapter 1: The Formation and Dynamics of 

Capillary-Like Networks in Three-

Dimensional Cortical Spheroids 
 
 

1.1 Abstract 
 

Central nervous system disease pathologies are poorly understood in part due 

to the inability of animal and in vitro models to recapitulate their complexity. 

It is therefore crucial to develop three-dimensional in vitro models of the 

central nervous system in which cells demonstrate more in-vivo-like gene and 

protein expression relative to traditional 2D culture. We previously described 

a primary cortical spheroid model that enables the in vitro study of in vivo-

relevant characteristics, such as cell density, cell composition complexity, 

neuronal electrophysiology, tissue stiffness, and dimensionality. Importantly, 

cortical endothelial cells spontaneously assemble into capillary-like network 

structures within cortical spheroids, allowing for the study of the 

neurovasculature. Immunohistochemistry revealed that capillary-like 

networks are surrounded by basement membrane proteins and interact with 

relevant neural cell types. The networks are dynamic and change structure 

over the course of their lifetime, responding to the introduction of other cell 

types. This model provides a 3D scaffold-free environment to study 

interactions between the complex cells of the neurovascular unit in an in 

vitro setting. Additionally, the dysfunction of the neurovasculature in central 
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nervous system diseases makes this model applicable to investigating the 

vasculature in both healthy and diseased states. 

 

1.2 Introduction 
 

Diseases, disorders, and injuries of the central nervous system (CNS) are 

extremely prevalent and affect cognitive thinking, behavior, motility, and 

personality before ultimately resulting in death. The complex biological 

mechanisms involved in CNS disease pathologies are not well understood, 

resulting in slow development of new therapeutics. Also contributing to the 

prolonged nature of neuroscience therapeutic development is the inability of 

animal and in vitro models to recapitulate CNS diseases. Therefore, there is a 

need to create accurate in vitro models of the CNS in order to study 

pathologies and potential therapeutics (Hopkins, 2015). Engineering an in 

vitro model of the CNS is difficult due to the complex and intertwining 

arrangement of neurons, glia, neurovascular, and other involved cells. 

(Baker, 2012; Hopkins, 2015). In vivo cellular, biochemical, mechanical, and 

topographical cues create a microenvironment that influences critical cell 

behaviors such as viability, proliferation, differentiation, migration, and gene 

expression (Balgude, 2001; Bruder 2007; Li, 2007). However, traditional 2D 

cell culture models lack many of these environmental cues. The cells are 

cultured on surfaces that are orders of magnitude stiffer than in vivo, 

influencing cell behavior (Georges, 2006; Pampaloni, 2007). In addition, cells 

cultured in 2D take on a planar morphology without a three-dimensional 
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extracellular matrix (ECM) organization (Georges, 2006). These limitations 

aforementioned of traditional 2D cell culture models have spurred the 

creation of more comprehensive 3D in vitro models of the CNS. 

 

3D in vitro models bridge the gap between traditional cultures and in vivo 

models as they provide an in vivo-like microenvironment while still being a 

tailorable experimental platform (Hopkins, 2015; Pampaloni, 2007). 3D in 

vitro models are created either with or without scaffolds. 3D models with 

scaffolds use artificial matrices to suspend the cells (Cullen, 2007; Irons, 

2008; O’Shaughnessy, 2003). Scaffold-free techniques include self-assembly, 

in which the cells produce their own ECM (Choi, 2013; Kato-Negishi, 2013). 

Recent studies suggest that 3D self-assembled neural cultures approximate 

in vivo-like cell behavior better than 2D or scaffold-based 3D cell cultures 

(Fennema, 2013; Lin, 2008). 

 

Our lab has used a technique to generate 3D scaffold-free spheroids from 

primary postnatal rat cortical cells that are reproducible in size and 

characteristics. This spheroid model enables the in vitro study of in vivo-

relevant characteristics, such as cell density, cell composition complexity, 

neuronal electrophysiology, tissue stiffness, and dimensionality (Dingle, 

2015). In addition, our spheroids contain endothelial cells that spontaneously 

form networks without exogenously introduced vasculogenic growth factors 
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surrounded by a laminin, collagen type IV, and fibronectin ECM. These 

capillary-like networks were seen to form lumens and tight junctions. 

(Boutin, 2017).  

 

The presence of capillary-like networks (CLNs) in our cortical spheroids 

allows for the study of the neurovasculature. Neurovascular dysfunction is 

linked to many CNS diseases – namely, stroke, traumatic brain injury, and 

Alzheimer’s Disease – which, makes the understanding of the 

neurovasculature and its dysfunction essential for the development of 

therapeutics.  

 

The neurovasculature in the CNS includes the blood-brain barrier (BBB), a 

highly selective permeable membrane that separates the circulating blood 

from the CNS (Daneman, 2010). It functions as a physical barrier, transport 

barrier, and metabolic barrier to provide a stable fluid microenvironment 

that is critical for complex neural function and protects the CNS from 

chemical insult and damage (Abbott, 2010). The BBB is a complex 

microvascular system composed of different specialized cell types including 

endothelial cells, pericytes, and astrocytes. Together with the neurons, these 

three cell types form what is termed the neurovascular unit (Urich, 2013). 

The basement membrane of the BBB mostly is made up of structural proteins 
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such as collagen type IV, laminin, and fibronectin, and also contains cell 

adhesion molecules and immobilized signaling proteins (Obermeier, 2013).  

 

The selectivity of the BBB is maintained by the specialized endothelial cells 

(ECs) that form the lumen of the capillaries (Abbott, 2010). Endothelial cells 

in the brain are distinct from ECs found throughout the majority of the body 

due to their restrictive properties (Calabria, 2008). First, elaborate tight 

junctions stitch adjacent endothelial cells together and prevent soluble blood-

borne materials from crossing between the cells. Second, CNS endothelial 

cells have extremely low rates of transcytosis compared to endothelial cells in 

other organs (Hagan, 2015). Together, this limits movement of molecules 

through the BBB and makes molecular transport dependent on specific 

transporters. 

 

The unique properties of the CNS ECs are not intrinsic but rather induced by 

other neural cells (Daneman, 2010). Pericytes ensheath the abluminal 

surfaces of cerebral vessel walls including those of capillaries, precapillary 

arterioles and postcapillary venules (Obermeier, 2013) They form direct 

contacts with the endothelium through N-cadherin and connexins, allowing 

exchanges of ions, metabolites, second messengers, and ribonucleic acids 

between the two cell types (Zhao, 2015). Pericytes are necessary for the 

formation and integrity maintenance of the BBB (Daneman, 2010; Eichmann, 
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2013; Engelhart, 2003; Obermeier, 2013; Vallon, 2014). Roles played by the 

pericytes include aiding the formation of tight junctions, aiding in 

angiogenesis and microvascular stability, regulating vesicle trafficking and 

gene expression patterns in the ECs, and regulating capillary diameter and 

blood flow (Daneman, 2010; Girouard, 2006; Hagan, 2015, Urich, 2013; Zhao, 

2015). 

 

Astrocytes and their precursors have also been implicated in the induction of 

BBB properties (Engelhart, 2003). The astrocyte is a CNS specific glial cell 

type that wraps its distal processes, or astrocytic endfeet, around the outer 

surface of the capillaries (Hagan, 2015). The endfeet are highly polarized and 

rich in the water channel aquaporin-4 that regulates electrolyte and water 

balance (Obermeier, 2013; Prakash, 2015). Co-culture models have shown 

that compared with ECs cultured alone, ECs co-cultured with astrocytes 

exhibit improved barrier functions (Obermeier, 2013; Prakash, 2015). 

 

The development of the BBB is a multistep process that begins with 

angiogenesis when preexisting vessels sprout into the embryonic 

neuroectoderm and give rise to new vessels (Obermeier, 2013). Vessels 

elongate, produce manifold branches and finally anastomose with adjacent 

sprouts to form a plexus of undifferentiated capillaries in the ventricular zone 

of the developing brain (Engelhart, 2003). The Wnt signaling pathway is 
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activated in CNS ECs during embryogenesis and has been identified as an 

essential regulator of developmental CNS angiogenesis and BBB formation 

(Obermeier, 2013; Vallon, 2014). Activation of Wnt signaling leads to the 

induction of genes critical for the BBB formation, such as glucose transporter 

Glut1 and death receptors DR6 and TROY (Zhao, 2015). It is debatable 

whether humans and/or other mammals are born with a fully functional BBB 

(Zhao, 2015) or if many of the characteristics of the BBB transport 

mechanisms continue to mature in the peri- and post-natal periods (Abbott, 

2010). Barrier maturation is regulated by the Hedgehog pathway (Obermeier, 

2013). A study of cerebral microvascular plasticity in mice found large-scale 

sprouting and pruning of microvessels in the first post-natal month. In the 

adult brain, the net number of vessels had stabilized although there was 

some vessel formation and elimination throughout life (Harb, 2013). 

 

There are a variety of ways in which researchers have modeled the BBB in 

vitro. 2D in vitro BBB models are suboptimal because the brain endothelial 

cells dedifferentiate spontaneously and lose BBB properties. A common 2D in 

vitro model is a monolayer of brain endothelial cells grown on a porous 

membrane, effectively dividing the culture chamber into two compartments 

representing the blood and brain (Calabria, 2008). Meanwhile, 3D models are 

able to provide the three-dimensional cellular organization required for 

proper cellular differentiation (Urich, 2013). The most widely used systems 
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for culturing endothelial cells in 3D are Matrigel, collagen gels, or mixed 

ECM gels where the endothelial cells grow and differentiate to form loose 

network-like structures (Kunz-Schughart, 2005). Several in vitro BBB models 

co-culture cerebral brain endothelial cells with primary glial cells to mimic 

the in vivo BBB microenvironment (Engelhart, 2003). A study in 2013 used a 

3D spheroid culture to model the BBB by co-culturing primary brain 

endothelial cells, primary pericytes, and primary astrocytes, and allowing 

them to spontaneously self-organize into a spheroid structure that 

recapitulates the complex arrangement of the individual cell types in the 

BBB structure (Urich, 2013). However, this model does not fully recapitulate 

the neurovascular unit as it does not include neurons.  

 

In the present study, our goal was to further characterize the structure and 

dynamics of self-assembling capillary-like networks in cortical spheroids. The 

spheroids contain many neural cell types including neurons, astrocytes, 

neural stem cells, microglia, and oligodendrocytes as well as the endothelial 

cells composing the networks. Capillary-like networks are surrounded by 

basement membrane proteins, and interact with relevant neural cell types. 

The networks are dynamic and change their structure over the course of their 

lifetime and respond to the introduction of other cell types. This model 

provides a 3D scaffold-free environment to study interactions between the 

complex cells of the neurovascular unit in an in vitro setting.  
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1.3 Methods 
 

1.3.1 Cell culture 

Cortical Cells 

Primary cortical tissues were dissected from postnatal day 1-3 rats. The cell 

isolation protocol was modified from BrainBits, LLC. Tissues were cut into 

small pieces and digested in papain solution (2 mg/mL of papain in Hibernate 

A without calcium) for 30 min at 30ᵒC. Papain solution was removed and 

replaced with a Hibernate A buffer solution (Hibernate A supplemented with 

0.5 mM Glutamax and 1x B27 growth supplement). The tissues were 

triturated with a fire polished pasteur pipette and centrifuged at 150 xg for 5 

min. The supernatant was removed, the cell pellet was re-suspended in 

Neurobasal A media, and the cell solution was passed through a 40 µm cell 

strainer to remove debris. The cell solution was once again centrifuged at 150 

xg for 5 min, re-suspended in Neurobasal A media, and strained. Cell 

viability was determined at the time of isolation by a trypan blue exclusion 

assay. Finally, cells were seeded directly into 3D microtissues or onto cell 

culture plates coated with poly-d-lysine. Cortical neurons were maintained in 

Neurobasal-A media with 1% penicillin/streptomycin, 0.5 mM Glutamax, and 

1x B27 growth supplement with media changes every 3-4 days. 

Fibroblasts 

NIH 3T3 cells were cultured in Dulbecco's Modified Eagle's Medium with 1% 

penicillin/streptomycin and 10% fetal bovine serum. Cell media was changed 

every 3-4 days. 
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1.3.2 3D self-assembled spheroid fabrication 

Scaffold-free microtissue spheres were made using agarose gels with 96 

spherical microwells. 2% molten agarose was poured onto the spheroid 

micromold with 400 µm diameter round pegs from Microtissues, Inc. This 

resulted in agarose gels with round-bottomed microwells. Agarose gels were 

equilibrated in cell culture media with three media changes over 48 hours. 

Cell solution containing the appropriate number of cells was centrifuged and 

re-suspended in media. The media from the agarose gels was aspirated, and 

75 µL of the cell solution was seeded in the agarose gels. Cells were allowed 

to settle into the microwells for 45 min, and 1 mL of media was added. 

 

1.3.3 Whole spheroid immunostaining and optical clearing 

Spheroids were fixed in 4% v/v paraformaldehyde and 8% w/v sucrose in 

phosphate-buffered saline (PBS) overnight, followed by three 30 min PBS 

washes. All of the following steps were performed on a shaker at room 

temperature. Spheroids were permeabilized and blocked with 10% normal 

goat serum, 4% bovine serum albumin, and 1% Triton X-100 in PBS for 2 

hours, and subsequently incubated in primary antibody diluted in blocking 

solution overnight. The following day, the spheroids underwent two 2 hour 

washes in 0.2% Triton X-100 in PBS followed by 2 hour blocking in blocking 

solution. Spheroids were incubated in secondary antibody diluted in blocking 

solution overnight. The following day, the spheroids underwent three 30 min 
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washes in 0.2% Triton X-100 in PBS and incubated in 1µg/mL of 4’,6-

diamidino-2-phenylindole (DAPI) in PBT for 1 hr and returned to PBS.  

 

The ClearT2 solutions and protocol were used for optical clearing (Boutin, 

2014). Briefly, spheres were incubated in: 1) 25% formamide/10% poly-

ethylene glycol (PEG) for 10 min, 2) 50% formamide/20% PEG for 5 min, and 

3) 50% formamide/20% PEG for 60 min. Spheroids were kept in final clearing 

solution and transferred to glass-bottom confocal dishes for imaging on 

a Zeiss LSM 510 Meta Confocal Laser Scanning Microscope.  

 

1.3.4 Spheroids cryosectioning and immunostaining 

Spheroids were fixed in 4% v/v paraformaldehyde and 8% w/v sucrose in 

phosphate-buffered saline (PBS) overnight, followed by three 30 min PBS 

washes. Whole agarose gels with fixed spheroids were incubated in 15% 

wt/vol sucrose in PBS for 3 hours, followed by 3 hours in 30% wt/vol sucrose 

in PBS. Agarose gels were then blotted dry and embedded in O.C.T. 

compound. Blocks were stored at -80ᵒC until cryosectioning on a Leica 

CM3050 S Cryostat. Sections were cut at a thickness of 8 µm onto SuperFrost 

Plus slides.  

 

Sections were then fixed in 4% vol/vol paraformaldehyde with 8% wt/vol 

sucrose in PBS for 10 min and washed twice with PBS. Sections were 

permeabilized with PBT for 15 min, washed twice with PBS, and blocked 
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with 10% normal goat serum, 4% bovine serum albumin, and 1% Triton X-

100 in PBS for 1 hour. Sections were incubated overnight at 4°C in a 

humidified chamber with primary antibody diluted in PBS. Sections 

underwent two 30 min washes in PBT, followed by a 30 min wash in PBS. 

Sections were incubated in secondary antibody diluted in blocking solution 

for 1 hour at room temperature and subsequently washed two times in PBT 

for 10 min each. DAPI counterstaining was performed for 10 min, followed by 

two PBS washes. Sections were mounted with Fluoromount-G and imaged on 

a Zeiss LSM 510 Meta Confocal Laser Scanning Microscope. 

 

Antibody Dilution Company Catalog # 

Primary Antibodies   

Rabbit polyclonal anti-laminin 1:100 BTI BT-594 

Rabbit polyclonal anti-vWF 1:50 Dako A0082 

Chicken polyclonal anti-GFAP 1:500 Dako Z0334 

Mouse monoclonal anti-pan 

Cadherin 

1:50 Abcam ab6528 

Secondary Antibodies   

Cy3 goat anti-rabbit 1:500 

(sections) 

1:200 

(spheroids) 

Jackson 111-165-144 

Alexa Fluor 488 goat anti-mouse 1:500 Jackson 115-545-146 

Alexa Fluor 633 goat anti-

chicken 

1:200 ThermoFischer A-21103 

Alexa Fluor 647 goat anti-rabbit 1:200 Jackson 111-605-144 

 

 

1.3.5 Cortical and fibroblast spheroid fusion  

Dissociated cortical cells and fibroblasts were labelled with CellTracker Red 

or Green respectively prior to being seeded into spheroids. CellTracker dyes 

of 10 mM in DMSO were diluted in cell media to a final concentration of 2.5 
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µM. Cells were incubated in the dye for 20 min at 37ᵒC. The cells were 

centrifuged, the dye was removed, and the cells were rinsed in fresh media 

for 10 min at room temperature. Cortical cells were stained with CellTracker 

Red and seeded into 8,000 cell spheroids. NIH 3T3 fibroblasts were stained 

with CellTracker Green and seeded into 3,000 cell spheroids. Day 3 cortical 

spheroids and Day 2 fibroblast spheroids were fused by inverting one gel on 

top of the other and centrifuging for 1 min at 150G to pull the spheroids into 

the lower wells. The fused spheroids were maintained in complete cortical 

media, live imaged daily, and fixed after 2 or 4 days. Samples were stained 

for laminin and imaged using confocal microscopy.  

 

1.4 Results 
 

1.4.1 Capillary-like networks interacted with relevant 

neural cell types 

Cortical tissue of postnatal day 1-2 rat pups was dissected, dissociated, and 

the cells were seeded into non-adhesive microwells, which promoted cellular 

self-assembly into 3D scaffold-free spheroids. Cultures were maintained in 

neuronal growth medium containing the neuronal supplement B27, which 

does not contain vasculogenic growth factors. As previously described, the 

cortical spheroids contained endothelial cells that spontaneously formed 

networks surrounded by ECM proteins. These capillary-like networks were 

seen to form lumens and tight junctions. (Boutin, 2017). 
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The neurovascular environment in the brain is complex and requires diverse 

cell types to form the blood-brain barrier (Obermeier, 2013). As previously 

described, cortical spheroids contain these diverse cell types, including 

neurons, astrocytes, oligodendrocytes, neural progenitor cells, and microglia 

(Dingle, 2015). Yet in order to effectively model the complexity of the 

neurovascular environment, an in vitro model must have interactions 

between these neural cell types.  

 

Glial fibrillary acidic protein (GFAP)-positive astrocytes, which in vivo extend 

endfeet around mature neurovasculature, were present in the cortical 

spheroids and formed extensions adjacent to capillary-like networks. 

Additionally, cadherin adherens junction proteins were present, showing cell-

cell adhesion and suggesting the formation of functional interactions (Figure 

1.1) (Halbleib, 2006).  

 
Figure 1.1 Single z-slice image of cryosection stained for DAPI (blue, arrowhead highlights 

elongated nucleus), vWF (red), GFAP (white, arrow highlights extension adjacent to 

network), and pan-cadherin (green). Scale bar, 20µm 
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1.4.2 Capillary-like networks are dynamic structures that 

developed over time 

To observe the development of capillary-like networks, 

immunohistochemistry for laminin (Ln) was performed. Ln is a well-

established biomarker for neural vasculature (Hutter-Schmid, 2015). After 1 

DIV (day in vitro) in culture, dense, disconnected, Ln-positive nodules were 

observed throughout the spheroid (Figure 1.2). At 3 DIV, dense foci were less 

common and were replaced by extended Ln-positive tubular structures, 

typically found within the spheroid center. To estimate the frequency with 

which these networks formed, approximately 140 spheroids were examined 

per time point for three independent experiments. The number of spheroids 

with Ln-positive network structures, out of total spheroids counted, was 70% 

at 3 DIV (Figure 1.3).  Network structures decreased in both size and 

frequency until they were absent in 14 and 21 day-old spheroids. Instead of 

tubular network structures, 14 and 21 day-old spheroids had single, dense 

Ln-positive nodules in the center of the spheroid (Figure 1.2). 
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Figure 1.3 Graph of percent of spheroids with capillary-like networks for three independent 

experiments. Horizontal line depicts mean for each time point. 

 

1.4.3 Endothelial cells composing the CLNs migrated 

toward added fibroblasts 

In order to better understand the environmental factors that contribute to 

capillary-like network formation and breakdown, NIH 3T3 fibroblast 

spheroids were fused with cortical spheroids. Endothelial cells are often co-

cultured with fibroblasts in spheroids in in vitro models of angiogenesis. 

(Eckermann, 2011; Kunz-Schughart, 2005).  

 

Fused cortical-NIH 3T3 spheroids integrated after 2 days, retaining a clear 

interfacial border. After 3 days, the CTgreen labeled NIH 3T3 spheroid began 

to lose its spheroid shape and integrate with the CTred labeled cortical 
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spheroid (Figure 1.4). Cell tracker staining of the cortical cells was unable to 

distinguish individual cortical cells. Shortening the experiment length by  

fusing the spheroids for 2 fewer days in order to reduce loss of the fluorescent 

label did little to improve the cortical labeling. 

Diffuse Ln staining was observed throughout the fused spheroids, with 

increased Ln staining in the NIH 3T3 region. No Ln-labeled CLNs were 

observed within the cortical region. However, network structures were 

observed within NIH 3T3 regions. These structures were recognized by the 

presence of elongated nuclei within the NIH 3T3 microtissue region that were 

bordered by increased Ln staining (Figure 1.5). The elongated nuclei 

appeared to be CTgreen-negative however the poor CTred labeling did not 

allow us to confirm that they were CTred-positive cells. We hypothesize that 

these cells represent cortical ECs that have migrated into the NIH 3T3 

spheroid region. 
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Figure 1.4 Epifluorescent images of postnatal rat cortical spheroid (CellTracker Red) fusing 

with NIH 3T3 spheroid (CellTracker Green) over the course of four days. Scale bar, 200µm 

 

 
Figure 1.5 Confocal z-stack projection of postnatal rat cortical spheroid labeled with 

CellTracker Red, co-cultured with NIH 3T3 spheroid labeled with CellTracker Green. Ln, 

pink (arrow highlights network structure). Dashed box encloses NIH 3T3 spheroid, dotted 

line outlines edges of rat cortical spheroid. Scale bar, 50µm 
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1.5 Discussion 

We have further characterized the formation of CLNs in our cortical spheroid 

model. The endothelial cells composing the networks form lumens and are 

surrounded by a basement membrane of laminin, collagen type IV, and 

fibronectin. The networks interact with other neural cells such as astrocytes 

as suggested by the presence of cadherin adherens junction proteins. 

Interactions with relevant neural cells further suggests that the CLNs have 

properties of the BBB as it is the neural cells that induce the unique 

properties of the CNS endothelial cells (Daneman, 2010).  

 

This in vitro model of the neurovasculature allows for higher throughput 

studies because of the number of spheroids that can be formed. Gel molds 

allow for 96 spheroids to be made per well in a 24-well plate and each gel 

model makes approximately 62 network-containing spheroids. It is possible to 

study many spheroids for a given experimental condition using this model. 

 

However, the short life span of the CLNs currently only permits studies of 

the networks at a certain age. Networks are well formed and most extensive 

after 3 days yet condense into laminin-rich nodules by 14 days. In future 

experiments it will be interesting to investigate the formation of Ln-rich 

nodules in cortical spheroids, including the cells and dynamics involved. A 

possible reason for the loss of the networks could be the lack of intravascular 

fluid flow. In ECs, shear stresses activate intracellular signaling cascades 
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that affect processes from cell proliferation to migration, and alter EC protein 

expression (Li, 2005). The dynamics of CLN formation, maintenance, 

breakdown, and condensation into nodules can be studied further using 

endogenously labeled ECs, perhaps using cortical spheroids from Tie2-

reporter mice. Endogenously labeled ECs will allow for real-time imaging of 

the network dynamics.  

 

The complexity of cortical EC CLN formation was further revealed through 

the NIH-3T3-cortical spheroid fusion experiment. In NIH 3T3-cortical fused 

spheroids no Ln-labeled CLNs were present within cortical spheroid regions. 

Instead, networks were observed within NIH 3T3 spheroid regions. 

Fibroblasts are known to support and modulate EC migration, viability, and 

network formation in 3D tissue-like environments (Kunz-Schughart, 2005). It 

is believed that fibroblast-derived extracellular matrix components play a 

role in supporting lumen formation (Newman, 2011). We therefore 

hypothesize that cortical ECs migrate to favorable microenvironments in the 

NIH 3T3 spheroid regions with increased supportive ECM content and 

vasculogenic growth factor production. Due to the poor CTred staining future 

experiments will need to confirm that cortical ECs do in fact form the 

network structures—possibly through the use of endogenously labeled ECs. 

In future experiments it will be interesting to see if the culture of cortical 

spheroids in fibroblast conditioned media or in growth factors such as VEGF, 
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FGF-2, and EGF will similarly influence the CLNs. Forthcoming studies will 

also involve studying the response of cortical CLNs to other various 

introduced cell types including peripheral immune cells and brain cancer cell 

lines to inform EC responses to CNS disease states.  
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Chapter 2: Optimization of the Lactate 

Dehydrogenase Cell Viability Assay for Use in 

Three-Dimensional Cortical Spheroids 
 
 

2.1 Abstract 
 

As 3D cell culture methods are developed and become more widely used, it is 

essential that compatible assays are simultaneously developed. Almost all 

assays that have been developed to analyze the qualities of cells in culture 

have only been tested and optimized for conventional 2D culture. We 

optimized the lactate dehydrogenase assay, a common cell viability assay, for 

our three-dimensional cortical spheroids. We prepared serial dilutions of cells 

in 2D and spheroids of varying sizes to find the cell number for which LDH 

release is linear, a condition required for optimal results. We have confirmed 

that the LDH release assay can be used for cortical spheroids. This provides 

the potential for using the LDH assay in conjunction with cortical spheroids 

for disease and injury models of the central nervous system. 

 

2.2 Introduction 

Traditionally, in vitro cell culture has meant culture in two dimensions on 

treated tissue culture plates. Almost all assays that have been developed to 

test the qualities of cells in culture have only been tested and optimized for 

conventional 2D culture. In order for 3D in vitro cell culture to become a 

widely accessible and utilized technique, there needs to be a wide variety of 
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assays that can be used. Assays optimized for two dimensions cannot 

necessarily be applied in three dimensions. For example, 3D cultures require 

that reagents diffuse longer distances and it can therefore be expected that 

assays using reagents may require a higher concentration of reagent and a 

longer incubation time. 

  

A common assay for cell viability is the lactate dehydrogenase release assay. 

Lactate dehydrogenase (LDH) is a cytosolic enzyme present in many different 

cell types and responsible for catalyzing the conversion of lactate to pyruvic 

acid and back. Plasma membrane damage releases LDH into the cell media, 

making it a compound that can be quantified to determine viability. 

Extracellular LDH can be quantified using a coupled enzymatic reaction in 

which LDH catalyzes the conversion of lactate to pyruvate via NAD+ 

reduction to NADH. Diaphorase then uses NADH to reduce a tetrazolium salt 

to a red formazan product that can be measured at 490nm. The level of 

formazan formation is directly proportional to the amount of LDH released 

into the medium, which is indicative of cytotoxicity (Pierce LDH assay 

manual).  

 

The LDH release assay is very commonly used in cytotoxicity studies 

including 2D in vitro models of ischemia (Li, 2008; Lyons, 1998; Ohmori, 

1996; Ruscher, 2002; Xu, 2001). Although originally developed for 2D cell 
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cultures, it is a common assay for cytotoxicity of cells grown in spheroids (Ho, 

2012). Studies that use an LDH release assay in spheroids tend to use the 

same manufacturer’s protocol for both 2D and spheroid cultures (Ho, 2012; 

Lee, 2009). However, to our knowledge, the LDH release assay has yet to be 

used in spheroid models of ischemia.  

 

In the present study, our goal was to confirm that the LDH release assay can 

be used to assess viability of our primary postnatal rat cortical spheroids. 

Optimal results from the LDH release assay requires that the number of cells 

used corresponds to LDH release within a linear range. We prepared serial 

dilutions of cells in 2D and spheroids of varying sizes to find the cell number 

for which LDH release is linear. We have confirmed that the LDH release 

assay can be used for cortical spheroids.  

 

2.3 Methods 
 

2.3.1 Cell culture 

Primary cortical tissues were dissected from postnatal day 1-3 rats. The cell 

isolation protocol was modified from BrainBits. Tissues were cut into small 

pieces and digested in papain solution (2 mg/mL of papain in Hibernate A 

without calcium) for 30 min at 30ᵒC. Papain solution was removed and 

replaced with a Hibernate A buffer solution (Hibernate A supplemented with 

0.5 mM Glutamax and 1x B27 growth supplement). The tissues were 

triturated with a fire polished pasteur pipette and centrifuged at 150 xg for 5 
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min. The supernatant was removed, the cell pellet was re-suspended in 

Neurobasal A media, and the cell solution was passed through a 40 µm cell 

strainer to remove debris. The cell solution was once again centrifuged at 150 

xG for 5 min, re-suspended in Neurobasal A media, and strained. Cell 

viability was determined at the time of isolation by a trypan blue exclusion 

assay. Finally, cells were seeded directly into 3D microtissues or onto cell 

culture plates coated with poly-d-lysine (PDL). Cortical neurons were 

maintained in Neurobasal-A media with 1% penicillin/streptomycin, 0.5 mM 

Glutamax, and 1x B27 growth supplement with media changes every 3-4 

days. 

 

2.3.2 3D self-assembled spheroid fabrication 

Scaffold-free microtissue spheres were made using agarose gels with 

spherical microwells. 2% molten agarose was poured onto the spheroid 

micromold with 400 µm diameter round pegs from Microtissues, Inc. This 

resulted in agarose gels with round-bottomed microwells. Agarose gels were 

equilibrated in cell culture media with three media changes over 48 hours. 

Cell solution containing the appropriate number of cells was centrifuged and 

re-suspended in media. The media from the agarose gels was aspirated, and 

75 µL of the cell solution was seeded in the agarose gels. Cells were allowed 

to settle into the microwells for 45 min, and 1 mL of media was added. 
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2.3.3 2D determination of optimum cell number for LDH 

cytotoxicity assay 

Serial dilutions of cortical cells in two sets of triplicate were prepared in a 

PDL-coated 96-well plate. Seeding densities ranged from 0 to 64,000 cells per 

well. Cells were cultured for 6 days. 10 µL of Lysis Buffer (Pierce) was added 

to one set of triplicate wells containing cells and 167 µL of media, and 10 µL 

of ultrapure water was added to the other set as a control. The plate was 

incubated for 45 min. 50 µL of media from each sample was transferred in 

duplicate to a new 96-well plate. 50 µL of LDH Assay Reaction Mixture 

(Pierce) was added to each sample well and the plate was incubated at room 

temperature for 30 min while protected from light. 50 µL of Stop Solution 

(Pierce) was added to each sample well and absorbance measurements were 

taken using a UV spectrometer. The absorbance values were taken at both 

490 nm and 680 nm. To determine the LDH activity, the 680 nm absorbance 

values were subtracted from the 490 nm absorbance. 

 

2.3.4 3D determination of optimum cell number for LDH 

cytotoxicity assay 

Duplicate gels of cortical cell spheroids with sizes ranging from 500 

cells/spheroids to 8,000 cells/spheroid were created and maintained for either 

3, 6, or 14 days. 60 µL of Lysis Buffer was added to one set of duplicate gels in 

1 mL of media, and 60 µL of ultrapure water was added to the other set as a 

control. The plate was incubated for either 45 min or overnight. 50 µL of 
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media from each sample was transferred in duplicate to a new 96-well plate. 

50 µL of LDH Assay Reaction Mixture was added to each sample well and the 

plate was incubated at room temperature for 30 min while protected from 

light. 50 µL of Stop Solution was added to each sample well and absorbance 

measurements were taken using a UV spectrometer. The absorbance values 

were taken at both 490 nm and 680 nm. To determine the LDH activity, the 

680 nm absorbance values were subtracted from the 490 nm absorbance. 

 

2.4 Results 
 

2.4.1 LDH release from 2D cortical cultures was within a 

linear range 

Optimal results from the LDH release assay requires that the number of cells 

used gives LDH release within the linear range. The manufacture 

recommends that most cell types have a linear range that falls within 2,000-

20,000 cells per well of a 96-well plate. Cortical cells were plated in two-

dimensions in a 96-well plate in a serial dilution ranging from 8,300 to 64,000 

cells/well. Cells were completely lysed to represent maximal LDH release. 

Control wells were instead treated with ultrapure water to represent the 

spontaneous release of LDH by the cortical cells. The LDH assay was applied 

to the treated cells according to the manufacturer’s instructions and the 

absorbance values were plotted. The linear range of LDH release was 

observed within the range of cell numbers suggested by the manufacturer, of 

0-20,000 cells/well. In fact, it appears as if it is possible to use the LDH assay 
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for denser cortical cultures approaching 35,000 cells/well. However, above cell 

densities of 40,000 cells/well the release is not linear, making the assay not 

reliable for 2D cortical cell cultures. The absorbance values varied greatly for 

replicates above 40,000 cells/well, as indicated by the large error bars in 

Figure 2.1. Spontaneous release of LDH from unlysed cells remained at low 

and consistent levels for the varying cell densities. 

 
Figure 2.1 Graph of cortical cell LDH activity vs cell number 

 

2.4.2 3D cortical cultures required a longer lysis for linear 

LDH release 

The first attempt at using the LDH assay for 6 DIV 3D cortical spheroids was 

completed using the manufacturer’s protocol as used for the 2D cortical 

cultures. Since the cortical spheroids are cultured in a 24-well plate rather 

than a 96-well plate, 6 times as much lysis buffer was added in order to have 

the same concentration of lysis buffer between the 2D and 3D cultures. The 

use of the manufacturer’s protocol for 3D cortical spheroids resulted in 
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variable maximum LDH release values between replicates (Figure 2.2A). The 

protocol was consequently modified so that the spheroids were lysed 

overnight rather than for 45 min. With this modification, the absorbance 

values were more consistent as evident by the barely visible error bars in 

Figure 2.2B, and the LDH release was linear in spheroids ranging from 1,000 

cells to 4,000 cells in size. 

 
Figure 2.2 3D cortical cultures require an overnight lysis for linear LDH release. (A) Graph 

of LDH activity vs spheroid size with a 45 min lysis time (B) Graph of LDH activity vs 

spheroid size with an overnight lysis 

 

2.4.3 The LDH assay is an effective method to determine 

viability in 3D cortical spheroids 

Once the protocol was modified, it was essential to ensure that it was useful 

for a range of spheroid ages and sizes. Spheroids ranging from 1,000 to 8,000 

cells in size were completely lysed overnight to represent maximal LDH 

release at either 3 DIV or 14 DIV. Control wells were instead treated with 

ultrapure water to measure the spontaneous release of LDH by the cortical 
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cells. The assay was applied and the absorbance readings reveal that for 

these conditions the LDH release in cortical spheroids is linear (Figure 2.3).  

 

 
Figure 2.3 LDH release is linear in cortical spheroids within spheroid sizes of 1,000 – 8,000 

cells/spheroid. This holds true for both cortical spheroids aged (A) 3 days in vitro and (B) 14 

days in vitro 

2.5 Discussion 

Our cortical spheroid model enables the in vitro study of in vivo-relevant 

characteristics, such as cell density, cell composition complexity, neuronal 

electrophysiology, tissue stiffness, and dimensionality (Dingle, 2015). 

Additionally, the spheroids spontaneously self-assemble in agarose molds of 

96 spheroids and on the order of thousands of spheroids can be made per 

neonate rat cortex, demonstrating their potential for high-throughput assays. 

This therefore requires the development of high-throughput screening 

protocols that are compatible with three-dimensional cultures. The LDH 

release assay is one of the most widely used methods for viability screening 

due to its simple and rapid procedure (Kim, 2017). The assay, which is 

carried out in multiwell plates, offers an advantage for testing a large 

number of drugs or conditions with good reproducibility. It is a challenge of 
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the field to find and develop assays that can handle the requirements of 

working in three-dimensional cultures. Therefore, the present study was 

carried out to develop a modified procedure of the LDH release assay to 

enable its application for high-throughput screening of cortical spheroid 

cultures. 

 

Our first step was to validate the LDH Release Assay Kit from Pierce in 

order to ensure that it produced reproducible results for 2D cortical cells. We 

found that the kit was in fact reproducible within the linear release range 

between 8,300 and 35,000 cells per well as evidenced by the SEM consistently 

less than 0.037 between these cell densities. In order for the 3D spheroids to 

also have reproducible linear maximum release of LDH, the spheroids needed 

to be lysed for longer times. Determining the maximum release of LDH 

requires that all of the cells present are lysed so that the LDH present in the 

media is directly proportional to cell number. We therefore hypothesize that 

cells in the spheroids remained alive after 45 min of lysing. Spheroids 

required longer times to lyse completely so that the lysis buffer could diffuse 

throughout the entirety of the spheroids. With this small modification, the 

amount of LDH released from the lysed spheroids was consistent between 

samples, suggesting that the spheroids were completely lysed and the assay 

was reproducible. Additionally, we found that the ages of spheroids and range 

of spheroid size for which LDH release is linear fell within a range that is 
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experimentally useful. An interesting aspect is that the absorbance values 

are much higher for the older DIV14 condition than for the younger 

spheroids. This could potentially be due to loss of cell viability that occurs as 

the cells age. 

 

Confirming that LDH release is an effective viability assay for 3D cortical 

spheroids gives rise to the possibility of using our spheroid model for toxicity 

and injury studies. The LDH release assay is simple, rapid, and can be 

utilized with other assays because only media aliquots are needed for the 

assay.  

 

Future directions include to use the LDH release assay modified for 3D 

cortical spheroids as a tool to validate injury models of the CNS. It will also 

be essential to optimize and modify other common viability assays for three-

dimensions such as the MTT assay and the Resazurin assay (Hill, 2008; 

Ivanov, 2013) as well as output methods with more specific applications for 

CNS studies such as neurotransmitter release and quantification (Simão, 

2015).  
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Chapter 3: The Development of a Three 

Dimensional Cortical Spheroid in vitro 

Model of Ischemic Stroke 

 

3.1 Abstract 
 

Ischemic stroke, a major cause of morbidity and mortality worldwide, occurs 

when there is a localized reduction in regional blood flow in the brain 

resulting in an undersupply of oxygen and nutrients. We have begun to 

develop and characterize a three-dimensional in vitro model of ischemic 

stroke using primary cortical spheroids. The spheroids were deprived of 

oxygen and glucose for 24 hours using glucose-free media and anaerobic 

culturing conditions, and then allowed to recover in normoxic conditions to 

model reperfusion. The extent of injury was characterized using the LDH cell 

viability assay optimized to our cortical spheroids and 

immunohistochemistry. Age and size of the cortical spheroids impacts the 

resulting cell viability after ischemic injury. Additionally, ischemic injury 

affects various neuronal cell types present in the spheroids. Further 

development of this injury model provides the potential for a relevant and 

tailorable in vitro platform for ischemic injury. 

 

3.2 Introduction 
 

Ischemic stroke is a major cause of morbidity and mortality worldwide. 

According to the American Heart Association and the National Institute of 
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Neurological Disease and Stroke, an estimated 795,000 Americans suffer a 

stroke each year, with ∼87% being ischemic. Stroke accounts for over 220,000 

deaths annually, the fourth leading cause of death overall behind cardiac 

disease, cancer, and chronic lower respiratory disease. It is the leading cause 

of long-term disability in the US, with about one-fourth of the survivors 

needing assistance with daily life (Grupke, 2015). 

 

Ischemic stroke occurs when there is a localized reduction in regional blood 

flow in the brain (Kalogeris, 2012). The reduction of blood flow leads to the 

undersupply of oxygen and nutrients, and diminished clearance of metabolic 

toxins, resulting in cell death (Boehm-Sturm, 2013; Grupke 2015). The brain 

is particularly sensitive to ischemia because it has a high metabolic demand, 

constituting 20-25% of total body oxygen consumption. The brain requires 

glucose as an energy substrate yet has low levels of stored glucose. 

Furthermore, the brain also has high levels of polyunsaturated fatty acids 

which are highly susceptible to oxidative damage (Kalogeris, 2012). 

 

Sensitivity to ischemia varies between cell populations in the brain. 

Generally, neurons are the most easily damaged followed by 

oligodendrocytes, microglia, then astrocytes, which tend to recover (Xu, 2001). 

Astrocytes have glycogen stores that can have a beneficial effect on their own 

and on neuronal survival (Lyons, 1998). However, astrocytes also actively 
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participate in stroke pathology, and stimulate inflammatory genes in brain 

endothelial cells (Holloway, 2016). 

 

The brain requires a continuous supply of oxygen and glucose to maintain 

normal function and viability. Loss of blood flow for only a few minutes can 

trigger a cascade of events leading to cell death such as ATP depletion, loss of 

metabolic function, acidosis, cytotoxic efflux of glutamate, and ionic 

imbalance (Goldberg, 1993; Tornabene, 2016). Reperfusion of the tissue 

induces subsequent damage due to a surge in the generation of reactive 

oxygen species (ROS) and infiltration of pro-inflammatory neutrophils 

(Kalogeris, 2012).  

 

Excitotoxicity occurs during ischemia when ATP depletion leads to the failure 

of ion pumps that maintain membrane polarization (Grupke, 2015). Cytosolic 

pH drops and the cell compensates by pumping out protons in exchange for 

Na+ ions. Na+ ions are in turn exchanged for Ca2+ ions, which rise to 

cytotoxic levels (Kalogeris, 2012). Another major source of calcium overload is 

related to glutamate, the most abundant neurotransmitter. Glutamate, which 

itself has neurotoxic effects, accumulates in the extracellular space during 

ischemia as a consequence of energy and ion pump failure, as well as failure 

of reuptake mechanisms (Pellegrini-Giampietro, 1990; Moskowitz, 2010). 

This leads to prolonged and excessive activation of the glutamate receptor 
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NMDA which enhances the uptake of Ca2+ (Moskowitz, 2010; Nishizawa, 

2001). As a consequence of loss of ionic homeostasis, cells swell and 

membranes rupture (Moskowitz, 2010). Dysfunction also occurs in the 

endoplasmic reticulum where proteins are misfolded or unfolded due to the 

ischemic stress (Kalogeris, 2012).  

 

Reentry of oxygenated blood into ischemic tissue, while necessary for 

restoration of aerobic ATP production, also results in the production of ROS. 

Owing to their highly reactive nature, ROS generated upon reperfusion can 

oxidatively modify virtually every type of biomolecule found in cells, thereby 

inducing cell dysfunction. ROS mediate dysfunction in cell signaling 

pathways that are sensitive to redox changes or by modifying regulatory 

proteins. The primary ROS produced in ischemia/reperfusion is the 

superoxide anion radical (Kalogeris, 2012). Reactive nitrogen species are also 

mediators in ischemic injury by inhibiting key mitochondrial enzymes, 

facilitating mitochondrial transition pore formation, damaging DNA, and 

activating of Ca2+-permeable channels (Moskowitz, 2010).  

 

Necrosis and apoptosis are the principal mechanisms of cell death after 

ischemic injury (Moskowitz, 2010). Necrosis is characterized by cell and 

organelle swelling, mitochondrial dysfunction, lack of nuclear fragmentation, 

plasma membrane rupture, and leakage of intracellular contents. It is 
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believed to occur by random, uncontrolled processes. Apoptosis occurs when 

stress induces the translocation of pro-death members of the Bcl2 protein 

family into the outer mitochondrial membrane where they permeabilize it, 

enabling the release of apoptotic proteins. (Kalogeris, 2012).  

 

During ischemia, the brain develops adaptive mechanisms in an attempt to 

maintain normal physiological conditions (Sharp, 2004). Hypoxia-inducible 

factor-1 (HIF-1) is a transcription factor that has many target genes which 

are involved in cellular and systemic responses to ischemia including 

erythropoiesis, angiogenesis, vasomotor regulation, cell proliferation and 

survival, energy metabolism, and others (Pichiule, 2007; Sharp, 2004).  

 

HIF-1 is a heterodimeric protein consisting of two subunits, HIF-1α and HIF-

1β. Both subunits belong to a family of basic helix-loop-helix transcription 

factors. HIF-1β is a common binding partner for other members of the family, 

and it is constitutively expressed. HIF-1α is unique to HIF-1 and its 

expression is primarily regulated by oxygen tension. While the HIF-1β gene is 

expressed continuously during normoxia, the HIF-1α protein is rapidly 

degraded (Chavez, 2002). In the presence of oxygen, HIF-1α is hydroxylated 

in the cytoplasm, thereby targeting it for proteasomal degradation (Sharp, 

2004). In ischemia, the hydroxylases are inhibited and HIF-1α rapidly 

accumulates. (Sharp, 2004). HIF-1α translocates to the nucleus where it 
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binds to HIF-1β and forms the active HIF-1 complex (Pichiule, 2007). HIF-1 

accumulates as early as 1 hour after injury and elevated levels persist for at 

least 7 days (Chavez, 2002). 

 

Some of the important HIF-1 target genes include inducible nitric oxide 

synthase and adrenomedullin, which produce vasodilation of cerebral blood 

vessels and increase blood flow, glucose transporter 1, erythropoietin, and 

vascular endothelial growth factor (Chavez, 2002; Sharp 2004).  

 

Ischemia can be modeled in vitro by the removal of oxygen and glucose. 

Oxygen can be removed by either chemical or physical methods. Chemical 

methods involve using substances such as rotenone, antimycin, or sodium 

azide to inhibit the electron transport chain. Physical oxygen deprivation is 

caused by culturing the cells in a hypoxia chamber. Glucose is removed by 

culturing the cells in a glucose-free salt solution or culture media, or in the 

presence of 2-deoxyglucose which is an isomer of l-glucose, and cannot be 

metabolized (Holloway, 2016).  

 

When compared to animal-based in vivo models of stroke, in vitro models 

exhibit several advantages. First, it is more straightforward to study the 

effect of ischemia on cell death without the complication of other cells from 

other organs. Second, the complex intracellular signaling pathways between 
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cells in culture and their potential role in the disease process can be easily 

investigated. Third, one can easily control the experimental condition by 

modulating the oxygen and glucose levels (Yang, 2012). 

 

In the present study, our goal was to develop a 3D in vitro model of ischemic 

stroke and characterize the resulting injury. Our model was created using 

cortical spheroids which compounds the advantages of in vitro stroke models 

with the in vivo-relevance of the cortical spheroids. We determined that age 

and size of the cortical spheroids impacts the resulting cell viability after 

ischemic injury. We selected 4,000 cell spheroids cultured for 14 days in vitro 

as our 3D tissue, and found that ischemic injury affects various neuronal cell 

types present in the spheroids. 

 

3.3 Methods 
 

3.3.1 Cell culture 

Primary cortical tissues were dissected from postnatal day 1-3 rats. The cell 

isolation protocol was modified from BrainBits. Tissues were cut into small 

pieces and digested in papain solution (2 mg/mL of papain in Hibernate A 

without calcium) for 30 min at 30ᵒC. Papain solution was removed and 

replaced with a Hibernate A buffer solution (Hibernate A supplemented with 

0.5 mM Glutamax and 1x B27 growth supplement). The tissues were 

triturated with a fire polished pasteur pipette and centrifuged at 150 xg for 5 

min. The supernatant was removed, the cell pellet was re-suspended in 
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Neurobasal A media, and the cell solution was passed through a 40 µm cell 

strainer to remove debris. The cell solution was once again centrifuged at 150 

xg for 5 min, re-suspended in Neurobasal A media, and strained. Cell 

viability was determined at the time of isolation by a trypan blue exclusion 

assay. Finally, cells were seeded directly into 3D microtissues or onto cell 

culture plates coated with poly-d-lysine. Cortical neurons were maintained in 

Neurobasal-A media with 1% penicillin/streptomycin, 0.5 mM Glutamax, and 

1x B27 growth supplement with media changes every 3-4 days. 

 

3.3.2 3D self-assembled spheroid fabrication 

Scaffold-free microtissue spheres were made using agarose gels with 

spherical microwells. 2% molten agarose was poured onto the spheroid 

micromold with 400 µm diameter round pegs from Microtissues, Inc. This 

resulted in agarose gels with round-bottomed microwells. Agarose gels were 

equilibrated in cell culture media with three media changes over 48 hours. 

Cell solution containing the appropriate number of cells was centrifuged and 

re-suspended in media. The media from the agarose gels was aspirated, and 

75 µL of the cell solution was seeded in the agarose gels. Cells were allowed 

to settle into the microwells for 45 min, and 1 mL of media was added. 

 

3.3.3 Oxygen glucose deprivation 

4,000 and 8,000 cell cortical spheroids were exposed to oxygen glucose 

deprivation (OGD) with glucose free media and the GasPak EZ Anaerobe 

Container System. Media used for OGD consisted of Glucose-Free and 
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Sodium Pyruvate-Free Neurobasal-A media with 1% penicillin/streptomycin 

and 1×Antioxidant-Free B27 growth supplement. GasPak is an incubation 

system designed for culturing anaerobic bacteria. Cells are placed into the 

airtight container along with a sachet containing inorganic carbonate, 

activated carbon, ascorbic acid, and water that is activated upon opening to 

lower the oxygen concentration to less than 1% within 2.5 hours. Spheroids 

were removed from complete cortical media, placed in OGD media, and 

incubated in the GasPak Container for 24 hr at 37ᵒC. Spheroids were then 

either immediately fixed or allowed to recover in complete cortical media. 

Recovery time was either 24 hours, 3 days, or 7 days. 

 

3.3.4 Lactate dehydrogenase (LDH) cytotoxicity assay  

A LDH cytotoxicity kit (Pierce) was used to quantify cell cytotoxicity based on 

membrane permeability. Permeabilized cells release a stable cytoplasmic 

enzyme, LDH, as an indicator of being damaged or lysed. 50 µL media 

aliquots were taken from spheroid samples that were exposed to either 

normoxic or ischemic conditions. The amount of LDH in the media was 

quantified using the cytotoxicity kit. In brief, 50 µL of LDH Assay Reaction 

Mixture was added to each sample well and the plate was incubated at room 

temperature for 30 min while protected from light. 50 µL of Stop Solution 

was added to each sample well and absorbance measurements were taken 

using a UV spectrometer. The absorbance values were taken at both 490 nm 

and 680 nm. To determine the LDH activity, the 680 nm absorbance values 
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were subtracted from the 490 nm absorbance. The absorbance values of 

media blanks were taken as well and subtracted from the experimental 

measurements. Absorbance values were normalized by using a fold change 

calculation in which the OGD absorbance values were divided by the mean of 

the normoxia absorbance values. 

 

3.3.5 Whole spheroid immunostaining and optical clearing 

Spheroids were fixed in 4% v/v paraformaldehyde and 8% w/v sucrose in PBS 

overnight, followed by three 30 min PBS washes. All of the following steps 

were performed on a shaker at room temperature. Spheroids were 

permeabilized and blocked with 10% normal goat serum, 4% bovine serum 

albumin, and 1% Triton X-100 in PBS for 2 hours, and subsequently 

incubated in primary antibody diluted in blocking solution overnight. The 

following day, the spheroids underwent two 2 hour washes in 0.2% Triton X-

100 in PBS followed by 2 hour blocking in blocking solution. Spheroids were 

incubated in secondary antibody diluted in blocking solution overnight. The 

following day, the spheroids underwent three 30 min washes in 0.2% Triton 

X-100 in PBS and incubated in 1ug/mL of 4’,6-diamidino-2-phenylindole 

(DAPI) in PBT for 1 hr and returned to PBS.  

 

Antibody  Dilution Company Catalog # 

Primary Antibodies   

Mouse monoclonal anti-β-III-

tubulin 

1:50 Biolegend 801202 

Mouse monoclonal anti-O1 1:50 Millipore MAB344 

Secondary Antibodies   

Cy3 goat anti-mouse 1:500 Jackson 111-165-068 
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The ClearT2 solutions and protocol was used for optical clearing. Briefly, 

spheres were incubated in: 1) 25% formamide/10% poly-ethylene glycol (PEG) 

for 10 min, 2) 50% formamide/20% PEG for 5 min, and 3) 50% 

formamide/20% PEG for 60 min. Spheroids were kept in final clearing 

solution and transferred to glass-bottom confocal dishes for imaging on a 

Zeiss LSM 510 Meta Confocal Laser Scanning Microscope.  

 

3.4 Results 
 

3.4.1 Lactate dehydrogenase activity in response to injury 

depends on the age and size of cortical spheroids 

4,000 cell and 8,000 cell primary rat cortical spheroids were exposed to 24 

hours of oxygen/glucose deprivation at either 3, 7 or 14 days in vitro. The 

viability of the cortical spheroids was assessed using the LDH cytotoxicity 

assay either immediately after injury or after a recovery period in normoxic 

conditions of 24 hours, 3 days, or 7 days. LDH activity of the injured 

spheroids was normalized to control spheroids of the same age that remained 

in normoxic conditions.  

 

Injured 3 DIV cortical spheroids had very little LDH activity for both 4,000 

and 8,000 cell spheroids. For the 4,000 cell spheroids, the difference in raw 

absorbance values between the OGD condition and its paired control were not 

statistically significant except for the 7 day recovery condition where the 
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normoxic control had more LDH activity than the injured spheroids (Figure 

3.1). There was a statistically significant difference between the injured and 

control 8,000 spheroids for all but one recovery time (3 days). However, the 

fold change of absorbance remained low compared to other experimental 

conditions (Figure 3.2A & B).  

 

7 DIV spheroids exposed to OGD had different LDH activity depending on 

their size. Similarly to the 3 DIV spheroids, injured 7 DIV 8,000 cell 

spheroids had low levels of LDH activity comparable to the control samples 

as evidenced by the small fold changes (Figure 3.2D). 7 DIV 4,000 cell 

spheroids had much greater fold changes than the larger spheroid size 

(Figure 3.2C). The extent of the LDH activity dropped in the injured 

spheroids with longer recovery until by 7 days of recovery, the raw 

absorbance values of the OGD and normoxia samples were no longer 

significantly different (Supplementary Figure 3.1). 

 

Injured 14 DIV cortical spheroids had much greater LDH activity than the 

normoxia controls as seen by the high fold changes. The extent of the LDH 

activity dropped with more recovery time. Spheroids given 24 hours of 

recovery in normoxic conditions had the greatest LDH activity that was 

significantly different than the LDH activity immediately following injury (4k 

p= 0.0009, 8k p< 0.0001) (Figure 3.2E & F). The condition that resulted in the 
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largest fold change of LDH activity was 4,000 cell 14 DIV spheroids with 

either no recovery or 24 hour recovery. For this reason this size and age of 

spheroid and recovery conditions were selected for use in the following 

experiments.  

 

 
Figure 3.1 LDH cytotoxicity assay absorbance values for 4k (A) and 8k (B) cortical spheroids 

cultured for 3 days in vitro prior to injury. Samples with no, 24 hour, 3 day, or 7 day recovery 

are compared to their normoxia control using unpaired t-tests *p: 0.01-0.05, **p: 0.001-0.01, 

***p: 0.0001-0.001, ****p<0.001. 

 

3.4.2 Neuronal cell types are influenced by exposure to 

oxygen/glucose deprivation 

4,000 cell cortical spheroids were exposed to OGD at 14 DIV and either fixed 

immediately or allowed to recover for 24 hours in normoxic conditions prior to 

fixation. Following fixation, the spheroids were stained with either β-III-

tubulin or O1 to visualize neurons and oligodendrocytes, respectively.  
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β-III-tubulin staining reveals that OGD injury disrupted neuronal networks 

in the spheroids. The staining pattern in injured spheroids is more punctate 

without clear connections between cells. There are also regions of bright 

staining surrounding DAPI-positive nuclei (Figure 3.3).  

 

Preliminary images of the oligodendrocytes do not present as clear of a 

difference in the staining between conditions. It is possible that there are 

more brightly stained cell bodies in the injured cortical spheroids (Figure 

3.4). However, more evaluation is required to further evaluate this claim.  

 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Fold changes of LDH cytotoxicity assay absorbance data calculated by dividing 

OGD absorbance values by the average normoxia control absorbance value. Horizontal line 

represents mean. No recovery and 24 hr recovery fold changes compared for 14 DIV samples 

using unpaired t-tests ***p: 0.0001-0.001, ****p<0.001. 
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Figure 3.3 Confocal z-slice projection of 4,000 cell 14 DIV spheroids stained for β-III-tubulin 

(red) and DAPI (blue). Scale bar, 50 µm 

 

 
Figure 3.4 Confocal z-slice projection of 4,000 cell 14 DIV spheroids stained for O1 (yellow). 

Scale bar, 50 µm 

 

3.5 Discussion 
 

We have begun to develop and characterize a three-dimensional in vitro 

model of ischemic stroke using primary cortical spheroids. Oxygen/glucose 

deprivation is caused by using glucose-free media and an anaerobic 

environment created and maintained by the GasPak EZ Anaerobe Container 

System. An ideal characterization of an ischemic injury model would display 

the impact of the injury on overall cell viability, the selective vulnerability of 

the various neural cell types present in the model, and the presence of 

signaling molecules known to be influential in the response to injury. In this 
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study we developed a mechanism of injury and determined the proper age 

and size of the spheroid for the model. Additionally, we began to characterize 

the injury in multiple cell types.  

 

The LDH cytotoxicity assay, which has been confirmed to be an effective 

viability assay for 3D cortical spheroids, allowed us to distinguish differences 

in response to OGD between spheroid sizes and ages. 3 DIV spheroids had 

very little cell death after injury while 14 DIV spheroids were much more 

sensitive to the injury condition. Many in vitro models of ischemic stroke use 

cells that have been cultured for at least 14 days so that they express 

relevant neurotransmitter receptors (Freese, 1992; von Engelhardt, 2007; 

Weaver, 1997). It is therefore likely that our primary cortical spheroids did 

not express the proper neurotransmitter receptors prior to 14 DIV resulting 

in little to no cytotoxic response to injury. For this reason 14 DIV spheroids 

were selected for our injury model. 

 

8,000 cell spheroids consistently had smaller LDH fold changes than 4,000 

cell spheroids of the same age and recovery conditions. This suggests that the 

8,000 cell injured spheroids had similar cell viability to the 8,000 cell control 

spheroids. However it is interesting to note that the 8,000 cell normoxia 

spheroids had much higher baseline LDH activity (Supplementary Figure 

3.2) than the 4,000 cell normoxia spheroids. The reason the larger spheroids 
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have a lower cell viability could be due to a necrotic core. Regardless of the 

reason, the lower cell viability in the control makes the fold change values 

low and difficult to determine how much of the cytotoxic response is due to 

the injury. Therefore, the smaller 4,000 cell spheroids were selected for the 

injury model.   

 

For all of the ages and sizes of spheroids, the extent of LDH activity dropped 

with more recovery time. This is expected to be a result of multiple media 

changes that occurred during the recovery period. Therefore, the LDH 

activity taken at a recovery time point does not represent the overall cell 

death since injury but rather represents the cell death that occurred between 

media changes within the recovery phase. However, the comparison between 

no recovery and 24 hour recovery conditions is significant. All recovered cells 

had a media change to restore them to normoxia making the LDH activity 

representative of the cell death that occurred during this 24 hour recovery. 

The fold change for 24 hour recovery was larger than the fold change for no 

recovery in a significant manner for 14 DIV spheroids. The observation that 

the recovery period was more cytotoxic to the spheroids than the injury itself 

is supported by the experiments in which reperfusion of the tissue with 

oxygenated blood produces reactive oxygen species and results in a secondary 

injury (Kalogeris, 2012). For this reason, no recovery and 24 hour recovery 
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were selected as the most relevant conditions to be included in the injury 

model. 

 

Our selected ischemic injury model uses 14 DIV 4,000 cell primary cortical 

spheroids that are exposed to OGD for 24 hours. Subsequently, the spheroids 

are immediately analyzed or allowed to recover in normoxic conditions for an 

additional 24 hours. Future experiments can be performed to modify the 

model by varying the length of the injury. In vitro stroke models do not have 

a standard length of injury and the duration of OGD can vary between 

studies from 5 minutes to 2 days (Günther, 2004; Ohmori, 1996). 

 

With our established injury model, we began to characterize the effect of 

OGD on various cortical cell types. This was performed through 

immunostaining for β-III-tubulin and O1 to visualize neurons and 

oligodendrocytes, respectively. There was a clear visual difference in the 

staining for neurons, suggesting that the neuronal networks and cell health 

are impacted by the ischemic injury. It was less clear whether the 

oligodendrocytes were impacted using the O1 stain. Future experiments will 

include a more in depth analysis of the O1 staining patterns with a larger 

sample size of injured cortical spheroids. Previous studies have shown that 

ischemia and reperfusion cause fragmentation and arborization of 

oligodendrocyte processes (Lyons, 1998; McIver, 2010). Oligodendrocyte 
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processes were not visible in our spheroids using the O1 stain and therefore 

future experiments will include using an alternative stain selective for 

oligodendrocytes that clearly labels both proximal and distal processes. We 

also plan to characterize the effect of ischemia on other neural cell types 

including microglia, astrocytes, and neural progenitor cells.  

 

When developing a 3D in vitro ischemic injury model, it is crucial that we 

characterize the injury on a molecular level. In vivo ischemia induces a 

multitude of molecular responses including ion imbalance, the activation of 

cell death pathways, and adaptive responses. Future studies will need to 

address these molecular phenomena in order to claim that our 3D in vitro 

ischemia model has in vivo relevance. Analyses will be run on extracellular 

calcium and potassium concentrations (Schiff, 1987). Western blots will be 

performed for proteins involved in cell death pathways. Example targets 

include MMP-2, MMP-9, PARP1, and bcl-2 family proteins (Gu, 2005; Hill, 

2012; Li, 2008; Xu, 2001). The amount of transcription factor HIF-1-α, which 

is involved in response to injury, will be quantified using both Western blots 

and RT-qPCR (Li, 2008). 
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Supplementary Figure 3.1 LDH cytotoxicity assay absorbance values for 4k and 8k cortical 

spheroids cultured for 7 or 14 days in vitro prior to injury. Samples with no, 24 hour, 3 day, 

or 7 day recovery are compared to their normoxia control using unpaired t-tests *p: 0.01-0.05, 

**p: 0.001-0.01, ***p: 0.0001-0.001, ****p<0.001. 

 

Supplementary Figure 3.2 LDH cytotoxicity assay absorbance values for normoxia 4k and 8k 

cortical spheroids of a variety of ages. Spheroids have more LDH activity with increased size 

and age.  
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Chapter 4: The Dynamics of Capillary-Like 

Networks in Three-Dimensional Cortical 

Spheroids After Ischemic Injury 
 

 

4.1 Abstract  
 

The pathology of ischemic stroke includes dysfunction of the blood brain 

barrier. First, the barrier breaks down and becomes more permeable. In the 

second phase of events, there is vascular remodeling and angiogenesis. 

Within our three-dimensional cortical spheroids, cortical endothelial cells 

spontaneously assemble into capillary-like network structures. This allows 

for the study of the neurovasuculature during ischemic injury. The spheroids 

were deprived of oxygen and glucose for 24 hours using glucose-free media 

and anaerobic culturing conditions, and then allowed to recover in normoxic 

conditions to model reperfusion. The impact of ischemia on the capillary-like 

networks was determined using immunohistochemistry for laminin, a well-

established biomarker for neural vasculature. The networks are dynamic and 

responded to ischemic injury by losing their tubular structures and forming 

rings in the center of the spheroids. Future works aim to further understand 

the dynamics of capillary-like network response to ischemic injury and the 

cells involved. 
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4.2 Introduction  
 

Neurovascular dysfunction is linked to many CNS diseases – such as stroke, 

traumatic brain injury, and Alzheimer’s Disease – which makes the 

understanding of the neurovasculature and its dysfunction essential for the 

development of therapeutics. A CNS disease of interest that disrupts the 

neurovasculature is ischemic stroke, for which our lab is developing a 3D in 

vitro model.  

 

Following ischemic stroke there is a cascade of biochemical events that lead 

to disruption and remodeling of the blood brain barrier (BBB) in two phases: 

the acute and chronic phases. During the acute phase, the BBB breaks down 

and becomes more permeable. In the chronic phase, there is remodeling of the 

BBB and angiogenesis (Vallon, 2014). Oxidative damage and the presence of 

free radicals contributes to BBB dysfunction immediately following stroke 

through several mechanisms (Obermeier, 2013). Oxidative stress disrupts 

tight junction proteins which increases the permeability of the barrier 

(Prakash, 2015). Pro-inflammatory cytokines and matrix metalloproteinases 

are upregulated and activated, both of which remodel and break down the 

extracellular matrix (Vallon, 2014). Astrocytes also contribute actively to the 

breakdown of the BBB. Astrocytic end feet detach from the endothelium, 

which contributes to the disassembly of tight junction complexes. In addition, 

astrocytes release a wide range of chemical mediators such as chemokines, 
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pro-inflammatory and anti-inflammatory cytokines, and growth factors which 

trigger BBB opening and changes in transporter expression (Tornabene, 

2016). 

 

In the chronic phase, there is the formation of new vessels by angiogenesis, 

an important process that is hypothesized to participate in brain plasticity 

and functional recovery after stroke (Liu, 2014). Angiogenesis is a process in 

which endothelial cells proliferate and vessels sprout to eventually increase 

vascular density (Prakash, 2015). This is a highly regulated and step-wise 

process with important steps including degradation of surrounding matrix, 

proliferation and migration of endothelial cells, recruitment of pericytes, and 

stabilization and cessation of newly formed vessels (Vallon, 2014). This 

requires an orchestrated interplay of many stimulators, inhibitors and matrix 

components including VEGF. Ischemia induces VEGF expression in a variety 

of cell types including macrophages, pericytes, vascular smooth muscles cells 

and astrocytes (Ogunshola, 2000). In animal models of stroke, the 

proliferation of endothelial cells appears as early as 12–24 h after ischemia 

and persists for up to several weeks thereafter (Liu, 2014; Prakash, 2015). 

Increased vascular density is observed within 3 days after stroke (Prakash, 

2015).  
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The presence of capillary-like networks (CLNs) in our primary rat cortical 

spheroids allows for the study of the neurovasculature under pathological 

conditions including ischemic stroke. In the present study, our goal was to 

characterize the behavior of self-assembling capillary-like networks in 

cortical spheroids that were exposed to oxygen/glucose deprivation. The 

networks are dynamic and respond to ischemic injury. 

 

4.3 Methods 

 

4.3.1 Cell culture 

Primary cortical tissues were dissected from postnatal day 1-3 rats. The cell 

isolation protocol was modified from BrainBits. Tissues were cut into small 

pieces and digested in papain solution (2 mg/mL of papain in Hibernate A 

without calcium) for 30 min at 30ᵒC. Papain solution was removed and 

replaced with a Hibernate A buffer solution (Hibernate A supplemented with 

0.5 mM Glutamax and 1x B27 growth supplement). The tissues were 

triturated with a fire polished pasteur pipette and centrifuged at 150 xg for 5 

min. The supernatant was removed, the cell pellet was re-suspended in 

Neurobasal A media, and the cell solution was passed through a 40 µm cell 

strainer to remove debris. The cell solution was once again centrifuged at 150 

xg for 5 min, re-suspended in Neurobasal A media, and strained. Cell 

viability was determined at the time of isolation by a trypan blue exclusion 

assay. Finally, cells were seeded directly into 3D microtissues or onto cell 

culture plates coated with poly-d-lysine. Cortical neurons were maintained in 
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Neurobasal-A media with 1% penicillin/streptomycin, 0.5 mM Glutamax, and 

1x B27 growth supplement with media changes every 3-4 days. 

 

4.3.2 3D self-assembled spheroid fabrication 

Scaffold-free microtissue spheres were made using agarose gels with 

spherical microwells. 2% molten agarose was poured onto the spheroid 

micromold with 400 µm diameter round pegs from Microtissues, Inc. This 

resulted in agarose gels with round-bottomed microwells. Agarose gels were 

equilibrated in cell culture media with three media changes over 48 hours. 

Cell solution containing the appropriate number of cells was centrifuged and 

re-suspended in media. The media from the agarose gels was aspirated, and 

75 µL of the cell solution was seeded in the agarose gels. Cells were allowed 

to settle into the microwells for 45 min, and 1 mL of media was added. 

 

4.3.3 Oxygen glucose deprivation 

4,000 or 8,000 cell 3DIV cortical spheroids were exposed to oxygen glucose 

deprivation (OGD) with glucose free media and the GasPak EZ Anaerobe 

Container System. Media used for OGD consisted of Glucose-Free and 

Sodium Pyruvate-Free Neurobasal-A media with 1% penicillin/streptomycin 

and 1×Antioxidant-Free B27 growth supplement. GasPak is an incubation 

system designed for culturing anaerobic bacteria. Cells are placed into the 

airtight container along with a sachet containing inorganic carbonate, 

activated carbon, ascorbic acid, and water that is activated upon opening to 

lower the oxygen concentration to less than 1% within 2.5 hours. Spheroids 
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were removed from complete cortical media, placed in OGD media, and 

incubated in the GasPak Container for 24 hr at 37ᵒC. Spheroids were then 

either immediately fixed or allowed to recover for 24 hours in complete 

cortical media.  

 

4.3.4 Whole spheroid immunostaining and optical clearing 

Spheroids were fixed in 4% v/v paraformaldehyde and 8% w/v sucrose in PBS 

overnight, followed by three 30 min PBS washes. All of the following steps 

were performed on a shaker at room temperature. Spheroids were 

permeabilized and blocked with 10% normal goat serum, 4% bovine serum 

albumin, and 1% Triton X-100 in PBS for 2 hours, and subsequently 

incubated in primary antibody diluted in blocking solution overnight. The 

following day, the spheroids underwent two 2 hour washes in 0.2% Triton X-

100 in PBS followed by 2 hour blocking in blocking solution. Spheroids were 

incubated in secondary antibody diluted in blocking solution overnight. The 

following day, the spheroids underwent three 30 min washes in 0.2% Triton 

X-100 in PBS and incubated in 1ug/mL of 4’,6-diamidino-2-phenylindole 

(DAPI) in PBT for 1 hour and returned to PBS.  

 

Antibody  Dilution Company Catalog # 

Primary Antibody   

Rabbit polyclonal anti-laminin 1:100 BTI BT-594 

Secondary Antibody   

Cy3 goat anti-rabbit 1:200 Jackson 111-165-144 
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The ClearT2 solutions and protocol were used for optical clearing. Briefly, 

spheres were incubated in: 1) 25% formamide/10% poly-ethylene glycol (PEG) 

for 10 min, 2) 50% formamide/20% PEG for 5 min, and 3) 50% 

formamide/20% PEG for 60 min. Spheroids were kept in final clearing 

solution and transferred to glass-bottom confocal dishes for imaging on a 

Zeiss LSM 510 Meta Confocal Laser Scanning Microscope.  

 

4.4 Results 
 
Immunohistochemistry for laminin (Ln), a well-established biomarker for 

neural vasculature, was performed to visualize the capillary-like networks 

formed by endothelial cells. Normoxia control spheroids at 3 DIV had 

extended Ln-positive tubular structures, as previously characterized by our 

lab. The majority of spheroids exposed to OGD at 3 DIV both with and 

without recovery had previously unseen laminin features. Spheroids had a 

concentric ring of bright Ln staining in the center of the spheroid (Figure 

4.1). Spheroids that did not contain either CLNs or rings were either 

featureless or contained dense Ln-positive nodules as characterized 

previously. To estimate the frequency with which these Ln features 

appeared, approximately 25 spheroids per experimental condition were 

examined. The percent of spheroids in normoxia that had CLNs was 78% for 

8,000 cell spheroids and 73% for 4,000 cell spheroids. Spheroids exposed to 

OGD without recovery exhibited much fewer CLNs with 7% for 8k and 12% 

for 4k. Meanwhile, the injured spheroids contained many ring structures 
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with 81% for 8k and 52% for 4k. The majority of spheroids that were 

recovered for 24 hours also exhibited rings with 47% for 8k and 62% for 4k 

(Figure 4.2).  

 

 
Figure 4.1 Confocal z-slice projection of spheroids stained for Ln (red). Scale bar 100 µm 

Figure 4.2 Graphs of percent of 4,000 cell (A) or 8,000 cell (B) spheroids with laminin 

structures. 

 

4.5 Discussion 
 

As our lab begins to develop and characterize our 3D in vitro model of 

ischemia, it is important to characterize the impact of injury on various cell 

types, structures, and signaling molecules present in the model. Since 

neurovascular dysfunction is linked to the pathology of ischemic stroke, it is 
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essential to investigate the influence of our engineered injury on the 

capillary-like networks present in the cortical spheroids. 

 

In the present study, primary cortical spheroids aged three days in vitro were 

exposed to 24 hours of oxygen/glucose deprivation. It is at this age that the 

CLNs are the most frequent and extensive. Following injury and reperfusion, 

very few CLN structures were present. Instead they were replaced by 

concentric rings of bright laminin staining. This suggests that the CLNs are 

dynamic structures that respond to ischemic injury. Counting the number of 

spheroids with distinct Ln features was performed only once and with a small 

sample size of approximately 25 spheroids per condition. We therefore aim to 

perform this experiment several more times in the future.  

 

Future directions also include experiments to further understand the 

dynamics of CLN response to injury and the cells involved. This will include 

immunostaining for CD31 to label endothelial cells and the use of spheroids 

with endogenously labeled ECs. Endogenously labeled ECs will allow for real-

time imaging of the network dynamics after injury and during the 

reperfusion phase. 

 

Previous studies have shown that ischemic injury causes the disassembly of 

tight junction complexes during the acute phase (Prakash, 2015; Tornabene, 
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2016). It will therefore be interesting to investigate the tight junctions 

present in the spheroids possibly using a stain for zona-occuldens. 
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Appendix: CellRox Reagent Pilot Project 
 

A.1 Abstract 
 

As described in Chapter 3 of this thesis, we are developing and characterizing 

a three-dimensional in vitro model of ischemic stroke using postnatal rat 

primary cortical spheroids. There are cascades of events that lead to cell 

death and tissue damage both during loss of blood flow and reperfusion. 

Reactive oxygen species (ROS) are formed during reperfusion and induce 

cellular dysfunction (Goldberg, 1993; Kalogeris, 2012). The following pilot 

experiment was performed to determine if there was an increase in ROS 

present in injured cortical spheroids. This was performed using CellRox 

Green or CellRox Deep Red Reagents – cell-permeable dyes exhibit bright 

fluorescence upon oxidation by ROS. With the current protocol, it is unclear 

whether there is a difference in fluorescence for the different experimental 

conditions. Further development of this or other ROS assays are required to 

fully understand the formation of ROS in injured cortical spheroids. 

 

A.2 Methods 
 

The presence of reactive oxygen species in primary cortical spheroids was 

determined using CellRox Green or CellRox Deep Red Reagents. These cell-

permeable dyes exhibit bright fluorescence upon oxidation by ROS. CellRox 

dye stock solutions of 2.5mM in DMSO were diluted in cell media to a final 

concentration of 5uM. Spheroids were incubated in CellRox for 1.5 hours at 
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37ᵒC. The media was then removed, spheroids were washed 3 times in PBS 

and then fixed in 4% v/v paraformaldehyde and 8% w/v sucrose in PBS for 1.5 

hours, followed by three 10 min PBS washes. Spheroids were then removed 

from the agarose gels and optically cleared using the ClearT2 protocol 

described previously, and transferred to glass-bottom confocal dishes for 

imaging.  

 

A.3 Results 
 

Normoxia spheroids dyed with Cellrox Green had pixelated staining that 

looked very similar to the type of signal found in background staining. 

However, the pixels were denser and the outline of the spheroid was 

distinguishable from the background (Figure A.1A). OGD spheroids without 

recovery looked very similar to the normoxia control (Figure A.1B). The 

Cellrox Deep Red stain did not label the normoxia spheroids. They were 

indistinguishable from the background (Figure A.1C). The OGD spheroids 

without recovery looked similar to those stained with Cellrox Green with a 

highly pixelated stain making outlining the shape of the spheroid (Figure 

A.1D). 

 

Due to the poor fluorescent labeling of the OGD and normoxia no recovery 

spheroids, we experimented with the confocal microscope settings on the 

second day of imaging for the 24 hour recovery spheroids. The microscope 

setting that greatly impacted the confocal images was the size of the pinhole.  
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Cellrox Green imaged with the pinhole at the optimal size of one airy disk (65 

µm) resulted in staining that was faint for both normoxia and OGD (Figure 

A.2A & B). When imaged with a larger pinhole of 896 µm, the images were 

much less pixelated and the cells were distinguishable. The normoxia 

spheroids had a darker stain in the core (Figure A.2C). The OGD spheroids 

had similar-looking cores. However the OGD spheroids also had small bright 

cells in the early sections (Figure A.2D). 

 

The Cellrox Deep Red stain imaged with the pinhole at the optimal size of 

one airy disk (82 µm) resulted in pixelated staining with darker cells 

scattered throughout the spheroid. Both conditions had this appearance 

(Figure A.3A & B). A larger pinhole of 896 µm made the stain appear cloudy 

and the OGD samples may be slightly darker (Figure A.3C & D).  
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Figure A.1 Confocal z-slice projection of 4,000 cell 14 DIV spheroids stained with CellRox 

Green (green) or CellRox Far Red (red). Scale bar, 100 µm 
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Figure A.2 Confocal z-slice projection of 4,000 cell 14 DIV spheroids stained with CellRox 

Green (green). Images were taken with a pinhole size of 65 µm (A, B) or 896 µm (C, D). 

White arrowheads highlight small, bright, CellRox-positive cells. Scale bar, 100 µm 
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Figure A.3 Confocal z-slice projection of 4,000 cell 14 DIV spheroids stained with CellRox Far 

Red (red). Images were taken with a pinhole size of 82 µm (A, B) or 896 µm (C, D). Scale 

bar, 100 µm 

 

A.4 Discussion 
 

Part of the ischemic injury pathology is the production of reactive oxygen 

species during the reperfusion phase. ROS cause further injury by modifying 

virtually every type of biomolecule found in cells, and thereby inducing cell 

dysfunction (Kalogeris, 2012). The CellRox dyes are cell-permeable dyes that 

exhibit bright fluorescence upon oxidation by ROS. We therefore aimed to use 

the intensity of the fluorescent signal as an indicator of ROS presence in our 

3D in vitro model of ischemic injury. However, the fluorescent signal was 
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very poor and the stains were not visually distinguishable between 

experimental conditions. Increasing the size of the pinhole made the images 

brighter and allowed us to better distinguish cells within the spheroids. This 

was expected because increasing the pinhole size allows more light to reach 

the detector, making the image brighter. However, this additional light is out 

of focus light, making the images increasingly blurry (Peters, 2016). Ideally 

we should optimize the CellRox staining protocol or use a different 

fluorescent dye so that we can image using the optimized settings with a 

pinhole size of one airy disk.  
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