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Abstract

Advancing our knowledge of how neural stem cell (NSC) behavior in the adult hippocampus is 

regulated has implications for elucidating basic mechanisms of learning and memory as well as for 

neurodegenerative disease therapy. To date, numerous biochemical cues from the endogenous 

hippocampal NSC niche have been identified as modulators of NSC quiescence, proliferation, and 

differentiation; however, the complex repertoire of signaling factors within stem cell niches raises 

the question of how cues act in combination with one another to influence NSC physiology. To 

help overcome experimental bottlenecks in studying this question, we adapted a high-throughput 

microculture system, with over 500 distinct microenvironments, to conduct a systematic 

combinatorial screen of key signaling cues and collect high-content phenotype data on endpoint 

NSC populations. This novel application of the platform consumed only 0.2% of reagent volumes 

used in conventional 96-well plates, and resulted in the discovery of numerous statistically 

significant interactions among key endogenous signals. Antagonistic relationships between FGF-2, 

TGF-β, and Wnt-3a were found to impact NSC proliferation and differentiation, whereas a 

synergistic relationship between Wnt-3a and Ephrin-B2 on neuronal differentiation and maturation 

was found. Furthermore, TGF-β and BMP-4 combined with Wnt-3a and Ephrin-B2 resulted in a 

coordinated effect on neuronal differentiation and maturation. Overall, this study offers candidates 

for further elucidation of significant mechanisms guiding NSC fate choice and contributes 

strategies for enhancing control over stem cell based therapies for neurodegenerative diseases.
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1. Introduction

Stem cells, defined as immature cells capable of self-renewal and differentiation into a range 

of mature cell types, play fundamental roles in tissue formation and maintenance, and have 

broad applications for in vitro disease modeling, drug screening, and in vivo tissue 

regeneration.(Avior, Sagi, & Benvenisty, 2016; Lader, Stachel, & Bu, 2017; Pelttari, 

Mumme, Barbero, & Martin, 2017; Rodrigues, Gomes, & Reis, 2011; Rossi & Keirstead, 

2009) Neural stem cells (NSCs) in the hippocampus of the adult brain are of particular 

interest because of their potential to proliferate and differentiate into new neurons and glia 

throughout adulthood.(Gage, Kempermann, Palmer, Peterson, & Ray, 1998) These tightly 

regulated NSC processes have impact on learning and memory, as well as implications for 

the treatment of neurodegenerative disorders such as Alzheimer’s disease.(Gonçalves, 

Schafer, & Gage, 2016)

Adult hippocampal NSCs reside within the dentate gyrus of the subgranular zone – a 

complex and intricate niche that presents various forms of instructive regulatory stimuli. 

Numerous studies have identified a range of individual endogenous signaling molecules that 

regulate NSC quiescence, proliferation, and/or differentiation. For example, early studies on 

primary NSCs isolated from the adult rodent hippocampus established a proliferative effect 

of FGF-2,(T. Palmer, 1995; T. D. Palmer, Markakis, Willhoite, Safar, & Gage, 1999) and 

SHH was subsequently found to promote proliferation in vitro and in vivo.(Lai, Kaspar, 

Gage, & Schaffer, 2003; Lai, Robertson, & Schaffer, 2004) Furthermore, Wnt-3a and 

Ephrin-B2 ligands within the NSC niche were discovered to regulate neurogenesis,(Ashton 

et al., 2012; Lie et al., 2005) whereas BMP-4 and most recently TGF-β signals have been 

associated with quiescence of adult hippocampal NSCs.(Bond et al., 2014; Kandasamy et 

al., 2014; Mira et al., 2010; Yousef et al., 2014, 2015)

While such reductionist studies have greatly advanced our knowledge of NSC regulators, 

these cells are likely exposed to multiple cues simultaneously within the niche (Figure S1), 

(Lein et al., 2007) and the potential effects of their combinatorial presentation within the 

hippocampal NSC niche have not yet been examined. Unfortunately, experimental 

capabilities to examine such interactions using conventional well-plate platforms are 

constrained by reagent costs and feasibility as the parameter space for unbiased and 

systematic combinatorial studies grows exponentially; for example, 2n possible 

combinations can be formed from n different factors.

To overcome these limitations, many researchers have adopted novel miniaturized cell 

culture platforms for dissecting analogous cell niches,(Brafman et al., 2009; Flaim, Teng, 

Chien, & Bhatia, 2008; Gobaa et al., 2011; LaBarge et al., 2009; Rasi Ghaemi et al., 2016; 

Roccio et al., 2012; Soen, Mori, Palmer, & Brown, 2006) and in some cases these studies 

have revealed non-intuitive cell behavior that would be difficult to detect without an 

unbiased screen.(Titmarsh et al., 2016; Wang et al., 2016) Accordingly, here we have 
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adapted and demonstrated the utility of a high-throughput micro-culture platform (Figure 

1A), previously applied toward toxicological assays (Kwon et al., 2014; Lee et al., 2014; 

Nierode et al., 2016) enabling independent preparation and control of media and cell 

substrates, simultaneous media replenishment of over 500 microcultures, and higher 

exposure to microcultures for immunocytochemistry. After platform optimization and 

characterization, we employed a full factorial design to systematically expose NSCs to 

combinatorial niche signals and collected high-content image data (Boutros, Heigwer, & 

Laufer, 2015) of NSC proliferation, neuronal/glial differentiation, and morphology (Figure 

1B,C). We discovered that antagonistic relationships among FGF-2, TGF-β, and Wnt-3a 

impact NSC proliferation and differentiation, and that a synergistic relationship between 

Wnt-3a and Ephrin-B2 promotes neuronal differentiation and maturation. Furthermore, we 

observed that TGF-β and BMP-4 in combination with Wnt-3a and Ephrin-B2 exhibited a 

coordinated effect on neuronal differentiation and maturation. Finally, we arranged 

conditions based on similarity in the direction and extent of phenotypic responses to identify 

broader trends across combinatorial signaling environments.

2. Results

2.1 Miniaturization and Increased Throughput of Primary NSC Culture for Phenotypic 
Screening

Our system is composed of two halves – a chip with 532 × 750 μm wide pillars onto which 

cells can be deposited with a liquid dispensing system and a chip with 532 × 800 nL wells 

into which culture media and signaling cues can be dispensed – where placing the pillar chip 

into the well chip enables long term cell culture and subsequent imaging (Figure 1). NSCs 

derived from the adult rodent hippocampus are typically propagated in vitro on substrates 

coated with extracellular matrix protein laminin,(Peltier et al., 2010) so initial optimization 

was performed to identify a coating procedure for laminin that could enable NSC monolayer 

formation with 1) inter-pillar consistency and 2) intra-pillar uniformity (Figure S2). 

Subsequently, coating parameters were kept constant for all studies to ensure a consistent 

and uniform initial condition across all 532 micropillar environments (Figure 2A). Next, we 

assessed the capacity of the micropillar chip system to maintain NSC viability and reproduce 

proliferation and differentiation in response to well-characterized cues. A live/dead assay 

several hours after initial seeding showed a high proportion, > 80%, of viable cells across all 

532 microenvironments (Figure 2B,C), comparable to seeding into a standard well plate. 

Additionally, we observed uniform seeding across the entire micropillar chip (Figure 2D) for 

an even baseline. Next, to assess whether NSC cultures retained the capacities for 

proliferation and differentiation into neurons and glia, we applied known proliferation-

inducing and differentiation-inducing media conditions. Media was replenished by 

transferring the micropillar chip into a new microwell chip with fresh media every other day. 

After 5 days, proliferation was measured using an EdU assay, and differentiation into 

neurons and glia was marked with immunocytochemistry of βIII-Tubulin and GFAP, 

respectively. Anticipated increases in proliferation and differentiation were observed (Figure 

2E). Additionally, the Z-factors for these and additional measured variables using the 

appropriate positive and negative controls were calculated and are within range for an 

adequate screening assay(Zhang, Chung, & Oldenburg, 1999) (Figure S3). Finally, we 
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created a customized device to control the reproducibility of the micropillar transfer process 

between microwell chips (Video S1), an integral part of this micro-culture methodology. 

These data collectively demonstrate the ability to miniaturize NSC culture while maintaining 

rigorous quality control measures to enable high-throughput phenotypic screening of NSC 

proliferation and differentiation.

2.2 Implementation of Combinatorial Signaling Screen in the Microchip System

We designated six endogenous signaling cues (FGF-2, SHH, Wnt-3a, Ephrin-B2, BMP-4, 

and TGF-β) from the adult hippocampal niche to be of particular interest for this 

combinatorial study because of their prominent roles in NSC regulation, their opposing 

effects on the NSC behavior as described above, and the lack of quantitative information on 

the potential interactions these cues may have with one another when simultaneously present 

in the niche. Therefore, a full factorial Design of Experiments (DoE) methodology was 

employed to explicitly quantify interaction effects between signaling cues (Box, 2005) 

(Figure 3Ai). We first employed a colorimetric dye to validate that our custom robotic liquid 

handling program was able to dispense all cues into the intended positions on the microwell 

chip to create 64 unique combinations from the six cues listed previously (Figure S4). Then, 

each cue was dispensed into the microwell chip at the EC50 dosage (Table S1). The 

complementary micropillar chip with NSCs was stamped into the microwell chip with media 

replenishment every other day. After five days in culture with combinatorial stimuli, 

quantitative population average measurements of multiple metrics were obtained, including 

the total cell count and the %EdU+ for a measure of proliferative activity, βIII-Tubulin 

expression and neurite extension as a measure of neurogenicity, and GFAP expression as a 

measure of gliogenicity (Figure 3Aii).

2.3 Baseline Activity of Individual Signals on NSC Phenotype

To test the efficacy of each signaling cue to induce NSC response on-chip in accordance 

with previous literature, we examined the normalized endpoint phenotypes of NSC cultures 

exposed to each cue individually and compared them to the basal media condition of 

minimal FGF-2, which was chosen to maintain survival but not promote proliferation 

(Figure 3B). The basal media condition exhibited low levels of βIII-Tubulin expression, 

likely due to spontaneous differentiation upon decreased FGF-2. Importantly, Wnt-3a or 

Ephrin-B2 increased βIII-Tubulin expression consistent with reported literature (Ashton et 

al., 2012; Lie et al., 2005); FGF-2 induced proliferation (T. Palmer, 1995; T. D. Palmer et al., 

1999); and TGF-β suppressed proliferation and differentiation of NSCs (Kandasamy et al., 

2014; Yousef et al., 2015). Unexpectedly, we observed increased GFAP expression in 

response to BMP-4, TGF-β, or Ephrin-B2 relative to the basal media condition. Finally, 

SHH showed increased but non-statistical proliferative activity relative to the basal medium 

condition, potentially due to a less potent recombinant form of the molecule used here. 

(Vazin et al., 2014) Overall, FGF-2, Wnt-3a, Ephrin-B2, and TGF-β induced NSC 

phenotypic responses in accordance with the literature, while BMP-4, TGF-β, and Ephrin-

B2 were also found to increase GFAP expression – a trend not previously reported for adult 

hippocampal NSCs.
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2.4 Pairs of Signaling Cues Exhibit Additive, Antagonistic, and Synergistic Relationships

Pairwise interactions were analyzed by examining how the extent of a specific NSC 

response induced by each signaling cue may be modulated by the presence of another potent 

signaling cue in the cellular microenvironment. A marginal means calculation was used to 

quantitatively discern the main effect of an individual cue from the interaction effect 

between two cues on the endpoint phenotypes measured. (Box, 2005) Furthermore, the 

marginal means plots characterized the type of interaction between two signaling cues – 

pairs of cues with parallel lines in the interaction plot were classified to have an additive 

relationship, while any deviation from parallel was classified as non-additive (Box, 2005) 

and pointed to a pair of cues that act either antagonistically or synergistically to impact NSC 

proliferation or differentiation (Figures 3C, S5, S6, and S7).

Many cues functioned additively, and thus did not point to statistical evidence of a potential 

biological interaction between the cues; however, non-additive interactions occurred in 

several cases. The proliferative activity of FGF-2 on NSCs was found to be antagonistically 

modulated by the presence TGF-β or Wnt-3a (representative images of FGF-2 and TGF-β 
micro-cultures are depicted in Figure 3Ci). TGF-β also affected the activity of Wnt-3a and 

Ephrin-B2 to decrease the extent of NSC proliferation. The most apparent trend for glial 

differentiation was the antagonistic activity of FGF-2 with all other cues, shown by a 

decrease of GFAP expression across all conditions with FGF-2 present. For neuronal 

differentiation, a single case of synergy was evident between Wnt-3a and Ephrin-B2 in the 

expression of βIII-Tubulin and dendritic extensions. In summary, these data provide new 

information on how the activity of one endogenous cue may be modulated by the presence 

of just one additional signaling cue in the NSC microenvironment to impact NSC fate, and 

significantly narrows the field for interesting interactions to investigate further in vivo.

2.5 Cooperative Action by Tertiary and Quaternary Signal Combinations Influences 
Neuronal Differentiation

Subsequently, we examined whether higher order combinations of signaling cues (e.g., 

interactions among three or more factors) in a microenvironment may interact uniquely to 

impact NSC behavior. We first used a factorial ANOVA to quantify the significance levels of 

all individual cues (main effect) and groups of cues (interaction effect) on NSC proliferation, 

glial differentiation, and/or neuronal differentiation, relative to the absence of that cue or 

group (Figures 4A, S8, and S9) subject to a false-discovery rate correction. (Benjamini & 

Hochberg, 1995) Then, we took the top 10 rank ordered combinations and created an 

Ordinary Least Squares (OLS) model to represent the relative impact of each signaling 

environment to the extent of proliferation or differentiation observed. One 4th order 

combination was identified to have significant contributions to the extent of neurogenesis in 

a population, specifically Wnt-3a + BMP-4 + Ephrin-B2 + TGF-β was found to drive 

neuronal differentiation to an extent greater than any of these components individually 

(Figure 4B). Interestingly, the main effect of Ephrin-B2 on βIII-Tubulin expression and 

neurite extension was lesser in magnitude than the combined factors listed above (Figure 

3Ciii), yet simply replacing Ephrin-B2 with SHH in the previous combination switched the 

outcome from a strong promotion to the strongest suppression of neurogenesis. These results 

point to a group of cues that act in a cooperative manner to impact the level of neurogenesis 
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in adult NSCs. To examine if the microculture methodology might contain inherent 

confounding variables in this study, we conducted validation studies in an independent 

culture format (Figure S10).

2.6 Global Analysis of Extrinsic Signaling and Phenotype Relationship for NSC 
Populations

To reveal additional trends within the multi-dimensional dataset, we described each 

signaling combination as a vector of the endpoint proliferation, neuronal differentiation, and 

glial differentiation and employed a hierarchical clustering technique to arrange them into 

categories based on similarity in the direction and extent of the endpoint phenotypes 

observed (Figure 5).

The conditions with the most proliferation and least differentiation, marked as Category 1, 

all share the presence of FGF-2 and had a lower order combination of signals, i.e., there was 

an average of only two signaling cues in the microenvironment. Category 4 also shared the 

presence of FGF-2 in most microenvironments, yet exhibited low proliferation and low 

differentiation. Ten out of the 13 conditions in Category 4 also had TGF-β and/or Wnt-3a 

present, which apparently antagonized the mitogenic activity of FGF-2 such that the 

combination showed very modest cell expansion. The remaining conditions in low 

proliferation and differentiation Category 4 contained combinations of BMP-4, SHH, and 

Ephrin-B2, where the average number of signaling cues per microenvironment was above 

three.

Two categories contained low proliferation and high differentiation responses into either 

neural or glial lineages, but not both. The most neurogenic category, Category 5, had 

conditions that all shared the presence of Wnt-3a. In contrast, the highest GFAP expressing 

category, marked as Category 3, had conditions that all shared the absence of FGF-2. 

Finally, the last two categories straddled the line between two phenotype directions: 

Category 2 contained low neural and low glial differentiation while Category 6 contained 

low proliferation and low neuronal differentiation. Interestingly, no categories were found 

that contained proliferation and glial differentiation together.

3. Discussion

3.1 Combinatorial Screening to Accelerate Understanding of the Adult Hippocampal 
Neural Stem Cell Niche

Numerous insights have been gathered from miniaturization and high-throughput studies of 

stem cell niche components. (Brafman et al., 2009; Rasi Ghaemi et al., 2016; Soen et al., 

2006; Titmarsh et al., 2016) Here we provide a demonstration of the micropillar/microwell 

platform to expand beyond toxicology screening(Kwon et al., 2014; Lee et al., 2014; 

Nierode et al., 2016) and probe fundamental questions regarding how primary NSCs respond 

to combinatorial signals from the endogenous adult hippocampal niche. In doing so, we 

were able to simultaneously assay over 500 independent soluble microenvironments and 

acquire high-content images of NSC proliferation, differentiation, and morphological 

responses while consuming only 0.2% of the reagent volumes for conventional 96-well 
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plates. Not only is this a favorable system for high-cost reagents, such as recombinant 

protein growth factors, but also for cell types that are difficult to expand. Furthermore, the 

parallel processing of 500 independent samples enabled a highly controlled and systematic 

study to probe phenotypic variations between signaling cue combinations while eliminating 

confounding variables such as cell passage number of primary NSCs, batch-to-batch 

variability and degradability of reagents, day-to-day variation in equipment parameters, or 

even person-to-person variations in technique. We further discuss numerous results from the 

dataset below and provide a feasible parameter space for investigation in vivo.

3.2 New Phenotypes in Response to BMP-4, TGF-β Signals

To our knowledge, this is the first report of BMP-4, TGF-β, or Ephrin-B2 signals increasing 

expression of GFAP in a population of adult hippocampal neural stem cells. (Ashton et al., 

2012; Bond et al., 2014; Conway et al., 2013; Mira et al., 2010; Yousef et al., 2014, 2015) In 
vivo, GFAP is expressed in Type I radial glial cells that are quiescent in the adult 

hippocampus as well as in lineage-committed astrocytes. Here, we observed two distinct 

morphologies of GFAP+ cells: one with multiple prominent extensions protruding from the 

cell body that resemble a characteristic example of an astrocyte, and the other with minor 

extensions from the cell body (Figure S2B). It is conceivable that the latter GFAP+ cell type 

is closer in identity to the Type I radial glial cell since BMP-4 and TGF-β are known to play 

a role in the regulation of quiescence of adult hippocampal NSCs (Figure 3Ci). To further 

investigate a potential role for BMP-4 or TGF-β as a cue to revert Type II neural progenitor 

towards Type I radial glial cells, future work could examine the effect of BMP-4 or TGF-β 
exposure on the population of Type I radial glial cells, identified by co-expression of GFAP 

and neural stem cell markers such as Nestin or Sox2.

3.3 Convergence to an Outcome by the Integration of Simultaneous Signals

At the signal transduction level, the numerous extrinsic signaling molecules, and 

combinations thereof, that exist within the stem cell niche to influence cell fate are 

ultimately translated to relatively few phenotypes, pointing to the existence of integration 

mechanisms within the cell that converge inputs to reach an outcome. For adult hippocampal 

NSCs, this concept has been discussed previously by Schwarz et al. with Notch signaling 

proposed as a central node of convergence for BMP-4, TGF-β, SHH, and FGF-2 signals. 

(Schwarz, Ebert, & Lie, 2012) Here, we uncover additional interactions involving cues 

discussed by Schwarz et al. as well as Wnt-3a and Ephrin-B2 that influence the phenotypic 

outcome of NSCs. The molecular basis of these interactions is likely unique for each pair or 

combination and could assume multiple forms including an extracellular interaction between 

ligands, such as the mechanism described for the antagonistic relationship between Noggin 

and BMP signaling cues. (Lim et al., 2000) Additional hypotheses for intracellular 

mechanisms could include signal pathway crosstalk at the level of phosphorylation cascade 

or transcription factor, or priming by translocation of key intermediates by one pathway for 

the other.

The unique case of synergy we observed between Wnt-3a and Ephrin-B2 to increase β-III 

Tubulin expression and neurite extensions is of particular interest to investigate further. 

Previous studies showed that Ephrin-B2 can activate the co-activator beta-catenin, pointing 
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to a possible node of convergence between the two pathways. (Ashton et al., 2012) 

Additionally, a link between the Ephrin and Wnt signaling pathways has been established in 

the analogous adult stem cell system of the intestinal crypt, where canonical Wnt signaling 

through beta-catenin was found to up-regulate the expression of EphB2/EphB3 receptors. 

(Batlle et al., 2002) Given that many aspects of signal transduction are conserved across 

various cell types, it is conceivable that a similar signaling network layout is present here in 

adult hippocampal neural stem cells.

The majority of higher order combinations of signals probed in other differentiated cell 

types have exhibited negligible synergy at the level of intracellular signaling cascades, as 

reviewed previously by Janes et al. (Janes & Lauffenburger, 2013) Our results from the 

factorial ANOVA and OLS modeling indicate that this paradigm can potentially be extended 

to neural stem cell population level responses to combinatorial stimuli as well (Figures 4, 

S7, and S8). However, as described in the next section, even a single case of higher order 

combinatorial interactions can provide a fruitful area of further investigation to understand 

combinatorial complexity in stem cell niches, and therefore including them in systematic 

screening efforts early on might be worthwhile for stem cell differentiation in particular, as 

their developmental outcome might by more flexible and sensitive to higher-order 

combinations of signals than terminally differentiated cell types.

3.4 Niche Zones that Display the Clearest “Instructions” for a Specific Phenotypic 
Response

At the niche level, it is conceivable that there is heterogeneity in signal presentation across 

local NSC microenvironments that contributes to the range of fate outcomes for NSCs 

within the dentate gyrus.(Bonaguidi et al., 2011; Pilz et al., 2018) The results in this study 

point to details of extrinsic signaling combinations that might shift NSC fate outcome 

toward proliferation, quiescence, or differentiation.

The most proliferative NSC response in microenvironments occurred with FGF-2 alone. The 

presence of additional cues either had negligible effect (BMP-4) or acted antagonistically 

(Ephrin-B2, TGF-β, Wnt-3a). Therefore, it is possible that NSCs undergoing the most 

proliferation and potentially self-renewal are located in zones of FGF-2 exposure, with 

minimum conflicting signals. In contrast, there is a shift toward quiescence in zones that 

present numerous conflicting signals, such as FGF-2, Wnt-3a, and TGF-β together. 

Additionally, these observations point to a dual role for FGF-2 as mainly proliferative in 

simple (i.e., one or two cues) signaling environments, and mainly repressive of 

differentiation in more complex signaling environments.

The higher order combination of Wnt-3a + Ephrin-B2 + BMP-4 + TGF-β could provide a 

neurogenic and neuronal maturation niche. The contrasting role of TGF-β in this 

combination versus in isolation is noteworthy. Previous reports have provided evidence for 

dual roles of BMP-4 and TGF-β as quiescence factors for NSCs and maturation factors for 

committed neuroblasts,(He et al., 2014; Kandasamy et al., 2014) which could explain the 

results observed here. It is conceivable that the initial exposure of NSCs to Wnt-3a + Ephrin-

B2 to induce neuroblast commitment while the simultaneous presence of Wnt-3a + Ephrin-

B2 with BMP-4 + TGF-β in a niche could induce neuroblast commitment and accelerate the 
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maturation process. In vivo, migration of neuroblasts away from the subgranular zone during 

maturation may alternatively offer a mechanism where the presence of BMP-4 + TGF-β is in 

a spatially distinct zone, to enable sequential exposure to different signals as cells progress 

down a neuronal lineage. Either way, the signals appear to cooperate to influence neuronal 

differentiation and maturation.

3.5 Context Dependence of NSC Fate

Overall, the various cases of signaling interactions identified here and their implications in 

NSC signal transduction and for the NSC niche share a larger theme of context dependence, 

where the activity of multiple signaling cues is modulated by the presence of additional cues 

in the microenvironment of an NSC. These studies quantitatively demonstrate that a highly 

intricate and sensitive balance of multiple cues guides the endpoint phenotype of NSC 

populations and these in vitro results are potentially representative of NSC fate within the 

adult hippocampal niche. Disruption of precise balances between molecular cues could 

contribute to the cell and tissue degeneration in the hippocampus during aging (Mosher & 

Schaffer, 2018) or by disease, having consequences for learning and memory throughout 

adulthood.

4. Conclusion

The novel application of a high-throughput micropillar/microwell methodology enabled 

careful and systematic dissection of the combinatorial signaling niche. Interactions between 

key endogenous cues can play a large role in the regulation of neural stem cell phenotypes, 

and the quantitative analyses presented here identify numerous cases of signaling context-

dependence. These data also provide promising leads for an in vivo investigation of the 

implications of combinatorial signals, such as the antagonism between FGF-2 and TGF-β, or 

the synergistic neurogenesis from Wnt-3a + Ephrin-B2 + BMP-4 + TGF-β. Overall, this 

study contributes to further understanding of the intricate and complex mechanisms guiding 

NSC fate choice, and provides insight that may enhance control over stem cell based 

therapies for neurodegenerative diseases.

5. Experimental Procedures

Primary adult hippocampal neural stem cell culture

Adult rodent NSCs were cultures as described previously. (Peltier et al., 2010) NSCs were 

subcultured in DMEM-F12 + N2 supplement and 20ng/mL FGF-2 on laminin-coated 

polystyrene dishes. NSCs were dissociated with Accutase for replating upon confluency and 

seeding into conventional plate and microculture experiments.

Synthesis of Multivalent Ephrin-B2

An EphB4 binding peptide TNYLFSPNGPIARAW (Koolpe, Burgess, Dail, & Pasquale, 

2005) with a 70 nM Kd, previously identified by phage display was conjugated to a 1500 

kDa hyaluronic acid (HA) chain to generate a multivalent ligand. A bi-functional molecule 

N-ε-maleimidocaproic acid hydrazide (EMCH) was utilized to bridge HA and the peptide of 

interest, where it was first reacted with the carboxylic acid functional group on HA to 
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generate an amide, and subsequently reacted with the thiol group on the EphB4 binding 

peptide. The valency of the multivalent peptide conjugate is 40, which was calculated as the 

molar ratios of HA to ligand, as determined by the BCA assay, a method that was previously 

confirmed by size exclusion chromatography coupled with multi-angle static light scattering 

measurement. (Conway et al., 2013)

NSC micro-culture on Pillar/Well Chip System

Micropillar and microwell chips (MBD Korea) made of polystyrene were manufactured by 

plastic injection molding as described previously. (Kwon et al., 2014; Lee et al., 2014) The 

micropillar culture chip was coated in laminin by placing into a microwell chip (MBD 

Korea) containing a solution of laminin diluted in sterile PBS overnight. NSCs in suspension 

were deposited onto the laminin-coated micropillar and left pillar side up for at least 30 min 

to allow NSCs to settle and adhere to the surface. The micropillar chip was then inverted and 

placed into a fresh microwell chip containing cell culture media. All liquid dispensing into 

the microculture platform was performed with a DIGILAB Omnigrid Micro liquid handler 

with customized programs for deposition patterns. Media was changed daily by transferring 

the micropillar chip into a microwell chip containing fresh media every other day using a 

custom made mechanical “Chip Swapper” for consistent transfer. Technical replicates 

included two different dispensing patterns to average out positional effects across the 

microchip.

On-chip Viability Assay

At the endpoint of the experiment, the micropillar chip was carefully removed from the 

wellchip and placed in new wellchip containing Calcein AM, Ethidium Homodimer, and 

Hoechst diluted in sterile PBS (dilution details in Table S2). The chip was incubated for 20 

min and then transferred to a new wellchip containing PBS and individual 

microenvironments were imaged using fluorescent microscopy.

On-Chip Immunofluorescence and Proliferation Assays

At the endpoint of the experiment, the micropillar chip was carefully removed from the 

wellchip and placed into a bath of 4% parafomaldehyde for 15 min to fix cell cultures. Then, 

the micropillar chip was washed twice in PBS for 5 min each and placed into a bath of 

0.25% Triton-X + 5% donkey serum in PBS for 10 min to permeabilize cells. After 

permeabilization, the micropillar chip was washed 5 times in 5% donkey serum for 5 min 

each, dried, and transferred to a wellchip containing primary antibodies of interest diluted in 

PBS+donkey serum (dilution details in Table S2) and stored overnight at 4C. After primary 

staining, the micropillar chip was washed twice in PBS for 5 min each, dried, and then 

placed into a microwell chip containing the corresponding secondary antibodies (dilution 

details inTable S2) and incubated at 37C for 2 h. After secondary staining, the micropillar 

chip was washed twice in PBS for 5 min each, dried, and then placed into a wellchip 

containing PBS and individual microenvironments were imaged using automated wide-field 

fluorescent microscopy.
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Well-plate NSC culture and Immunocytochemistry

Individual wells in a tissue culture treated μClear 96-well plate (Greiner Bio-One, 655090) 

were coated with laminin by incubating overnight in a solution of laminin diluted in sterile 

PBS. On Day 0, NSCs were seeded at a uniform concentration of 2.2E5 cells/mL per well 

(roughly 40,000 cells/well, or 1.4E3 cells/mm2). Culture media containing individual and 

combined signaling cues (dosage details in Table S1) was applied on Day 0 and replaced 

every other day. On Day 5, cells were fixed in 4% parafomaldehyde for 15 min. Then, 

cultures were washed twice in PBS for 5 min each and permeabilized in 0.25% Triton-X 

+ 5% donkey serum in PBS for 10 min. After permeabilization, the wells were washed 5 

times in 5% donkey serum for 5 min each and incubated in primary antibodies of interest 

diluted in PBS+donkey serum (dilution details in Table S2) and stored overnight at 4C. After 

primary staining, wells were washed twice in PBS for 5 min each and then incubated in the 

corresponding secondary antibodies (dilution details in Table S2) at 37C for 2 h. After 

secondary staining, wells were washed twice in PBS for 5 min each. Individual sites within 

each well were imaged using automated confocal microscopy.

Automated Wide-Field Fluorescence Microscopy

Stained micropillar chips were sealed with a polypropylene film (GeneMate T-2452–1) and 

imaged with a 20x objective using a Molecular Devices ImageXpress Micro automated 

wide-field fluorescence microscope available in the Shared Stem Cell Facility at UC 

Berkeley. Lamp exposure time was kept constant for a fluorescence channel within an 

imaging set.

Automated Confocal Fluorescence Microscopy

28 sites within each stained well of a 96-well plate were imaged with a 40x water objective 

using a Perkin Elmer Opera Phenix automated confocal fluorescence microscope available 

in the High-Throughput Screening Facility at UC Berkeley. Laser exposure time, gain, and 

laser power was kept constant for a fluorescence channel.

Image Processing, Data Analysis, and Statistical Methods

Background fluorescence was removed from all images using a rolling bar radius algorithm 

using ImageJ. (Bankhead, 2014) Feature extraction was performed with ImageJ application 

NeuriteTracer (Pool, Thiemann, Bar-Or, & Fournier, 2008) and custom image processing 

scripts. Quantified image data was then imported into Python for statistical data 

analysis(Malo, Hanley, Cerquozzi, Pelletier, & Nadon, 2006) and visualization. In brief, raw 

data was scaled and centered by z-score, and descriptive statistics were calculated from four 

replicates at the chip-level and six replicates within each chip. Error bars represent 95% 

confidence intervals unless otherwise specified. A factorial ANOVA was used to calculate 

statistical significance from a group of conditions. Non-significant terms were removed to 

create the OLS model; beta parameters were calculated for all significant terms as a 

simplified measure of their relative contribution to the extent of neurogenesis observed in a 

population of NSCs. For the hierarchical cluster model, the Euclidean distance was used to 

measure pairwise distance between each observation and the UPGMA algorithm was used to 

calculate the linkage pattern. Code available upon request. For validation studies in 96-well 
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plate format, Harmony image analysis software (Perkin Elmer) was used to quantify neurite 

morphological features. A gamma correction of 2.0 was applied to highlight morphological 

features of select images for clarity in visualization only; quantification of image features 

was performed with the original images. A Student’s T-test or Welch’s T-test was applied to 

well-averaged data for equal and unequal sample sizes, respectively, with at least n=3 

replicates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
High-throughput micropillar and microwell culture system for high-content screening of 

stem cell proliferation and differentiation. A) The high-throughput cell culture array consists 

of complementary micropillars and microwells that combine to form 532 independent cell 

culture environments; micropillars have a diameter of 750 μm and are spaced 1 mm apart, 

and microwells contain up to 800 nL of media. B) Timeline of an immunocytochemistry 

assay to quantify NSC proliferation and differentiation. NSCs in a 60-nL suspension were 

deposited on the surface of the laminin-coated micropillars to form a monolayer culture, and 

cell culture media containing select chemical signaling cues were robotically dispensed into 

the corresponding microwells. Micropillars were inverted into the microwells, and media 

was replenished every other day until the endpoint. C) NSCs were exposed to systematic 

combinations of soluble cues to recapitulate the complexity of the in vivo hippocampal niche 

where combinatorial extrinsic signals guide phenotypic processes including self-renewal, 

gliogenesis, neurogenesis, quiescence, and death.
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Figure 2. 
Primary NSC cultures on micropillars demonstrated uniform initial seeding and retain 

viability, proliferation, and differentiation potential. A) Day zero montage of NPCs seeded 

onto 532 microenvironments and stained for calcein AM (green), ethidium homodimer (red), 

and Hoechst (blue); scale bar represents 2 mm. B) Histograms of percent live and dead cells 

across 532 microcultures. C) 20x magnification of stained micropillar culture showing 

individual fluorescence channels and merge; scale bar represents 100 μm. D) Quantification 

of micropillar total cell count by column and by row. E) Induced proliferation or 
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differentiation on micropillar/microwell culture platform with 20 ng/mL FGF-2 or 1 μM 

retinoic acid + 1% FBS, respectively. Immunocytochemistry was conducted after 5 days for 

EdU incorporation or GFAP and β-III Tubulin expression; scale bar represents 100 μm. 

Error bars represent standard deviation of 24 replicates.
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Figure 3. 
Full factorial combinatorial screen of key endogenous signaling cues. A) i. Design matrix of 

full factorial experimental conditions involving Wnt-3a, TGF- β, Ephrin-B2, BMP-4, 

FGF-2, and SHH-N. ii. Montage of immunocytochemistry for 384 microcultures after 

exposure to full a factorial set of combinations for 5 days. Replicates are grouped within 

boxes and labelled by condition in i, reagent details and doses are found in Table S1, and 

staining details are found in Table S2. Scale bar represents 500 microns. B) Quantified 

population level responses from each microculture after 5 days of exposure to each of six 
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signaling cues. Data were scaled and non-dimensionalized using z-score method. Error bars 

represent a 95% confidence interval. C) i. Marginal means analysis for main and pair-wise 

interaction effects among all soluble cues for proliferative activity. FGF-2 and TGF-β 
interaction is highlighted with corresponding immunocytochemistry images of micro-

cultures; scale bar represents 100 microns. ii. Marginal means interaction plots for glial 

response of FGF-2 in the presence of all other cues. iii. Marginal means plots for β-III 

Tubulin and neurite extensions of Wnt-3a and Ephrin-B2 with corresponding 

immunocytochemistry images of micro-cultures; scale bar represents 100 microns. Data 

were scaled and non-dimensionalized using z-score method. Error bars represent a 95% 

confidence interval.
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Figure 4. 
Factorial ANOVA model for βIII-Tubulin expression and neurite extensions. A) p-values of 

main and interaction effects for all signaling environments and the Benjamini & Hochberg 

threshold for multiple comparisons at a significance level of 0.05. B) Pareto plot of fitted 

OLS model parameters for top 10 responses and corresponding immunocytochemistry 

images for the most positive (top) and most negative (bottom) contributions to βIII-Tubulin 

expression and neurite extensions; scale bar represents 100 microns.
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Figure 5. 
Multivariate analysis of phenotypic response from combinatorial signaling environments. A) 

Hierarchical cluster dendogram of main NSC phenotypes with corresponding signals present 

at each condition and six main classifications are identified by phenotype similarity; data are 

standardized by z-score for each measurement variable (row). B) Corresponding 

immunocytochemistry images of microenvironments with asterisks in A).
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